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INTEGRATED RESOURCE PLANNING

Denver, Colorado 80202, USA

ABSTRACT

This article presents the essential features of an Integrated
Resource Planning (IRP) process designed to provide energy for
societal and industrial needs at least cost. Use of renewable
energy sources and energy conservation measures, as well as
consideration of social costs, are described. Available data on
societal costs and estimates for energy cost of conservation
measures and renewable energy systems are included.

KEYWORDS

INTRODUCTION

Energy is a mainstay of industrial society. It is an essential
input to run the worldf s factories and provide many of the
comforts such as mobility, heat and light. But, using energy
requires use of finite natural resources, generates pollution, and
creates health problems. It is therefore important that energy be
generated and used efficiently. Opportunities for improving energy
use efficiency exist all over the world. For example, western
Europe uses only 57% of the energy and Japan only 44% of the amount
of energy used in the United States to produce a unit of GNP. In
centrally planned economies, such as the former USSR, it has been
estimated by Cooper and Schipper (1992) and Siuyak (1991) that the
amount of energy used to generate one unit of GNP is much higher
than in the U.S., but no data for developing countries could be
found.
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Electric power is important for industrial nations and for the past
thirty years electricity use in the United States has been growing
at a faster rate than the economy. During the same period
(1973-1990) the overall ratio of energy consumption to GNP declined
by almost 30%. The increasing use of electric power is a result of
continuing electrification in the U.S. economy, which according to
some economists, improves industrial productivity. However, to
provide one unit of electric energy requires three to four times
the amount of primary energy compared to direct burning of fossil
fuels. Consequently, if a given task can be performed by direct
application of heat from the combustion of oil, natural gas or
coal, or can be produced from renewable energy, such as solar
thermal or wind, the societal need can be satisfied with less input
of primary energy and less adverse environmental impact.
Furthermore, the societal cost of using electric power from fossil
or nuclear sources is considerably larger than the cost of using
primary energy directly through fossil combustion or solar systems.
Because, at present, external costs such as environmental
degradation and health impacts are not properly represented in the
prices of energy in the marketplace, increased use of electric
power can add to the socio-economic burden and increase the energy
to GNP ratio.

Since more than one third of the primary energy consumed in the
U.S. is used for generating electricity, considerable emphasis has
recently been placed by electric utilities on new and more
efficient ways to meet the energy needs for which heretofore
electricity was the preferred and, in some cases, the sole energy
source. This process, called integrated resource management (IRP)
or least cost planning (LCP), will be described.

INTEGRATED RESOURCE PLANNING (IRP)

Traditionally, the planning process of electric utilities consisted
of comparing the electric production capacity with the projected
demand and building the additional production capacity needed to
meet the expected demand in compliance with safety regulations and
environmental standards. The utility selected the types of fuels,
power plants, distribution systems and power purchases that would
meet its objectives while optimizing its profits. Energy demand was
taken as a "given" that could not be altered and only supply
options were considered. No efforts were made to reduce or shape
the demand and no attempts were made to integrate supply and
demand-side options.

This process was satisfactory as long as energy resources were
plentiful and cheap. Recently, however, the cost of energy
resources has increased and the public has become concerned about
environmental degradation. Hence, many utilities realize that the
traditional way of planning for the future needs to be modified.
The modification consists primarily of introducing demand-side
management (DSM), a process designed to reduce the amount and
influence the timing of the customers' energy use. DSM affects the
system energy and total capacity that an electric utility must
provide to meet the demand. DSM is a resource option complementary
to supplying power and provides an important component in a modern
utility's energy resource mix.

IRP is the process of simultaneously examining side by side all
energy savings and energy producing options to optimize the mixture
of resources and minimize the total costs while including
consideration of environmental and health concerns. There is no
unique

2289

method for IRP, but an extensive study conducted by Schweitzer et
al. (1990) showed that the following sequence of steps is generally
used:

1. Develop a load forecast. 2. Inventory existing resources. 3.
Identify future electricity needs not being met by existing
resources. 4. Identify potential resource options, including DSM
programs. 5. Screen all options to identify those that are feasible
and economic. 6. Identify and quantify environmental and social
costs of these options. 7. Perform some form of uncertainty
analysis. 8. Select a preferred mix of resources, including
conservation measures and

load shaping, which are treated as synonymous to supply options. 9.
Implement least cost mix of supply and conservation options.

Figure 1. Schematic Diagram for IRP Process

Load Forecast

a.

Demen4*ide

( PUC 2)

Figure 1 shows a schematic diagram for an IRP process that includes
externalities. It gives a systematic procedure to evaluate
demand-side options, compare these to supply- side options and
develop an energy policy that will integrate environmental and
social costs. The goal is to develop a long term energy strategy
that will acquire the most inexpensive resources first and
internalize social costs in the rate structure. When externality
costs are incorporated into the IRP process Eto (1990) suggests it
be called least cost planning (LCP), but both IRP and LCP use the
same methodology. The IRP

2290

process is generally carried out by computer models. These models
vary in complexity from screening tools for PCs to sophisticated
integrated planning models. A summary of these tools has been
prepared by Eto (1990). The new features in this process, DSM and
the social costs of energy (SCE) will now be considered in more
detail.

DEMAND-SIDE MANAGEMENT (DSM)

Demand-side management is a broad term that encompasses the
planning, implementation and evaluation of utility-sponsored
programs to influence the amount or timing of customers' energy
use. This in turn affects the system energy (kWh) and total
capacity (kW) that the electrical utility must provide to meet the
demand. DSM is a resource option complementing power supply. It is
used to reshape and reduce customer energy use and demand, thus
providing an important component of a modern utility's energy
resource mix. Four basic techniques for influencing and reducing
energy use in demand-side management are:

Peak Clipping is the reduction of the system peak loads. It uses
direct load control, commonly practiced by direct utility control
of customers' appliances. While many utilities use this mainly to
reduce peaking capacity or capacity purchases during the most
probable days of system peak, direct load control can also be used
to reduce operating cost and dependence on critical fuels.

Valley Filling builds off-peak loads. This may be particularly
desirable when the long-run incremental cost is less than the
average price of electricity because adding lower-priced, off-peak
load under those circumstances decreases the average price. A
popular valley filling methods is to use thermal energy storage for
industrial water or space heating.

Load Shifting involves shifting load from on-peak to off-peak
periods. Examples include use of storage for water or space
heating, cold storage, and customer load shifts. The load shift
from storage devices displaces peak loads which would have existed
if conventional appliances without storage had been
installed.

Strategic Conservation is the load shape change that results from
utility- stimulated conservation programs designed to reduce end
use consumption. Conservation was not always considered load
management because in the past it reduced power sales and profits,
as well as changed the use pattern. In employing energy
conservation, the utility planner must consider what conservation
actions would occur naturally and then evaluate the cost-
effectiveness of utility programs to accelerate or stimulate more
action. Examples include weatherization and appliance efficiency
improvement.

Conservation technologies in both the residential and industrial
sectors can be used for load management. For example, improved
insulation for a building reduces energy consumption and is
therefore classified as strategic conservation. Using a
high-efficiency compressor in an air conditioning system reduces
consumption during peak load and therefore achieves peak clipping
as well as strategic conservation. To entice utilities to
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implement conservation programs they must be allowed to earn a fair
profit on "saved" as well as on "sold" energy.

In addition to the four energy conservation and load shaping
programs used by utilities to influence the amount or timing of
customers' energy use, utilities that have excess capacity often
attempt to increase their sale of power. This process is called
strategic load growth and may involve incentives to switch from gas
to electric appliances or rebates for the installation of electric
devices.

Table 1 shows the energy cost and payback time for some typical DSM
measures estimated by Kreith (1992) from data supplied by the
Western Area Power Administration (1991). The cost of saved energy
in the last column was calculated with a real discount of 3%, a
long term average of the difference between the interest rate and
the inflation in the U.S. according to Goldstein et al
(1990).

