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FOREWORD

Results of the "Enhanced Oil Recovery" subtask of the "Institutional
Responses to Solar Thermal Power Plants" task are presented in this
report. This study analyzes the potential use of solar energy technologies
in extracting petroleum from underground reservoirs by thermal enhanced
oil recovery techniques. Specifically, it addresses the legal, environmental,
and technical issues involved with solar technology applications to
enhanced oil recovery. It also examines the expressed requirements of the
petroleum industry. '

As such, this report should be of particular interest to personnel in the U.S.
Department of Energy and the petroleum industry, as well as those
concerned with the commercial use of solar energy technologies.
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Policy Analysis Branch
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SUMMARY

One means for the United States to increase its supply of domestic petroleum is to
recover more of the oil left in petroleum reservoirs after standard extraction techniques
are no longer productive. Increasingly, American oil companies are using various en-
hanced oil recovery (EOR) techniques to this end. This report examines one EOR tech-
niqgue—thermal or steam enhanced oil recovery—and, in particular, the possible
application of solar energy technologies to generate the steam used for thermal EOR.

Of the 373,000 barrels of oil per day extracted by EOR techniques in 1977, more than
70% was produced by thermal processes. Almost all of this was recovered in California
because the physical characteristics of the California oil fields (e.g., porosity and depth)
and the viscosity of the oil are especially conducive to steam EOR. Solar energy tech-
nologies are well suited for the production of steam. For this reason, the study focused
on the requirements of California petroleum productlon, solar EOR systems applicable to
these conditions were used.

Officials of the California petroleum production companies were interviewed to obtain
an industry perspective on solar EOR. Most of the officials were interested in solar EOR
systems but uninformed. The general consensus was that their companies were not
presently interested because of the high initial costs, the unproven state of solar tech-
nology, and the yet undemonstrated mechanical reliability of the systems. Oil company
representatives were unenthusiastic about cooperating with the government on demon-
stration programs; their clear preference for government participation would be through
tax incentives, such as tax credits and dccelerated depreciation. They pointed out that
while they favored the deregulation of oil prices, decontrol would not necessarily benefit
solar EOR. Decontrol would encourage all forms of EOR, not just those utilizing solar
energy. If the federal government wants to encourage the commercialization of solar
EOR, its best strategy would be to demonstrate the feasibility and reliability of the solar
- systems.

Environmental concerns are presently not a major motivation for the oil companies to
favor solar EOR. Many more technically familiar, lower cost means for meeting air
quality standards are available than the proposed solar EOR systems; unless severely
constrained by environmental .regulations, the oil comparnies prefer these methods.
Finally, the oil companies generally finance their technology development projects from
internal funding. In the case of solar EOR, however, the initial capital investment is so
large that the willingness of the private sector to finance commercial solar EOR opera-
tions without federal tax incentives or loan guarantees is problematic.

Earlier EOR studies have raised four legal and environmental issues related to solar
EOR: the surface rights of lessees under standard oil and gas leases; the unitization of
oil fields; water supply and disposal; and air pollution. Although the first two issues
could create some problem, current oil field operations suggest that the danger is more
apparent than real. Neither surface rights nor unitization poses particular obstacles even
though adjudication may be required in some instances. Regarding the availability of
water necessary for steam production, current oil production indicates that there is
ample water in the California oil fields if formation water is used. Likewise, water
treatment and disposal do not seem to pose any technical or environmental problems at
this time.

Many people have suggested that the nonpolluting character of solar energy EOR is a
primary motivation underlying its possible adoption. For this reason, air quality
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regulations were examined closely to see how they might affect future conventional (oil-
fired) EOR steam generators, solar hybrid (a combination of solar and fossil-fueled), and
pure solar EOR systems. The Getty Oil Company case, in which Getty was forced to
curtail its thermal EOR operations because of a violation of sulfur dioxide air quality
standards, is described. It suggests that air quality standards per se do not presently
constrain the expansion of conventional-fired thermal EOR systems in California as long -
as the operator is willing to pay the high cost of complying with the various emission
limitations. Burnihg permits are available, and solar EOR has not preempted the
alternative, environmentally acceptable options. This statement explicitly assumes the
continued availability of emission "offset" permits. Howewver, in future years, it may
become increasingly difficult to obtain new permits as the supply of emission offsets
becomes restricted. Were this condition to occur, then air quality standards might yet
force oil producers to adopt solar EOR or other nonpollutmg systems to maintain
production levels and air quality standards.

As noted, in designing and costing the solar energy EOR systems used in this analysis, the
operatlonal characteristics of the California oil fields (more specifically, those found in
the Kern County region) were selected as representative. Steam requirements of 545°F,
1000 psi, and 80% quality were chosen. A hybrid system (a combination solar and backup
fossil-fired system to supply steam during nighttime hours or periods of low solar inso-
lation) is the basis of the solar system design parameters; in other words, we assume
24-hr continuous injection of steam into the well as a necessary condition. The solar
EOR system is designed to produce a peak daily output of 540 MBtu for a day in June.

Six solar collector systems were considered initially with two—parabolic troughs and
central receivers—examined more carefully. Each system was sized for two design
scenarios, the advanced state of the art (system efficiencies and collector costs within
4-5 years) and system goals (system efficiencies and collector costs within the next 10-15
years). Based upon projected system efficiencies and the required system capacity, the
initial capital costs and annualized costs for each of the four proposed solar systems
were calculated. Similar costs were calculated for solar stand-alone systems (both with
and without storage) and for fossil-fired thermal EOR systéms. The annualized costs are
‘summarized below in constant 1979 dollars per MBtu:

Solar: Parabolie Troughs

" State of the Art $12.67
3ystem Goals $ 6.96
Solar: Central Receiver
State of the Art- $7.98
System Goals $ 5.05

‘Solar Stand-Alone Without Storage (State of

the Art)
Parabolic Trough $12.83
Central Receiver $7.86
Solar Stand-Alone With Storage (State of the Art)
Parabolic Trough $21.00
Central Receiver $14.74

vi
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Solar-Fossil Hybrid System
Parabolie Trough

State of the Art $7.13
System Goals $ 5.57
Central Receiver
State of the Art $5.95
System Goals $ 5.05
Conventional QOil-Fired System
Qil at $12,00/bbl $ 4.80

Three findings need to be stressed here. First, central receivers have a clear cost advan-
tage over parabolic troughs for solar EOR applications. This advantage is largely ex-
plained by the respective systems' net efficiencies and collector costs, variables which
are subject to future uncertainty. Still, the cost differences between the two systems
are significant and, if the existing uncertainties were resolved without a dominant bias
for the parabolic troughs, it would be expected that the central receiver system would
continue as the more cost-effective solar technology for EOR. A second finding is that
solar EOR systems are cost comparable to oil-fired EOR systems but only in the goals
stage of system development, i.e., 10-15 years in the future, again assuming that devel-
opment goals are met. Finally, there are several important technical questions regarding
the design and performance of solar EOR systems and the petroleum reservoir responses
which require research before final system design estimates can be made.

A final area of analysis is the possible means of financing solar EOR projects. The
standard method by which firms make investment decisions is based upon equity financ-
ing. Debt financing can lower the operating costs and provide a greater return on the in-
vestment but may expose the firm to magnified losses. It is difficult to evaluate a future
project in terms of debt financing because the firm cannot be certain what financial con-
ditions will prevail when it must make its investment decision.

_ Project financing is an alternative way of underwriting large capital investments in
which the lender evaluates the loan based on the projected cash flow and treats the phys-
ical assets as collateral. Project financing has been proposed as a means of financing
solar EOR projects. However, given the technological risk currently ascribed to solar
technology, the questionable fungibility of the physical facility, and the problematic cash
flow, project financing does not presently appear to be an attractive financing option for
solar EOR. Leasing the equipment might be a more feasible option, especially in the
face of an uncertain salvage value. However, financing by leasing is evaluated using the
same criteria as purchase, but with the additional constraint of needing an assured cus-
tomer for the equipment because the leasing company cannot use the equipment itself.

/
Eight major conclusions and recommendations may be drawn from this report. First,
significant technical uncertainties surround the existing state of knowledge regarding
both solar technologies and enhanced oil recovery; these must be resolved before any
solar EOR concept will be commercially attractive. Pilot projects should be planned to
address these uncertainties before moving into commercial-scale solar EOR applications.

Second, the analysis clearly shows that central receivers are better suited to EOR appli-
cations than distributed parabolic troughs, especially in the 10- to 15-year time frame.
Therefore, central receivers should be given equal opportunity within the Department of
Energy (DOE) for solar EOR development funding.

vii
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Third, at the present time and for the near future, the application of solar technology to
EOR is not cost effective. Specific technology development programs should be planned
to drive down the cost of solar EOR systems rather than assuming that deregulation in
the price of oil will be a sufficient stimulus.

Fourth, the market potential for solar EOR has not yet been determined. DOE might
want to study the availability of land in California or the solar EOR potential in other
geographic regions as first steps in estimating the potent1a1 market penetration
capability of solar EOR systems. . :

Fifth, since project financing does not appear to be an attractive means of financing
solar EOR investment, we recommend that government-guaranteed loans would be more
useful in encouraging lending institutions to support solar EOR projects.

' Sixth, although air quality standards are not presently a motivating factor uniquely
favoring solar EOR, they could become a driving force in the future. Were this to occur,
a solar hybrid EOR system might not be environmentally acceptable; therefore, we
recommend that DOE initiate work on pure solar EOR systems (either with or without .
storage capabilities) that will not require emission offsets.

Seventh, SERI interviews with petroleum officials revealed that they are seriously inter-
ested in solar EOR technology and costs but have little reliable information upon which
to act. Most of their information came from solar manufacturers. Therefore, DOE could
begm an on-going program to keep petroleum officials fully abreast of emergmg technol-
ogies that might have applications to that 1ndustry -
Finally, even though there is a broad range of government incentives for promoting solar
EOR, tax treatments are the most widely preferred by the potential consumer of EOR
solar systems, the petroleum industry. If DOE wishes to encourage private industry
participation in the development and use of solar EOR, a tax incentive program would
probably be the most effective means and certainly the petroleum industry's favored
option. If the solar EOR equipment is developed on schedule and performs as designed, a
loan guarantee program would be the option of lowest cost to the government because
there might easily be no cases of loan default.

viii
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SECTION 1.0
INTRODUCTION

Faced with limited domestie reserves of petroleum and increased dependence on foreign
petroleum supplies to meet present and projected energy demands, government and pri-
vate energy analysts have been exploring new sources of petroleum or petroleum substi-
tutes. This search has been accelerated by the potential dangers of a reliance on Middle
East and African petroleum suppliers (deLeon and McNown 1979). One manifestation of
this concern has been the current Congressional and Administration efforts to develop
synthetic fuels, or "synfuels," to a production level of 1.5 million barrels a day (bbl/day)
by 1990. The second option that has received Administration emphasis is the increased
production of heavy petroleum; i.e., petroleum with an API gravity of 16° or less, which
indicates a relatively hlgh viscosity or density (Parisi 1979; Anonymous 1979a; Solomon
1979).* :

Two ways to increase present oil supply levels would be for the federal government to
encourage new exploration for yet-untapped oil reservoirs or to increase the amount of
oil that can be extracted from existing fields. Given the increasingly high risks aseribed
to oil exploration and drilling and the fact that present extraction techniques leave close
to two-thirds of the known oil reservoirs under ground, the second option is gaining in-
creased attention. To this end, the U.S. Department of Energy (DOE) and oil companies
have begun to emphasize methods for extracting greater amounts of oil from known res-
ervoirs by using "tertiary," or "enhanced," oil recovery (EOR) techniques. Subsuming a
number of different techniques, EOR has been described in the popular press (Sheils 1979)
and suggested as an-alternative to increased synfuel production.**

This report considers one kind of enhanced oil recovery—the so-called "thermal" pro-
cesses—and, within the thermal processes, the capability of solar energy technologies to
meet the technical requirements for thermal enhanced oil recovery.{

1.1 PRIOR RESEARCH

Enhanced oil recovery is hardly a novel approach to augment petroleum production. -The
advantages of injecting steam into oil wells to increase their productivity were first sug-
gested in 1917 (Ali 1974). - Large-scale field tests for steam injection were begun in the
late 1950s and gained some attention in the early 1960s "following the Shell 0il
Company's success with cyeclic steam stimulation in California™ (Ali 1974). California oil
fields, where the reservoir and petroleum characteristics particularly favor steam

e

*Furthermore, President Carter has proposed that heavy crude be exempted from the
windfalls profits tax. Controversy exists over the appropriate definition of heavy crude,
with some producers claiming that the cutoff point should be at least 20° API grawty
rather than 16°; see Wilson (1979). )

*¥Frank Zarb, the former Director of the Federal Energy Administration, made this
suggestion before the Senate Energy Committee (Maize 1979).

- {YISection 2.0 presents the definitions and technical requirements that characterize oil
fields and enhanced oil recovery.
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“injection EOR techniques, have had the most experience with thermal EOR; by 1971,

close to 53% of the California oil wells had been steamed at least once (Office of
Technology Assessment 1978, p. 158). In 1978, the Qil and Gas Journal estimated that
-approximately 373,000 bbl/day of oil were produced in the United States by tertiary
production methods, of this total, 250,000 bbl/day (or two-thirds) were steam generated
(Noran 1978).

If a consensus exists on the general efficacy of thermal EOR techniques, there is much
less agreement on the magnitude of the potential returns that can be obtained by EOR
-methods. Based on a projected 300 billion barrels of oil that will remain in known reser-
voirs after the conventional primary and secondary production methods have been em-
ployed,* estimates on the cumulative amount of oil that might be recovered by EOR
techniques range from 7 billion barrels to 76 billion barrels. The projections of several
widely circulated EOR studies are provided in Table 1-1. The widé variance in estimates
reflects significant technical uncertainties in EOR technologies, government policy
toward EOR, government policy in general, and, most critically, the price which petro-
leum producers can obtain for their product (Anonymous 1978b).

This report differs from other EOR studies in that it focuses almost exclusively on solar
technology applications to thermal EOR. It does not compare efficiencies of the differ-
ent types of EOR techniques, nor does it address the issue of how many barrels of oil
might be recovered by using solar EOR techniques.** This report emphasizes the com-
parison among different solar energy technologies, asking which are the most feasible
from cost, technology, and availability perspectives. The underlying assumption—that
EOR can contribute in large measure to meeting the national demand for petroleum—is ,
based primarily on analyses presented elsewhere regarding the number of barrels of oil ‘
that EOR could significantly add to U.S. accessible 011 reserves over the total currently i
prOJected (at a given price level).{

‘Ihe analysis of solar technology applications of EOR rests on the assumption that the
energy from the sun can be collected and focused to generate steam. The remainder of
the process—the injection of steam into an ofl reservoir to stimulale petrvleun produc-

. tion—parallels traditional thermal EOR operations. While it is technically possible for
solar technologies to produce high quality steam that can be injected underground, dis-
agreement exists on which technological designs are best suited for solar applications to
‘EOR and on how these solar applications compare with more conventional EOR tech-
niques from the economic, environmental, and institutional perspectives.

*The different technical definitions and explanations relating to EOR are addressed in
Section 2.0.

**Other reports cover these topies quite ‘thoroughly: Office of Technology Assessment
(1978), National Petroleum Council (1976), Mathematica Ine. (1975), Gulf Universities
Research Consortlum (1973), Lewin and Associates (1976b), and Lewin and Associates
(197bc)

1lNot all studies find that EOR will make significant contributions to the national energy
requirements; see Stobaugh and Yergin (1979, p. 43).
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Table 1-1. ESTIMATES OF ENHANCED OIL RECOVERY POTENTIAL

Potential EOR Recovery
Source . (billions of barrels)

OTA Report?® (1976 $) . -
$11.62/bbl " : 21.2

$13.75/bbl 29.4

$22.00/bbl . 41.6
NPC Study® (1976 $) ’

$ 5/bbl 2.2

$10/bbl 7.2

$15/bbl 13.2

$20/bbl '20.5

$25/bbl - 24.0
GURC® (1974 $) . :

$10/bbl ‘ 18-36

$15/bbl ‘ ~ 51-76
Mathematicad (1975 $) ‘ , ' )

$ 1-12/bbl 7

$12-16/bbl 16
Lewin & Associates® (1975 $)

$11.28/bbl 15.6-30.5

80ffice of Technology Assessment (1978).
bNational Petroleum Council (1976).

CGulf Universities Research Consortium (1976).
d1\'Ialtr'1ematica., Inc. (1975). |

©Lewin and Associates (1976b); the range is due to varying expected finan—
cial rates of return.

To the best of our knowledge, this particular aspect of enhanced oil recovery has not
been examined. Basic resource books on the thermal EOR processes do not consider the
possibility of solar energy being used to generate steam (Interstate Oil Compact
Commission 1974; Schumacher 1978; Ali 1970), nor have analyses of solar energy ap-
plications addressed this particular application.* One partial. exception is Noran's 1978
review of EOR, in which he states, "One set of calculations generated from data . . . shows

*For example, the solar energy task force report for Project Independence—a study
specifically commissioned to develop American independence from foreign oil sources—
makes no mention of solar technology applications to EOR (National Science Foundation
1974); also, the Office of Technology Assessment (1978) study of solar technologies
makes no mention of solar EOR possibilities.
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solar steam generation could cost as much as $3,000/b/d of production" (Noran 1978, p.
118).* :

If technically and economically feasible, EOR would seem particularly attractive from
the standpoint of energy acquisition costs or energy accounting because it would not
utilize finite (nonrenewable) energy resources to generate the steam used to increase oil
production.**  Solar enhanced oil recovery offers the potential ability of solar
technologies to increase the domestic production of heavy petroleum without depleting
existing natural resources.

For these reasons, the Office of Planning and Technology Transfer in DOE's Energy
Technology Division asked the Solar Energy Research Institute to examine the compara- -
tive costs and benefits of different solar technologies applied to enhanced oil recovery.
This report documents that analysis.

1.2 ORGANIZATION

The report is organized in six major sections in addition to the Introduction. Section 2.0
is a general discussion of enhanced oil recovery techniques. It also considers the petro-
leum reservoir characteristies that dictate EOR operational requirements. The third
section investigates the institutional and operational considerations of the petroleum
companies who are the potential purchasers and operators of solar EOR technologies;
that is, it examines the industry demand for solar EOR. Section 4.0 analyzes the legal
and environmental issues posed by the OTA and National Petroleum Council reports on
EOR as being potentially restrictive to tertiary recovery operations. Section 5.0, which
composes the main body of the report, offers technical and cost comiparisons of solar
technologies applied to EOR, while Section 6.0 looks at alternative means of financing
these systems. Section 7.0 summarizes the findings of the report and presents policy
rcecommendations. ' ‘

*The estimate is not explained.

""‘*See the papers assembled by the Congressional Research Service for the U.S. House of
‘Representatives Subcommittee on Energy Research, Development, and Demonstration
(1978). - '
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= SECTION 2.0

ENHANCED OIL RECOVERY

Crude oil is found in rock formations, called reservoirs, at depths ranping from 100 ft to
more than 17,000 ft beneath the earth's surface. The oil mingles in pore spaces with
water and, occasionally, gas. The size, shape, and degree of interconnection of the pores
vary considerably from reservoir to reservoir and even within a reservoir. Oil reservoirs
are described by several characteristics, such as oil viscosity, depth, zone thickness,
shape of the underground formation, and pore permeability, which together determme
the amount of oil that can ultimately be removed.*

The initial stage in extracting oil from a reservoir is termed primary production. The pe-
troleum is forced to the surface by natural forces, such as gas, the natural expansion
pressures of oil, naturally pressurized water, or drainage downward from a higher eleva-
tion. Depending on the field characteristies, the amount of oil recovered through pri-
mary production means can range from 10-509 of the oil in place, but the average is
usually less than 30% (Schumacher 1978, p. 18).

To extract additional petroleum, secondary oil recovery techniques are employed, which
in the United States has generally meant the injection of water into the well to reestab-
lish natural pressures (hence, the generic term, "pressure maintenance"), By 1973, about
one-half of the U.S. domestic oil production came from fields that had been partly or
completely waterflooded (Craig 1978). "Cumulative recoveries by primary and secondary
production, where the secondary production is waterflooding, average 38-43% of the
original oil in place" (Office of Technology Assessment 1978, p. 26), although the range is
as low as 5% and as high as 80%. "This broad range of recovery efficiency is a result of
the variations in the properties of the specific rock and fluids involved from reservoir to
reservoir, as well as the kind and level of energy that drives the oil to the producing
wells, where it is captured" (National Petroleum Council 1976, p. 12).

