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ABSTRACT

The distributed utility concept provides an alternate approach to guide electric
utility expansion. The fundamental idea within the distributed utility concept
is that particular local load increases can be satisfie:l at least cost by avoiding
or delaying the more traditional investments in centrz | generation capacity, bulk
transmission expansion, and local transmission and distribution upgrades. Instead
of these investments, the distributed utility concept s :1ggests that investments in
local generation, local storage, and local demand-side management technologies
can be designed to satisfy increasing local demand at ‘ower total cost. Critical to
instailation of distributed assets is knowledge of a util ty system’s area- and time-
specific costs. This review introduces the distributed 1 tility concept, describes an
application of ATS costs to investment planning, discu:.ses the various motivations
for further study of the concept, and reviews relevant literature. Future research

directions are discussed.
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INTRODUCTION

Over the past 20 years, electric utilities have been challenged by economic, reg-
ulatory, institutional, and technical developirents. As they continue to respond
to these challenges, utilities can be expected 10 alter the way they conduct their
business, including the way they operate, the way they plan, and possibly even
the way they are structured. This review explores a possible path of evolution
for electric utilities that entails a response ‘o these challenges and adopts a
nontraditional approach to investment planning. The essential feature of this
path is that utilities may evolve into what v.e refer to as distributed utilities.
The purpose of this review is to describe the distributed utility (DU) concept
and discuss some research that suggests that the concept has merit.

THE DISTRIBUTED UTILITY CONCEPT

United States electric utilities had become hizhly centralized and vertically in-
tegrated companies by the mid-1960s. The economic justification for the ver-
tically integrated utility has not changed for more than 100 years: Economies
of scale in central generation plants permit utilities to supply energy at an
ever-decreasing cost per kWh to customers connected to an ever-expanding
transmission and distribution system. The in-reasing cost of fuel, the inflation
of the 1970s and 1980s, a reduction of ceniral generation station economies
of scale, increasing environmental mitigatio: costs, and the failure of the nu-
clear power industry to deliver inexpensive power, in combination, perhaps with
other factors, led to an increase in the real cost of generating electricity. Further,
deregulation studies and changes in state anc federal regulations identified the
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need for and encouraged the development of compet:tion in the generation sup-
ply market. Therefore, the justification for the centralized, vertically integrated
utility may be weakening.

Two other developments are of interest. First, in 1989, the capital invest-
ment, over the entire industry, in transmission and distribution systems equaled
the investment in generation for the first time. In:reasing transmission and
distribution investment is expected to continue. In 1985, the fraction of total
annual investment allocated to generation was 69%, .nd the corresponding pro-
portion for transmission and distribution investment was 27%. By 1994, the
fraction of total annual investment required for generation was 38%, but the
share for transmission and distribution had increased to 51% (1). In 1993, for
three California investor-owned utilities, the annual capital expenditures were
approximately equally divided between generation and the combined cost of
transmission and distribution [Federal Energy Regulitory Commission (FERC)
Form 1, analysis provided by F Graves]. Predictions that extrapolate the ob-
served trend indicate that the transmission and distribution share of the total
utility construction outlays may increase to 80% aftor 1997 (2).

Second, various new generating technologies are approaching commercial
viability. Although the costs of these technologies (s ich as photovoltaics, small
diesel engines or gensets, and fuel cells) have decreased appreciably, further
reductions will be required before these technologies become competitive.
Commercialization of these alternatives requires using the economies of mass
production to bring down their costs and thus entails he simultaneous evolution
of markets and the technologies themselves. Rathor than delaying introduc-
tion until improvements in both the technologies anc equipment manufacturing
decrease total costs, commercializers may be expected to exploit high-value
market applications for the current generation of te<hnologies. Such early ap-
plications will stimulate both the naturai development of the technologies and
the manufacturing techniques used to produce them. This development process
should accelerate as new opportunities for these teck nologies are identified. As
the cost of generation decreases, new applications hecome possible; thus, the
technologies and the markets evolve jointly.