Table 1. Estimated Payback and Energy Cost for Conservation
Technologies*

Technology

Bldg. Insulation Storm Windows Solar Films Weather Stripping Heat
Pumps Evaporative Cooling Efficient Motors Heater Insulation
Low-Flow Shower Head High Effic. Refrig. High Effic.
Fluorescent

Lighting

20 20 3-15 2.5 15 5-20 ~ 7 10 10 20

20,000 (hr)

Payback (yr)

~2**

1.5-1.9 3.5-7.0 3.2-13 5.2 2-3 1.1-3.3 ~ 5 0.9 0.4 0.7

~2.4

Abstracted from Kreith (1992) E Payback is based on incremental
cost

SOCIAL COSTS OF ENERGY AND VALUE OF ENERGY SAVINGS

For a realistic integrated resource planning process, it is
necessary to include the cost of externalities, usually called
"social costs", in the planning process. Externality costs are the
result of prices in the marketplace not reflecting the full costs
of resources, particularly those borne by society as environmental
and health related costs. For example, damage from air pollution or
acid rain is an externality cost not included in the energy
production costs and must therefore be paid for by society. Some of
the most important environmental and health damages from energy
production include air and water pollution, land use, health
effects and disposal of ash or radioactive waste.
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SCE must be based on a common unit of service, usually the kWh for
electricity or the MBtu (million Btu) for natural gas or oil
combustion. The social cost of an adverse environmental or health
impact can be estimated from the relation

Social Cost = (Size of Impact) x (Damage Cost per Unit of Impact)
(1)

The social cost is the total cost in dollars per kWh of electricity
produced that is borne by society because it is not included in the
market cost. The size of the impact is expressed in physical units
per kWh such as pounds of air pollutants emitted per kWh or number
of people likely to contract respiratory diseases from air
pollution per kWh. The damage cost per unit of impact is the
economic effect of the adverse impact in dollars per unit of
impact, e.g. the average cost of the respiratory disease cure per
person or the cost of mitigating the air pollution emission per
pound of pollutant.

Externality costs are difficult to estimate and vary from place to
place. One of the pioneers was the New York Public Service
Commission who estimated in 1989 the economic cost of mitigating
the residual air emission from a "base" coal power plant that
barely meets federal New Source Performance Standards (NSPS) and
used that figure as the externality cost as shown in Table 2. An
overview of how other states in the U.S. incorporate externalities
in the IRP process is presented by Kreith (1992). It was found that
the externality estimates for the New York bidding process are less
than estimates presented by Koomey (1990).

Table 2. New York Externality Cost Estimates*

Externality Emission from NSPS X Control Cost = Mitigation Cost
Coal Plant (lbs/MWh) ($/lb) (c/kWh)

Air Emission so2 N02

6.0 6.0

Total 1.405

"Calculated from data given by Putta (1990) and Foley and Lee
(1990).

The cost (or value) of conserved energy (CCE) by installation of a
conservation measure such as a high efficiency motor must also be
expressed as c/kWh. It is common practice to use the levelized cost
over the lifetime of the system. As shown by Kreider and Kreith
(1982), the cost of energy from a conservation system is:
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ppp = Initial Cost of Conservation Device x CRF .-. energy saved
per year

CRF in the above relation is the capital recovery factor which
accounts for the time value of money invested initially. Its
numerical value depends on the lifetime of the conservation device,
t, and the discount rate, r, or:

CRF(r,t) = 1 (3) 1 - ( 1 + Γ Γ

Specifically, the capital recovery factor is the ratio of the
annual payments to the total sum that must be repaid. For example,
if the lifetime is 10 years and the effective discount rate is 0.03
or 3%, CRF = 0.117 and an initial investment of $1,000 costs
$117/yr to repay in 10 years. If this device can save 10,000 kWh
per year the cost of energy saved will be $117/10,000 kWh or 1.17
c/kWh. Essentially, the same basic approach can be used to
determine the cost of energy from a solar system, such as a
photovoltaic power system, or a passive system, such as movable
window insulation. A more complete analysis that includes the cost
of a backup system, the effects of fuel cost escalation and
possible tax credit is given by Kreider and Kreith (1982). Ranges
of the energy cost of some existing solar options for use in IRP
programs according to Howard and Sheinkopf (1991) and Kreith (1991)
are given in Table 3.

Table 3. Estimated Cost Ranges of Some Solar Options for IRP

System Cost of Energy in $/Kwh

Advanced Windows (H&S) 0.011 - 0.05 Daylighting and Controls
(H&S) 0.02 - 0.04 Solar Domestic Hot Water (H&S) 0.04 -
0.16 Solar Process Heat (H&S) 0.015 - 0.052 Photovoltaic DC
(1990) (H&S) 0.25 - 0.35 Solar Thermal (Kreith) 0.09- 0.15 Wind
(Kreith) 0.047 - 0.072

EXTERNALITY COSTS FOR ELECTRICITY FROM FOSSIL FUELS

Koomey (1990) recently surveyed available studies on the external
costs of electric power from fossil power plants in the U.S.
Excluding C0 2 costs, the externality costs of existing coal fired
power plants was found to range from 1.93 to 3.54 c/kWh, excluding
results for California which were three times as high (California
Energy Commission, 1989) and an early EPRI study which gave only
about half of the above values (EPRI, 1987). For new coal fired
power plants that meet current emission standards (NSPS), the
externality costs, excluding C02, ranged from 0.83 to 1.53 c/kWh if
the values from California and EPRI are omitted. For an average
cost of electric power of 6.6 c/kWh, externality costs are about
18% for new plants and 42% for older plants without
state-of-the-art pollution control equipment. The results of the
survey for coal power plants are fairly close to
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previous estimates by Hohmeyer (1988) for externalities in Germany.
Excluding California, Table 4 gives Koomey's averaged values of the
externality costs for gas, oil, and coal fired electric power
plants and combustion of natural gas, including estimates of C02
effects. To obtain the total energy cost, the social costs must be
added to the market price of the energy. The estimates of the
California Energy Commission (1990) for the cost of electric power
from various fuel sources are shown in Table 5. It is apparent that
the externality costs for fossil fuels are substantial, but
externality cost per kWh of heat from direct use of natural gas is
considerably less than from electrical heating. No data of the
social cost of nuclear power in the U.S. could be found in the open
literature.

Table 4. Summary of Externality Costs of Energy for the United
States

Average Average Technology Delivered Cost Externality Cost
Externality Cost as

(1989 cents/kWh) (1989 cents/kWh) % of Delivered Cost

Existing Steam Plants: Natural Gas 6.6 0.78 12% Oil 6.6 1.67 25%
Coal 6.6 2.94 45%

Direct Use of Natural Gas

New NSPS Plants: Coal Steam (base load) CT Gas (peak load)

Table 5.

Low

29%

in 1987 Dollars

High (in cents/kWh)

Solar Thermal Hybrid Nuclear Natural Gas (Intermediate) Hydro Wind
Coal Boiler Natural Gas Combined Cycle Geothermal Flash Steam
Biomass Combustion

6.0 5.3 5.3 5.2 4.7 4.5 4.4 4.3 4.2

7.8 9.3 7.5

*Note: These estimates do not include social costs.

2295

SUMMARY

There exist many opportunities for conserving energy at costs below
the market price of electric power. The IRP process, which includes
demand side management, offers the means to provide for future
energy needs at less cost than the conventional planning process of
utilities. Since social costs of energy are a substantial fraction
of current market prices, they should be integrated into future
economic planning and utility rate structure. When social costs are
added to the current market price for power, many renewable
technologies will become cost effective because their externality
costs are below those of fossil fuel power.
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E. BARBIER

ABSTRACT

Eighty-eight years ago. in 1904. at Larderello in Tuscany,
electricity was generated for the first time from geothermal steam.
The industrial history of Larderello had however begun in 1818 with
the manufacture of boric acid extracted from hot waters of natural
pools in that area. In 1913 a 250 kW plant generating electric
energy from geothermal steam went into operation in Larderello
providing for the first time electricity on an industrial basis.
Years later, other countries in the world followed the Italian
example, and today 38 milliard kWh are generated yearly with an
installed geothermal electric capacity of around 6000 MW.