The same variables determine what methods of tertiary (enhanced) oil recovery are best
suited to extract additional amounts of petroleum from the reservoirs. The capillary
action of the pores upon the oil, the oil's viscosity, and simple gravity all act to impede
the further extraction of oil by conventional priimnary and secondary recovery methods.
Therefore, oil producers have turned to enhanced—some call them "exotic"—recovery
techniques to reduce the capillary forces by dissolving the trapped oil or by reducmg its
viscosity so that it flows more readily.

In general terms, tertiary oil recovery methods can be grouped into three types: (1)
thermal processes, including in situ combustion; (2) carbon dioxide or gas miscible
processes; and (3) chemical processes, including surfactant/polymer flooding, polymer
flooding, and alkaline flooding.** The most recent statistics on oil produced in the

*Several of the critical reservoir characteristics are listed by the National Petroleum
Council (1976, p. 24).

**These techniques are reviewed in detail by, inter alia, Interstate Oil Compact
Commission (1974), Office of Technology Assessment (1978, Appendix B); Lewin and
Associates (1976a), National Petroleum Council (1976, Appendices D-F), and Schumacher
(1978). .
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United States by enhanced recovery techniques highlight the current dominance of the
thermal processes. Of the 373,000 bbl/day extracted by EOR techniques, 70% is
attributed to thermal processes, compared to 29% and less than 1% for the gas miscible
and chemical processes, respectively (Noran 1978). Most of the thermal EOR is
performed in the California oil fields (see Fig. 2-1) because of their petroleuin and
reservoir characteristics. The range of well and reservoir properties in California oil
fields using thermal EOQR is shown in Table 2-1.

As noted in the Introduction, this report is concerned primarily with solar technology
applications to EOR. Because of the heat-generating properties of solar technologies,
this study concerns itself only with thé thermal EOR techniques, of which there are two
broad categories: hot fluid injection and'in situ combustion. In situ combustion, in which
the producer actually ignites part of the underground reservoir and uses steam to drive
the remaining oil toward a producing well, does not lend itself to the properties offered
by solar technologies and, therefore, is not discussed here. Hot fluid injection techniques
inelude both hot waterflooding and steam stimulation. The techniques are similar in that
heat is carried to the oil reservoir via an extornally (surface) heated transfer medium.
Hot waterflooding is not as widely used as steam stimulation because it is not as effi-
cient. Therefore, this report addresses only solar applications to steam stimulation
techniques.

Basically, steam stimulation enhanced oil recovery heats the oil reservoir, thereby reduc-
ing the oil's viscosity, inducing a greater oil flow, and thus inereasing oil produetion. Any
means of heating water may be used to generate the steam that is injected
underground. Gas, coal, electri¢ power, and solar energy have all been proposed or used,
but the most often employed source of energy is petroleum from the reservoir itself.*
The industry's rule-of-thumb is that one barrel of crude is burned to fuel the steam
generators to extract three barrels of oil.

Two types of steam stimulation commonly are found in Amecrican.oil fields: eyelic steam
injection and continuous steam injeclion. Cyclic steam injection, also referred to as
"huff and puff," involves the injeetion of stcam into a reservoir for a time period of one
week to a month. The injections are then stopped, the wells closed down, and the reser-
voir allowed to "soak" (hence, cyclic steam injection is also called "steam soaking"), after
which the producing wells are reopened and the combination of heat and increased reser-
voir pressure allow more oil to be extracted. The eycle is repeated until the oil in the
immediate area has been removed. Repeated cycles are increasingly ineffective and
uneconomic, resulting in final recovery of no more than 10-15% of net oil in place (Ali
1974, p. 163).

Continous steam injection, also known as steamdrive or steamflooding, involves the con-
tinuous injection of steam into the reservoir and continuous extraction from the
production wells. Steam is injected in a way that lowers the viscosity of the oil while
driving it toward the production well. The combination of these effects accounts for the:
greater effectiveness of continuous steam injection in recovering oil; oil recovery effi-
ci(;ncies for steamflooding range from 35-50% of the oil in place (Schumacher 1978, p.
72). '

*Petroleum engineers in the USSR have proposed thermal methods utilizing underground
nuclear explosive (Schumacher 1978, pp. 82-85).
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Table 2-1. @ WELL AND RESERVOIR PROPERTIES FOR OIL FIELDS
USING STEAM EOR IN CENTRAL CALIFORNIA

Steam Soak (Cyelic) Steam Drive (Continuous)
Min. Typical Max. Min.  Typieal Max.
Project Area (acres) 10 700 6,700 5 100 5,000
Well Depth (feet) 200 1,000 2,800 400 1,500 2,800
Porosity (%) 27 32 41 25 33 39°
Permeability (millidarcies) 400 2,000 6,000 400 2,000 20,000
Oil Gravity (° API) 10 13 18 10 12 20
Initial Residual .
Saturation (%) GO 90 100 55 85 100
Estimated Final
Residual Saturation (%) 40 80 94 25 60 70

Source: Anonymous (1977).

Figure 2-2 schematically shows how continuous injection displaces oil toward producing
wells. Steamflooding projects are placed in a regular pattern throughout the oil field.
The most common pattern places one injection well among four producing wells (the so-
called inverted five-spot) although patterns with one injection well among every seven or
nine producing wells also have been -used to obtain higher extraction rates (see Fig. 2-3).
Note that an inverted five-spot spacing in a continuous pattern actually provides a one-
to-one ratio of injection wells to producing wells.

2.1 CONVENTIONAL STEAM SUPPLY SYSTEMS

Steam normally is supplied to injection wells by the kind of steam generators shown in
Fig. 2-4. Typically, these generators have a 50-MBtu/hr capacity, but they also are
manufactured in sizes as small as 10 MBtu/hr. They usually are fired by erude petroleum
extracted from the field. -Except in the cases of small operators, several steam gener-
ators are clustered together in a field to provide steam to many injection wells. Cluster-
ing is preferred as a means of decreasing construction costs, lowering operation and
maintenance costs, and lessening interference with drilling leaseholds. In addition, the
manifolding of exhaust stacks (as shown in Fig. 2-5) allows the purchase and installation
of a single, large sulfur dioxide (SO,) scrubber for several generators if required by en-
vironmental regulations (see Sec. 4.0).

Feedwater is supplied to storage tanks from a wastewater treatment facility. Waste-
water treatment is necessary because of the considerable amount of formation water
(upwards of 85% by volume) that is mixed with erude oil as it is pumped from the reser-
voir. The temperaturc of the feedwater to the steam generator is normally about 120°F
to 140°F due to the various water treatment processes required after the oil is extracted
from the reservoir. In at least one instance, producers have found it cost-effective to -
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Figure 2-4. Typical Steam Generators, Kern County
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Figure 2-5. Oil Field SO, Scrubber Installation
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insulate feedwater lines from the waste treatment facility.* Water for steam géenerators
is stored in tanks near the generator cluster.

Most steam generators used for thermal EOR are of the once-through, water-tube type
and are suitable for generating saturated steam up to 1,000 psi, although rated pressure
capacities of 1,500 psi to 2,500 psi are not uncommon. These generators may be fired
with lease crude, propane, natural gas, or fuel oil. Generating steam at less than 100% -
quality (usually 80%) minimizes the deposit of solids in the water tubes. Some field
operators have expressed concern over the thermal effects of rapid eyeling of steam
generators. Not only might such eyecling introduce thermal stress and/or fatigue in re-
fractory elements, but generator efficiency at partial load may be reduced by as much as
50%. Normal operating efficiencies for steam generators are about 83%. Boiler oper-
ation .should be maintained as close to rated. capacity as possible to maximize boiler
efficiency (Ali 1974, p. 172). However, as a means of extending operating life, boilers
4norma)lly are fired at only about 90% of rated capacity (i.e., 45 MBtu/hr for a 50-MBtu/hr
boiler). .

Steam generators are manufactured and installed by a number of firms, including Com-
hbustion Engineering-NATCO, Struther-Wells, Hopper, Inc., Halliburton, and Thermotics.
Cost of the installed steam generator (50 MBtu/hr) with S04 scrubbers is on the order of
one million dollars. Annual operating costs for a 50-MBtu/hr generator, including fuel
costs (at $12/bbl) at 90% capacity, 350 days per year, are approximately $1.4 million;
this assumes that four barrels of steam are injected for every one barrel of oil
recovered. For comparison, the capital and operating costs of coal-fired, gas-fired, and
electric boilers of 50-MBtu/hr capacity are shown in Table 2-2. Recently, Pacific Gas
and Electric Company submitted a proposal to the California Air Resources Board to
provide excess steam from a 1,600-MW_, combined-cycle power plant to EOR projects in
California. The costs of steam from such a project could be very low.

Table 2-2. CONVENTIONAL STEAM GENERATOR COSTS
(1978 $, 50 MBtu/hr Capacity)

: Installed Cost Annual Cost
System Type : (Capital) (Operating)
Fuel Oil-Fired : $480,000 $1,400,000
Gas-Fired 223,000 ‘ 1,200,000
Coal-Fired (Without cha)b 625,000 950,000
Coal-Fired (With FGD?®) 1,128,000 1,300,000
. Elcetrie-Fired® 630,000 3,500,000

9FGD: flue-gas desulfurizer.
bMann and Heller (1978, Chapter 3).
CFarahan (1977, p. 26).

*The relatively low cost and high efficiency of insulation lead one to suspect that solar
preheating of steam generator feedwater might be cost effective. Such preheating sys-
tems have the advantage of being noncritical to steam operations and of being operation-
ally simple because nontracking collectors can be used. Such a preheating system might
save 20% of the operating fuel costs.

13
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he use of 504 scrubbers for steam generators in California is one way to meet environ-
mental requiréments. Caustic soda tray scrubbers are manufactured to operator specifi-

cations by many of the same companies that manufacture the steam generators.
Generator exhaust stacks are manifolded to the scrubber and relatively clean emissions
are released through a single stack. Typically, a million dollar scrubber will serve seven
to ten 50-WBtu/hr steam generators. Secrubber operating costs are approximately $1,000
per day. Figure 2-5 shows a typical scrubber installation in a Kern County operation.

Steam produced by -the steam generator is regulated and injected into a steam header
near the generators. Steam pressure and flow rates to the distribution piping network
are regulated depending upon formation and reservoir characteristics. Normally, steam
is distributed at a pressure equal to the fracturing pressure of the formation (200 psi to
80U psi) plus an amount 1o cover losses ineurred in transmission. Both pressure and heat
losses occur in stearn distribution piping to the injection wells; therefore, piping dis-
tances ideally should be small. However, the economy of clustering steam generators in
a few locations throughout the field is substantial in comparison to energy losses in
steam piping. Hence, piping distances as great as one mile are not uncommon. Steam
distribution lines are normally 3-in. steel lines, heavily insulated and aluminum
jacketed. Heat losses in these pipes over normal distances amount to approximately 5%
of the initial energy value of the steam. Pressure losses are about 0.02 psi to 0.05 psi
per foot of pipe. Therefore, it is standard practice to generate steam at a pressure as
much as 200 psi greater than that required at the surface of the injection well. Piping
coverage in the field is significant. Allowance for space and access for piping, power
distribution, and maintenance access must be considered in addition to the well place-
ment when determining land availability for thermal HOR systems, particularly when
land-intensive solar EOR systems are to be used in {ields that already are characterized
by dense well spacings.

The injection well is simply a wellbore lined with a steel casing to carry steam to the ail
pool. The well is capped and supplied with a stean pipe that is connected to the steam
generator distribution line. Because of the large temperature variations inherent in
steam injection, the wellhead and casing rnust be designed to allow for thermal expan-
sion. Failure of the well casing or hner is the most common cause of lost operating time
in steam EOR systems,

2.2 OIL FIELD OPERATIONS

Approximately 227,000 bbl of crude oil per day are produced by steam EOR projects in
California. A substantial portion of this production takes place in Kern County near
Bakersfield. SERI personncl visited producers in this area (o obtain first-hand obser-
vations of their EOR operations..

The largest field in the Kern County area is the 9,500-acre Kern River field, just north of
Bakersfield. Twenty-two coinpanies operate wells in the Kern River field, although one
—Gelly Oil Company—holds leases on approximately 60% of this area. The Kern RRiver’
field has been steamed (initially steam soaked, now priinarily steamflooded) since the
mid-1960s. Under foreseeable economic and technical conditions, the Kern River field
will produce oil for another 30-50 years.

Oil produced from the wells in Kern County is normally heavily laden with formation
water (80-90% of the volume pumped) and must be separated from this water before it is
piped to refineries. Each producer has an oil/water separation facility and a wastewater
treatment facility. Oil/water separation is accomplished in a series of slightly heated

14
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settling tanks, in which the mixture is progressively purified from volumetric contents of
10-20% oil to a final purity of 99% oil ready for pipeline shipment. The separated water
then is pumped to a wastewater treatment facility that removes the remaining oil sludge
and dissolved minerals. Most of the water is reused in steam production. Excess water is
disposed of in nonpotable aqueducts, such as the San Joaquin irrigation system.

Typically, producers directly employ only about 50% of the field work force. Installation
of steam systems, wells, and pumps is handled by external subcontractors. Therefore,
while the installation of a solar EOR system would be subcontracted, routine main-
tenance probably would be supplied by the permanent operating crew.

15
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SECTION 3.0

- THE PERSPECTIVE OF THE PETROLEUM INDUSTRY

The potential market for solar EQR. lies in the petroleum-producing industry. Currently,
there are approximately 17 oil companies using thermal EOR methods. The major share
of the tertiary oil recovered, about 84%, is produced by six o0il companies: Getty, Shell,
Chanslor-Western, Chevron, Texaco, and Mobil. Unless the proposed solar EOR systems,
in place of or in conjunction with oil-fired generators, can meet the operational and
financial criteria of these companies, no market will exist for such systems. For this
reason, one needs to understand the requirements of the industry and the criteria used to
make an investment decision of the magnitude required for installation of solar EOR
systems. To appreciate the general perspectives and the specific EOR operational
requirements of the petroleum-producing industry, interviews were conducted with
officials of these companies. This section records and examines the industry's
perspective of solar EOR. Table 3-1 lists the companies interviewed as well as the
number of barrels of oil each produced in 1977 using thermal EOR methods.

Table 3-1. SURVEYED PETROLEUM COMPANIES

1977
Thermal EOR
Qil Production

Companies Contacted (bbl/d)
Getty Oil Company 80,000
Shell Oil 31,000
Standard of California 31,000
Chanslor-Western 31,000
Mobil Oil ' 14,000
Tenneco ‘ 6,000
Occidental Petroleum - 3,000
Exxon Petroleum , 1,000

Three caveats should be noted. First, the interviews were held mostly with production
officials, rather than with researchers, because we were more concerned with production
. requirements. Seccond, all of the companies represented discussed their California opera-
tions because this is where the vast majority of steam EOR is conducted. "Third, the
interviews were conducted prior to President Carter's announced decision to decontrol
heavy oil production. '

3.1 INTEREST IN SOLAR EOR

Many of the petroleum companies have made some study of the possible use of solar
EOR. The main impetus for their interest seems to have been the recent DOE Program
Opportunity Notice (PON) for the development of a solar-powered steam generation
system for EOR. A second source of oil company interest has resulted from strong
marketing efforts by various solar collector manufacturers, again largely in response to

17
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the PON. One result of these interviews was that a great deal of information on the
economic and technical facets of solar energy systems was passed to the oil company
officials by the SERI interviewer.

Although several of the oil company personnel interviewed had been contacted by collec-
tor manufacturers regarding the possibility of submitting a joint response to the
demonstration PON, most of those people were in the corporate planning and develop-
ment divisions of their companies. Most of the personnel contacted for the SERI study
were in the production or operations divisions. This cross-section provided the SERI
study with an overview of the petroleum producers' opinions of the feasibility of EOR and
what efforts are being made within their divisions to learn about the application of solar
energy. Not surprisingly, different divisions of the same company sometimes professed
strikingly different opinions. In one case, a production official of one large oil company
was clearly not interested in solar EOR while the rcsearch division of the same campany
was preparing a submission to the PON.

Although production people may have had a general perception of how solar EOR might
operate and although they had calculated preliminary estimates of the possible eco-
nomies of representative systems, they generally suggested that any significant
corporate efforts regarding solar EOR would ocecur at the corporate R&D level. For
cxample, Chevron's Qil Field Research Division was the lead corporate entity in
examining the feasibility of solar EOR within Standard of California (Chevron). The
producers generally agreed that solar EOR is at the R&D stage and any serious research
or budget allocation would be in the research division, not through the commercial oper-
ations divisions. One producer suggested that no corporate R&D dollars should be
allocated to solar EOR if the probability of suecess were thought to be low; in the near
term (i.c., five years), the uncertainties surrounding solar EOR technologies were too
great for the probability of success to be considered seriously, and he had not yet con-
sidered it for the longer term (10 to 20 years).

The nonpolluting qualities of solar cnergy systems and. their benign effect on air quality
standards were pointed out by some interviewees to be an obvious advantage of solar
EOR systems. However, oil company officials argued that air quality regulations are of
questionable duration and stringency. Although the producers must spend an enormous
amount of time and money to obtain burner permits in California, they all claimed that
they were obtaining or already had enough permits to meet their production require~
ments.

3.2 INCENTIVE PROGRAMS

As represented by the interview sample, the petroleum industry has specific preferences
regarding federal financial incentives to increase EOR production. The investment tax
credit -and other advantageous tax treatments, such as accelerated depreciation, are
viewed favorably by the petroleum industry. Obviously , the industry would respond most
favorably to the decontrol of oil prices.* Many producers claim that decontrol would be
the single most important incentive to enhanced oil recavery. However, they point out
that it would not be particularly advantageous to solar EOR unless special provision were

*See, for example, the comments of George H. Galloway, President of Amoco Production
Co. (Anonymous 1978a).
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made for heavy petroleum, which would benefit all types of thermal EOR. For this
reason, some spokespersons noted that even though an increase in the price of petroleum
would make EGR more attractive, it would not be sufficient to give solar EOR a decided
advantage. An increase in oil prices would benefit all the EOR processes. Solar EOR
would benefit more from solar equipment cost reductions and demonstrated reliability
than from increased oil price levels. '

The petroleum industry is more receptive to indirect incentives, such as tax benefits,
than to direct government participation programs, such as demonstration projects and
cost-sharing incentives. Historically, the petroleum corporations have been averse to
government participation in the production and operation segments of their industry.
Government deinonstration programs, loan guarantees, and cost-sharing programs require
the release and sometimes publication of information that companies otherwise would
consider proprietary. These programs also involve the assignment of additional personnel
to the government reporting requirements that accompany them. SERI interviews with
oil company personnel strongly suggest that tax incentive government programs are
preferred over direct government intervention programs (e.g., subsidy).

Many petroleumn industry officials expressed the sentiment that if a technology is fea-
sible, they would prefer to develop it without direct aid from the federal government.
T this end, Johm Deutsch, then-acting Assistant Secretary {or Energy Technology,
reflected the industry's sentiment when he explained DOE's reduction in the EOR re-
search budget with the statement, "Secondary recovery is better handled by the private
sector." He elaborated in his submission to Congress:

The FY 19880 budget is intended to be the minimum level required to n:ain-
tain a visible presence in the industry . ... At the time the Departinent of
Energy-was formed, the enhanced oil recovery activity was based on a
strategy emphasizing near-term production goals. However, the Economic
Regulatory Administration has subsequently devised a program of regula-
tory inecentives designed to stimulate commercialization of near-term
technologies by the private sector. (Quoted in Meyers 1979)

Several state and federal prograins were mentioned which have potential effects on
thermal EOR projects that could influence the decision of a firm to invest in solar EOR.
One obvious inducement is the 10% additional federal investment tax credit for using
solar equipment in industrial applications. With it, the total investment tax credit avail-
able could be 20%.* Some of the producers were not aware of this additional tax write-
off and of those who were, some did not consider it in evaluating the economics of solar
EOR. Among those who were aware of the tax benefits, many pointed out that their
firms were hesitant to rely on incentives whose durations were uncertain and subject to
political manipulation. For instance, they noted that the California law which encour~
ages the use of solar energy expires in five years.

*President Carter recently proposed a substituted 15% additional tax credit (making the

potential additional credit 25%) for industrial process heat systems, but it is unclear
whether this credit will apply to EOR applications. Recent inquiries at the Internal
Revenue Service disclosed that the 10% additional credit is subject to initial
interpretation, including the allowance of the credit only on specific solar cquipment
costs beyond conventional system replacement costs. Additional clarification and tax
guidance are needed in this area.