These conditions—increasing costs, exhaustion ol central station economies
of scale, environmental considerations, increased ccmpetition, changes in cap-
ital investment patterns, and development of alterrate technologies—suggest
that there are economic benefits to be gained if modular generation or stor-
age units are placed in the local transmission or dsstribution system close to
selected loads. Further, since the transmission andc distribution system is de-
signed to meet infrequent but large peak loading, the assets that account for
the major portion of the current and forecasted capiial investment are not often
utilized to capacity. Although such capital investment may be optimal given
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the available alternatives and the constraints that guide the traditional utility
planning process, there may be an opportuni y to shift capital if other alter-
natives are considered. Recent studies (3-6} .uggest that modular generation
or storage units, augmented by specially desizned demand-side management
(DSM) programs, can be used to reduce these infrequent peaks and to do so with
cost savings when compared to the cost of re:nforcing or expanding the local
transmission and distribution system. If intelli -ent controllers and switches are
added, it might even be possible for these local generation, storage, and load
control capabilities to be dispatched for syster1-wide needs as well.

The idea that generation, using modular and perhaps renewable technolo-
gies, modular storage facilities, and specially «esigned DSM programs, can be
distributed throughout the transmission and di: tribution system and serve as an
alternative to planned central generation investiient and transmission and distri-
bution system expansion is fundamental to the :oncept of the distributed utility.
In 1992, a group that included research and c..demic institutions, government
agencies, and electric utilities was formed to st dy the distributed utility concept
{7,8). This was not the first time the concept was addressed. Earlier reports
measured the benefits of siting small-scale d:spersed storage and generation
assets in a utility’s transmission and distribution system (9-21). Those bencfits
included reduced capacity requirements of the transmission and distribution
system, improved reliability, and lowered loss:s. Under the distributed utility
(DU) concept, the central station assets are still likely to provide the majority of
the energy needs of all customers, but the distr buted elements will meet local-
area transmission, substation, and feeder peaks when and where most useful,
The latter idea is the distinguishing characterisic of the DU concept. Planning
under the DU concept highlights transmission and distribution costs and how
distributed assets can affect those costs, compared with the kind of planning
practices that tend to ignore the impacts on thz distribution system and focus
mainly on generation. Indeed, when the costs f transmission and distribution
are taken into account, expansion strategies ca 1 change greatly.

AN EXAMPLE OF DU PLANNING

PG&E'’s Livermore-Pleasanton Planning Area

Pacific Gas and Electric Company (PG&E) is t e largest investor-owned utility
in California. PG&E serves customers in 201 planning areas distributed over
nearly the entire length and breadth of the state, from Santa Barbara in the south
to beyond Eureka in the north; service areas ex end to the Sierra in the east and
to the relatively sparsely populated areas in th: south-central part of the state
as well as to the urban population centers of Saa Francisco and San Jose and to
the neighboring suburban areas.
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PG&I's Livermore-Pleasanton (LP) planning area is located about 40 miles
southeast of San Francisco. The area encompasses the Interstate 680 corridor
in the San Ramon valley from south of Danville past Interstate 580 through
Pleasanton. Expansion planning in the area was bised on an estimate of the
expected value of the peak load growth rate of 12.3 MW per year, or 9.2%, per
yeat, of the maximum area load, which was 133 MW in 1990. PG&E's system-
wide growth rate was approximately 2% per year at that time. The LP area
is composed mainly of residential and small comm zrcial customers (58% and
33%, respectively, of the peak load), with a smaller number of industrial and
agricultural customers (9% of the peak load). The re latively large growth rate is
due to the expected increase in the commercial and rusidential classes, resulting
from individuals and companies relocating from &an Francisco and the San
Francisco peninsula to the more affordable locatiors in the San Ramon valley.