KEYWORDS

Geothermal energy; geothermal steam; geothermal waters

Electricity was produced for the first time 88 years ago from
geothermal energy. The first successful experiment was conducted on
4 July 1904 at Larderello, a hundred kilometres south of Florence,
when Prince Piero Ginori Conti lit 5 bulbs with the electricity
produced from a small dynamo driven by geothermal steam. The steam
came from a nearby very shallow well.

The few watts generated that day have, 88 years later, increased to
the roughly 6000 megawatts that are currently being produced
throughout the world from the geothermal source.

The tiny Tuscan village of Larderello was the cradle of the
industrial development of geothermal energy, both for electricity
generation and the so-called "non-electric uses". Let us now take a
closer look at the history of Larderello, which began with the
manufacture of boric acid (Mascagni, 1779; Pilla, 1845; Jervis,
1874).

Boric acid (H3BO3) was obtained for the first time by W. Homberg in
1702, after treating borax (NaoB407) with sulfuric acid. It was
assumed at the time that borax might have antispastic healing
properties, and it was
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prescribed under the brand name "Homberg sedative salts".

In 1777 the German chemist Uberto Francesco Hoefer, Chief
Apothecary of the Grand Duke of Tuscany, discovered boric acid in
the hot waters of the natural pools which, at that time, covered a
vast area, the present site of Larderello and its surroundings,
near the Etruscan town of Volterra (Fig.l). For centuries the
inhabitants of the area had referred to these small natural
craters, filled with muddy water and kept on a fierce boil by
underground springs of boron-enriched steam, as "lagoni". Jets of
hissing steam often shot violently into the air from fissures in
the ground. Bubbling pools and hissing steam, parched hot earth,
yellowish sulfur and reddish ferrous oxide deposits, ana the sound
effects accompanying these phenomena created a wild infernal
landscape. Many hot water springs in the vicinity of these
pseudo-volcanic manifestations had been used for centuries as
"baths" and their healing properties extolled by the Etruscans,
whose settling in the area dates back to 1500 B.C., by the Romans
and, more recently, by Medieval and Renaissance "physicians".

Fig.l. A bubbling hot pool in the Larderello area.

The first cartographic document recording the "lagoni" of
Larderello is the Tabula Itineraria Peutingeriana (Peutinger map,
Fig.2), dating to the 3rd century A.D., which shows the main routes
and military roads of the Roman empire. Many illustrious personages
took the waters there, including Lorenzo the Magnificent, Lord of
Florence, who vowed that it did wonders for his gout.

Hoefer, the chemist, began his experiments by concentrating the
natural hot waters to obtain a substance that was identical in all
respects to the "Homberg sedative salts", i.e. boric acid. Judging
from the accurate description given in 1779 by the physiologist and
anatomist Paolo Mascagni, Hoefer's discovery was the first step in
developing what was to
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become a very florid industry, and a borax factory was built in the
area. Due to a lack of adequate facilities, however, this
enterprise failed and all activity was abandoned for a time.

Fig.2. Part of the Tabula Itineraria Peutingeriana 3rd century A.D.
showing the main roads of the Roman Empire and the spas in the
Larderello area called Aquas Volaternas and Aque Populaniae.
(Courtesy of ENEL).

The first serious attempt at producing borax in this way was
postponed until 1818, when Francesco Larderel, a French emigre who
had settled in Tuscany, overcame difficulties of all kinds and
launched a flourishing industry that was to remain one of the
leading manufacturers of boric acid worldwide for more than 100
years.

Exploitation of the energy content of the geothermal fluids was to
follow, and not so very long after. In 1827 Francesco Larderel had
the ingenious idea of utilizing the natural steam to heat the
boron-enriched waters of the

i>ools, and collect the boric acid left after their evaporation.
Until then the ocal woods and forests had provided the fuel
required to concentrate

these waters, but wood supplies were becoming scarcer and more
expensive. Long flat sheets of lead, called Adrian Boilers after
their inventor's name Adriano de Larderel, were used to evaporate
the water and concentrate its boron content. Geothermal steam
flowing beneath these evaporators heated the overlying waters. The
boric acid concentration increased from 2-4 g/1 on entry to 150-160
g/1. After cooling and refining, the boric acid was ground to a
fine powder or to minute particles. This was the first industrial
utilization of geothermal energy.
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The business was administered by the Larderels until 1925, although
as early as 1899 they had nominated Prince Doctor Piero Ginori
Conti, son-in-law of the last Larderel male descendent, as General
Manager of the entire works.

In 1903 Prince Ginori Conti began experimenting with the
utilization of natural steam to produce mechanical energy. A steam
jet was directed against a bladed wheel, which drove a machine tool
as it rotated. The next step was to generate electricity, which was
achieved on 4 July 1904, using a piston engine coupled to a dynamo,
with which Ginori Conti lit his famous five bulbs (Fig.3).
Encouraged by his success, in 1905 the Prince decided to widen his
experiment. Using an old Cail steam-engine, he managed to generate
about 40 hp, which was used to light the factory and to drive some
small electric engines. The steam was taken from one of the biggest
wells for the time, with a flowrate of 4 t /h at 165°C and a
pressure of 3.5 atm abs. By then drilling for steam at Larderello
had become a routine operation, although somewhat risky for the men
on the drill-site.

Fig.3. Prince Piero Ginori Conti and his steam engine used in 1904
in the first experiment at generating electricity from geothermal
steam. (Courtesy of ENEL).

Right from the start of the boric acid industry the natural steam
jets were integrated with steam from wells drilled near natural
manifestations. The oldest drilling technique, still in use when
the first experiments in electricity generation were being
conducted (Fig.4), consisted of mounting a rock bit on a rigid
column of drillpipes. This device was hauled upwards by a winch,
initially driven manually, and then left to drop into the ground.
The winches were later operated by small electric engines or
steam-engines driven by the steam from productive wells. The steam
was found at varying depths, but never below 200 m, as this was the
absolute limit for the equipment available at that time in the
region.

Prince Ginori Conti had divided the wells into two types, which he
called wet and dry. The former produced water and steam, and were
used to extract boric acid. The dry wells produced dry steam, and
were used to generate electricity. At the beginning of this century
the wells had a diameter of 20 - 40 cm; as the bit gradually
descended a protective casing of riveted iron tubes was lowered
into the well. The riveted part tended to corrode easily and
defects in the joints caused steam to escape and reduction in
flowrate. Later, oxyacetylene welding solved this serious
problem.
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The quantity of steam produced by the well usually increased as
drilling proceeded, and if all the water in the well had
evaporated, the well blew out spontaneously. As the steam flowrate
gradually increased the debris produced by the bit was also carried
to the surface along with the steam. If water remained in the well
there was no spontaneous production; when this happened the skilled
workmen in charge went on drilling until they reached what they
considered the steam "vein" and then lowered a piston, called the
"serpent", which was later extracted rapidly by means of a winch.
Release of the pressure of the water column, which was a few tens
of metres high and which balanced the steam pressure, brought about
an eruption of mud, steam and rock fragments. At times this was so
violent that the upper part of the derrick was destroyed. Despite
the shallow depths reached by drilling, 100 m on average, flowrates
in the early 1900s were between 6 and 20 t/h, with shut-in
pressures of as much as 5 atm abs. It took from 2 to 6 months to
drill a well, provided that no accidents occurred, such as walls
caving in or deformation of the iron casings.