19



SEQI (@’ ' : TR-392

The oil producers generally agree that the Economie Regulatory Administration's (ERA)
proposal for recouping 75% of capital costs to a maximum of $20 million and the freedom
to sell conventional production from tertiary fields at world oil prices would benefit EOR
activities (Anonymous 1978e¢, 1979b, 1979¢). Earlier ERA proposals to permit only the
inecremental EOR oil to be sold at world prices were heavily criticized as too burdensome
and uneconomic to be attractive to the oil companies. As noted in the Oil and Gas
Journal (Anonymous 1978d):*

[TIhe producers declare that new rules of the Economic Regulatory Admin-
istration freeing incremental enhanced production from price controls will
do little or nothing to increase tertiary projects. The price of all erude
produced in an enhanced project must be freed, or full-scale operations
won't be undertaken, producers say.

To date, Shell Oil has received permission to obtain market clearing prices for the in-
cremental increase in crude oil produced from tertiary projects (Anonymous 1979d).
Three more companies have had applications approved and eight other companies have
applied for market prices for incremental production. Capital cost recoupment regula-
tions were approved recently by the ERA, but industry sentiments seem to be less
enthusiastie about these programs and more in favor of price decontrol programs (Wilson
1979; Anonymous 1979e).** An associated statement repeatedly heard was that govern-
ment pricing regulations should be made simpler to understand and follow.

The oil company production officials expressed little interest in a government-funded
demonstration. Numerous reasons were cited for their lack of interest but unattractive
economies, uncertain potential, and the general preference to avoid government in-
volvement were most often given. The oil producers require an. acceptable level of
confidence in the ability of solar collector manufacturers to reduce costs sufficiently to
make systems affordable. Although the oil producers are basically interested in the
possible commercial use of solar systems, they feel more R&D is needed at this time.
They state that the present economics are not attractive énough, and the level of confi=
dence in the technology is so low that not even a demonstration is warranted at this
time. Their major concerns are high front-end costs, uncertain operation costs, reli-
ability, land availability, and performance. In addition, oil producers prefer to develop
technologies and processes with minimal government involvement. Many said that work-
ing with government programs to develop energy sources requires more time and expense
than with no government involvement. Reporting requirements often are cited as being a
disincentive. Still, these same oil producers admitted that they would not be unalterably
opposed to accepting government subsidies for building a solar EOR demonstration facil-
ity. The contradiction was clear and recurring: In general, the officials interviewed
were opposed to government involvement in their operations, but they were willing to
accept government funds to advance their research and production operations.

*See also the testimony of James D. Henry testifying before the ERA on behalf of the
Atlantic Richfield Company regarding "Additional Price Incentives for Tertiary Enhanced
Recovery Techniques," Washington, D.C., September 27, 1978.

**Again, these interviews with oil company officials were conducted prior to the President's
decision to decontrol oil prices over the next few years.
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3.3 ENVIRONMENTAL CONSIDERATIONS

In late December 1978, Getty Oil's crude-fired steam generators were found to be violat-
ing Environmental Protection Agency (EPA) standards. In response, Getty shut down 62
of its oil-fired generators for emission violations during that 24-hr period (Anonymous
1979f). Getty could have installed additional scrubber capacity or burned low-sulfur
crude oil, but chose ‘instead to shut down those generators plus an additional 36
generators, the latter for economic rather than environmental reasons. Getty officials
have stated that they could not afford to produce crude oil at lower-tier prices given the
costs of meeting environmental regulations (Anonymous 1979g). With this episode as
background, petroleum company officials were asked to assess solar EOR in the context
of its environmental benefits.

Currently, the oil companies have three means for meeting air quality standards. The
first is to install SO, scrubbers, with additional scrubbing capacity to meet future emis~
sion controls. This technology is well known and is widely used to meet air pollution
standards in the California oil fields. ’

The second alternative is to adopt cleaner-burning fuels, such as low sulfur oil. Burning
low-sulfur fuel oil does not appear to be a preferred solution at this time because of its
high price. Producers currently burn their own erude production; in particular, they burn
their lower-tier production which is also unrefined and therefore does not carry an en-
titlements obligation. According to Henwood, "The ineremental cost of scrubbing may be
higher than the incremental cost of desulfurization. But, due to the entitlements pro-
gram, serubbing is by far the more attractive choice financially" (Henwood 1978, p. 57).
Possibly, desulfurization no longer will be incrementally less attractive than serubbing
when heavy crude prices are decontrolled. Decontrol would permit the price of all erude
to rise to a market clearing level. Hence, burning low-sulfur oil may become more
economically competitive with serubbing as ways of controlling emissions.

The third alternative is to shut in production. Two government policies repeatedly were
cited as contributing to this possible action: (1) the government-regulated pricing mech-
anism, and (2) air quality standards and the associated costs of control. Under present
regulations, producers such as Getty who were producing prior to 1972 are receiving
lower-tier prices for the number of barrels produced at that time while production ini-
tiated after 1972 is sold at upper-tier prices. According to petroleum officials, the rising
costs of production and the restricted selling price are making production uneconomie,
making it economically attractive to shut in their wells. Some producers go so far as to
state that if compliance with the air quality standards becomes cost prohibitive, then
 shutting in production may force government agencies to relax the environmental stan-
dards to prevent shortage of crude.

The oil producers generally consider the costs of environmental regulations when
evaluating EOR alternatives. Producers do not view environmental issues alone, how-
ever, as a sufficient stimulus to move solar EOR to a commercial status. It is likely,
therefore, that the environmental benelits of solar EOR may not be as persuasive an
incentive as originally perceived because several more familiar alternatives exist that
are now both technically and economically feasible. Some officials state that the indus-
try simply will not be driven to install more costly methods by environmental regulations
alone. It would rather shut in production before producing at a loss and wait for political
pressure to force a relaxation in environmental standards. At present, producers main-
tain they can meet all air quality standards with additional scrubber capacity, which
could be added at a lower cost than that of an equivalent solar system. The critical
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- factor, according to the industry producers, will be relative costs. If a solar system can
deliver the energy required for their operations at a cost competitive with or lower than
other alternatives, the industry will use it.

The largest environmental quality obstacle to conventional thermal EOR is the difficulty
in obtaining permits to burn high sulfur oil in the steam generators (see Sec. 4.0 for
details). The oil producers cite the regulatory process and its time delays as particularly
costly. One firm has the equivalent of three staff mmembers dedicated to obtaining the
neecessary permits.

3.4 FINANCING OPTIONS

The commercialization of solar' EOR depends to a large degree on the economics of
alternative forms of EOR and other investment opportunities. ‘I'he investment econoinics
of EOR specifically depend on the level of risk, uncertainty, and the ability to gencrate
sufficient cash flow to produce a minimal, acceptable rate of return (See Sec. 6.0).
These criteria hold true whether capital is generated internally or externally. Oil
company officials were asked how their firms might choose to finance solar EOR were it
to appear technically and economically attractive.

Conventional practice in the petroleum industry has been to finance EOR projects inter-
nally with cash generated from other income-producing projects. This may be standard
practice because most EOR projects have been of the thermal recovery kind that require
relatively modest capitel expenditures. Chemical flooding and solar EOR projects
promise substantially higher front-end expenditures for injection materials and equip-
ment, respectively. For these methods, alternative financing mechanisms may be
needed, :

Generally, the major petroleum producers finance capital expenditures with the cash
flow from total operations (ICF 1979). Aeccording to the DOE perspective, eash financing
will be required for advanced energy projects, and the private sector should pay foi these
potentially profitable enterprises; unfortunately, private sources of capital are reluctant
to assume the technical and financial risks involved (Corrigan 1979). Hence, it might be
extremely difficult for the oil companies to borrow money without federal government
support (see Sec. 6.0). For high-risk projects to advance, the federal government may
have to provide financing or loan guarantees if commercial money is not available.

Given fluctuations in investment capital availability (Corrigan 1979; Tanner 1976) and
the risks and uncertainties of solar EOR, the willingness of the ptivate lending sector (o
finance commercialized solar EOR operations in the near term without fedecral finanefal
assistance must be seriously questioned.* Whether the private ot public sector provides
the capital necessary fotf such installations depends vit the current state of the tceh-
nology and its capability to meet investment criteria. Oil company officials were
skeptical that these conditions could be met under their present preferred equity financ-
ing arrangements, and they have begun to explore other financial arrangements (Simpson
1979; Gibbs and Sroka 1978). For EOR projects in general, the currently perceived
technological risks and uncertain costs lead operators lo choose more certain or higher
payoff opportunities, especially those for exploration and nonpetroleum ventures (Lewin
and Associates 19764, p. 1I-6).

*Corrigan (1979) reports similar sentiments for both lending institutions and energy
producers. '
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SECTION 4.0

LEGAL AND ENVIRONMENTAL ISSUES RELATED TO SOLAR EOR -

Three issues have been identified in previous EOR reports as presenting potential barriers
to the expansion of oil-fired thermal EOR activities: (1) unitization of oil fields, (2)
water supply and disposal, and (3) air pollution resulting from the combustion of high sul-
fur crude in oilfield steam generators (Office of Technology Assessment 1978; National
Petroleum Council 1976). A fourth issue, which is unique to solar EOR, involves the
large land areas required for the solar collector arrays and the rights of lessees under the
terms of an oil and gas lease to utilize the surface land for such purposes. This section
addresses these four issues.

Although the unitization and water issues are not peculiar to solar EOR, they are briefly
evaluated here because of their potential for hindering the development of any thermal
EOR project. Air quality control is considered for two reasons. First, conventional oil-
fired thermal EOR systems produce atmospheric pollutants. The key issue is the extent
to which air quality standards will limit the use of such systeins, If air quality standards
do prove to be a significant obstacle to the expansion of oil-fired thermal EOR activities
and no fossil-fueled systems are included for nighttime operations, then solar EOQI may
become a more attractive option because it produces no atimospheric poliutants. If new
fossil-fired thermal EOR systems can be designed to comply with the new air quality
regulations, then the air quality motivation for using the solar system becomes less
pressing. Second, preliminary technical feasibility assessments indicate that solar EOR
systems may require oil-fired backup systems for cloudy day and nighttime operation. In
this case, the analysis of air quality regulations discusses the possibility that air quality
rules might limit the construction of the solar hybrid systems (a combination of solar-
and fossil-powered steam generating boilers).

4.1 SURFACE RIGHTS OF LESSEES UNDER OIL AND GAS LEASES

In most cases, the land use required for thermal EOR operations is small.* Often,
surface activities such as grazing and agriculture can be conducted without interfering
with the thermal EOR activities. Solar EOR activities, however, require large land areas
for the collector arrays. A 50-MBtu/hr solar system is estimated to require anywhere
from 17 to 30 acres of land.**  Since solar systems require so much land area, what are
the rights of oil operators with respect to surface land usage?

There are two aspects of land ownership: surface rights and mineral rights. Surface
rights entitle the owner to usc the surface land for grazing, agriculture, residential or
commercial development, or whatever else he may desire subject to local zoning regula-
tions, Mineral rights, which sommenec at the surface and extend to indeterminate
depths below the surface, entitle the owner to develop minerals, oil, and gas below the
surface, again subject to zoning regulations. An individual who owns both the surface

*In some fields, such as Getty's Kern River location, the well spacing is so tight that solar
EOR activities, which require more room than the fossil-fired steam generator systems,
might he restricted by a lack of space.

**See Sec. 5.0 for system sjzing details.
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rights and mineral rights may separate the two by selling a "mineral deed" to another
party. A typical mineral deed grants a specified number of acres ". .. together with the
right of ingress and egress at all times for the purpose of mining, drilling, exploring, op-
erating, and developing said lands for oil, gas, and other minerals, and storing, handling,
transporting, and marketing the same therefrom with the right to remove from said land
all of Grantee's property and improvements" (Wheeler and Whited 1975, p. 130).

To develop mineral resources without surrendering his interests, the mineral owner can
lease the exploration and production right to another party who specializes in such opera-
tions. Under the terms of a representative oil and gas lease, the lessee has "express" and
"implied" rights. Rights are express if the parties to the lease have specifically recog-
nized or granted the rights in the lease. In a sample oil and gas lease, the lessee has the
express right to use the surface land " ... for the sole and only purpose of mining and
operating for oil and gas, and laying pipelines, and building tanks, power stations and
structures thereon to produce, suve and take care of suid products . .." (Wheeler and
Whited 1975, p. 133). Although the lessee has the express right to build "power stations
and structures" on the surface land to produce oil, the typical lease says nothing about
the specific right to use large surface land areas for solar power collcetors. If a lessee
wanted to use a solar system to produce steam and a mutual agreement could not be ob-
tained from the surface land owner, the issue would have to be adjudicated.

The lessee's rights are implied if the parties to the lease have not expressly provided for
them but the law recognizes that they exist by virtue of the nature of the transaction.
For example, the right to build a road to carry equipment to the drill site may not be ex-
pressly stated, even though it would not be reasonably possible to develop the facility
without the road. The law implies, therefore, that the lessee has the right to build a
road. In general, legal precedent recognizes that, even without express grant, the lessee
has the right to use such methods and as much of the surface as may be "reasonably"
necessary to remove the oil or gas, while retaining due regard for the righls of the sur-
face owner. The term 'reasonable" is the key to whether a lessee-has the implied right
to use large surface areas for solar collector arrays. If reasonable alternatives to solar
systems exisl, Lhen the lessee may not have an implied right Lo employ such systems.
The use of solar systems, therefore, may depend upon the consent of the surface land
owrner.

Even though the use of solar systems may not be an implied right of the lessee if reason-
able alternatives exist, judicial precedent holds that the lessee does have an implied right
to use the surface for EOR activities. The Appellate Court of Illinois has held that, "The
court would violate fundamental principles of conservation to insert by implication a
provision that lessee is limited to production of sueh oil as cah be obtained by old fash-
ioned means, or by so called primary operations."* Even though this decision was written
in 1950, OTA analysts have argued that "the sanie rationale would apply to more modern .
methods of enhanced recovery, even though these methods might involve somewhat
greater use of the surface and different types of injection substances" (Office of Tech-
nology Assessment 1978, p. 201).

In summary, there is no clear answer to the problem of the rights of lessees with respect
to using the surface for solar collector arrays. Although thc lessee has an express right
to build power stations and an implied right to conduet EOR, there is no clear judicial

*Carter Oil v. Dees, 92 N.E. 2d, 519 (1950); cited in Office of Technology Assessment
1978, p. 201.
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precedent dealing specifically with the solar issue. If it should go to court and the court
rules that the lessee does have an implied right to use the surface for solar thermal EOR,
negotiations might still be required to determine fair compensation to the surface owner
for loss of the use of the surface.

The key issues, then, concerning land use are the current utilization of the surface and
whether reasonable alternatives to the solar system exist. If the surface estate has other
valuable uses and there are reasonable alternatives to the solar-powered system, prob-
lems could result for solar applications. If these conditions do not apply, the lessee may
face minimal opposition. Second, the general issue presented by solar EOR is not new,
even though there is no specifie judicial precedent. Ultimately, this issue may have to be
settled in court, similar to other issues dealing with the surface rights of lessees under
oil and gas leases. As Gray has stated, "Despite a long history of experience and a fairly
extensive body of judicial precedent, the question of whether, to what extent, and under
what circumstances the oil and gas lessee may occupy and use the surface of the leased
premises to find, produce, and remove the oil and gas therefrom, and dispose of waste
products, now seems to arise more often than before, and frequently the answers appear
more elusive than ever" (Gray 1975, p. 277).

4.2 UNITIZATION

Nearly all oil reservoirs in the United States have multiple ownership. For efficient EOR
operations, the reservoir is often treated as a single operating unit by integrating the
multiple owners' interests, either voluntarily or through compulsory requirement. The in-
tegration of these interests is called "unitization."” When a reservoir is unitized, one
producer generally is designated the operator. All the other parties with an interest in
the field share the investment and operating costs and the field output in proportion to
the amount of the reservoir beneath their original drill tracts. In the major oil-producing
states of Texas and California, the Texas Railroad Commission and the California
Division of Oil and Gas, respectively, are authorized to approve unitization agreements.

In the EOR literature the main problem conecerning unitization is the absence or weak-
ness of compulsory unitization statutes in some states. In California and Texas, owners
of relatively small interests can prevent EOR activities by refusing to accept their share
of the risks and expenses associated with a joint EQOR venture. This problem may be
particularly acute for a proposed solar EOR project because of its high risks and uncer-
tainties. The problem may be heightened when field ownership is extremely
fragmented. Unitization is further complicated when the lessee does not have the right
to unitize the interest of the lessor without the latter's express consent; i.e., even if all
the various lessees can agree to unitize, the process can be impeded by a recalcitrant
lessor unless the state has mandatory unitization laws. In California, however, ". . .to
ensure orderly well spacing, and equitable drainage from the several leases overlying a
field or pool, most leases grant the lessee the right to pool or consolidate lands into
units. . ." (Calif. Div. of 0il & Gas 1976, p. 1).

Lessees or lessors may be reluctant to have their interests unitized even though unitiza-
tion for EOR purposes, in theory, should benefit all interest owners. Several factors mo-
tivate such reluctance. First, in some states an operator may be liable to parties who
refuse to join a unit if EOR reduces the oil production of the nonjoiners. In fact, few
nonjoining interests have ever made damage claims against unit operators and even fewer
damages have ever been awarded. Second, lessees have obligations to the mineral
owners; for example, to conduct "prudent operations." If oil were to drain away from a
mineral owner's lease due to EOR activities, the owner might claim that the lessee was
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not conducting prudent operations and file a damage suit. However, state-approved
unitization agreements usually protect operators from such suits unless the damage re-
sults from operator negligence. A third factor impeding voluntary unitization centers on
the agreement on cost and production sharing. Each operator's share of production is in
direct proportion to the amount of productive oil pay zone beneath his original surface
tract. Determination of exact proportions is difficult and has led to long and labored
negotiations. If one party claims that it deserves production greater than that deter-
mined on the pay zone criterion, negotiations could break down and voluntary unitization
could become impossible.

As a result of the problems in achieving voluntary unitization, many states have adopted
compulsory unitization statutes, which empower a state commaission to compel all owners
of a field to unitize once there has been voluntary agreement among a specified percent-
age of interest owners. The required percentage ranges from 60% in New York to 85% in
Mississippi. Texas, a major oil producing state, has no compulsory unitization statute. In
California, the coimpulsory unitization statutes are so restrictive as to be ineffective.
Thus, Texas and California, which have a large fraction of the nation's EOR potential,
are two states in which unitization could be most difficult.

A rcvicw of the unitization literature has indicated potential difficulties in achieving
unitization for EGR projects. However, discussions with oil and gas industry officials in
California indicate that unitization problems are much more potential than real. One
official at the California Division of Qil and Gas said that unitization has not been a
major issue in California since the 1950s; similar statements were made by a California
Energy Cominission staff member and a Getty Oil Company official. According to the
Getty official, the Kern River field has 22 operators and is not unitized. Each company
conducts its own EOR activities and no serious technical or legal problems have arisen.*
Informal operating agreements are reached which appear adequate for each operator's
needs.

As noted, the potential for unitization problems would appear to be greatest in oil fields
having highly fragmented ownership. 'l'able 4-1 shows that of 16 heavy oll fields, 10
(marked by asterisks) are more than 75% owned by 5 or fewer operators. Since the oil
fields in California do not seem overly fragmented, the prospects for achieving unitiza-
tion to conduct solar EOR may not be as difficult as some of the literature has
suggested.

4.3 WATER SUPPLY AND DISPOSAL

All steam injection EOR processes, whether powered by solar energy or by conventional
tuels, require large quantities of fresh water. As many us six barrels of fresh waler can
be needed for each barrel of oil recovered, a demand which could strain the capacity of
local water supplies and have a significant environmental effect in some regions (Office
of Technology Assessment 1978, p. 98). Solar steam EOR projects will have large water
requirements which must compete with other domestie, agricultural, and industrial
uses. Such competition could be particularly severe for potential solar EOR sites in
California, Texas, and western Louisiana, where water supplies already are limited. In

*This statement is not meant to imply that problems have not occurred in fields other than
Kern River. The Point here is that successful EOR activities can be conducted without
unitization. :
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Table 4-1. ESTIMATED PERCENTAGE OWNERSHIP OF HEAVY OIL FIELDS IN CALIFORNIA

Field Chevron Getty  Shell Union  Mobil  Texaco Santa Fe Other  Total
Belridge South - - — — 37 - -~ 63 100
*Brea Olinda — 3 30 48 3 - 5. 10 100
Casmalia 7 — - 51 — - - 32 100
Cat Canyon : i9 15 11 15 2 6 — 32 100
*Coalinga East 43 o= .07 - — — - - 100
*Coalinga West 44 - 31 - — 13 —_ 12 100
*Cymric 67 4 - 2 9 — - 18 100
Edison 23 2 - — 6 2 —_ 67 100
Kern Front 19 24 3 -— 8 5 6 35 100
*Kern River 18 67 8 - — — 2 5 100
*MeKittriek 23 67 — 7 — — - 3 100
Midway Sunset 18 5 9 2 21 35 100
*ilount Poso - — 87 - — — 13 100
*Qrecutt — 5 5 89 — — — 1 100
*San Ardo — - - —_ 50 50 — — 100
*Santa Maria Vsalley 1 —_ 47 23 2 4 — 23 100

‘Source: Goldman Sachs Research (1976, p. 10).