Using conventional planning approaches, PG&E proposed an upgrade of the
230-kV and 60-kV lines that served seven substat ons in the area. The plan
included construction of a 230-k'V transmission lire to one of the substations
(Vineyard). That part of the plan attracted attention when Pleasanton residents
learned that the line would be built overhead acro-s the mountain range that
separates Pleasanton from San Francisco. The resic ents requested that the last
few miles of the line be underground to avoid sitc pollution associated with
the overhead line. PG&E began to investigate other approaches in order to
avoid the cost of the underground line. A revised plan was approved by the
California Public Utilities Commission that include« construction of a 90-MVA
transformer at another substation, which deferred thz 230-kV underground line
until 2001. This expansion plan is depicted in Figure 1. The present value of
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Figure 1 Conventional expansion plan costs for LP area.
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this plan is $355 million. This amount includes all direct and indirect costs
required to support expected load growth over the 20-ycar planning period.

A natural question to ask is whether it is po:sible to modify this plan and
still satisfy the needs of the planning area. The conventional planning criteria
used to develop the expansion plan shown in :figure 1 determine plans that
provide high levels of reliability while meeling the load in the area. Therefore,
the conventional solution to the planning problem is to expand the capacity of
the transmission and distribution system in the zrea so that local peak demand
is satisfied, using central generation capacity .o supply the needed energy.
Thus, the following observation is immediate a 1d fundamental: The costs of
transmission and distribution capacity expansion can be attributed to very few
hot or cold hours of the year, depending on the season of the peak demand. The
observation is immediate because capacity expinsion is needed only if peak
load exceeds existing capacity. The observation is fundamental because it is
the analysis of these few peak hours in each plaining area that determines the
structure of alternatives to conventional plannin.:. Finding such alternatives is
the basis of the distributed utility planning proc.ss. Therefore, it is necessary
to identify the high-cost areas and hours for a utility. These areas and hours
can be found through a process that decomposes a utility system’s costs into
so-called area- and time-specific (ATS) costs (27).

Although the purpose of this section is to discuss an example, some back-
ground may be of interest. In PG&E’s 1993 General Rate Case, PG&E became
the first vertically integrated, investor-owned util ty to have regulatory approval
for the use of area- and time-specific (ATS} costs for rate making and resource
planning, [Other utilities may be expected to apply for similar approval. The
Federal Energy Regulatory Commission has adopted a more flexible pricing
policy for transmission services (23).] The resource planning applications
included targeting demand-side management (I'SM) programs and installing
generation and storage assets locally, in the high-cost areas, as measured by the
ATS costs, to lower the cost of transmission and distribution (T&D) expansion.
As noted above (see The Distributed Utility Concept), lowering T&D costs by
meeting local peak demand using local generation, storage, or DSM programs
is what characterizes planning under the distributed utility concept.

Priorto 1993, PG&E and the Electric Power Research Institute (EPRI) collab-
orated on a series of four studies that addressed such local investment planning.
The first project focused on the siting of a 500-kW photovoltaic plant con-
nected to a primary distribution feeder from PC &1’s Kerman substation (5).
The study used ATS costs and hourly load analysis to site the facility optimally
and to develop estimates of both bulk-system and local benefits. The results
indicated that the photovoltaic plant was not cout effective. Nevertheless, the
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study estimated that the local benefits of this investment were on the order of
the more traditional system energy and capacity henefits. The second study,
applied to PG&E’s Delta district, addressed the optimal integration of DSM pro-
grams with a local conventional T&D expansion g lan. The study applied ATS
marginal costs and estimates of load by area, customer segment, and end-use.
The result was an integrated (conventional investrients plus DSM) expansion
plan that was approximately 30% less expensive th.n the original, conventional
expansion plan. In fact, PG&E built the Kerman photovoltaic facility (as a
demonstration of the technology rather than as a cost-effective investment) and
implemented the first two years of the integrated plan in the Delta District (4).
The third study in this series addressed the Livermore-Pleasanton area (24).
That study added locally sited generation and storz ge devices to the set of pos-
sible investments, and it is the source of the example under discussion. (The
fourth collaborative study constructed an integratec planning process that com-
bined existing models of generation, transmission. and distribution planning.
The report describing that study is not yet availabl.:.)