Fig.4. Larderello, the boric acid industry, 1828. Hand-driven
drilling rig for steam wells. (Courtesy of ENEL).

Studies and experiments on the generation of electricity continued
until, in 1912, the decision was taken to construct an electric
power-station to supply electricity to the borax factory buildings,
the salt works at Saline di Volterra, the village of Pomarance and
the town of Volterra. A steam turbine was chosen instead, as a low
pressure piston engine of a few hundred kW capacity would have
taken up too much space. The obvious choice for feeding the turbine
was natural steam, but this project had to be abandoned. Although
Prince Ginori Conti's staff had years of experience with the Cail
engine, they had no idea what would happen with such a complicated
and delicate machine as a steam turbine, nor could they predict how
the metals would react in the presence of natural steam. But
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this was not this their only problem. The successful operation of a
low pressure steam engine depends greatly on the efficiency of the
condenser. As they needed a large steady flow of steam, the
geothermal well had to be allowed to work completely open, but its
pressure dropped too low. Consequently the condenser had to
guarantee a fairly good vacuum. However, if they fed geothermal
steam directly into the turbine, non-condensable gases would also
enter the condenser. Considering the quantity of these gases
present in the steam (about 60 g/kg of fluid), their extraction
with a pump would have drained much of the turbine power. They were
thus forced to use the natural steam to heat and evaporate a
secondary fluid: fresh water. Four Proche & Bouillon tube nest
heat exchangers were used to generate pure steam, with geothermal
steam circulating around them. Each nest of tubes was sheathed in
iron. Natural steam entered through a sheet iron tube, after
passing through a separator, where condensation water and
impurities were collected. The geothermal steam had a pressure of
about 2 atm abs at a flowrate of 3 t/h. The pure secondary steam
had a pressure of 1.5 atm abs and fed a 250 kW, 3000 r.p.m. low
pressure, action-reaction turbine constructed by the Italian
company Franco Tosi. The turbine was coupled to a 4000 volts, 50
periods Gans alternator. Aluminium was widely used for the electric
circuits, as it was almost totally resistant to hydrogen sulfide. A
step cooler supplied circulating cool water to the condenser

This experimental plant operated from 1913 to 1916; in 1914 it
supplied electricity to Volterra and Pomarance, and in 1915 to
Saline di Volterra as

i)lanned. The distribution network was rated at 16,000 volts for
the lines eaving Larderello, and at 220 volts for use within the
works.

This prototype provided some valuable experience which was later
used to design and construct a much larger and more complex
power-plant, with three Franco Tosi turboalternators of 2500 kW
each; this plant began operations in 1916 (Luiggi, 1917; Ginori
Conti, 1917, 1924, 1925; Anon. 1926; Societä Boracifera 1928;
Nasini, 1939). Industrial exploitation of electricity from
geothermal energy was thus a "fait accompli" (Figs.5, 6).

Fig.5. Electricity from geothermal steam. Sketch of a geothermal
field on the left.
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Fig.6. Larderello (Tuscany, Italy), nowadays and its 400 MW power
plants.

The example set by Italy was followed by other countries in which
considerable surface manifestations denoted the probable existence
underground of large quantities of high-temperature fluids. By 1919
the Japanese had successfully drilled some wells at Beppu in search
of steam, in 1924 electric energy of geothermal origin was produced
in small quantities though they started producing geothermal
electricity industrially only in 1966. Although the production of
geothermal electric energy in the United States had only begun in
1960, the first well was drilled in California in 1921 in The
Geysers area. In Iceland, the heat of geothermal fluids has been
used since 1925 for heating homes and greenhouses. Since 1949
thermal waters in China have been used for industrial and
agricultural purposes and since 1958 electric power has been
produced from natural steam. In 1950, a large research programme
was initiated in New Zealand and despite a relatively late start
this effort led to the achievement of significant industrial
results and made a substantial contribution to the knowledge of
geothermal fields.

The 1990 status of worldwide geothermal electric power is shown in
Table 1, along with the figures for 1982 showing that the electric
capacity has doubled in the past 8 years. The installed electric
capacity in 1990 was 5838 MW with the generation of 38 milliard
kWh.

In industrialized countries, where the installed electric power
reaches high figures (tens or up to hundreds of thousands of MW)
geothermal energy is unlikely to account for more than 1%, at most,
of the total in the next decade. In developing countries, on the
contrary, where electrical consumption is still limited but
geothermal prospects are good, electric energy of geothermal origin
could make quite a significant contribution to the total. At the
moment, for instance, 14% of the electricity in the Philippines,
19% in El Salvador, and 8% in Kenya, come from geothermal sources.
The future contribution of geothermal energy to the generation
of
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electricity in the world can be estimated at about 9000 MW in 1995
(Table 1) and 12,000 MW in the year 2000 (Barbier, 1991) with a
generation cost of the kWh in the range of 4-6 US cents of dollar
(every cost included). This range takes into account different
geological situations, quality of steam, output of wells and size
of power plants.

Country United States Philippines Mexico Italy Japan New Zealand
Indonesia El Salvador Costarica Kenya I c e l a n d Nicaragua
Turkey China Soviet Union

1982 936

5 7 0 1 8 0 4 4 0 2 1 5 2 0 2

3 0 9 5

0.5 4

1 1 France (Guadal.) Portugal (Azores) 3 Guatemala Greece Romania
St .Lucia A r g e n t i n a T h a i l a n d Zambia

TOTAL 2 7 9 3

Megawatts 1990 2 7 7 0

8 9 4 7 0 0 5 4 8 2 1 5 2 8 3 1 4 2

9 5

4 5 4 5 3 5 2 0 2 1 1 1

4 3 2 2 1.5

0.6 03 0.2

1995 3 2 0 0 2 1 6 4

9 5 0 | 8 8 5 1 2 7 0 3 4 2 3 8 0 1 8 0 1 1 0 1 0 5 1 1 0 1 0
0

4 0 5 0 7 0

4 3

0.6 3 J 0.2

9 0 0 6

Table 1. Geothermal electric capacity in the world and forecast for
1995

REFERENCES

Anon. (1926) Convegno minerario di Larderello (20 giugno 1926).
(Mining Conference at Larderello, 20 June 1926) Bollettino
dell'Associazione Mineraria Italiana, May-June 1926.

Barbier,E. (1991). Geothermal energy: its role in the generation of
electricity and its environmental impact. In: Electricity and the
environment. Background papers . International Atomic Energy
Agency, Vienna, IAEA-TECDOC-624, 163-176.

Ginori Conti, P. (1917). L'impianto di Larderello. (Larderello
power-plant) L'Elettrotecnica, 15-25 September 1917, n.26-27, 1 - 1
1 .

Ginori Conti, P. (1924). The natural steam power-plant of
Larderello. World Power Conf., Wembley, July 1924.

Ginori Conti, P. (1925). The manufacture of boric acid in Tuscany.
J. Soc. cherrL Ind., 17 July 1925, XLIV, 29, 343-345.

Jervis, G. (1874). I tesori sotterranei dell'ltalia. Repertorio di
informazioni utili ad uso delle Amministrazioni Provinciali e
Comunali, dei Capitalisti, degli Istituti Tecnici ed in genere di
tutti i Cultori delle Scienze Mineralogiche. Parte seconda: Regione
deH'Appennino €

2304

vulcani attivi e spenti dipendentivi. (Italy's underground
treasures. Catalogue of useful information for provincial and
communal administrations, businessmen, technical institutes and all
scholars of the mineralogical sciences. Second part: The Apennine
region and its active and extinct volcanoes). Ermanno Loescher
editore in Torino, Vol. 2 (in 4 Vols.).

Luiggi, L. (1917) La centrale termo-elettrica di Larderello.
(Larderello thermal electric power-plant). Giornale del Genio
Civile, Rome, May 1917, 1 - 12.