Note: Totals may not add to 100 due to rounding.

*Indicates that five or fewer oil companies own more than 75% of the field.
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addition to potential water supply problems, solar EOR operators also must devise
methods to dispose of wastewater in an environmentally acceptable manner.

In California, the source of most water for steam injection is formation water, that is,
underground water produced along with the oil; this can be as much as 90% of the liquid
extracted during pumping operations. Although this formation water contains high con-
centrations of total dissolved solids, it can be treated to make it suitable for steam pro-
duction.

California appears to have sufficient formation water to expand thermal EOR
activities. Table 4-2 indicates that there is a surplus of formation water in most fields.
Of 45.8 million barrels of formation water produced in the Kern Front field, only 3.1
million barrels, or less than 7% of production, were used for steam injection, thus leaving
over 40 million barrels of formation water available for increased thermal EOR
activities. In the Kern River field, abuul 580,000 bbl/duy of formation water are being

_reclaimed by Chevron and Getty (Calif. Div. of Oil & Gas 1977, p. 10). About
450,000 bbl/day of this water are being used for steam generation, and the surplus is of
sufficient quality to be disposed of in an agricultural canal. In some oil fields, additions
to the formation water supply might be necessary if EOR expansion continues but, in
general, the net water demand for thermal EOR act1v1t1es should remain less than the
supply for the foreseeable future.

Table 4-2. WATER BALANCE FOR THE 11 LARGEST THERMAL OIL FIELDS IN

CALIFORNIA?
(1976)
Formation
Water Thermal EOR Water Subsurface Water Available
: Proguced Injection Flood stgosal for EOR expansmn
Fleld (1% bbl) (105 bbl) (10% bb) (10° bbl) (108 bbi)

Kern River 236.2 139.5 ’ 2.0 12.6 82.1
Midway Sunset 85.8 49.2 - 18.6 18.0.
San Ardo 101.1 44.0 : - 64.1 -7.0
So. Belridge 98.1 29.0 - 9.5 59.6
Mt. Poso 95.4 13.0 3.3 56.4 22.7
MeKittrick 17.0 9.7 - - 7.3
Yorba Linda 19.6 8.3 - 0.1 11.3
Cat Canyon 26.5 5.9 13.6 14.6 -7.6
Cymrice 24.4 3.8 0.3 0.3 2.0
Coalinga 47.3 3.1 10.7 10,7 22.8
Kerin Fronl 45.8 3.1 - - 42,7

85ource: Henwood (1978, p. 25) and Calif. Div. of Oil and Gas (1977).

In most fields, then, there are no short-run physical constraints to the amount of water
required to operate thermal EOR systems, nor are there technical problems with water
purification. The major constraints to water supply are the cost of treating formation
water ‘to allow its use in steam generator operation (Henwood 1978, p. 24) and the en-
vironmental regulations on water disposal. To be turned to steam, the formation water
needs to be treated to achieve proper mineral content and pH level (Interstate Oil
Compact Commission 1974, p. 174). Disposal of surplus formation water is routinely
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accomplished by injecting it into salt water aquifers, injecting it back into the oil
producing zone, or discharging it to surface aqueducts. These practices are regulated by
the EPA under the 1972 Amendments to the Federal Water Pollution Control Act and the
1974 Safe Drinking Water Act, which require that a permit be obtained prior to dis-
charging wastewaters to ensure that water quality can be maintained (National
Petroleum Council 1976, p. 67). To date, no significant problems due to formation water
disposal have arisen, nor are any expected within the foreseeable future.

4.4 AIR QUALITY REGULATIONS

Burning oil to produce steam for thermal EOR activities produces atmospheric pol-
lutants, including sulfur dioxide (SO,), nitrogen oxides (NO,), hydrocarbons (HC), carbon
monoxide (CO), carbon dioxide (COZ , particulates, and photochemical oxidants. Depend-
ing on the number of steam generators, the sulfur content of the oil burned, and the
atmospheric conditions, these emissions can have significant localized effects in areas
already in violation of National Ambient Air Quality Standards (NAAQS). Unless
effective pollution control techniques are used or compensating emission reductions are
made elsewhere in the affected areas, air quality standards may prove to be a significant
constraint to the expansion of oil-burning thermal EOR projects in areas such as
California'’s San Joaquin Valley, which is already in violation of several NAAQS.

A widely cited rationale for solar EOR is its potential air quality benefit. This moti-
vation would be substantially undermined if the solar EOR system required an oil-fired
backup steam generator. Whether solar EOR will require such a system, however, is not
yet decided, nor have the comparative economics of possible alternative systems for
meeting emission standards been completely explored. This subsection surveys the
current permitting processes for new sources of air pollution to determine whether
expansion of conventional oil-fired thermal EOR will be constrained significantly by
various air quality regulations; it also examines the permitting process for hybrid solar
EOR systems in the context of relevant air quality regulations.

4.4.1 The Clean Air Act

The Clean Air Act (CAA), as amended in 1977, is the major federal law addressing air
quality standards. Under its terms, the EPA has the authority to divide the nation into
Air Quality Control Regions (AQCR) and to set National Ambient Air Quality Standards
for six "criteria pollutants." AQCR which meet the NAAQS for a given criteria pollutant
are termed "attainment," or "clean air," areas for that pollutant. Any new source of air
pollution in an attainment AQCR is subject to the Prevention of Significant Deteriora-
tion (PSD) regulations. AQCR which do not meet the NAAQS for a given criteria
pollutant are termed "nonattainment,” or "dirly air," areas for that pollutant. In non-
attainment AQCR, any new source of air pollution is subject to a set of Nonattainment
Regulations.

To allow states to administer their own air quality programs, the CAA mandates that
each state is responsible for submitting a State Implementation Plan (SIP) to the EPA to
explain how it will achieve the NAAQS for each nonattainment AQCR and how it will
maintain the NAAQS for each attainment AQCR. A major component of the SIP is the
New Source Review (NSR) plan for reviewing new air pollution sources lo (1) guarantee
that such sources will not prevent attainment of NAAQS in nonattainment AQCR, and (2)
will not lower air quality standards in existing attainment AQCR. If the EPA approves
the SIP, it delegates the authority to administer the permitting process to the state.
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To understand how these rules may affect the implementation of conventional, oil-fired
EOR systems and solar EOR systems with fossil fuel-fired backup, it is necessary to
examine the CAA in more detail.

4.4.2 Ambient Air Quality Standards

The EPA has set NAAQS for six eriteria pollutants—photochernical oxidants (ozone), CO,
NO,, 80,, total suspended particulate matter (TSP), and HCs. (The exact standards for
these pol utants are found in Appendix A, "Ambient Air Quality Standards.") Under the
terms of the CAA, states are allowed to set ambient air quality standards that are more .
—but not less—stringent than the NAAQS. In many cases, the California ambient air
quality standards are more stringent than the federal standards; in addition, California
has ambient air quality standards for sulfates, lead, hydrogen sulfide, ethylene, and
visibility reducing particulates.

To classify each AQCR as attainment or nonattainment, the CAA requires cach state to
report the attainment status of their AQCR to the EPA. EPA fngures show that the Kern
County portion of the San Joaquin Valley Air Basin (see Fig. 4-1) is nonattainment for
oxidants, CO, TSP, and SOq (see Table.4-3). New sources in Kern County that could emit
large QUdntltleb of these r)ollutamts will be subject to the nonattainment permit regula-
tions for them. Assuming that Kern County does not violate the ‘\I’\AQS for HC and

0., any new source which could emit large quantities of those substances will be sub-
jec'z( to the PSD permit regulations for them. Moreover, if a new source in Kern County
could emit large quantities of NO, and SO,, it would be subject to both PSD regulations
(for NO,) and nonattainment regulations (for SOy).

4.4.3 State Implementation Plans (SIP) and New Source Review (NSR)

"An acceptable SIP iieludes a plan for the attainment of MAAGS, emission limitations and
compliance schedules, a system for monitoring ambicent air quality, pravisions for en-
forcement, a new source review procedure, and provisions for prohibiting new sources
that will prevent "attainment" or "maintenance" of a NAAQS. The heart of the SIP'is the
NSR plan, which is designed to ensure that all but the smallest of new sources will meet
all applicable federal and state air quality regulations. The PSD rules foecus priinarily on
limiting SO9 and TSP emissions and apply to new sources that will affect a clean air
area. A new source that affects a dirty air area is subject to a set of nonattainment reg-
ulations. The principal intent of these rules 1s to improve uir guality in nonattainment
areas by requiring more than compensating "emission offsets" for any new source in such
areas. For example, if a new source will contribute x unils of new pollution, a more-
than-compensating reduction in emissions frum existing soureces (c.g., 1.2x units) will he
required to guarantee that progress is made toward the NAAQS for the criteria
pollutant. This reduction in emissions from existing sources is required before any new
source is permitted in a nonattainment area.

New source owners may have to obtain both 4 nonattainment permit and a PSD permit
because a new source may be subject to nonattainment regulations for one pollutant and
to PSD rules for another pollutant, or even to both sets of rules for a given pollutant if
the source's emissions affect both clean and dirty air areas. In such a case, the state
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nonattainment permit would most likely cause the major problems because offset rules,
in general, are more stringent than PSD rules.*

Table 4-3. ATTAINMENT STATUS OF KERN COUNTY PORTION OF SAN
JOAQUIN VALLEY AIR BASIN?

_ Total
Photochemical Carbon Suspended Sulfur
Oxidants Monoxide Particulates Dioxide,
1-hr 8-hr (annual (annual
standaf)cl, standard geometm? mean avere},
Pollutant ppm) ppm)* we/m?) ug/m)e
National 0.12 9.0 75.0 80.0
~ Ambient ‘
Air Qualily
Standards
Kern County ’ 0.21 - 13.0 155.0 87.0
Reading

agource: California Air Resources Board (1979, p. 2).
‘ bparts per million.

CMicrograms per cubic mcter.

it is useful to discuss the specifics of the PSD and nonattainment regulations to il-
lustrate the problems to-be encountered by an EQOR operator in obtaining permits for
oil-fired steam gcncrators. This discussion is only a hrief outline of the actual rcgu-
lations as published in the Code of Federal Regulations and Federal Register. Many
exemptions and differing interpretations make case-by-case review inevitabie. The
final permit conditions for -any controversial new source will likely be a result of long
negotiations between the applicant and the permitting authorities and, as such, will be
specific to the locale and needs of the applicant.

4.4.4 PSD Regulations

Two types of emission "sources" exist—"major sources" and "minor sources," TFor the
purposes ol Lthe PSD regulations, an oil boiler is classified as a major source if it has a
heat input greater than 250 MBtu/hr and "potential emissions" greater than 100 tons of
any criteria pollutant per year, or if it has a heat input less than 250 MBtu/hr and po-
tential emissions greater than 250 tons of any criteria pollutant per year. Al other oil
boilers are classified as minor sources.

*It should be stressed that the designation of an area as attainment, nonattainment, or
unclassifiable is not a concrete determination for a number of reasons detailed by the
EPA (1978).
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The definition of "potential emissions," as proposed by the EPA in the 5 September 1979
Federal Register, is the quantity of a pollutant emitted by any source operating at
maximum capacity after the installation of air pollution control equipment. For
example, potential emissions of SO4 from a 50-MBtu/hr oil boiler with 96% efficient
serubbers are approximately 10 tons of SO, per year (see Appendix B).* Thus, a boiler
of this size is a minor source for SO, since potential emissions are less than the
250-ton/yr limit, and it would not be subject to PSD rules for SO4 because only major
sources are subject to the PSD regulations.

Multiple oil boilers run by a sing;le company in an oil field can be treated as a single
source, with an individual oil boiler called an "installation" and all the oil boilers in the
field termed a "facility." Each installation may be a minor source, and the entire
facility would become a major source subject to PSD rules when the aggregate
emissions from all the installations exceeded the major source 100-ton or 250-ton per
year limits. For oil boilers, the facility would become a major source of SO, emissions
when the equivalent of 10 or more 50 MBtu/hr boilers were placed in the same field and
aggregate potential SO, emissions exceeded 100 tons of SO, per year for the facility.

The PSD regulations stipulate that no new major sources can be constructed unless
many requirements are met, the most important of which are (1) that the major source
nust meet all einission limitations specified by the SIP and the Federal Standards of
Performance for New Stationary Sources; and (2) that the major source must use the
Best Available Control Technology (BACT), which defines on a case-by-case basis the
maximum degree of reduction for a given pollutant as a function of energy, environ-
mental, and economic variables.

Thus, in an attainment AQCR, any EOR facility containing oil burner installations with
an aggregate heat input greater than 500 MBtu/hr (hence, potential SO, emissions
greater than 100 tons per year) will be considered a major source of SO, subject to the
full range of PSD requirements. These PSD regulations will apply to all 500-MBtu oil
burner facilities, including facilities used for primary EOR or solar hybrid activities.

In general, the PSD regulations are not a major constraint to the expansion of oil-fired
EOR activities. Compliance with PSD requirements is not exceedingly difficult if the
facility operator is willing to pay the high costs of compliance. The nonattainment
regulations, however, may become serious constraints to oil-fired EOR expansion.

4.4.5 Nonattainment (Offset) Regulations

As with the PSD regulations, the distinction between major sources and minor sources is
used for the nonattainment regulations. A major source is defined as any installation or
facility with potential emissions greater than 100 tons per year of any criteria pol-
lutant. The nonattainment regulations apply when the size of the facility exceeds 500
MBtu/hr of oil burning capacity and potential SO. o emissions exceed 100 tons/yr.

The first step in the nonattainment NSR process is an "emission review" and an "air
quality review" to determine if each proposed major source meets all applicable.

*Since SO4 pollution is a major problem in the Kern River field, SO9 is the criteria
pollutant used in this analysis to illustrate the NSR process. PSD or nonattainment
regulations pertaining to other criteria pollutants may apply to larger or smaller
facilities, depending upon specific conditions.
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emission requirements of the SIP and the Federal Standards of Performance for New
Stationary Sources. If the source fails to meet ail such requirements, the permit must
be denied. In addition, all major sources must be reviewed to see if they will cause or
contribute to a violation of an NAAQGS; if so, the applicant must propose the use of an
emission control technology involving the "Lowest Achievable Emission Rate" (LAER),
the most stringent emission limitation which is achieved in practice.* In addition,
emission reductions (offsets) from existing sources in the area of the proposed source
are required such that there will be '"reasonable progress toward attainment" of the
applicable NAAQS. The EPA interprets reasonable progress toward attainment to mean
that emission offsets must be greater than new emissions.

The reviewing authority may allow emission offsets that exceed the requirements of
reasonable progress toward attainment to be "banked," that is, saved to provide offsets
for a source seeking a permit in the future. By allowing the banking of offsets, the
EPA, in effect, encourages the early cleanup of dirty sources. The SIP is free to govern
the purchase, ownership, use, and sale of banked emission offsets (EPA 1979a). If an
existing polluting facility were to clean up its emissions, its owner might be allowed to
bank them for futuré needs or to sell them to some other company.

4.4.6 The Getty Oil Company Case

To appreciate the effect of environmental regulations on EOR, it is useful to describe
the shutdown of Getty Oil Company's oil fired steam generators. In 1976, Getty re-
ceived a permit from the EPA to install 62 oil burners (the equivalent of sixty
50-MBtu/hr units) in its Kern River field. Thc EPA issued the permit because at that
time it was in charge of the nonattainment permitting process since Kern County had
not yet had a SIP approved. The permit stated that, if the SO9 NAAQS of 140 parts per
billion (ppb) were exceeded, Getty had three options. First, it could shut down as many
generators as needed to reduce fuel consumption by 9966 barrels of oil per day. This is
cqulvalcnt to about sixty 50-MBtu/hr generators. Second, Getty could switeh to low -
sulfur oil (0.5% versus 1.12% sulfur) to reduce SO emlssmns by 37.4 tons per day.
Third, Getty could use emission control technology %scrubber's) that would reduce SO,
emissions by 37.4 tons per day.

On 26 December 1978, two of Getty's seven monitors showed SO, readings of 171 ppb
and 174 ppb.** The previous high reading had been 102 ppb in January 1977. Getty
officials attributed the violation to extremely adverse weather conditions in which cold,
foggy, stagnant air prohibited normally effective natural dispersion. The next day
Getty chose to shut down the equivalent of sixty 50-MBtu/hr generators to meet the
permit conditions, arguing that the other options were too expensive in light of the
federal controls on oil prices. Un that same day, 27 December 1978, the S0, reading
was 90 ppb, far below the SO9 NAAQS.

*LAER is more restrictive than BACT. Whereas BACT is reviewed on a case-by-case

basis and takes into account economic considerations, LAER is the most stringent
emission control technology available by the given category of source, with only
secondary consideration given to economic feasibility.

**Letter from M. L. Smith, Getty Oil Company, to Mr. Clyde B. Eller, Director, Enforce-
ment Division, U.S. Environmental Protection Agency, San Francisco, 28 December
1978. Industry journals reported a reading of 179 ppb; see Anon. (1979f) and also the
Getty press releases.
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This incident implies that air quality regulations themselves are not the primary barrier
to thermal EOR expansion in Kern County in the near term. One source estimates that
Getty could add 3.5 times its current generating capacity to the Kern River field and
still meet all LAER and offset requirements (Henwood 1977, p. 29). To comply with the
permit conditions, however, Getty was forced either to make a significant capital in-
vestiment for scrubbers (as much as $1.3 million for 10 steam generators) or to use ex-
pensive, low sulfur fuel oil. Given the existing federal price ceilings on Getty's output
of crude oil, company officials did not think it was economically sound to expand
thermal EOR activities, or even to reopen their earlier EOR operations (Solomon 1979b;
Anon, 1979g).* Thus, the effective constraint to expanded thermal EOR activities in
the Getty episode appcars to be economic, not regulatory; i.e., the comparative
economics of alternative means to meet air quality standards are more at issue than are
the legal requirements. The latter can be met, the only question being the means. This
same conclusion would apply to any hybrid solar EOR system.

4.5 CONCLUSIONS

Four major conclusions can be drawn froin this analysis. First, it appears that an oper-
ator has an implied right to use the land surface for placement of solar collector arrays,
provided that there are no reasonable alternatives for producing oil. If a reasonable
alternative exists, negotiations between the operator and the surface owner probably
would be necessary. In some cases, if the operator were willing to make large enough
payments, the surface rights probably could be purchased, although such payments
might increase the cost of the solar EOR project. lLegal precedents in this area have
not been established. :

. Second, oil field unitization presents no special problzms peculiar to solar EOR proj-
ects. If unitization were needed to conduct an EOR program, government and industry
officials in California generally agree that the obstacles are not insurmountable despite
Calitornia'’s relatively weak compulsory unitization statutes. This would be equally true
tor solar EOR projects.

~ Third, formation water appears to be available in sufficient quantities to allow some
expansion of thermal EOR activities in California. The major water availability con-
straint to any form of steam EOR may be the potentially high cost of improving the
quality of the formation water prior to its use in boilers.