The integrated expansion plan shown in Figure  was found for the LP area
by applying ATS costs and integrating DSM and locally installed generation
and storage assets into the conventional expansion plan. The integrated plan
deferred the transmission upgrade to 2009, which changed the present value of
the upgrade from $94 million to $35 million. The present value of the distribu-
tton investments was also reduced owing to deferr.l, and it decreased to $178
million from the original value of $261 million. Thus, the original plan had con-
ventional investments with a present value of $355 million; deferral reduced the
present value of those investments to $233 million. The deferrals were created

40,000
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Figure 2 Integrated expansion plan costs for LP area.
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Table 1 Comparison of net present values « £ the original expansion plan
and the integrated expansion plan for LP are

Orizinal plan  Integrated plan

Transmission vpgrade 94 55
Distribution investments 261 178
Conventional investments (total) 355 233
DSM investments 41
Locally sited engines 48
Avoided generation capacity (160)
and avoided energy costs
Net present value (total) 355 162

by investing in DSM and locally sited engine:. The present values of those in-
vestments were $4 1 million and $48 million, 1espectively. Further, the benefits
of avoided energy costs (due to DSM) and a -oided generation capacity costs
{due to locally sited engines) were, together, 3160 million. Therefore, the net
present value of the integrated plan was $162 niillion (554 178 +41+-48 — 160).
The savings due to integrated planning was 193 million, or over 50% of the
original present value. These results are prese nted in Table 1.

ATS Costs in Livermore-Pleasanton

The ATS cost in a local area is the sumn of three components: avoided generation
capacity cost, avoided energy cost, and avoiced local transmission and distri-
bution cost. The avoided generation capacit - cost is the value to the system
of not having to supply generation capacity tc a local area at a particular time.
This cost is a function of the cost of a combus ion turbine, the expected system
unserved energy, and the hourly load on the sy stem. The main idea in the com-
putation of hourly avoided cost is that the co-t is greatest when the system is
under stress, i.e. serving a peak load. The avcided generation capacity cost for
hours that are not likely to be system peak hours is zero. Figure 3 exhibits the
avoided generation capacity cost for the PG4A:E system. The system peaks at
about 4:00 p.M. eachday. July, August, and September contain all the high-load
hours. The maximum hourly cost is about 5¢.50 per kWh, in July. This may
appear to be a large value. The purpose of th - analysis is to assign the cost of
serving the peak load to the hours in which the peak load is likely to occur. Itis
natural to observe relatively large costs over r :latively few hours. The avoided
energy cost is based on the system-wide fore zast of hourly energy costs. An
environmental adder is included, in this case, 1.) account for pollution reduction
that results from reduced load on central gen:ration units that emit pollution.
The environmental adders may vary by seascn. The average marginal energy
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Figure 3 Hourly marginal generation capacity costs in $/k'W 1.

cost was $.0236 per kWh, and the average enviren nental adder was $.0114 per
kWh. These costs are multiplied by energy loss factors to account for transmis-
sion energy losses. The avoided energy cost can he presented in a figure similar
to Figure 3 but is not shown here. For the PG&E system, the marginal energy
costs are greatest in December, when they are about $.065 per kWh between
8:00 A.M. and 8:00 P.M. In July, August, and Scptember, the marginal energy
costs are approximately $.035 per kWh between 2:00 .M. and 6:00 P.M.

The avoided local transmission and distribution cost is not based on system
behavior. Instead, that avoided cost is equal to the difference between the
present value of the conventional expansion pla:, as presented in Figure 1,
and the present value of this plan when it is dcferred for some time. For
example, suppose an investment of $1.00 to be ma le now could be deferred for
n years. The present value of that deferred investim.ntis $1.00 (1+:)" /(1 +r)",
where { is the annual inflation rate and r is the appiopriate annual discount rate.
The avoided cost associated with deferring thiz »lanned investment is $1.00
[1 = (14+D"/(1 4+ r)"]. This avoided cost can b¢ allocated hourly by various
approaches. In the present case, the cost was ailocated over the 100 hours
corresponding to the largest local loads, using ¢ weighted average over the
aggregate load in those hours. (This allocation was based upon the spiky load-
duration curve observed in this case. Figure 9, bolow, indicates that a typical
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Figure 4 Hourly marginal local T&D capacity costs in ~/kW-year.