Mascagni, P. (1779). Dei Lagoni del Senese e del Volterrano.
Commentario di Paolo Mascagni al Signor Francesco CalurU professore
nella Regia Universita di Siena. (On the pools of Siena and
Volterra regions. Report of Paolo Mascagni to Signor Francesco
Caluri, Professor at the Royal University of Siena), Stamperia
Vine. Pazzini Carli & Figli, Siena.

Nasini, R. (1939). I soffioni e i lagoni della Toscana e Yindustria
boracifera. (The steam vents and pools of Tuscany and the
boraciferous industry) Associazione Italiana di Chimica,
Rome.

Pilla, L. (1845). Breve cenno sulla ricchezza minerale della
Toscana. Di Leopoldo Pilla, professore di Geologia nella Imperiale
Regia Universita di Pisa. (Brief note on Tuscany's mineral riches.
By Leopoldo Pilla, Professor of Geology at the Royal Imperial
University of Pisa). Presso Rocco Vannucchi, Pisa.

Societa Boracifera di Larderello (1928). I primi cento anni di una
grande conquista industriale, 1827-1927. (The first hundred years
of a great industrial conquest, 1827-1927).

2305

L J DÜCKERS

ABSTRACT

The average energy content of ocean waves in some parts of the
World is very large. Extracting some of this energy and converting
it to mechanical, thermal, or more usually, electrical energy is an
attractive proposition, partly because of the economic benefits but
especially because of the extremely low environmental impact of
wave converter schemes. Around the world a large number of
converter concepts have been developed theoretically, at model
scale or tested as prototypes. This paper considers those concepts
which are at, or close to, prototype testing.

KEYWORDS

INTRODUCTION

The possibility of extracting energy from ocean waves has intrigued
man for centuries, and although there are a few early examples over
100 years old, it is only in the past two decades that technically
suitable devices have been proposed. In general these devices have
few environmental drawbacks. The economic projections for some
devices look extremely promising and especially so in areas of the
world where the wave climate is energetic.

WAVE ENERGY AND WAVE POWER

Ocean waves are generated by wind passing over extensive stretches
of water. Because the wind is originally derived from solar energy
we may consider waves to be stored, moderately high density, form
of solar energy.

In a typical 'sea state' a variety of wavelengths, or periods, of
the constituent waves are observed and these form the wave
spectrum. The power per unit frontage is then given by

Ps = asHs 2Ts kWm"

1 Hs = significant wave height = 4 x rms wave height = average of
highest73 of waves

Ts = zero up crossing period as = 0.49 kWs"

1 m"2

for example, then, a sea with a significant wave height of 2.5m and
zero
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crossing period of 9 seconds would have a mean power of 0.49 x 2.52
x 9 = 27.6 kW m1.

Figure 1 shows estimates for the wave power density around the
world and the largest resources are found in the regions receiving
rather constant wind due to their climatic conditions. For example
the north east Atlantic is subjected to the air stream from the
Gulf of Mexico which consequently generates a substantial wave
climate off the European Atlantic coast.

Figure 1 is adapted from reference 1 and the estimates shown are
average wave power values in kW per metre of wave front in deep
water. The total

World wide wave energy resource at any one time is of the order of
2 TW (reference 2). In the North Atlantic 50 kW per metre is
typical, whereas around Japan 15 kW per metre is more usual. Energy
is lost as waves run into shallower water and so shore mounted
devices are subjected to lower power wave climates.

The wave climate is not steady, indeed seas vary on a minute by
minute basis as well as seasonally. It is important to note that
generally the most energetic Atlantic seas occur during the winter
when the demand for electricity is greatest. The variation in wave
height, period and power with time means that devices have to be
carefully designed for optimal energy capture and have also to be
able to withstand the considerable loadings that result from the
largest storms.

THE TECHNOLOGY

In order to capture energy from sea waves it is necessary to
intercept the waves with a structure which can respond in an
appropriate manner to the forces applied to it by the waves. If the
structure is fixed to the seabed or seashore then it is easy to see
that some part of the structure may be allowed to move with respect
to the fixed structure and hence convert the wave energy into some
mechanical energy (which is probably subsequently converted into
electricity). Floating structures can be employed, but then a
stable frame of reference must be established so that the 'active'
part of the device moves relative to the main structure. This can
be achieved by the application of inertia or by making the
structure so large that it spans several wave crests and hence is
reasonably stable in most sea states.

FIXED DEVICES

An important group of wave energy devices are the bed and shore
mounted ones since, excepting the Japanese vessel, Kaimei, they are
the only ones so far tested as prototypes at sea. As a fixed frame
of reference and with good access for maintenance they have obvious
advantages over the floating devices, but do operate in reduced
power levels and may ultimately have limited sites for extensive
future deployment.

Probably the majority of devices tested and planned are of the
oscillating water column (OWC) type. An air chamber pierces the
surface and the contained air is forced out of and then into the
chamber by the approaching crests and troughs. On its passage from
and to the chamber the air passes through an air turbine generator
and so produces electricity. A novel air turbine, the Wells, which
is self rectifying and has aerodynamic characteristics particularly
suitable for wave application, is proposed for many OWCs.

Oscillating water columns have been built in Norway, Japan, India
and Scotland (see references 3, 5, 7, 8 and 11) and are proposed
for the Azores by the Portuguese (reference 4). Kaimei was a
floating collection of OWCs which was first tested in 1977. A
further four (fixed) OWC type devices have been tested as
prototypes in Japan. The first of these was constructed and tested
at Sanze on the north west coast of Japan in 1983. The front of the
column was 8.1m wide and 5m high and a tandem Wells turbine was
employed to extract the energy. The average output was only eleven
kW at a cost of £0.16/kWh. The device has been decommissioned. The
most recently installed (December 1989) Japanese OWC is at Sakata,
also on the north west coast. Here an extension to the harbour wall
has had one 20m section constructed as a wave energy converter,
again incorporating a
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tandem Wells turbine rated at 60kW. By functioning both at
breakwater and energy generator the Japanese believe that the
system is cost effective and they will work at further exploitation
of such schemes when the results of this prototype are firmly
established. Other prototypes have been tested in Japan, several
having mechanical linkage between a moving component, such as a
hinged flap, and the fixed part of the device. An example of this
is the pendular, two examples of which have been operating on the
northern island of Hokkaido since 1983 and 1985. It has hinged
pendulum which is positioned one quarter wavelength from the rear
caisson wall and has a nominal output of 5kW. Further examples are
proposed.

In Norway a device for capturing water at an elevated level as a
result of waves running up a tapered channel has proved to be very
successful. TAPCHAN, as it is called, needs to be very carefully
located as it is susceptible to tides and wave direction. TAPCHAN
could reasonably be regarded as the most successful wave energy
scheme in the World, the demonstration prototype has been operating
on the coast 40km north west of Bergan since 1985. A 40m wide horn
shaped collector is designed to harvest the energy from a range of
incident wave frequencies and directions. Waves entering the
collector are fed into the wide end of the tapered channel, which
has a wall height of 10m (from -7m to +3m), where they propogate
towards the narrow end with increasing wave height. The wave height
is amplified until the crests spill over the walls into the
resövoir at a level of 3m above the mean sea level. The wave energy
has then been converted into potential energy and is then to be
converted to electricity by allowing the water to return to the sea
via a low head hydroelectric Kaplan system where a 350kW induction
generator delivers electricity into the grid.

A new demonstration prototype is being considered for Indonesia,
and a commerical scheme of 1.0 to 1.5MW is being costed for King
Island, Tasmania as an alternative to a new diesel power
station.