*Recent press reports suggest that DOE and Getty officials have reached an agreement
whereby Getty can receive higher prices for its oil and will therefore resume
operations. See Parisi (1979, p. 1-b).



e ‘ . TR-392

-
S=RI @
— i

Finally, although the new air quality regulations in California, and especially in some oil
field areas, are and will continue to be stringent,* perimits for new oil-fired steam gen-
erators appear to be available if the operator is willing to pay the high cost of compli-
ance. Two of the primary stimuli motivating solar EOR have been its environmentally
benign characteristics as compared to fossil-fired generators and the possibility that
new emission limitations for the latter might be impossible to attain.. However, the
.second stimulus has not been verified. Permits are obtainable, given that the operators
are willing to pay the costs of compliance and that emission offsets are available. Fur-
thermore, solar EOR has not preempted the environmentally acceptable range of op-
tions: other technological alternatives to solar EOR allow fossil-fired steam generators
to meet the air quality regulations. If solar EOR is to be a present solution to the
problems of air quality compliance, the solar system must be economieally competitive
with a fossil fuel system equipped with BACT or LAER. If the solar system is not cost
competitive, it will be difficult to justify its usc solely on the grounds of air quality
benefits. This coneclusion explicitly assumes the continued availability of emission
offsets. However, in future years it may become increasingly difficult to obtain new
permits as the supply of emission offsets dwindles (Lancaster 1979). Were this condi-
tion to ocecur, then air quality restrictions might yet force oil producers to adopt solar
EOR or other nonpolluting systems as ways of maintaining production levels, air quality
standards, and an acceptable rate of return on investment,

*On September 5, 1979, the EPA proposed to amend its regulations regarding the PSD

and nonattainment NSR processes (EPA 1979b). The proposed changes would redefine
such terms as "major source" and "potential to emit" as a result of an 18 June 1979
court decision (Alabama Power Company v. Costle, 13 ERC 1225), which overturned
some of the existing EPA provisions. The proposed amendments, if adopted, could
affect portions of this section's air quality analysis, although the coneclusions should
remain relatively unchanged.
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SECTION 5.0

SYSTEM DESIGN REQUIREMENTS

This section develops a set of system specifications for steam delivery, operating sched-
ule, siting, and resource availability as the basis for comparing the costs and perfor-
mance of various solar EOR systems. The specifications do not represent any specific
EOR operation but are typical of a broad population of solar EOR projects. After a pre-
liminary comparison of several solar thermal technologies that might be applicable to
solar EOR, two of the most promising—the central receiver and parabolic trough—are
examined in greater detail. Costs and performances for these two technologies are re-
ported for various configurations and are compared with respect to each other and to
conventional alternatives.

5.1 SITE SELECTION AND LAND AVAILABILITY

The great majority of thermal EOR projects are located in California, where reservoir
characteristics and physical properties of heavy crude oil are most suited to steam stim-
ulation. Typical steam supply systems operate through large steam generating centers
connected by pipe networks to injection wells. Except for a few projects in Orange
County and near Santa Barbara, most of these projects are in Kern County (near -
Bakersfield) and in Fresno County (near Coalinga). For this reason, this study defines the
area of Kern County, near Bakersfield, as typical of the location in which a represen-
tative solar EOR system must operate. Base site characteristicc such as climate and
topography were chosen as representative of this area. Figure 5-1 shows the Bakersfield
area, the location of active EOR projects, and their respective oil fields.

Solar energy, of course, is diffuse and must be collected over an exitended area to meet
the large energy demands of thermal enhanced oil recovery. Topography becomes a
factor in solar system siting where unsuitable terrain presents installation problems that
create extra cost and operating difficulties. The land north of Bakersfield is generally
rugged, with rolling terrain of gradually increasing northward elevation. The topography,
mostly knolls and depressions, is not particularly conducive to solar installations. Un-
developed areas adjacent to some of the active oil fields appear to have broader and
flatter characteristics, perhaps more suitable for solar system siting. The terrain flat-
tens out to the south of the Kern River where several oil fields (e.g., Mountain View and
Edison) are located. As Fig. 5-2 shows, these sites would require extensive clearing and
grading. '

Placing solar systems within the active field area between wells seems unlikely for a
large portion of the Kern River Field, where well spacing is on the order of 2.5 to 5
acres. The mass of piping, pumps, power lines, and access roads would make in-field
siting extremely difficult. In fields to the north of Kern River, such as Mt. Poso, spacing
between the wells is greater but the terrain is more rugged. Thermally connected
collectors (such as troughs) would be difficult to install in such terrain. Optically
transporting collectors, such as heliostats, might be more suitable, although positioning,
adjustment, and maintenance might be expensive.
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Figure 5-2. Typical Terrain North of Bakersfield, California
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Given the difficulty of siting solar systems among active wells, relatively flat areas
adjacent to the active field would be needed and piping distances would be somewhat
greater. Although the installation of solar EOR systems on land dedicated to that pur-
pose is the most feasible option, future expansion of the oil field might be restricted or
very expensive because of the need to relocate the solar EOR system.

5.2 SOLAR INSOLATION

Three meteorological stations near Bakersfield provide solar insolation data for system
design and simulation. Fresno, 100 miles to the northwest, is one of 26 SOLMET sites in
the United States where historical solar radiation data have been compiled. The avail-
able insolation data include only hourly total radiation, but reasonably accurate direct
normal measurements may be derived by using standard correlations. China
Lake/Inyokern, 74 miles to the east, provides historical records of both total and direct
normal radiation. Barstow, 120 miles to the east, is the site of the first large-scale solar
thermal power system in the United States (see Fig. 5-3). Detailed measurements of
direct beam radiation, wind speed, and temperature have been taken to support design
efforts for this project. An entire year of 15-minute incremental data from Barstow is
used as the basis for the design simulation of solar EOR systems in this study. System
behavior, in terims of inecremental efficiencies, can be determined using Barstow data and
applied to nearby sites such as Bakersfield and Fresno. Table 5-1 shows the cli-
matologieal records available for Bakersfield from Berdahl (1977). Estimates of solar
resource availability from interpolation between Fresno and Inyokern also are shown.
These data establish the solar resource availability used in this study.

SERI analysts have developed a detailed solar therimal system simulation code known as
BALDR-1 for analyzing small solar thermal eleectric power systems.* The code can
compare many variations of generie solar thermal collector systems by simulating an
energy balance of heat losses at 15-minute intervals for an entire year. The output of
BALDR-1 has been used to generate monthly and annual collector subsystem field effi-
ciencies for the Barstow location. These results are then applied to the insolation data
shown in Table 5-1 to estimate collector-subsystem delivered energy values for
Bakersfield. While the translation of subsystem efficiencies is rigorously correct only for
sites at the same latitude, the error in translation of efficiencies between Barstow and
Bakersfield (whieh differ in latitude by 0.5 degree) is not significant in this analysis.

5.3 OPERATING REQUIREMENTS

5.3.1 Steam Conditions

For steamdrive EOR, the steam conditions (pressure, temperature, and quality) at the
surface of the injection well depend upon a number of parameters including well depth
and formation fracturing pressure. Certain design rules-of-thumb apply, however. For
continuous injection, the steam pressure should not exceed 2500 psi. Normally, surface
steam pressure equal to 0.75 to 1.0 psi per foot of well depth is required. Well depth in
most of the Kern River oil field (which is largely steamflooded) averages 900 ft, suggest-
ing average surface steam pressures of 675 psi to 900 psi, although some operators have

*BALDR-1 is described in greater detail in Thornton et al. (1979).
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Table 5-1. BAKERSFIELD METEOROLOGICAL DATA?

Latitude: 35.42° Longitude: 119.05° Elevation: 425"

Avg. Daily Montly Relative
Direct Normal Direct Nor 'gal Average . Humidity
Month Radiazion® Radiation Temperature Freeze Precipitation 10 a.m.
(103 Bru/1t?) (103 Btu/ft?; CF) Days (in) (%)
Jan 1.29 40 47.5 5 6.96 75 |
_Feb 1.50 42 52.4 | 1.03 65
Mar 2.03 63 56.6 1/2 0.83 ~ 54
Apr 2.57 77 62.7 0 0.85 45
May 2.68 83 69.8 0 0.19 37
Jun 2.82 84.5 _ 76.9 0 0.06 35
Jul 2.74 85 : 83.9 0 0.02 32
Aug 2.52 78 81.6 0 0.01 34
Sep 2.27 68 76.6 0 0.08 39
Oct 1.37 58 66.9 1/2 0.26 46
Nov 1.33 40 56.0 : 1/2 0.69 65
~ Dec 1.13 35 - 47.9 5 0.74 77
Annual 2.06 753.5 64.9 : i2 5.72 50

8Source: NWS climatic survey and interpoletion of DN radiation between Fresno anc Inyokern. Comments: Drier
than Fresno, generally warmer. '

Bpirect normal radiation values are determined by interpolating between Fresno and Inyokern. These values are
estimates only and are subject to revision as more accurate data are obtained.
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said that wellhead pressure is only 400 psi in many of their injector wells.* Partially
"wet" (less than 1009 quality) steam is always preferred; in addition to reducing water
tube scale deposition, "wet" steam allows more constant temperature control. Eighty
percent steam is adopted for this study.

One set of steam delivery conditions will be assumed throughout this analysis. The
injection well delivery requirements are 80% steam at 850 psi (525°F) at the most distant
injection well. The calculated steam pressure drops are 20 psi in the main steam distri-
bution line and 130 psi in the 3-in. injector feed line to the most distant well (6,000 ft).
Therefore, steam must be generated at 1,000 psi and 80% quality (no significant drop in
quality occurs over the lines) at the solar steam generator. To produce steam at

. 1000 psi, 80% quality via an oil-fired steam generator, inlet and outlet temperatures to
the steam generator from the collector field are defined by the maxirnum feasible oper-
ating temperature for the heat transfer fluid and the minimuin feasible temperature:
difference for which the steam generator should be designed. Inlet and outlet tempera-
tures of 620°F and 510°F (respectively) were adopted for this study.

5.3.2 Injection Scheduling

Anywhere from 1 to 15 barrels of steam may be required per day per foot of oil zone
Jepth in a typical injection well.¥* For successful steaming oil zone depths must be at
least 30 ft. Typical Kern River oil zone depths are 100 to 150 ft. Therefore, 100 to
2,250 bbl steam/day per well might be required. A typical well could require about
664 bbls/steam per day, equivalent to about 10 MBtu/hr or 3 MW,. As noted in Sec. 2.0
even intermittent steam injection, or steam soak, requires that steam be injected contin-
uously for periods of one week or more. Therefore, the required injection schedule for
solar EOR design requirements is essentially continuous. Lower injection rates normaily
are used for steam flood techniques and annual utilization, of course, is higher.

5.3.3 Steam Generating Capacity

The key issue in solar system sizing for EOR relates to the properties of the oil reservoir
and its ability to retain and utilize heat supplied intermittently. If it is possible to main-
tain oil production by supplying stcam at a high rate only during daylight hours (that is,
supplying no steam during the remainder of the day), then stand-alone, minimal storage,
solar EOR systems are feasible. 'The potential steam supply schedule and the amount of
energy required to replace one 53-Btu/hr steam generator with only daytime injection is
shown in Fig. 5-4. If continuous, 24-hr steam injection were required, two other options
for solar system design must be considered. The first is a solar system sized to provide
supplemental fuel savings to a conventional EOR steam generator(s), i.e., a solar retrofit
hybrid EOR system. In this case, the solar system is sized to provide the approximate
maximum rated output (50-MBtu/hr) on a certain "peak" day during the year. Energy to

*Society of Petroleum Engineering of AIME, Enhanced Qil Field Reports, Vol. 1-3 (1977-
1979); cited in Bergeron (1979, p. 17).

**One barrel of steam is defined as one barrel of liquid water, or 42 gsal, completely
evaporated into saturated steam. One barrel of water at room temperature weighs
approximately 350.5 1b. Approximately 1000 Btu are required to vaporize 1 1b of water to
yield steam at about 500°F. Therefore, the latent energy content of a barrel of steam is -
350.5 X 1000 = 350;500 Btu.
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generate steam for periods of intermittent or low insolation, or for sunrise and sunset
conditions, would be provided through small amounts of solar storage and through
controlled incremental firing of fossil-fueled EOR generators. Steam injection at night
or during periods of extended cloudiness would be provided by fossil-fueled backup.
Figure 5-5 shows the steam supply profile of a solar retrofit hybrid steam-drive EOR
system. Note that approximately one-third of the required output is supplied by solar
energy. The second option provides a relatively large amount of dedicated solar system
storage to obtain an annual solar system capacity factor of approximately 90%. Such a
system would provide continuous injection from the solar system alone, barring periods of
low insolation of more than 24 hr. The potential steam supply load curve of such a
system is shown in Fig. 5-6

The feasibility of intermittent or diurnal steam injection (Fig. 5-4) has been the subject
of serious dispute. SERI's interviews suggested that most oil field operators do not think
that diurnal, intermittent steam injection would be satisfactory for EOR in steamflood or
steamdrive projects. These operators cite excessive down-hole heat losses and thermal
fatigue and shoek in well casings as primary problems in adopting such a schedule. Other
sources state that the radical changes in temperature might cause excessive sanding in
the well bore. Some operators, however, found no reason to suspect that such an in-
jection schedule would not be satisfactory; that because 24-hr continuous injection has
been the rule does not mean that it is a necessity. Calculations and experiments by
experienced petroleum engineers—not solar system desigh specialists—are needed to re-
solve this issue.*

In the absence of a definite judgment on the feasibility of intermittent (day only) solar
steam injection, this study assumes that 24-hr continuous injection will be required.
Costs of delivered energy for the solar system will not differ significantly between the
stand-alone solar design (Fig. 5-4) and the solar retrofit hybrid design (Fig. 5-5), so that
the essentials of the comparison of these two systems are not lost. In either case, the
design of the solar system is essentially the same, 1nasmuch as both systems are designed
with only buffer storage capacities.

Most conventional steam generating units seen during a site visit to the Bakersfield oil
field were of 50-MBtu/hr capacity and were "ganged," or clustered, in groups of seven to
ten. Because the proposed solar steam system would introduce steam into the existing
steam distribution network, comparisons with conventional EOR systems are most
convenient when the solar EOR system is sized to provide a steam output capacity
analogous to a typical conventional steam generating unit (50-MBtu/hr). Therefore, the
following solar system EOR designs are standardized for rated steam generating
capacities equivalent to a 50-MBtu/hr unit, although there is no reason to assume that
solar EOR systems would be limited to that generating capacity.

Because of the variable nature of daily solar system output, there are several ways of
defining a rated capacity of 50-MBtu/hr, none of which has been generally adopted as a

*Bergeron (1979, p. 15) suggests that intermittent injection of steam (i.e., a pure solar-
powered system) would be sufficient but also concludes that further research is necessary
to resolve the technical points of this question; specifically, do oil production rates
require continuous steam injection ar is infermittent injection adequate? WeCann ct al.
(1979) cite the results of an oil field simulation that suggest that diurnal steam injection
will extract the same amount of petroleum from a field as continuous injection but will
take over twice as long (e.g., 85% of the oil in place in 12 vs. 5 years for continuous
steam injection).
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standard among solar engineers. For example, if a rating of 50-MBtu/hr is taken as a
peak rating, then the solar system must be sized to deliver exactly 50-MBtu/hr at the
instant the product of insolation and field efficiency is maximized. It follows that at all
other times during the year the system will deliver less than 50-MBtu/hr. As an alterna-
tive, the solar system may be sized to deliver an average output equivalent to a conven-
tional 50-MBtu/hr boiler over some specified period. In this report, -the solar hybrid
systems have been designed to provide a total daily output (12 hr) equivalent to the
normal firing of one 50-MBtu/hr boiler in June (the peak insolation month). Since con-
ventional boilers are typically operated at 90% of their rated capacity, the total daily
output of the conventional system is:

0.90 X 12 hr X 50-MBtu/hr = 540 MBtu.

A solar system sized to provide 540-MBtu/day in June will provide in excess of 50-
MBtu/hr at many times during the year (see Fig. 5-5). Controlled steam flow and boiler
firing would be required to balance solar output with conventional capacity.

The relative effects of the different sizing standards are especially important in the cal-
culated annual capacity factor of the system. This factor, which represents the fraction
of the annual conventional system steam output potentially displaced by the solar EOR
system, is directly proportional to the total annual solar system energy output. A solar
EOR system sized to provide peak output of 50-MBtu/hr will have a lower annual
capacity factor .than one sized to provide 540-MBtu/day during June. A solar system
sized to provide the equivalent annual output of a conventional 50-MBtu/hr boiler, or
394,200-MBtu/yr (see Fig. 5-4), would have an annual capacity factor of 100%, by defini-
tion, . .

5.3.4 Summary of Specifications

The design specifications and ground rules adopted for this report have been selected to
represent a typical operating field utilizing steamdrive techniques in accordance with
solar insolation typical of the Bakersfield area. The availability of a relatively flat site,
unencumbered by oil wells, piping, power lines, or access roads, is assumed. Steam is -
generated at 80% quality, 1000 psi, and 545°F. The system is a hybrid, that is, solar-
powered during daylight hours and fossil-fired during the remainder of the day; this
decision is largely based on the uncertainty of reservoir responses to either large steam
injection rates (as in a stand-alone solar system) or the intermittent injection of steam
(as with diurnal injection). In view of the widespread use of conventional boilers rated at
50-MBtu/hr, the solar system is sized to displace the average daily output of a 50-
MBtu/hr boiler on a June day (540-MBtu/day). The study assumes the existence of
conventional boilers and.a steam distribution system to which the solar EOR system can
be connected. Again, these specifications do not represent any particular existing solar
EOR design but apply to a broad class of operating projects in which solar energy might
be used.

5.4 REVIEW OF ALTERNATIVE TECHNOLOGIES

At least six generic collector concepts for generating high pressure steam for steamdrive
EOR can be identified. These systems can generate and deliver heat at required tempera-
tures (approximately 500°F to 550°F), although their performances and costs vary
significantly. Projections of performance and cost may have even greater variances be-
cause of technological uncertainties. Since it is not possible to analyze in detail all of
these solar thermal technologies, certain concepts must be eliminated in a first broad
analysis. These concepts are defined in the manner adopted in the SERI Small Power
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System Study (Thornton et al. 1979) and are listed in Table 5-2. Collector field sub-
system efficiencies, transport efficiencies, and steam generation efficiencies are shown
for each system in Table 5-3. Table 5-3 also shows the systems' respective efficiencies
estimated with 1985 collector costs and a calculated "cost effectiveness index" for each -
system. The "cost effectiveness index" is the collector unit cost per unit area (column e)
divided by the annual total efficiency (column d). A low index valueis a first order ap-
proximation of the more cost-effective systems. Two systems, PFCR and LFDR-TC,

"have cost-effectiveness indices much lower than the others. As a result, this report will
consider only the central receiver and parabolic trough concepts in detail. Using the per-
formance information from BALDR-1 simulations, the detailed analysis of two central
receiver and two parabolic trough EOR systems are described below. Annual perfor-
mance estimates, daily and seasonal output curves, estimated capital cost, and operating
and maintenance expenses are derived for each system to project annualized or levelized
costs. Detailed design and engineering of the various systems has not been done.

Two technology design scenarios are used for both the parabolie trough and the central
receiver systems*: the advanced state of the art (i.e., what these systems are projected
to achieved in terms of system efficiencies and unit costs within 4-5 years) and system
goals (i.e., projected system efficiencies and costs within the next 10-15 years). Specif-
ically, a net annual system efficiency of 0.43 is ascribed to the advanced state-of-the-art
parabolic trough (designated system A), which assumes a high performance parabolic
trough by 1985; the projected net annual average system efficieney for the goal designed
parabolic trough (designated system B) is 0.51. The two central receiver designs repre-
sent the projected performance for the first generation (1983) heliostat/receiver tech-
nology (designated system C; annual efficiency of 0.55) and the performance goals for
second or third generation (1990) central receiver technology (designated system D;
annual efficiency of 0.58). Component specifications for current, advanced state-of-the-
art, and goals technology for solar energy systems are listed 1n 'l'able -4,

5.5 PHYSICAL AND ECONOMIC CHARACTERISTICS

The physical characteristics of the representative solar EOR systems are listed in
Table 5-5. The systems were designed, or "sized," to deliver a full daytime equivalent of
a 50-MBtu/hr steam generator. Because such generators normally are operated at only
90% capacity and active daylight operating time for the solar system in June is approxi-
mately 12 hr, the systems are sized to deliver an integrated daily output of
540-MBtu/day (row 6). This is the baseline against which all systems in this report should
be measured and compared.®*

*These design scenarios are extracted from and documented in Thornton et al. (1979).

' **As noted earlier, several standards may be applied in sizing solar EOR systems to deliver
the "equivalent" of a 50-MBtu/hr capacity conventional boiler. The choice of any given
benchmark will make a difference in system collector field size and hence the initial
system cost, but the relative position and the absolute value of delivered energy costs
will not be significantly affected. In this study, the solar hybrid system is sized to
provide an average daily output of 540 MBtu in June. If, instead, the system were sized
to provide an absolute peak thermal capacity of 50 MBtu/hr, the following calculations
would hold:

1. At peak available collector field output capacities of 198 Btu/hr/ft2 for System B
and 240 Btu/hr/ft“ for System D, the collector areas required for Systems B and D
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TR-392

SIX GENERIC SOLAR THERMAL SYSTEMS FOR ENHANCED

OIL RECOVERY

Collector

Receiver . Symbol?

‘Description

Two-axis

Centralized PFCR
tracking ‘

Distributed

Concentrating collector field consisting
of two-axis tracking heliostats, ,
arranged north of a cavity receiver atop
a free-standing steel tower. WMolten -
salt to steam generator.