distribution planning area load-duration curv.: is more peaked than a system-
wide load-duration curve. There is relatively little load diversity in a local
planning area.) Figure 4 exhibits these cosis. The hourly costs are largest
between noon and 7:00 P.M. during July and August. The peak value is about
$1.10 per kWh at 3:00 P.M. in August.

One way to relate these costs to local-area conditions is shown in Figure 5.
In all three graphs, the independent variable i+ the local hourly load, shown in
decreasing order from the local peak of 133 MW; the hour is implicit. The top
graph shows that the avoided local T&D cost is a decreasing function of the
local load. This is a consequence of the allc cation scheme described above,
After the load drops below 109, no avoided cost is assigned, because the load
drops below 109 after the one-hundredth hour. The middle graph describes
the avoided cost of generation for the local aiea. This curve is not monotonic
because the local-area peaks do not coincide “vith the system-wide peaks. The
system-wide peak hours have the greatest avei led generation costs. The middle
graph is another representation of the data in Figure 3. The third, bottom, graph
shows the marginal energy cost assigned to e.ich of the loads in the lecal area.
Again, this graph is not monotonic becausc “he peak local-load hours do not
correspond to the hours at which the system e nergy cost is largest.
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Modifying the Conventional Expansior. Plan

The ATS costs indicate the hours during whicl: local-load reduction would be
most beneficial. The next step, then, is to idertify cost-effective investments,
such as DSM programs, locally sited engincs and batteries, that can reduce
the load in those high-cost hours. The questior of which investments to make,
when to make them, and how to dispatch them t » minimize the net present value
of the integrated expansion plan can be formulited as a dynamic optimization
problem (4, 25). The essential aspects of the sc lution technigue are as follows.

An investment will be integrated into the -xpansion plan if its operating
benefits are greater than its life-cycle costs o er the ptanning horizon. The
benefits are measured by the avoided costs asso iated with the optimal dispatch
of the investment. The life-cycle costs are giver by the initial capital investment
and thec following strcam of operating and ma:ntcnance costs, determined by
the dispatch of the investment, and a salvage + alue, as appropriate. Note that
the calculation of ATS costs, benefits, optime! dispatch, and life-cycle costs
must be done dynamically, over the planning neriod, as new investments are
brought into the plan. Clearly, the dispatch of' . particular technology depends
on what other technologies are present in the plan, when those technologies
were installed, and how they are dispatched.

The alternatives considered in the LP area 1-ere phosphoric acid fuel cells,
grid-connected single axis tracking photovolta cs, standard lead acid batteries,
and gas-fired generator sets. Capital costs (inc luding installation), operations
and maintenance costs, degradation costs, and p-:rformance characteristics were
collected for each technology for the .5, 1.0, i:nd 5.0 MW sizes. Table 2 con-
tains the data that describe each alternative. Cclumns A-G in Table 2 describe
the alternate technologies. The remaining cch mns will be discussed immedi-
ately below. The notes in Table 2 explain furih:r how each value was found.

The variable operating cost of each technolc gy can be used to find the max-
imum number of hours that it would be benel.cial to operate the technology,
for a given set of ATS costs. For example, Ta e 2 indicates that the variable
operating cost of the 0.5 MW fuel cell is $.052) per kWh (column F). The cost-
duration curve (Figure 6) indicates that the avo ded cost is greater than or equal
to $.0521 per kWh for more than 200 h. A more accurate observation cannot
be made from the figure because of the scale ¢ i the graph. The actual number
of hours on the cost-duration curve that corres »onds to that variable operating
cost is 977 h (column H). Similarly, the varial:le operating cost of the 1-MW
photovoltaic unit is $.0165 per kWh, which co responds to over 4000 h on the
cost-duration curve. Therefore, both technolo ries could be operated over the
high—ATS cost hours. The hours of operation of the 2-h battery are restricted
because of the capacity limitations defined by t 1e amp-hour rating and the state
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Figure 6 Total avoided costs for LP area: cost-duraticn curve.