The second Norwegian device is the Multi resonant Oscillating Water
Column (MOWC) designed and manufactured in 1985 by Kvaerner Brug.
The oscillating water column chamber is set back into a cliff face
which falls vertically to a water depth of 60m. The set back of the
column produces two harbour walls which broaden the frequency
response curve for the water column allowing the system to absorb
energy over a wide frequency band. The oscillating air flow is fed
through a 2m diameter Wells turbine rotating within the speed range
1000 - 1500 rev/min. The turbine is directly coupled to a 600kVA
generator, and the output passed through a frequency converter
before being fed to the grid. The performance exceeded predictions
and provided energy at about £0.04/kWh. Two severe storms in
December 1988 tore the column from the cliff and to date the scheme
has not been replaced, although future designs could be much more
robust.

FLOATING DEVICES

Floating devices, such as the Clam and Duck from the United
Kingdom, and the floating OWCs, such as the WHALE, and Backward
Bent Duct Buoy, from Japan are under active consideration. They
would be able to harvest more energy since the wave power density
is greater offshore than in shallow water and since there is little
restriction to the deployment of large arrays of such
devices.

The floating OWCs designs have been tested at model scale and the
Japanese would like to take the Whale version to a full scale
prototype. A rather massive structure is required to provide frame
of reference, but since the concept incorporates uses such as a
breakwater, leisure provision etc in addition to the generation of
electricity the research team believes that the Whale will be cost
effective.

The Clam is a floating rigid toroid. Twelve air cells are arranged
around the circumference of the toroid and these cells are all
coupled together by an air ducting which contains twelve Wells
turbines. Thus the air forced from one cell will pass through at
least one turbine on route to other cells. Each cell is sealed
against the water by a flexible rubber membrane. Performance
measurements, together with mathematical modelling
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and outline full scale design and costings, lead to a cost of
delivered electricity of about £0.05/kWh. More details will be
given in another paper at this congress (reference 9).

The Edinburgh Duck was originally envisaged as many cam-shaped
bodies linked together on a long flexible floating spine which was
to span several kilometres of the sea. More recently interest has
centered on the case of a single Duck which would demonstrate the
technology at full scale and because of point absorber effects
would produce significant amounts of energy.

RESEARCH ACTIVITY AROUND THE WORLD

As indicated above there is, or has been, significant research
activity in the UK, Norway and Japan. In fact Japan probably has
the most substantial current research programme with many teams
working on a variety of projects of which only the most important
have been mentioned. Several hundred wave powered navigation buoys
are also deployed around the Japanese coastline. Further details of
much of the work listed below can be found in references 5 and
8.

JAPAN Apart from the extensive work mentioned already there are
also some fundamental developments taking place in Japan. The most
interesting are the focussing devices, shaped plates 2m beneath the
water surface which concentrate the waves at the centre of a
circle. A sea trial is proposed.

NORWAY Important work is continuing on phase controlled latching to
improve energy capture and on the theory of rotating cylinders
which have a larger or smaller image size depending upon the
direction of rotation as a means of optimising the capture of a
Bristol Cylinder type wave energy converter.

UK

During the 1980's the number of device teams in the UK declined due
to lack of funding. The surviving teams are engaged on the
following projects. The Bristol Cylinder is a submerged cylinder
which follows the orbital water paths of the waves but is
constrained by mooring cables attached to the sea floor. Energy is
extracted at the mooring cables. The pitching and surging FROG is a
reactionless wave energy converter which achieves energy absorbing
behaviour by the movement of internal inertial mass. A team at the
National Engineering Laboratory have considered hydrodynamics and
control of OWCs. Studies of wave resource and wave ray tracing are
also in hand.

CHINA

There appears to be some wave energy activity developing in China;
several papers were presented at the Japanese Symposium (reference
5). Interestingly, much of the Chinese work linked to Japan, either
in concept or by the exchange of ideas and staff (to Japan) . Some
of the work concentrates on navigation buoys, some on theoretical
modelling but one group has deployed a small shoremounted OWC of
about 8kW installed capacity in the Pearl River estuary. A 5. 3W
navigation buoy based on the backward bent buoy has also been
tested on the River Pearl.

KOREA Some theoretical modelling of OWCs is taking place at the
University of Ulsan and at the Korea Institute of Ships and Ocean
Engineering. It seems likely that the work will extend to model
tests and sea trials in the future.

INDIA A sea trial of a 150kW multiresonant OWC device has commenced
off the Trivandrum coast. If the cost of the breakwater is shared
between the harbour wall and the power plant the electrical
production is calculated
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at Re 1/kWh. A 2.0m diameter Wells turbine and 150kW rated
induction generator were installed. The device is expected to
deliver an average of 75kW from April to November and 25kW from
December to March.

Since the average wave power density along the Indian coast is only
5 to 10kW/m it is again remarkable to see such research and
development activity. However many more harbours are planned on the
Indian coastline and the potential application of OWC wave energy
converters will therefore be considered.

DENMARK There has been a research effort in Denmark based upon a
tethered buoy. The large floating buoy responds to wave activity by
pulling a piston in a sea bed unit. This piston pumps water through
a submersed turbine. An array of these buoys could be deployed and
arranged to have an integrated, and hence smoothed, output. There
have been some difficulties with seals on the prototype but these
should be overcome with further development.

SWEDEN

A similar concept to the Danish buoys was investigated but using
reinforced rubber hose as the tether and pumping mechanism. The
research appears to have ceased due to lack of funding.

PORTUGAL A 350kW OWC is planned for the island of Pico, part of the
Azones in the North Atlantic. This will be located on the sea
bottom, close to the rocky shoreline. A Wells turbine will be
incorporated into the column. Future developments might include air
chamber flow latching and variable pitch turbine blades in order to
improve overall performance.

EIRE

The West coast of Eire is particularly suitable for the deployment
of both shore mounted and offshore wave energy converters. Research
in Eire has concentrated on OWC8 and self rectifying air turbines
as alternatives to the Wells turbine

USA

A small amount of work has been carried out in the United States.
Government support has been modest, but commercial organisations
have promoted several concepts to preliminary design and model
testing. These have included a scheme based on the OWC with the
McCormick counter rotating turbine and the SEAMILL concept which
resembles an OWC but has a float on top of the internal water
surface. The motion of this float moves a turbine through a bio
degradeable oil working fluid and hence generates electricity. Tank
tests are being conducted and a 200kW prototype is planned
(reference 6).

ECONOMICS

Wave energy, like many other renewable technologies, has high
capital costs but low operating costs. The high capital costs arise
from the need to build and deploy large structures to capture small
amounts of energy as the "power density" of wave environments is
quite low at around 50 kW per metre. On the other hand the
operating costs are low because one has to consider only
operational, repair and maintenance costs, which together might
only amount to a few percent per annum of the capital cost, and
there is no cost associated with the fuel, the waves - unless
governments impose an abstraction tax!

The consequence of high capital cost, but low operating cost, is
generally a long pay back period, and this seems to be a major
drawback as far as government and commercial investors are
concerned. The fact is, though, that some wave energy concepts are
already looking economically attractive. The long term financial
returns can be extremely high. Being an environmentally clean
technology it may be that the value of the output should be
enhanced with respect to electricity derived from some of the
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conventional sources.

The value of wave energy converters is very dependent upon discount
rates, the resource power density, the local cost of conventional
energy and the possibilities for secondary uses such as breakwaters
or leisure activities. Clearly these parameters vary from country
to country and perhaps even within a country. The method of
assessment of economical viability is therefore likely to be very
different from site to site.

PROTOTYPES

Wave energy is a long term technology, it will take some further
years of research and development to produce prototypes of some
devices and refine the design of others. Further optimisation of
the cost effectiveness of the designs should accompany these
R&D programmes.

Table 1 shows that a considerable number of prototypes have been
already tested and that the output rating of these varied from the
50 W of the navigation buoys to a 500kW OWC. Some of the prototypes
have suffered setbacks whilst others have been very
successful.

The author is aware of a number of future prototypes and these are
listed in table 2., clearly, though, it is quite likely that there
may be other schemes at an early planning stage which are not known
to the author.