Concentrating collector field consisting
of paraboloidal dishes which track on
two axes, heat pipe receiver with trans-
fer to steam generator using Hitec,
Syltherm or T-66.

Large stationary hemispherical bowl as
a concentrator and "roaming" réeceiver
for distributed focus. WMolten salt used
in receiver and transferred to steam
generator. '

One-axis

Centralized LFCR
tracking

LFDR-TC

Distributed ‘

LFDR-TR

Concentrating collector field of one-
axis (E-W) tracking heliostats and
molten salt linear cavity receiver
facing north. Receiver supported on
guyed steel tower; steam generator
used.

Parabolie trough collector field using T-
66 (or equivalent) as heat transfer fluid
in selective surface coated and glass
jacketed receiver tubes. Steam’
produced in a steam generator.
Tracking about N-S axis.

Stationary, segmented trough
concentrators on a tilted E-W axis with
tracking receiver tube having secondary
concentration. Heat transfer fluid (T-
66) to steam generator.

8pPFCR:
PFDR: .
FMDR:
LFCR:
LFDR-TC:
LFDR-TR:

Point-Focus Central Receiver |
Point-Focus Distributed Receiver
Fixed Mirror, Distributed Focus
Line-Foeus Central Receiver |

Line-Focus Distributed Receiver (Tracking Collector)

Line-Focus Distributed Receiver (Tracking Receiver)
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Table 5-3. 'COMPAEISON OF GENERIC SOLAR EOR SYSTEMS

Annual =fficiency

(a) (b) (@) - (d) (e (f)

Collector Cost

Collector ‘ Steam Cost* Effectiveness

System Field - Transport  Generation Total ($/£14)%* Index
PFCR 0.58 . 0.99 0.28 '0.56 8.50 15.2
PFDR 0.63 0.90 0.38 0.56 10.€0 19.3
LFCR 0.44 0.96 0.28 0.41 14.C0 34.1
FMDF 0.44 0.98 0.37 0.42 12.00 28.6
LFDR-TC - 0.51 ’ 0.97 0.97 0.48 7.90 16.5
LFDR-TR 0.38 0.97 0.97 0.36 7.90 21.9

*Collector zost is the unit cost of the conzentrator and receiver a5 estimated from data
supplied in Table A-1 of Thornton et al. (1979). Receiver or collector moanting structure
costs, piping costs, and cost of steam generators are not included. While these additional
costs are significant, the major portions of direct field costs in solar thermal systems lie in
collector costs. Hence, these mosts can be taken as representative of the relative total
direct field ecosts of these systems. Also note that costs assigned in this table may not
agree witk later estimates of costs for PFCR and LFDR-TC systems in this analysis. This
compariscn is made c¢nly to derive g relatively simple, preliminary ranking tc identify the
most promising collector concepts for EOR.

**All costs listed herz and throughout the report are in constaat 1979 dollars, unless

otherwise noted.
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Table 5-4. SPECIFICATIONS FOR SOLAR COMPONENTS

Parabolic Trough

Central Receiver

Advanced Advanced
State of the State of the
Current Art Goals Current i Art Goals

Collector cost '

installed ($/ft%) 24.00 21.50 12.00 27,902 12.002 6.002
Collector reflectivity 0.83 0.86 ~0.95 0.91 0.91 0.95
Receiver cost

installed ($/£t2) - ~ — 6.00 3.00 2.25
Receiver absorptivity 0.94 0.94 0.94 0.94 0.95 0.97
Receiver transmissivity 0.91 0.91 0.96 — —_— —
Receiver type Glass Jacket  Glass Jacket  Evacuated Cavity Cavity Cavity

AExeclusive of drive, controls, and foundation.
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Table 5-5. PERFORMANCE AND PHYSICAL CHARACTERISTICS OF SOLAR EOR SYSTEMS

Parabolic Trough System

Central Receiver Systems

Item Units A B C D
1. Available annual direct normal 9 - -
insolation MBtu/fte/yr 753,000 753,000 753,000 753,000
2. Available average daily direct 9
ncrmal insolaticn in June Btu/ft¢/day 2,820 2,820 2,820 2,820
3. Net annual average system
efficiency — 0.43 0.51 0.55 0.58
4. Net average daily efficiency in
~June ‘ —_ 0.55 0.63 0.60 0.62
5. Peak system efficiency _— 0.60 0.67 0.78 0.82
6. System capacity (average June )
dey) MBtu/day 540 540 540 540
7. Average daily emergy per unit
area in June?® 3tu/ft2/day 1,551 1,777 1,692 1,748
8. Collector aperture area )
required® £t 348,200 303,900 319,100 308,900
9. Annual energy delivered (as )
steam)® MBtu 112,800 116,800 132,200 135,000
10. Peak thermal capacity MBtu/hr 56 61 74 75
11. Ground cover ratio? — 0.45 0.45 0.25 0.25
12. Total land area required® acres 19 17 31 30
13. Annual thermal ecapacity factor — 0.30 0.34 0.34

0.29

@
N7

Notes: & Product of rows 2 and 4.

b Quotient of row 6 divided by row 7.

¢ Product of rows 1, 3, and 8.

d These are generally accepted values for the fraction of the collector field area actually taken up be
reflective (aperture) area.

€ Quotient of row 8 divided by row 11-43,560 ftz/acre, plus 1-2 acres for access and auxiliary equipments.
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Three additional rows should be noted in Table 5-5. Row 3, the "Net Annual Average
System Efficiency," reflects the advanced state of the art (systems A and C) and goals
(systems B and D) for these technologies; they should not be mistaken for efficiencies
presently available. Row 10, "Peak Thermal Capacity," represents the maximum power
output (expressed in MBtu/hr) that any of the systems can deliver at a given time; it
occurs when the product of the instantaneous direct normal insolation and instantaneous
net efficiency is maximized (normally in June or July). Although the systems vary by as
much as a third in their respective peak thermal capacities, it should be remembered
that the integral of the delivered energy output over the course of the day (again, see
row 6) is the same. The optical properties of the collectors are such that the systems
produce different peak thermal capacities while producing the same amount of energy
over the course of the day. Finally, the annual thermal capacity factor (row 13) is de-
fined as the annual energy delivered (row 9) divided by the potential annual energy output
of a conventional 50-MBtu/hr boiler (i.e., 50-MBtu/hr X 0.90 X 8760 hr/yr). It
represents, then, the effective fraction of steam production of one 50-MBtu/hr boiler
that would be displaced by operating the solar energy steam EOR system for an entire
year. A profile of average monthly steam production for solar EOR systemns during a
typieal year is shown in Fig. 5-7.

Table 5-6 displays the comparative system costs of the two parabolic trough and two
central receiver systems. The cost estimates are based upon the collector area, energy
delivery calculations from Table 5-5 (rows 8 and 9, respectively), and the cost per square
foot of collector (row 3A). The costs per square foot of collector again represent ad-
vanced state-of-the-art systems and goals systems. However, they are not unrealistic
given the projected time frames and expected improvements. Row 9 lists the total
capital costs for the four hypothesized systems.

Table 5-7 presents the average annual operating and maintenance (O&M) costs. Although
some costs are clearly based upon best estimates, row 6 shows that the total annual Q&M
costs as percentages of the total initial system costs fall well within the commonly -
accepted range; the rule-of-thumb figure usually quoted is an average of approximately
2% of initial system costs for annual O&M expenses.

are 50 MBtu/hr — 198 = 252,500 £t2 and 50 MBtu/hr —240 = 208,300 ftz,
respectively. '

2. Typical ground cover ratios for parabolic troughs and central receivers are 0.45 ang
0.25. Hence, the actual land coverage for Syztem B is 252,500 -+0.45 = 561,100 ft
and for System 1), 208,300--0.25 = 833,200 ft“.

3. At 43,560 ftz/acre, the land requirements for 50 MBtu/hr peak capacity solar EOR
Systems B and D would equal approximately 13 and 19 acres, respectively.

Total land requirements for the baseline sizing standard adopted in this study are
17 acres and 30 acres for Systems B and D, respectively. The peak-sized systems are
30-40% smaller, and the relative difference between land areas required by the central
receivers versus parabolic troughs is slightly smaller (only 45% more area required for a
central receiver as opposed to an earlier 75%). System costs will obviously vary in
proportion to collector field size, as will the annual energy delivered, but the relative
comparisan of the levelized energy costs is unchanged.
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* Hours denote approximate operating time per day of equivalent 50 MBtu/hr boiler displaced by the solar system.

System A (Parabolic Trough) ) System C (Central Receiver)

~ Figure 5-7. Monthly Energy Delivery from Solar Portlon of a Retrofit
Hybrid EOR System (A and C)
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Table 5-6. COMPARATIVE SYSTEM CAPITAL COSTS

Parabolic Trough System Central Receiver Systems
item Units A ' B C D
1. Collector area ft2 348,200 303,900 319,100 308,900
2. Energy delivered MBtu/yr 112,800 116,800 132,200 135,000
3. Collector field ' $1,000 7,486 3,647 3,829 1,853
A) Unit cost B 75 4% 21.50 12.00 ~12.00 6.00
4. Receiver and tower $1,000 ' — —_ 125 125
o 5. Steam generator ' $1,000 125 125 125, 125
o 6. Other direct costs? - $1,000 1,100 770 1,200 840
7. Total Direct Costs $1,000 8,711 4,542 6,054 3,718
A) Per unit area $/£12 25.00 14.95 18,97 12.04
B) Per unit capacity $/MBtu/yr 77.23° 38.89 45.79 27.54
8. Indirect Cost” $1,000 2,178 1,136 1,514 930
9. ‘Total Cost $1,000 10,889 5,678 7,568 4,648
A) Per unit area $/1t ' 31.27 18.68 123.72 15.05
B) Per unit capacity $/MBtu/yr 96.53 48.61 57.25 34.43

Notes: 2Other direct costs include such items as land preparation and the installation of the master control systems.
“Indirect costs include contingeney and overhead fees and are estimated at 25% total direct costs (row 7).
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Table 5-7. AVERAGE ANNUAL OPERATING COSTS

Parabolic Trough System Central Receiver Systems

Item Units A B C D

1. Cleaning ($0.26/£t%/yr)® $1,000 90.5 79.0 ' 83.0 80.3

2. Routine maintenanee® : $1,000 77.5 38.0 50.0 19.7
3. Power-related costs® - $1,000 15 10 S 10 7
4. Operating personnel and overhead'j . 51,000 65 60 65 60
5. Total annual costs® $1,000 248 187 - 208 167

6. As % of initial system total _ : :

cost 2.3 3.3 2.7 3.6

8According to Sandia studiss, cleaning of reflective surfaces should not require more than $0.005 per square foot of

reflective surface per cleaning. Given the fairly hersh Bakersfield oil field conditions, cleaning each week was assumed
by mechanized means.

PRoutine maintenance wezs taken as 1% of colleetcr field installed cost per year..
CPower related costs are rough estimates.
dAssumes one person full-time plus overheac.

€0&M costs are assumed constant in real terms over the life of the project.
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Table 5-8 shows the calculated levelized energy costs for the four systems. The lev-
elized costs shown represent only the costs of the supplemental solar energy system. For
the proposed solar retrofit hybrid system, a conventional steam generating system to
which the solar EOR system would be connected is assumed to exist. The annualized or
levelized costs are based upon the annual energy delivered (row 1; from Table 5-5,
row 9), the total capital costs (row 2; from Table 5-6, row 9), and annual O&M costs (row
3; from Table 5-7, row 5). The methodology for estimating annualized costs is described
in detail in Doane et al. (1976) but can be summarized briefly by the following ex-
pression:

X, (CAP) + X, (O&M),

in which CAP = the total capital costs and O&M = annual operatlng costs. The following
parameters are used to calculate the two values of X:

Total return on investment 13.1%*
Amortization period 20 years
Tax life 10 years
Investment tax credit 209

Income tax rate
Federal 48%

State 4%
Composite » 509
Insurance 0.75% CAP
Property tax 1.25% CAP
: - Composite 2%
Rate of inflation 6%

Straight line depreciation was used. The annualized costs are given in three units: the
levelized costs per year (row 5); the levelized costs per unit energy (row 6); and the lev-
elized costs per barrel of steam. Each of the three sets of costs is given in both
"eonstant" dollars (rows 5A, 6A, and 7TA) and "nominal" dollars (rows 5B, 6B, and 7B).
Constant dollars are dollars whose purchasing power will remain constant throughout the
life of the system, implying that their face value increases by a factor of 3.2 over the
20-year amortization period because of inflation. The nominal dollar values are ex-
pressed in 1979 dollars and will decrease in their "real” value as inflation reduces their
purchasing power, :

Two important reservations must be recognized for Tables 5-5 through 5-8. First, the
relative price differences between the central receiver and the parabolic trough systems
are explained largely by their differences in net annual efficiencies and the unit costs of
the collector subsystems. Both variables have large uncertainty bands. The respective
net efficiencies could vary by as much as 10%. For instance, the goals technology for
parabolie troughs assumes major advances in both materials technology (e.g., reflec-
tivities .of 0.95 and glass transmissivity of 0.96) and in receiver vacuum tube
technology. Evacuated receiver tubes reduce receiver thermal losses but also may
significantly increase parasitic power requirements by an unknown amount. The history
of cost estimations for advanced technologies consistently has revealed underestimates-

*This return on investment was taken from the Atlantic Richfield Company (1978a,
- 1978b); this figure is approximately the average of the petroleum industry, as reported by
the Chase Manhattan Bank, Energy Economics Division (1978).
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Table 5-8. LEVELIZED ENERGY COSTS

Parabolie Trough System

Central Receiver Systems

Item Uni‘s A | B C D
1. Collector costs $/1t2 21.50 1%.00 12.00 6.00
"~ 2, Total capital costs $1,000 10,889 5,678 7,568 4,648
3. Annual O&M costs $1,000 248 187 208 167
4. Delivered energy MBtu/yr 112,800 116,800 132,200 135,000
5. Annualized costs ’ ' ,
A) Constant dollars $1,000/yr 1,452 81% 1,044 689
B) Nominal dollars $1,000/yr 2,255 1,266 1,623 1,058
6. Annualized costs ‘ -
A) Constant $ $/MEtu 12.67 6.9¢ 7.98 5.05
B) Nominal $ $/MBtu 19.93 10.84 12.28 7.83
7. Costs/bbl steam?
A) Constant $ $ 4.44 2.44 2.79 1.76"
B) Nominal $ $ 7.00 3.80 4.30 2.74

8At the specific temperature and. pressure (for this study, 545°F and 1000 psi), there are 350.154 1bs. water per barrel.
This number, multiplied by the levelized energy costs (Rows 6a or 6b) and divided by 1000, equals the cost per barrel of

steam.
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by a factor of two to three,* and the current simulation program is admittedly
optimistic. Changes in these values (e.g., materials technology) would significantly
affect the annualized costs of solar EOR, especially relative to the conventional steam
EOR systems whose performances and costs are well known (even given the escalation in
fuel prices). In spite of the uncertainty about absolute efficiencies and costs of solar
technologies, the relative magnitudes of these factors are typical of such systems (i.e.,
central receiver vs. parabolic troughs) as they evolve. Therefore, while the absolute
value of the levelized costs may change, the ratio of the levelized costs between tech-
nologies should remain nearly constant. A second major reservation is that care must be
taken in comparing time frames and technologies. These systems have been charac-
terized as "advanced state-of-the-art" and "goals," with 4- to 5-year and 10- to 15-year
time frames, respectively. Again, these are judgments incorporating substantial un-
certainties. Breakthroughs in either technologies or processes could accelerate one
technology's advantage at a given time. Still, on the average, these projections represent
advances that can be expected within the specified time horizons.

Table 5-9 represents two hypothesized stand-alone solar EOR systems with no dedicated
storage or conventional backup: the parabolic trough—system- A—and central receiver—
system C (i.e., the advanced state-of-the-art technology). These system estimates
indicate the size and cost of a solar EOR system in which no conventional fossil-fired
system is used. An important feature of the stand-alone system must be recognized.
The systems are sized to deliver the same amount of energy as would a conventional
system over the course of a year. However, due to the intermittent nature of solar
energy, a solar EOR system cannot deliver steam throughout the 24-hr day. Therefore,
the stand-alone system must compensate by delivering vast amounts of steam during the
daylight hours. This is reflected in the projected peak thermal capacity of about 200-
MBtu/hr. As noted earlier, two of the critical uncertainties in designing steam drive
EOR systems are the petroleum reservoir's response characteristics and the ability of the
well casing to withstand greater steam injection rates and diurnal eycling. Peak thermal
capacities of over four times the average rated capacity could present significant
problems with respect to reservoir response and the well casings. Since these problems
are unresolved, the stand-alone solar EOR system as defined here should be subject to
serious technical reservation.

Continuous and controlled operation via solar stand-alone EOR systems might be obtain-
able through the use of dedicated storage. With in-series thermal storage, control is
achieved by directing all of the collector field energy through and from storage at a con-
trolled rate to fire the steam generator. Such systems would be more expensive than the -
stand-alone system (described in Table 5-9), which theoretically makes use of all the
solar energy collected, minus transfer losses. In practice, however, the stand-alone,
nonstorage system will waste collectible energy as a result of its inability to use very low
output rates early and late in the day and of expected limitations on allowable peak out-
put. Therefore, dedicated thermal storage should be investigated carefully for use in
stand-alone solar EOR systems,

*Merrow et al. (1979) offer recent evidence to support this phenomenon.
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Table 5-9. STAND-ALONE SOLAR EOR SYSTEM

System A System C
(Parabolie Trough) (Central Receiver)

Annual energy delivered® 394,200 MBtu 394,200 MBtu
Net annual delivered energy 0. 324 MBtu/f% 0. 414 MBtu/&t
Required collector area 1,216,700 ft 952,200 ft
Land area required ' 64 acres 89 acres
Peak thermal capacity 196 MBtu/hr - 221 MBtu/hr
Taotal capital cost : $38,050,000 $22,590,000
Annual O&M costs. : $ 850,000 $600,000
Annualized gostg” % 5,056,300 $3,097,000
Levelized costs" $12.83/MBtu . $7.86/MBtu
Levelized cost/bbl steamP $4.49 $2.75

8The size of the system is caleulated to deliver an annual average of 90%
of full capacity 50-MBtu/hr steam generator,.operating 8,760 hr/yr, or to
deliver 394,200 MBtu/yr.

DAl values given in constant dollars. The cost parameters defined in
Table 5-8 apply here.

Where the displacement of one 50-MBtu/hr boiler is necessary and steam production
rates in excess of 50-MBtu/hr are unacceptable, a very large field of snlar collectors
(infinite collector area) without storage can provide only a 45%-50% capacity factor.
Obviously, adding collector area alone will not produce the required 90% capacity
factor. Adding to the collector area by itself when the capacity factor is near 45% in-
creases the capacity factor only slightly while significantly increasing the collector area
and costs.

Figure 5-8 shows the effect of additional solar collector area and added storage on the
annual capacity factor. With storage available, there is a critical collector field area
(curve B) required to produce a 100% capacity factor. For collector areas in excess of
the critical area, it is apparent from Fig. 5-8 that some 12 to 15 hours of storage will be
required to obtain a 90% capacity factor. For field areas close to the critical value, very
large amounts of storage (approximately 1000 hours) are required to obtain a 100%
capacity factor. The collector field area calculated in Table 5-9 for the stand-alone
system without storage is less than the critical field area for the solar EOR system with
storage because losses certainly will be encountered in operating through sturage. If one
assumes an average storage efficiency of about 80%, approximately 25% more collector
area will be required to reach the critical field area. For 15 hours of storage (see Fig. 5-
8, curve C), 1.46 times the critical area is required. Hence System A must have a collec-
tor area of

(1.25) (1.46) (1,216,700 ft2) = 2,220,500 ft2,
and System C must have a collector area of
(1.25) (1.46) (952,200 ftz) =1,737,800 £t2,

Table 5-10 shows the size and costs of a 50-MBtu/hr, 90% capacity, solar stand-alone
system with storage.
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Table 5-10. STAND-ALONE SOLAR EOR SYSTEM WITH STORAGE

Parabolic Trough System Central Receiver System

System A System C
Required collector area (ft2) 2,220,500 1,737,800
Land area required (acres) 115 ' 186l
Peak thermal capacity (MBtu/hr) 50 A 50
Cost of eollector subsystem ($1000) 47,741 20,854
Cost of storage subsystem? ($1000) ' 3,441 1,025
Total capital cost ($1000)° 65,852 44,348
Annual O&M costs ($1000) 1,000 A 1,000
Annual energy delivered (MBtu/yr) 394,200 ' 394,200
Annualized costs ($1000/yr)© , 8,240 5,703
Levelized costs ($/MBtu)€ - 21.00 ’ . 14.74
Cost of steam ($/bbl)® ~ 7.35 5.16

8Storage costs assumed for System A are $13/kWh and $40/kw for' latent heat storage,
System C costs are $4/kWht for molten salt storage .