of charge characteristics. These physical constraints restricted use to only 40 h
for the 5.0-MW battery and 36 h for both the . -MW and the 0.5-MW batteries,
overruling the economic considerations (whish would otherwise permit even
the most expensive battery to operate for mor: than 200 h).

The maximum hours of operation provide a bound on the benefits that can be
achieved by each technology. These benefils must be compared with the life-
cycle costs (column K}, which include capital (column B}, fixed operating and
maintenance costs (column I), and variable vperating and maintenance costs
(which depend on the actual hours dispatchec ; column J). The life-cycle costs
listed permit a comparison of the technologies studied in this example.

The most cost-effective investments in the 1P area are engines and batteries.
They would be dispatched for relatively few hours and therefore cost relatively
little to operate. Their life-cycle costs are dom inated by their capital costs. The
photovoltaic technology is the least cost effective. Although it is beneficial for
the photovoltaic technology to be dispatched for more than 4000 h, the capital
costis too great for the technology to be costeffective in this application. Indeed,
the sum of the avoided costs over the more tkan 4000 h of operation, given by
the integral of the cost-duration curve, is no more than 35% of the life-cycle cost
for any of the photovoltaic alternatives in th's example. Applying insolation
constraints that decrease the number of hours the photovoltaic technology could
be dispatched—the maximum possible value is approximately 2700 h—would
make the results even worse. For the engin:s, the sum of the avoided costs
is more than the life-cycle costs, even though the engines are dispatched for
relatively few hours. Hence, it is worthwhile to use engines to reduce the load
in the LP area. The steepness of the cost-duration curve suggests that most of
the benefits are achieved by operating engines over relatively few hours. The
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additional hours that the photovoltaics can operute are not worth very much
in terms of ATS costs. The conclusion for fuel cells is similar. Although fuel
cells can be economically dispatched for approximately 1000 h, at relatively
low operating cost, the capital cost is the major component of the life-cycle
cost, and that cost is far greater than the integrel of the cost-duration curve
over the operating hours. The batteries have capital costs comparable to the
engines and are cheaper to operate than the engines. The two-hour limitation
prevented them from being cost effective. A hertery or storage device with
sufficient energy to follow the distribution peak loads might be as cost effective
as an engine in the I.P area.

This analysis is suggestive of the way that the e:.pansion plan would be mod-
ified. The actual method that integrates the technologies with the conventional
plan is a dynamic algorithm that specifies the integrated plan based on hourly
and yearly changes in ATS costs. (In the form 't was implemented to mod-
ify the LP plan, the algorithm does not necessarily find the true dynamically
optimal solution. It does converge to a solution hat improves upon the con-
ventional plan.) As technologies are added to th.: plan and dispatched in the
years of the planning period, the ATS costs change. In particular, the avoided
Té&D cost varies as investments are deferred. Thi+ variation introduces an op-
portunity for the integrated plan to be improved by targeting the technologies
net only to high-avoided cost hours but also to high—avoided cost years. That
is, the cost effectiveness of a technology can vary by year. In the LP area,
the batteries became cost effective in the year immediately preceding the large
transmission upgrade, which was originally scheduled for 2001. (The engines
are still preferable to the batteries, and the fuel cells and the photovoltaics re-
main uneconomical choices, but the dynamic varjation in cost effectiveness is
a component of the analysis.)

DSM alternatives are also candidates for integr: tion into the expansion plan.
In the LP area, cost-effective DSM programs included residential air condition-
ing, residential lighting, commercial refrigeration, ;ommercial air conditioning,
and commercial lighting. Fourteen DSM alternaties were intreduced, but only
these five were cost effective. Selection of cost-:ffective DSM programs for
integration into the plan was based on the presence of appropriate end uses in
the high-cost hours. The application of the dynainic algorithm developed the
integrated plan described above, in Figure 2. The only technologies integrated
into the plan are DSM and engines.