Wave energy is already being utilised in some parts of the world.
Where a remote island has expensive conventional energy and a
reasonable wave climate it is likely that prototype devices may be
economically competitive. We should not close our minds to the
possibilities for other devices, emerging in the future with
enhanced cost effectiveness.

CONCLUSION

Wave energy converters are being developed and tested in as many as
ten countries. The author believes that the TAPCHAN concept, and
the shore mounted OWC* will be economically attractive in many
locations around the world. These devices are simple and easily
maintained. In the longer term a major contribution from wave
energy will probably arise from the deployment of arrays of
floating offshore or near shore devices. Urgent research and
development is needed to bring these to the prototype stage.
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A NEW POWER BASE:

Dr. Keith Lee Kozloff

I. CONTEXT FOR RENEWABLE ENERGY POLICY IN THE U.S.

Sufficient renewable energy flows are available in the aggregate to
displace U.S.

dependence on fossil fuels for electricity and building thermal end
uses. The benefits potentially

conferred by doing so include long term sustainability of
energy-dependent economic activities,

reduction in conventional fuel cycle environmental impacts as well
as greenhouse gas emissions,

avoidance of economic risks associated with reliance on fossil
fuels for electric generation and

other end uses, and more equitable distribution of the benefits and
costs of energy production.

Achieving some of these benefits depends on the trajectory of
market penetration. Time

dependent benefits include avoidance of the ecological
irreversibilities associated with

greenhouse gas emissions, acid rain, and fossil fuel extraction and
transportation activities;

reduction of long term capital investments in conventional energy
supply and use infrastructure;

1 This paper summarizes a report of the same title forthcoming from
World Resources Institute.
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and avoidance of investments in other replacements for dwindling
fossil fuel stocks. While these

considerations do not converge to some absolute future date, they
do imply that the benefits

from renewables will be reduced absent a major contribution from
them by the middle of the next

century.

Energy markets tend not to reflect the relationship between
long-term benefits and market

penetration of renewables. Consequently, short term and often
volatile market conditions drive

the demand for renewables. For example, fluctuating natural prices
were one cause of the 1991

bankruptcy of the major solar thermal electric developer in the
U.S. Because of the long lead

times for both technological and market development, however, the
U.S. cannot afford to wait

to commercialize renewables until its reserves of cheap natural gas
as well as energy savings

from inexpensive efficiency improvements are exhausted. Even when
fully commercialized, it will

take several decades for many renewable applications to saturate
markets, starting from their

initially small base.

The extent to which renewable energy flows are captured to displace
fossil fuels depends

equally on the ability to cost effectively match renewable energy
flows with the location and scale

of end use demands. While virtually all regions of the U.S. have
the ability to supply some

portion of their energy needs with renewables, there are major
regional disparities between the

magnitude of renewable energy flows and centers of energy demand,
particularly those in

metropolitan areas. The potential contribution of renewables to
these high energy density areas

will not be realized under current institutions governing energy
transmission.
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Barriers that further inhibit the deployment of renewables stem
largely from decision rules

not accounting for full private benefits of renewables, private
decision makers being unable to

capture social benefits, and the current lack of competitiveness of
many renewable energy

applications. In other words, even if energy prices reflected
social costs, many renewable energy

applications are currently too expensive to compete with fossil
fuels. And for some applications,

even if the cost of energy from renewables is reduced,
institutional barriers would still prevent

decision makers from responding to price signals.

Despite the potential social benefits from renewables and technical
improvements that

have reduced their cost of energy, the rate at which renewables
penetrate different end use

markets is likely to be limited. This is due to the above barriers
as well as projected low prices

and availability of fossil fuels. The high avoided cost conditions
that led to the first wave of

renewable electric generation, for example, no longer exist.
Existing public policies are unlikely

to achieve rates of deployment consistent with realizing the
potential benefits from renewables.

Developing Commercialization Strategies

A coordinated commercialization strategy is necessary to address
the multiple barriers

facing renewable energy development. Because diverse technical and
economic characteristics

cause different barriers to be binding, rapid market penetration of
renewables is not amenable

to a single "magic bullet" policy initiative. While individual
policies implemented in the past have
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stimulated growth In many renewable energy applications, the
effectiveness of these policies was

hampered by the lack of an overall commercialization
strategy.

Policy coordination would help identify opportunities for
synergism, reduce the potential

for redundant or offsetting policies, and improve the allocation of
scarce fiscal resources and

political capital. Coordination is important both among policies
directed at different barriers as

well as those aimed at the same barrier but implemented by
different government entities. To

fully achieve potential utility applications, for example,
regulatory policies implemented by different

agencies that influence energy capital investments (generation,
transmission, distribution and

storage), rate design, environmental compliance, and demand
management should be consistent

with each other.

While it is difficult to precisely quantify the optimal levels of
public investment for and

amounts of energy stimulated from different renewable sources, we
can establish some rules for

guiding public policy and investment decisions. Strategies for the
commercialization of

renewable energy technologies should have the following
characteristics:

(1) Cost effectiveness should be a primary consideration in
selecting from among policy

options considered by different levels of government. To the extent
that policy makers are faced

with two or more instruments intended to promote the same
objective, their cost effectiveness

ranking should be considered along with other attributes such as
equity, administrative feasibility,

etc.
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Policies that merely correct distorted energy price signals and
other resource acquisition

decision criteria impose minimal short run social costs (other than
administration and data

analysis) relative to new public investments such as research,
development, and demonstration

projects. Such distortions should be corrected to the extent
feasible prior to making major new

investments. Policies that require government revenue should be
implemented only when the

potential gains outweigh the nonnegligible social costs of raising
the necessary government

funds.

(2) The specific characteristics of different renewable energy
technologies and

applications should be used to determine which policies are
appropriate. Regulations, incentive

levels, and investments need to be targeted to the widely varying
commercial maturity levels of

individual renewable technologies, as well their short and
long-term energy contribution and

operating characteristics.

(3) Commercialization strategies should actively involve key
stakeholder groups. The

public sector is hampered in picking winning technologies because
it lacks market feedback.

On the other hand, the private sector may underinvest in
technologies that could ultimately

become winners because it tends to focus on the short term. If both
public and private sectors

are involved in the allocation of research and development
investments in precommercial

technologies, for example, the likelihood is increased that such
investments will yield high

returns. Risk sharing may also reduce the potential for a
commercialization policy to be coopted

by interested parties.
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(4) For renewable technologies that are not limited in their
applicability to a subnational

region, the federal government should assume a leadership role in
coordinating

commercialization activities. This is because market aggregation is
most effective at the national

level; markets in even large states may not be sufficient to
achieve potential cost reductions.

Also, energy consumers in any region potentially benefit from
commercialization activities

undertaken at the state or utility level that reduce the cost of
energy from renewables. Many

environmental effects mitigated by renewables are regional or
national in scope. Finally, the

federal government has unique advantages in sharing and spreading
the risks associated with

new technologies.

At the same time, national commercialization strategies must
recognize that the value of

renewable energy varies by location and application. States and
localities have advantages over

the federal government in promoting the identification and matching
of renewable energy sources

with high value demands. States also have the greatest leverage in
determining the mix of

generation resources acquired by private utilities.

(5) All aspects of commercialization policy should be subject to
feedback and correction.

The lack of a perceived energy crisis combined with fiscal
constraints means that expensive

"shotgun" approaches formerly used to develop policy are no longer
feasible. Policy options

(such as procurement, export promotion, and tax incentives) should
be evaluated ex ante by their

long run potential for building sustainable markets and reducing
the cost of energy, rather than

simply by the number of installations stimulated. The signals sent
by a policy to renewable
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cost of renewably-produced energy.