BIncludes other subsystermn costs and 25% additional for indirect costs.

CvValues given are expressed in constant dollars."

While storage may be necessary to the operation of a full-capacity, stand-alane solar
EOR system where heat must be regulated to a given level, the cost of such a system is
substantially higher than those of currently acceptable conventional systems or future
competitive solar EOR systems. The major contribution to these higher costs is the addi-
tional -collector field necessary to charge the storage capacity rather than the storage
subsystem itsclf. '

As mentioned earlier in this section, standards for sizing solar thermal EOR systems—
based on peak capacity, peak daily output, or annual average output—have not heen
established. Although levelized annual energy costs provide a consistent basis of
comparison and should, therefore, be emphasized, land availability is also important; that
is, if the oil field operator has only a fixed amount. of suitahle land available, which solar
EOR technology is most suitable? Assume, for instance, that only 50 acres are
available. Table 5-11 shows that the parabolic trough system will deliver more energy on
a fixed acreage, despite its lower net annual efficiency, due to the larger assumed
groundcover ratio. In terms of conversion efficiency on a total land area basis, System A
offers approximately 19% and System C offers 14% conversion of available radiation.
However, the capital cost of System C is only 42% that of System A so that if capital in-
vestment were more restricted than land, System C would be preferred to System A. In
the illustration shown here, a limitation of $20 million and 50 acres of land favors a
central receiver system; if the capital restriction were relaxed, the parabolic trough sys-
tem would be preferred.
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Table 5-11. COMPARISON OF SOLAR THERMAL EOR SYSTEMS
(A AND C) FOR FIXED LAND AVAILABILITY

PARABOLIC TROUGH CENTRAL RECEIVER

(System A) (System C)
Land available (acres) 50 50 '
Ground cover ratio 0.45 0.25
Available collector area 980,100 ' 544,500
(ft2)
Net annual system efficiency 0.43 0.55
Net annual efficiency . 0.193 0.138
(based on total land area) _ :
Net annual energy delivered - - 317,347 225,505
(MBtu/yr)

Total capital cost $30,647,730 $12,915,540

Finally, Table 5-12 gives the levelized costs for a conventional, fossil-fired steam gener-
ating system that would be comparable to a full-capacity solar EOR system (Tables 5-9
and 5-10). In determining levelized costs for the conventional systems, the costing as-
sumptions used for the solar systems were retained. Three levelized costs are calculated
based on different prices of oil used to fire the steam generator; the middle column rep-
resents the prevailing price under President Carter's recent decontrol of heavy crude
prices (Rattner 1979). The costs of full capacity, hybrid, solar-fossil EOR systems are
given in Table 5-13; these include the capital and operating expenses of the fossil-fired
backup system as well as the solar system. The levelized costs are appropriate for com-
paring investment decisions between a solar hybrid EOR system and conventional steam
generation (using $12/bbl oil).

5.6 FINDINGS

A review of Tables 5-5 through 5-13 leads to three important findings, even in the face
of the reservations expressed earlier in this section. First, central receivers appear to
have a clear cost advantage for solar EOR. For the advanced state-of-the-art systems
(A versus C), estimated levelized costs for the central receiver are 37% less than those
for the parabolic trough; for the goals systems (B versus D), the difference, although re-
duced to 28%, remains significant. These differences are explained largely by the re-
spective systems' net efficiencies and collector costs, variables which are subject to ad-
mitted uncertainty. However, the cost differences between the two systems are
significant and, if the uncertainties were resolved without a dominant bias for the
parabolic troughs, one would expect the central receiver system to remain the more
cost-effective solar technology.

This preference might be reinforced by the greater adaptability of central receiver
systems to the rugged terrain that characterizes the California oil fields. In addition, for
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a fixed and limited capital investment and on limited available land, central receiver
systems are .much more cost effective despite the energy delivery advantages of
parabolie troughs.

Table 5-12. CONVENTIONAL THERMAL EOR COSTS

Selling Price/bbl Oil

$7.00 $12.00 $22.00
Total cost ($1,000)8 1,000,000 1,000, 000 1,000,000
O1l cost ($/bbl recovered) | 5.00 7.00 12.00
Annial O&M ($)P 1,400,000 1,960,000 3,360,000

4:1 steam:oil ratio

Delivered energy (MBtu/yr) 420, 000 420,000 420,000
Annual costs ($1,000)C 1,458 2,013 3,413
Levelized cost ($/MBtu)® 3.47 4.80 8.13
Cost/bbl steam ($)€ 1.22 1.68 2.85

8Total cost of 50-MBtu/hr steam generator and S04 serubber installed.
'Brt is assumed that 280,000 barrels of oil produce 420,000 MBtu yearly.

®Annualized costs are 'givén in eonstant dollara.

Second, solar EOR systems are cost effective as compared to fossil-fired EOR systems
only in the goals stage of system development, which has been defined as 10-15 years in
the future. Comparing the goals (system D) central receiver costs for a levelized barrel
of steam (in constant dollars) with the costs for a conventionally generatcd barrel of
steam (at $12.00/bbl oil cost) shows that the two costs are within 6% of each other.
However, it should be stressed that the former costo include greater uncertainties than
the latter and, even more important, reflect a 10- to 15-year time horizon, with all the
technology and cost improvements that projection implicity incorporates. Within the
more immediate 4 to 5-year time frame, the central receiver (system C) is almost 25%
more expensive than the conventional oil-fired systems (again assuming $12/bbl) on the
basis of levelized energy costs.*

Third, while stand-alone solar EOR systems are at least as cost-effective as the corre-
sponding solar-fossil hybrid systems, important technical questions remain as to adverse

*There ‘are, of course, important uncertainties attached to the price of oil (even when
expressed in constant dollars), as recent history richly documents, which could affect the
comparative economics of the alternative thermal EOR systems.
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Table 5-13. SOLAR-FOSSIL HYBRID EOR COSTS

Parabolic Trough Systems

Cential Receiver Systems

A B A B
Solar portion capital costs?

($1000) 10,889 5,678 7,568 4,648
Conventional portion .

capital costs ($1000) 1,000 1,000 1,000 1,000
Total capital costs ($1000) 11,889 6,678 8,568 5,648
Solar O&M costs ($1000)2 248 187 208 167
Conventional O&M costs ($1000)° 1,431 1,415 1,343 1,330
Total O&M costs ($1000) 1,679 1,602 1,551 1,497
Delivered energy (MBtu/yr) 420,000 420,000 420,000 420,000
Annualized costs ($1000)¢ 2,993 2,340 2,498 2,121
Levelized costs ($/MBtu)® 7.13 5.57 5.95 5.05
Cost of steam ($/bbl)® 2.50 1.95 2.08 1.79

8From Table 5-8, Rows 2 and 3.
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BCalculated as the fraction of operating fuel costs not saved by the solar system delivering
energy as given in Table 5-8; e.g., for System A, the solar EOR system provides 112,800
MBtu--420,000- MBtu, or approximately 27% of the annual energy. Hence, the O&M costs
of the conventional backup portion of the system are (1 - 0.27) X $1,960,000, or $1,430,800
per year. '

CValues are given in constant dollars.
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effects on well casings, steam distribution networks, and reservoir response due to very
large peaic-to-average steam output rates. These questions require resolution before the
stand-alone alternatives can be chosen for solar EOR, although, with adequate storage
capacities, diurnal variations would not be a problem. In addition, capital costs for
stand-alone systems are extremely high, on the order of three timnes the cost of a corre-
sponding hybrid system. High capital costs have been a persistent obstacle to the
commercialization of solar energy systems. There is no reason to assume that a stand-
alone system with capital costs more than three times that of comparable hybrid systems
would be readily accepted by the petroleum industry or the lending institutions. Finally,
land requirements for the stand-alone systemn also are great, close to three times those
for hybrid systeins. There are serious reservations as to the ability of petroleum pro-
ducers to allocate such large amounts of space, especially when there are less space-
intensive alternatives available. In sum, the potential improvements in delivered cnergy
costs offered by system storage are minor in comparison with the difficulties inherent in
such large solar systems. For the foreseeable future, the solar-fossil hybrid should be the
preferred solar EOR system configuration.

In summary, design calculations indicate that a solar energy system can be built to
generate enough steam to operate a steam drive EOR operation and to replace as much
as one-third of the steam-producing capacity currently provided by fossil-fueled boilers.
Furthermore, it can be reasonably predicted that annual costs for solar EOR systems will
decrease as collector efficiencies and costs are reduced by improved solar technologies
and manufacturing processes. But in the near term—that is, within the next 5 years—it is
not realistic to expect solar EOR systems to be cost coinpetitive with conventional
fossil-fired steam generaters, even if the latter are equipped with environmentally
mandated 50, scrubbers and heavy crude oil is decontrolled.

The pertinent questions, then, are both technical and econornic. Oil producers currently
have technological options available that are well-tested, developed, and familiar if en-
vironmental offset regulations do not eliminate certain options. Production of high-
temperature steam with solar energy, on the other hand, is just beginning to be field
tested. Tuthermore, field tests to be constructed in the next few years will have costs
much greater than those 0f conventional, fossil-fired steam EOR. Thus a research
program in solar EOR is necessary to resolve these questions. :
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SECTION 6.0
FINANCING SOLAR ENHANCED OIL RECOVERY
6.1 INVESTMENT DECISIONS AND PROJECT ECONOMICS:

The determination of a project's economic viability—whether it be for enhanced oil re-
covery, energy production, mining, manufacturing, or virtually any commercial enter-
prise—generally is based upon 100% cash investment, that is, equity financing. The
evaluation of a project's viability on any basis other than a cash investment has three
advantages. First, using borrowed capital, or what is known as leveraged investment,
may make a potentially marginal project look attractive. Debt financing can lower
annual operating costs and produce a higher return on investment; less obviously, it can
produce greater losses. :

Second, the financing and economic conditions that might exist at the time the invest-
ment is made are unknowns at the time an investment is bemg evaluated. A project that
is economically attractive under 1009% equity will yield greater returns when it is lever-
aged, but the actual rate of return will depend upon the economic conditions prevailing
at the time of the investment. To eliminate this uncertainty, firms usually evaluate
projects on the assumption of complete equity financing.

~ To illustrate these two points, Table 6-1 demonstrates how debt financing ecan magnify
gains or losses on an investment. Just as leveraging can work to a firm's advantage, it
can also work to its disadvantage (Stermole 1974).

A third advantage to economic analysis based on equity financing is to demonstrate the
viability of the project to lending institutions. The lender evaluates the risk and uncer-
tainty associated with the pI‘O]eCt from a different point of view than the borrower. The
lender's objective is to minimize risk and uncertainties, thus ensuring repayment from
cash flows generated by the project. Lending institutions want assurances that new in-
vestments are financially remunerative, economically sound, and meet predetermined
economic investment criteria. Given the risk and uncertainties, a minimum acceptable
rate of return must be met, without leverage, to satisfy the lender. The minimum.ac-
ceptable rate of return is h1gher for projects with greater risk and uncertainty (Gibbs and
Sroka 1978). : :

The risk of any investment is measured by the probability that any of the financial, eco-
nomie, technical, and environmental variables will change over the amortization period
or project life. For example, if a project includes capital equipment with a well-docu-
mented performance history, e.g., steam generators, the technical risk is low. If a newer
technology without sufficient field experience is used, the probability of achieving the
forecast performance is lower. Uncertainties include market demand, price, escalation,
inflation, performance, reliahility, salvage value, operating costs, construction period,
and project life. Historical data can help to determine the degree of risk for
technologies with a proven track record; such evidence is unavailable for new, untested
technologies.
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Table 6-1. FINANCIAL RETURNS UNDER VARYING DEBT/EQUITY RATIOS?

Rate of return on total 2% 5% 6% 8% 11% 14%
assets before interest

Earnings before interest 4 10 12 16 22 28
and taxes

Firm A Debt =0

Taxable income 4 10 12 16 22 28
Tax at 50% 2 S5 b 8 11 14
Available to commeon stock 2 3 3 8 11 14
Return on common stock 1% 2.5% 3% 4%  5.5% 7%
Firm B Debt = 5U0%

Taxable income 4 10 12 16 22 28
Interest 6~ 6 6 6 6 - 6
Gross interest ' 6)) 4 6 10 16 22
Tax 0 2 3 5 8 1
Available to common stock (D) 2 3 5 8 11
Return on common stock -19% " 2% 3% 5% 8% 119
Firm C Debt = 75%

Taxable income 4 10 12 16 22 28
Interest 9 9 A 2 9 9
Gross income @) 1 3 T 13 1y
Tax %z.s; .20 1.2 3.5 £.5 9.5
Available to common stock - 2.5 .50 1.5 3.5 .5 9.5
Return on common stock . -5% 1% 3% 7% 13% 19%

8Source: Weston and Brigham (1972, p. 252).

The greater the amount 6f leverage, the lower the annualized costs. Table 6-2 shows
how a 70-30 debt financing arrangement can lower the levelized costs by an average of
over 35% for the four hypothesized solar EOR systems. However, leveraging can work
against the costs in the same way it affeets the rate of return (see Table 6-1). Lever-
aging can ‘cause a marginal- or high-cost project to appear to have a caompetitive or
lower cost. For this reason, annualized costs also should be evaluated on a 100% equity
investment. Again, when a firm evaluates alternatives to determine the lowest-cost
method of energy production, it will have no assurance of the future availability of
financing or the prevailing terms. ' :

Firms have alternative investment choices and generally prefer to evaluate them on a
100% equity investment. After the investment decision is reached and the more attrac-
tive projects are selected, the specific financing arrangements are chosen. Financing
decisions are not based entirely on the criteria used for investment decisions. The deci-
sion to invest in a project involves such variables as market share, social factors (e.g.,
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Table 6-2. SOLAR EOR SYSTEMS: EQUITY VS. DEBT FINANCING

Parabolic Trough System

Central Receiver System

Item . Units A B C . D
1. Collector costs $/ft2 21.50 12.00 12.00 6.00
2. Total capital costs - $1000 10,889 5,670 7,568 4,648
3. Annual O&M costs $1000 . . 248 187 208 o 167
4. Delivered energy -MBtu/yr 112,800 116,800 132,200 135,000
5. Annualized costs

A. Equity financeéia $1000/yr 1,452 815 1,044 689

. Debt financed $1000/yr 914 534 - 671 451

6. Annualized costs :

A. Equity financetgia $/MBtu 12.67 6.96 7.98 5.05

B. Debt financed™ $/MBtu 8.10 4.57 5.07 3.34
7. Costs/bbl steam® S S

A. Equity financebda $ 4.44 2.44 2.79 1.76

B. Debt financed $ 2.84 1.60 1.78 1.17

AExpressed in @onstant dollars; see rows 5A, 6A, TA, Table 5-8.

_bExpressed in constant dollars; calculated on a 70-30 debt to equity ratio.

CSee footnote a, Table 5-8, fqr explanation of bbl of steam.
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community receptivity), political factors (e.g., government regulations), profitability,
cash flows, payback, and risks. After these criteria have been satisfied according to the
firm's objectives, the most suitable form of available financing will be arranged.

G.i.l Debt Financing

The decision to utilize debt financing depends on the availability, form, and cost of the
debt. By using debt financing, a firm lowers its operating costs but increases its finan-
cial risk; that is, there are important "hidden costs" to debt financing. These can affect
the firm's bond rating, credit rating, available interest rates, earnings on common stock,
and other important economic indicators of the firm's financial condition. The firm's fi-
nancial position may be jeopardized as increasingly more debt is used to finance invest-
ments. The financial risk is increased if the economic conditivns do not remain as
predicted over the life of the investment. Leveraging may be employed to boost stock-
holder returns, but, as noted, it is done at the risk of increasing laosses if the firm's
economic fortunes decline (Weston and Brigham 1972, p. 267). Thus, debt financing can
be viewed as a mixed blessing.

A -firm's financial position and therefore the availability and cost of capital depend on
such factors as the growth rate of future sales, stability of future sales, ¢ompetitive
structure of the industry, asset structure of the firm, control position and attitudes
toward risk of owners and management, and lenders' attitudes toward the firm and the
industry, some of which are clearly beyond the firm's influence (Weston and Brigham
1972, p. 264). The cost of capital to the firm reflects the factors influencing its finan-
cial condition. It will be higher for a firm which has a high degree of leverage and
investments of uncertain return.

The cost of capital is a deciding factor in a decision to use debt financing. If the return
on the investment is greater than the cost of the debt, then debt financing is an
attractive option. Theé cost of capital also reflects the degree of risk and the opportunity
costs of the investment. If the borrowing or lending institutions have other investment
opportunities that have lower risk and equal or lower rates of return, the cost of capital
will be higher. The cost of capital thus manifests the riskiness of the investment and the
exogenous supply and demand for eapital. Higher risk investments demand higher costs
of capital. Due to the greater technical risks associated with solar EOR in eomparison
with other thermal EOR processes or other energy investments, the solar EOR investor
would pay a higher cost for capital than would an investor for a more conventional, less
risky investment.

6.1.2 Project Financing

Project financing, either recourse or nonrecourse, may be an alternative way to finance.a
technology commercialization project without affecting a firm's financial structure.
Using project financing, a firm can invest without directly affecting its credit rating.
For this reason, project finaneing has been proposed as an attractive option available for
firms-wishing to finance solar EOR.*

*For example, see Dollard (1979).
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Peter Nevitt defines project financing as the "financing of a particular economic unit in
which a lender is satisfied to look initially to the cash flows as the source of funds from
which a loan will be repaid and to the assets of the economic unit as collateral for the
loan" (Nevitt 1978, p. 1). A project financed using these criteria, therefore, must dem-
onstrate its ability to repay the debt from cash it generates. The assets associated with
the particular project must also be of sufficient magnitude to act as collateral. The
collateral acts as an equity share for the borrower and reduces the assumed risk for the
lending institution. The size and the transferability of the collateral depend on the
probability of project success and the uncertainties associated with it. Collateral for
project financing may be in the form of assets associated with the project, firm, or a
third party. Whatever the source of collateral, the attendant risk must be reduced to the
lender's satisfaction.

The key to successful project financing is that it be structured with as little recourse as
possible to the sponsor while providing sufficient credit support through guarantees or
undertakings of the sponsor or a third party so that lenders are satisfied with the credit
risk. Specific financial conditions must be met if a project is to be financed by this
means. A viable project financing arrangement should present a strong credit backing, a
credit—not an equity—risk, sufficient cash flow potential to repay the loan, a market for
the product, strong management, and the appropriate political environment (e.g., the
absence of restrictive government regulations). Nevitt points out that project finaneing
generally is not suitable for new technologies because of the uncertain reliability of the
process and the equipment to be used. The technical reliability and commercial viability
of the project must be clear so as to satisfy a lender of the level of risk and the probabil-
ity of repayment. For a new technology, lending risk is increased (Nevitt 1978, pp. 3-4).

Solar EOR at present, does not satisfy the three project financing criteria outlined by
Nevitt. First, the current fungibility or transferability of the physical assets of a solar
EOR facility is open to question, so that the equipment might not serve as adequate col-
lateral to secure the loan. Second, the requisite cash flow for solar EOR has not been
demonstrated. Third, the technology necessary to operate a commercial solar EOR facil-
ity has yet to be proven. All three criteria weigh against project financing as a means to
commercialize solar EOR systems. If solar EOR could demonstrate greater financial
certainty and commercial viability, this assessment probably would become more favor-
able.