MOTIVATION FOR STUDYING THE DISTRIBUTED
UTILITY CONCEPT

The distributed utility concept may he defined as a planning approach that re-
places planned investment in central generation, tansmission, and distribution
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Figure 7 Structural comparison of the central station mod :1 utility and the distributed utilicy.

system assets with locally cited generation, d:mand-side management, and
storage technologies, under certain local condi tons. The difference in struc-
ture between a central utility and a utility that “vould expand according to the
DU concept is illustrated in Figure 7. The certral hub generation and spoke
transmission and distribution, on the left side ¢l the figure, has been the typi-
cal pattern adopted by utilities to generate and supply electric energy. On the
right side, a schematic of the possible structur: of a future distributed utility
is presented. The schematic indicates that central station power plants will be
integrated with distributed generation and storage devices. In certain cases,
utility and third party-owned or operated modular generation technologies can
serve remote loads that are too expensive to connect to the utility grid. What
might motivate a utility to adopt this kind of evolutionary planning practice?
The DU concept appears to be of interest from several points of view. There
are economic, regulatory, institutional, and technological considerations that
motivate further study of the DU concept.

Economic Considerations

COST OF SERVICE  Economically efficient planning and operation of the mod-
ern utility ought to be based on the total cost of ¢l :ctrical service, which includes
the costs (investment and operating) of all links >ctween the power sources and
the customer. Currently, utility planners direc: most of their attention to the
cost of installing a central generation plant and. to a lesser extent, the associ-
ated transmission and distribution investment ccsts of delivering the additional
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power demanded. Since transmission and distribution costs have been small
compared to generation costs and were viewed as navoidable because of ex-
isting assumptions about system structure and conn :ctedness (as illustrated in
Figure 7), utility planners viewed the cost of service as being driven by the cost
of central generation. This observation is supporte:| by the fact that planning
models for electric utilities have almost exclusivelv focused on the efficient
operation and expansion of the generation system. I asic transmission and dis-
tribution expansion planning models were not availat l¢ prior to the development
of the DU concept. It has become increasingly irnjortant, in part because of
the advent of competition in the industry, to base ins »stment decisions, pricing
decisions, and operating decisions on the costs of all the components of service
to customers: generation, transmission, and distribu-ion.

If structural assumptions are relaxed, it is possib e to imagine a utility that
augments centralized production with modular loc.d generation, targeted lo-
cal demand-side management programs, and modul:ir local storage distributed
throughout the system. The total cost of electricity w juld then be a function not
Just of the traditional elements—central generation, sulk transmission, and lo-
cal transmission and distribution—but also of the di: tributed elements. Taking
into account the possibility of applying system-wide demand-side manage-
ment programs and large centralized storage, the tot 1l cost of service depends
on the joint effects and costs of all of these items. In particular, the cost of
implementing distributed technologies at the local .evel, as an alternative to
other expansion plans, should be compared to all and not just some of the
costs avoided by such implementation. These avoide.1 costs, which will almost
surely vary by location, include the avoided costs of generation, transmission,
and distribution.

The DU concept recognizes that the true cost of lcal transmission and dis-
tribution (T&D) capacity is a function of location anc time. In the past, utilities
have tended to price on the basis of the average cost of T&D capacity. The
average cost hides the important variation in costs thi it exists from area to area,
as well as the temporal variation in costs over the corse of an expansion plan.
The application of area- and time-specific (ATS) T¢:D costs, as illustrated in
the LP planning example discussed above, demonstr tes that it is necessary to
decompose T&D costs in order to identify high-value \pplications of distributed
generation technologies. The average costs of T&T capacity cannot indicate
the true value of such applications. In the top hali of Figure 8, the results of
a typical-system average “marginal” costing study for a utility located in the
southwestern United States are shown, Costs are estimated by time-of-use pe-
riod. The average cost of peak-period summer consu) aption is nearly $0.08 per
kWh. In the bottom half of the same figure, the ATS costs are estimated on an
hourly basis, for a single year, in an isolated fast-grow th area of the same utility
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Figure 9 Comparison of annual load duration curves for a tvp cal PG&E distribution feeder and
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system, There are hours during the year that actually cost the utility nearly
$3.00 per kWh,