Ex post evaluation should also be an integral component of public
policies and programs

that constitute renewable energy commercialization strategies.
Inadequate evaluation has limited

the lessons that can be learned about the relative cost
effectiveness of past public policies in

commercializing renewables. Because past initiatives were
implemented over a period of

concurrent changes in energy markets and varied considerably among
states, causal

relationships are tenuous between individual policies and the
energy contribution from renewable

sources. Much of the available evidence of policy cost
effectiveness is anecdotal in nature. In

contrast, the evolution of energy efficiency programs demonstrates
the importance of systematic

monitoring and evaluation as an input to subsequent program
design.

(6) Policies should be crafted so as not shield renewable energy
applications from market

competition. Otherwise, the incentive for greater economic
efficiency is dampened. For electric

applications, resource acquisition should both be fair between
renewables and nonrenewables

and not skewed in favor of utility or independent ownership.
Utility bidding schemes for

resources to meet future demand should recognize that electricity
is a bundle of services having

characteristics related to load curve, location, reliability, power
quality, social benefits,

dispatchability and risk. This suggests the need for
multi-attribute bidding schemes.
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For precommercial technologies, there may need to be an explicit
public decision that the

application needs a protected operating environment for a limited
period of time to achieve

commercial maturity. Precedent for such a declaration exists with
nuclear fission for which

continued federal involvement in virtually all phases of the fuel
cycle is likely for the foreseeable

future.

(7) Because capital markets perceive the competitiveness of
renewables to depend on

erratic public policy, capital availability for commercial
development is constrained. Policies must

be sufficiently consistent over time and predictable to allow
strategic planning, especially in the

face of volatile fossil fuel prices.

Policy consistency is necessary for building sustainable markets.
One characteristic of

a sustainable market for renewables is the presence of a sufficient
number of firms in each

technology to guarantee competition and innovation. At present,
manufacturing capability is

relatively concentrated for some renewable technologies; the
bankruptcy of Luz meant the loss

of the only significant solar trough developer in the US.

II. POLICY RECOMMENDATIONS

The potential benefits from renewables, barriers to their
deployment and guidelines for

policy coordination together constitute a framework for crafting
comprehensive policy strategies

for renewable energy technologies. These require implementation of
both new initiatives as well
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as policies that already exist or have been tried, but need to be
refined, modified, or enhanced.

Based on several recent projections, a coordinated renewable energy
strategy implemented now

could result in 2-3 times the annual rate of market penetration of
renewables that would otherwise

prevail in the next decade.

Getting Prices Right

The criteria that private decision makers use in making energy
investment decisions

should be reformed to reduce or offset specific failures of the
market to reflect social costs and

benefits of energy options. This goal is distinguished from the
popular concept of creating a

"level playing field."2

Policies should cause private energy decisions to reflect the
social (particularly

environmental) costs associated with the fuel cycles of different
energy sources. When these

costs diverge sharply from market prices, energy choices are
distorted. While the extent to which

social cost internaiization by itself stimulates renewable energy
deployment is uncertain, in its

absence, designing effective policy initiatives becomes more
difficult.

2 The premise of "creating a level playing field" is at best
oversimplified, and at worst, misleading. What constitutes
levelness is in the eye of the beholder. Different energy resources
have characteristics that make them difficult to compare in terms
of the energy services they provide. More importantly, there is
little agreement over how energy decisions are affected by the
overlapping or offsetting multitude of fiscal, regulatory, and
other policies. For these reasons, it is unlikely that a level
playing field could ever be identified, much less
implemented.
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The manner in which social costs are internalized should be
consistent with the principle

of efficiency. Taking into account those costs already implicit in
existing environmental policy,

private decision makers should face price signals that are
consistent with a social accounting

framework.

Applied to environmental costs, the efficiency principle would
favor levying environmental

taxes at the appropriate level. For example, national carbon taxes
are preferred to state-level

cents/kWh adders for carbon emissions that are imposed on utility
resource acquisition

decisions. Measurement, distributional, and effectiveness problems
associated with state-

imposed environmental adders further suggest that taxation or other
economic approaches to

environmental internalization are preferable for transboundary
impacts. A patchwork of state-level

adders may be effective, however, in inducing federal action.

Revising the Tax System

Tax incentives and expenditures can be used to achieve policy
objectives, such as

making private energy choice incentives consistent with social
values. As a policy instrument,

a tax incentive should have the following features. It should be a
cost effective mechanism for

achieving a specific policy objective relative to alternative
policy instruments. It should send

signals to manufacturers, developers, utilities, and other end
users that are conducive to

increasing the targeted technologies' commercial maturity. It
should be targeted only to those

technologies whose current stage of commercial maturity is
sensitive to the level and type of
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incentive offered. Coordination with other policies is important to
minimize adverse distributional

effects and deadweight losses. Finally, the incentive should be
consistent and predictable over

time, with an announced gradual phase-out.

Public investment in renewables in the form of tax incentives or
expenditures can be high

and short-lived or low and long-lived, for the same budget
exposure. Given that one of the

barriers to investment in renewables is volatility in fossil fuel
prices, an objective of tax policy

should be to reduce this source of risk. In order for tax
expenditures or incentives to support

this objective, they should be structured to be relatively
long-lived and low.

Past and proposed renewable energy tax incentives have also been
justified on the basis

rectifying existing biases in tax codes, offsetting past
disproportionate government support for

nonrenewable energy sources, decreasing the cost of energy from
renewables through

production economies, reducing the high upfront cost of renewables,
and redressing

uninternalized environmental effects from nonrenewables. Some of
these justifications, such as

environmental cost internalization, are well-grounded.

Other justifications, however, are only weakly supported. For
example, the evidence is

inconclusive that specific energy investment decisions are, on net,
significantly biased against

renewables due to current federal and state tax codes. To the
extent that tax codes are found

to bias energy technology choices, codes should be reformed to
minimize distortions, rather than

new incentives created to offset them.
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Reforming Utility Resource Planning and Acquisition

When fully implemented, least cost planning (LCP) is perhaps the
single most important

state-level policy action that would promote renewable energy
development. LCP provides a

comprehensive and consistent framework for analyzing and
incorporating the full range of

benefits and costs associated with resource options. Full
implementation of LCP:

(1) considers of resource-specific benefits such as savings in
capital and operating costs related to the location of the resource
in the utility system, reliability benefits, and benefits related
to nongrid-connected applications;

(2) applies cost effective supply-side and demand-side measures to
integrate intermittent/nondispatchable resources into the
system;

(3) incorporates risks associated with resource options; and

(4) identifies appropriate regional resources for meeting end use
needs.

To the extent that least cost planning and associated
resource-specific quantification of avoided

costs require data and analytical tools that are not commonly
available to all utilities, information

and training programs should be promoted.

Both a better accounting of differences in riskiness of energy
options and a reallocation

of how risks are shared should be incorporated in utility resource
planning. Risks affecting net

revenue streams tend to be concentrated in the near term for
renewables relative to

nonrenewables. Furthermore, regulation allows utility resource
acquisition decisions to be

insulated from many sources of risk associated with the lifecycle
of energy resource options.

One technique for addressing the former would assign different
risk-adjusted discount rates to

2327

resource options. Examples of ways to reduce the latter would make
utilities liable for the costs

associated with predictable future environmental regulations and
limit fuel cost pass throughs.

Utility resource acquisition processes such as competitive bidding
should also be

reformed to be unbiased toward both renewable versus nonrenewable
and nonutility versus utility

generation. Risks should be shared fairly between utilities and
nonutility generators. Contracts

should be standardized, long term, and allowed to be front-end
loaded without penalty.

At the federal level, improving transmission access is critical for
maximizing the use of

renewable energy flows. To reduce transactions costs for
independent renewable energy

developers, utilities should be required to issue standard wheeling
tariffs for "qualifying facilities"

under the Public Utility Regulatory Policy Act. If transmission
capacity is limited, utilities
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