6.1.3 Leasing

Leasing is another form of debt financing often posed as an alternative to the purchase
of capital equipment. The economic criteria for leasing equipment are the same as for
purchase. Whichever alternative proves to be economically more attractive from the
standpoint of higher net present value and rate of return normally will be chosen. The
decision to lcasc also is based on equipment criteria such as reliability, system life,
obsolescence, and salvage value. Regardless of the possible advantages of leasing for pe-
troleum producers using solar EOR, the leasing company would be responsible for the
capital investment. Any company investing in solar EOR technology for leasing purposes
would face the same investment decisions as would a buyer (Stermole 1974). Financing
under such a situation would be evaluated by the economic and financial criteria that
confront a petroleum producer, with the additional constraint of needing an assured
customer for the equipment because the leasing company could not use the equipment

itself. :
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Leasing may provide an advantage by increasing the overall availability of nonequity fi-
nancing to the firm. However, a leasing contract is very similar to a straight debt
obligation and relies upon-the firm's debt-carrying ability (Weston and Brigham 1972, p.
469).. Leasing has advantages, especially when salvage value is expected to be small or is
uncertain. It is especially attractive when the prevailing economies and technology will
render the equipment obsolete in a relatively short time. For these reasons, the leasing
of solar EOR systems or the purchase of steam for solar EOR may be more attractive to
a petroleum producer than purchasing the system. However, it does not alleviate the
need for primary financing by an investor. :

6.2 CONCLUSIONS

In summary, there are many alternative means for financing capital investment projects
in today's capital market. They vary primarily in the degree of risk they impose upon
both the borrowing and lending institutions. Not surprisingly, there is no single best fi-
nancing alternative for every investment. The preferred option for financing a specific
new technology development will depend upon the state of the technology, the projected
financial soundness of the investment (generally measured by the rate of return), and the
prevailing economic conditions. To control for these and other uncertainties, projects
are best evaluated assuming 1009% equity financing. When the investment is actually
made, the most suitable and available financing alternative will be chosen cooperatively
by the borrower and the lender, based on the project's economic and technical feasibility,
costs, management team, market demand, and opportunity costs for the money.

Solar EOR could be financed under any of the alternatives discussed in the preceding
section. However, given the present economic uncertainties and the lack of technical
proof-in-operation for commercial-size solar facilities, the availability of project financ-
ing for a solar EOR facility must be seriously questioned. Financial institutions might
require government subsidies or a guaranteed loan program before lending large amounts
of money to build a solar installation. Thus, equity financing or government support pro-
gram§ appear to be the most likely financial options for building a solar EOR facility
within the near future, at least until the economic (see Sec. 3.0), institutional (see Sec.
4.0), and technical (See. 5.0) questions can be answered with greater confidence.
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SECTION 7.0

CONCLUSIONS AND RECOMMENDATIONS

A number of conclusions can be drawn from the preceding analysis that have distinct pol-
icy implications. These conclusions and recommendations can be grouped into three
categories: the technology of solar EOR; the economics of solar EOR; and the institu-
tional questions involving EOR.

7.1 SOLAR EOR TECHNOLOGY

Significant technical uncertainties surround both solar technologies and enhanced oil re-
covery; they must be resolved before any solar EOR concept will be commercially ac-
ceptable. By the end of 1980, approximately 75,000 square feet of parabolic trough
collectors will have been installed for generating low and intermediate temperature
steam for industrial processes. At the present time, the single commercial installation
for the generation of low temperature steam has been in operation for only one year. No
attempt has been made to generate relatively high-pressure steam using the kind of dis-
tributed parabolic trough system that would be required by a solar EOR facility. The
only known commercial production -of steam using central receiver technology is in
" Odeillo, France, where a solar test facility generated steam for producing electric power
- for about a year. Steam has been produced successfully in tests at the Central Receiver
Test Facility in Albuquerque and the Georgia Institute of Technology Engineering Exper-
iment Station in Atlanta, but on a limited basis for intermittent periods. No data will be
available from large-scale commercial applications of central receiver steam generating
systems until after the completion of the Barstow facility in the early 1980s.

In light of this lack of experience with large-scale operating solar steam systems, it is
clear that solar thermal systems for generating high-pressure steam are subject to con-
siderable technical uncertainty in the immediate future. The degree of design, testing,
and reliability that is required for any commercial venture is not yet available for the
proposed solar EOR technologies and applications. To assume that systems of nearly
300,000 sq ft of collector aperture area at existing technology levels are ready for com-
mercial implementation is an assumption that simply has not been demonstrated.
Further research, testing, and pilot-scale field tests are warranted, even necessary. For
instance, recent evidence from six operating DOE field tests for industrial process heat
shows that actual annual net operating efficiencies fell far below the goals (a maximum
recorded efficiency of only 20% on design predictions of 40%) and that considerably more
engineering and research work is required before solar IPH systems can be considered
technically and economically viable, even at low temperatures (Kutscher and Davenport
1979). In short, no commercial-sized system should be installed until the operation of
smaller scale test systems, at the requisite steam conditions, is shown to be technically
feasible. ‘

In addition to concerns for the technical performance of solar technology for EOR, many
crucial questions remain regarding the response of oil reservoirs to intermittent or vari-
able solar steam injection. It is essential for the further design and construction of solar
EOR equipment that such questions be accurately posed and answered by trained petro-
leum engineers operating in a controlled test environment, If, for example, reservoir re-

_covery rates are not significantly affected by diurnal steam injection, the development
of solar EOR can be accelerated. :
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In summary, concerted research efforts in both solar technology and petroleum engineer-
ing are required before solar EOR can be implemented on a commercial scale. Questions
as to the technical uncertainties were raised repeatedly by petroleum officials inter-
viewed for this project. There is important research value to investigating both of these
issues for long-term application of solar technology to EOR. Little, if any, value would
be obtained by premature entry of a still-developing technology into an uncertain mar-
ket. For these reasons, we strongly recommend the planning of controlled pilot projects

" to examine the technical uncertainties identified here and that operating experience with
solar steam generating capacities be demonstrated before commercial-scale solar EOR
applications are considered.

Central receiver systems are better suited to EOR applications than distributed parabolic
trough systems. In certain federal demonstration programs a great deal of emphasis has
been placed on the utilization of distributed parabolic trough systems for solar EOR,
probably because of the more advanced state of technology and greater operating expe-
rience with parabolic troughs as compared to central receiver systems. Actual com-
mercial experience with both systems is severely limited. This analysis argues that the
prospects for the commercial adoption of solar EOR within the next five years is at best
problematic. Neither technology presently offers costs or technical guarantees that
would encourage commercial users to invest in these systems within that time frame.
However, the analysis does suggest that, at equal performance levels and over the longer
term, central receiver technology has a distinct cost advantage over the parabolic trough
technology.

Several factors explain this finding. First, for the steam conditions used in this analysis
(1000 psi, 80% quality), the average receiver operating temperature is approximately
560°F. This operating temperature is at the extreme end of the reasonable operating
limits of the parabolic trough, and at this temperature heat losses in the receiver and the
transmission lines are substantial. On the other hand, a temperature of 560°F is easily
within the operating range of central receiver equipment. It can, of course, be argued
that selecting more conservative steam conditions {(e.g., 600 psi) would improve the rela-
tive position of parabolic trough systems with respect to central receivers. Still, recent
evidence suggests that central receivers may remain the favored technology even to
temperatures in the 350°F range (Zoschak et al. 1979). By using a system comparison
based on peak efficiency on a day in June, the analysis was partially biased towards the
parabolic trough, yet the economiecs of the central receiver were still better than those
of the line collector. Finally, in comparing the two system types based on annual energy
delivered for a fixed price and investment dollar, the central receiver had a 709%
advantage despite the greater energy delivery of parabolic systems.

Another factor contributing to the relative advantage of the central receiver is its flexi-
bility in siting collectors on rough, uneven terrain. It may be possible to locate heliostats
on very rugged landscape—albeit at higher costs—because no thermal transport piping is
necessary. Parabolice troughs are probably limited to relatively flat sites because of their
plumbing requirements.

Finally, several assumptions concerning future costs tend to make the central receiver
even more advantageous. The analysis is predicated on the assumption that prospective
cost reductions for heliostats and central receivers are considerable, an assumption sub-
stantiated by SERI's recent analysis of DOE's solar thermal repowering projects (Doane
et al. 1979). While cost reductions through improved manufacturing processes also are
foreseen for parabolic trough systems, the current best estimate is that the ultimate
costs of distributed parabolic trough systems will exceed the ultimate costs of
central receivers by approximately 15%.
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For these reasons, we recommend that the DOE solar EOR program not restrict its ac-
ceptable technology choices to line collectors. Specifically, central receivers should be
considered as possible candidates for EOR applications.

7.2 SOLAR EOR ECONOMICS

At the present time and for the near future, the application of solar technology to EOR
is not a cost-effective option. One of this study's more important findings for immediate
policy consideration concerns the comparative economics of solar and conventional
thermal EOR systems. Although solar technology applications to EOR operations are
forecast to be economically feasible, this condition does not exist in the near (i.e., 3-4
year) future. (This explicitly assumes that existing technologies for scrubbing oil-fired
burner emissions continue to meet ambient air quality standards.) At prevailing oil
prices ($12/bbl produced oil), the annualized cost of an oil-fired burner to produce a
barrel of steam is $1.68 (constant FY79 dollars). Assuming that technical difficulties
with existing solar equipment can be overcome within the next five years, the cost of a
barrel of steam produced by a parabolic trough solar EOR system is close to 1.5 times
greater; the estimated cost of steam generated by a central receiver solar EOR system is
almost 1.25 times greater.

The central receiver EOR system—which presently has greater technical uncertainties
than the parabolic trough-—becomes price competitive with oil-fired systems only as its
stated technology goals become realized, assuming that its costs stay within the assumed
inflation parameter. Again, the predicted advances in solar. technologies and cost re-
ductions probably bias these projections on the optimistic side. In addition, these costs
probably do not completely reflect the costs of land preparation in the Kern River and
Santa Barbara oil fields. In brief, while the research horizons might appear to make solar
EOR a technically attractive and price competitive option, it is by no means guaranteed,
and in any case it is a longer term (10-year) alternative. In the immediate time horizon,
conventional fossil-fired thermal EOR systems are more reliable and economic.

It should also be appreciated that solar EOR will not be greatly advantaged by an in-
crease in the cost of oil. While such an inerease could make EOR more financially at-
tractive to petroleum producers, it will not uniquely benefit solar EOR. Al forms of
EOR will benefit from increased oil prices, including some of the more exotic chemical
(e.g., polymer drive) and CO4 injection systems. Given higher oil prices, petroleum
companies could invest in scrubbers or other nonsolar techniques to increase their EOR
production rates. Thus, a government program to motivate solar technology applications
to EOR by decontrolling oil prices could act against solar EOR and, in any case, would
not be specifically beneficial. For this reason, we recommend that if the DOE wishes to
emphasize solar techniques for enhanced oil recovery, the decontrol of oil prices might
not be an adequate stimulus. Petroleum industry representatives stressed that the best
way to interest the oil producing industry in solar EOR is to drive down the price of the
solar equipment rather than to let the price of oil rise. Thus, specific development pro-
grams for solar energy technology applications to EOR appear to be the most effective
way of encouraging industry adoption.

The market potential for solar EOR has not yet been determined; it represents still
another critical uncertainty surrounding the future commercialization of solar EOR. One
area not addressed directly by this study is the market potential for solar EOR were’it
found to be price competitive with conventional thermal EOR systems, There is ample
evidence that factors other than cost influence a firm's decision to make major capital
investments. These factors and standard economic analyses should be explored to
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determine the commercial potential of solar EOR systems. For example, the DOE might
compile a land inventory of the California oil fields to.determine whether there is enough
space for a number of solar EOR systems. Without adequate land in the oil fields, the
successful commercialization of solar EOR would be seriously constrained. Market pene-
tration estimates should be calculated for solar EOR. In addition to projecting the over-
all effect of solar EOR on oil production, these estimates would indicate the effect of
this particular application of solar technology upon the solar industry (e.g., its growth
and finanecial eondition).

This report has focused on the California market, the site of most of the nation's current
thermal EOR activities. This attention was due to the characteristics of the California
oil fields and the amount of available insolation. This emphasis is not meant to restrict
the possible locations of solar EOR. Petroleum from the Texas oil fields is character-
istically lighter than its California counterpart. There is some evidence that a greater
percentage of the original oil in place can be extracted from a reservoir of "sweeter"
crude (up to 85% in laboratory tests). Therefore, it would be worthwhile to explore the
possibility of solar EOR use in the Texas and Louisiana oil fields, taking into acecount the
local oil viscosity, reservoir characteristics, and insolation rates.

Project financing currently does not appear to be a viable way of funding solar EOR
activities through the private market. As noted in the body of the report, project fi-
nancing has been advanced as a way of developing solar EOR activities through the pri-
vate sector. An examination of the project financing literature suggests that its
availability depends on three main criteria: the guarantee of sufficient cash flow to
repay the debt incurred; the perception of the assets that would serve as collateral -
should liquidation of the project be necessary; and, in the case of capital equipment pur-
chases, the assurance that the technology's performance and rcliability are well-
demonstrated. In terms of solar EOR, the first criterion is still a matter for serious
speculation. The second criterion has yet to be demonstrated; there are no comparable
steam-generating uses for which a solar EOR steam generator could be used, nor would a
solar EOR facility be easy to relocate. Third, this analysis argues that solar EOR tech-
nology, at its present state of development, does not meet the last eriterion.

In short, project financing does not appear to be a means for commercializing solar EOR
projects at this time. When its uncertainties are reduced, it might be more applicable.
In the interim, we recommend that other forms of financial arrangements, such as gov-
ernment-guaranteed loans, would be more useful in encouraging lending institutions to
support solar EOR projects.

7.3 LEGAL AND INSTITUTIONAL ISSUES REGARDING SOLAR EOR

Air quality standards are not a motivating factor favoring solar EOR at the present time
but could, in future years, become such a factor. Air permits for new oil-fired steam
generators are presently available, assuming that the operator is willing to pay the cost
of complying with the emission limitations and offset requirements. Thus, the air quality
motivation for developing solar EOR systems does not seem compelling at this time.
However, the availability of emission offsets in nonattainment areas may become in-
creasingly constrained in future years as existing polluting facilities are shut down or
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retrofit with LAER control technologies.* In the future, emission offsets derived from
LAER control technologies may not be available in nonattainment areas. For SIPs being
drafted today, no air permits can be granted if emission offsets cannot be obtained. If
offsets were not available, the benefits from solar systems could be significant because
no fossil-fired systems—even those with LAER technology—could be constructed.

If emission offsets using LAER control technologies on old polluting facilities were no
longer available in nonattainment areas, the air permit applicant would have three op-
tions. First, the applying company could resign itself to the fact that the region in which
it wants to construct a stationary source is for all intents and purposes a "no growth"
area until the NAAQS are attained and simply withdraw its application. Second, the ap-
plicant could apply for relief through the political process (e.g., the regulatory com-
missions or the relaxation of environmental standards). Finally, the applicant could
obtain further emission offsets by using a control technology that is not generally con-
sidered to fall into the domain of conventional LAER control technologies. An obvious
example of one such technology would be a non-polluting solar EOR system. Thus, in the
eventuality that LAER technologies cannot provide additional emission offsets, the air
quality motivation for using solar thermal EOR systems may yet become a driving factor
in their adoption.

Under the assumption that the air quality motivation for using solar EOR systems may be
important in future years, it is recommended that research efforts be directed towards
developing a solar EOR stand-alone capability. If a solar EOR system is to be a solution
to the air quality problem, the system should be designed to operate without a fossil-fuel
backup system for cloudy day and nighttime operations, since such backup systems would
most likely be subject to the full range of emission limitations and offset requirements.
Thus, further work is needed in solar energy storage and in the design of nonpolluting
backup systems if solar EOR systems are to be used to meet ambient air quality
standards.

The petroleum industry is seriously interested in advances in solar EOR technology and
costs but has little concrete information upon which to act. This observation was made
repeatedly in SERI's interviews with petroleum officials. Many had "heard" of solar EOR
but few had any hard information upon which to base company research or investment
policies—one reason, perhaps, that the petroleum producing industry has not been enthu-
siastic about solar EOR development.

Petroleum industry officials also indicated that changing government regulations made
long-term research and development policies difficult to formulate and to implement;
that is, how could they convince corporate executives of the effectiveness of an invest-
ment in solar EOR when the solar credit might no longer be in effect by the time the sys-
tem was operational? The mutability of government regulation of oil prices was another
often-cited example of the long-term instability of government policy This problem
cannot be addressed by a simple policy recommendation, especially in a pluralistic polit-
ical environment in which government policies must and do change as conditions

nvironmental and air quality standards already are being cited as serious obstacles to
.he increased heavy oil production encouraged by the Administration's decontrol of heavy
crude and the proposed exemption of heavy crude from the windfall proflts tax (Wilson
1979; Anonymous 1Y79a; Lancaster 1979).
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change. However, it is recommended that the DOE initiate an ongoing program to keep
petroleum officials fully abreast of emerging technologies, either through the fossil fuel
sections of the Department or by the relevant-technology section. ’

Although there are many options for implementing government incentives to promote
solar EOR, tax treatments are preferred by the petroleum industry. Favorable tax
treatments such as investment tax credits, accelerated depreciation, and amortization
are preferred by the oil industry over government loan guarantees, grants, demonstration
projects, and incremental pricing mechanisms. Petroleum producers interviewed pre-
ferred not to have the public sector involved in their daily operations. Tax treatments
can be used by the petroleum industry without the release of possibly proprietary in-
formation. They are reported only once per year and do not require the extensive review
and reporting that often accompany other forms of incentive. Favorable tax treatments
often involve lower administrative costs to a produccr than tax writeoffs. ‘Therefore,
favorable tax treatments of high capital investments, along with price decontrols, were
preferred by the industry over other forms of incentive.

If the DOE wishes to encourage private industry participation in the development of solar
EOR, a tax incentive program would probably be the most effective method. It is cer-
tainly the petroleum industry's favored option. If solar EOR equipment is developed on
schedule and performs as designed, a loan guarantee program would be the lowest cost
option for the government because there might well be no cases of loan default.
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Appendix A: Table A-1. AMBIENT AIR QUALITY STANDARDS
National Standards
Averaging Calif. Standards 5
Pollutant Time Concentration Primary? Secondary
Oxidant (ozone) 1 hour 0.10 ppm 240 ,u.g/m?’ Same as Primary
(200umg/m3) (0.12 ppm)¢  Standards’
Carbon-monoxide 12 hour 10 ppm 3
(11 mg/m>®) 3
8 hour 10 mg/m Same as Primary
(9 ppm) 3 Standards
1 hour 40 ppm 5 40 mg/m "
(46 mg/m*) (35 ppm) 3
Nitrogen dioxide Annual Average 100 ug/m Same as Primary
, (0.05 ppm) Standards
1 hour 0.25 ppm 3
(470 pg/m°) 3
Sulfur dioxide Annual Average 80 ug/m
(0.03 ppm)
24 hour 0.05 ppm9 365 ug/m3
(131 p.g/m3) (0.14 ppm)
3 hour ) ’ 1300 p.g‘/m3
' (0.5 ppm)
1 hour 0.5 ppm 3 ‘
(1310 ug/m?)
Total suspended  Annual Geometric 3 3 3
particulate Mean 60 ug/m 75 ug/m 60 ug/m
matter (TSP)
24 hour 100 pug/m3 260 pg/m3 150 pg/m3
Sulfates 24 hour 25 pg/m3
Lead 30 day Average 1.5 pg/m3
Hydrogen sulfide 1 hour 0.03 ppm 3
(42 pug/m*?) 3
Hydrocarbons 3 hour 160 ug/m Same as Primary
(corrected for  (6-9 a.m.) (0.24 ppm) | Standards
methane) ,
. Ethylene 8 hour 0.1 ppm
1 hour 0.5 ppm
Visibility 1 Observation In sufficient amount
reducing to reduce the pre-
particles vailing visibility

to 10 miles when
the relative humid-
ity is less than 70%

Source: California Ail: Resources Board and the United States Code of Federal
Regulations. ' ' :

8pesigned to protect health.
bDesigped to enhance visibility and aesthetics.

CEPA revised standard promulgated 1/26/79.

dWith simultaneous violation of the state 1-hr oxidant standard or state 24-hr TSP
standard. ' Al .
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Appendix B

POTENTIAL SO, EMISSIONS FROM A 50-MILLION BTU/HR BOILER

Assume:

1.

The SO, emission factor equals 157 S pounds of SO9 emitted per thousand gallons of
fuel oil%)urned, where S equals the percentage sulfur in the fuel oil by weight (Office
of Technology Assessment 1978, p. 95).

One barrel equals 42 gallons.

" One barrel fuel oil equals 6.2 million Btu.

Fuel oil sulfur content for a typical Kern County EOR operation is 1.1% (Kern
County 1979). This implies that S =1.1.

Thus,
50 x 108 Btu 1 barrel oil 42 gal 24 hr
X g X — X X
1hr 6.2 x 10" Btu 1 Barrel 1 day
157 (1.1) 1b SO, 365 days 1 ton 256 tons SO,
X ——— X — =
1000 gal oil 1 year 2000 1b 1 year

These are the uncontrolled SO emissions from a 50-MBtu/hr 6il boiler using 1.1%
sulfur oil.

If the scrubber eliminates 96% of the emissions, then:

(0.04) x 256 tons SOZ

] year = 10 tons SO9 per year

This figure is called the "potential emissions" for the 50-MBtu/hr oil burner.
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