CAPITAL ASSET UTILIZATION One motivation for considering the effects of
distributed elements in the total system can be illus rated by two load-duration
curves observed in the PG&E system. Figure & ind:cates that PG&E’s genera-
tion assets are being used at 70% of capacity or mre about 50% of the time.
A typical distribution system feeder is being used a- 70% capacity or more less
than 10% of the time. Generation assets never fall b:low 50% utilization, while
the typical feeder is utilized at 50% of capacity less than 40% of the time. This
difference occurs partly because feeder systems are sized to meet intermittent
local-area peak loads, whereas the generation system 1s sized to meet the en-
tire system demand. Since the local-area peak lozds occur at different times
and at different magnitudes throughout the system. they do not coincide in a
system peak; the entire system demand is, in gencral, less sharply peaked than
local-area demand.

Since transmission and distribution investment is hecoming the major capital
item for the industry as a whole, as discussed abore, reducing the magnitude
of the transmission and distribution peaks would b ave an important effect on
industry capital requirements. Implementing targeted area-specific demand-
side management programs, adding modular local storage, and adding local
generation are among the ways to reduce local peuk demand. It is possible that
such approaches are cost effective and thus a preferred investment for the utility,
because ptanned expansion of the transmission and distribution system could
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be delayed by such measures. This delay may f rovide a considerable financial
benefit. Anadded benefit of this approach is that less central generation capacity
would be needed, so the utility could move tovards a more constant level of
utilization of both central generation and trans nission and distribution assets
over time, while changing its pattern of capital investment.

Whether the utility can or should change its pattern of capital investment is the
main issue. The appropriate choice for a utility is not obvious. In particular, the
utility must weigh the impact on service quality - +f changing the way itinvests in
distribution capacity. For example, if the utilizat.on of distribution system assets
were increased, there might be important cons¢ quences for reliability because
failure rates would tend to increase. Such ccnsiderations are central to the
distributed utility concept. One way of expressing the DU planning perspective
is that the objective is to find the mixture of central and distributed generation,
central and distributed storage, and central and distributed load management
that will improve utilization of both central gc neration and transmission and
distribution assets, reducing the need for capital investment, without sacrificing
service quality.

Regulatory Considerations

UNCERTAINTY Regulatory agencies have resonded to uncertainty in load
growth forecasts by discouraging large central station investments. The long
lead times and lumpy capital flows of such inves ments can be replaced by much
shorter lead times and much smaller incrementz | investments typical of the dis-
tributed utility approach. The distributed util ty concept provides increased
flexibility in expansion planning, the possibili y of making decisions contin-
gent upon future conditions, the ability to delay large capital commitments, and
the ability to match capacity changes to load changes. Hence the distributed
utility concept may be successfully applied to the problem of planning under
uncertainty (26). Further research is required 1o validate the importance of such
flexibility.

COMPETITION AND NATURAL MONCPOLY ARGUMENTS  As noted above, dereg-
ulation studies and changes in state and federal regulations have identified
the need for and encouraged the development of competition in the genera-
tion supply market. It is possible that the incrzase in competition will create
opportunities for smaller-scale generation, at or below 5 MW capacity. This
possibility is enhanced by any decreasing difference in cost between large cen-
tral station generation and smaller-scale technologies, such as photovoitaics,
fuel cells, and generator sets. If small-scale mc dular technologies can be cost-
effective generation alternatives under some conditions, utilities could reduce
the costs to rate payers if such technologies w.re integrated into the systems,
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Alternatively, under performance-based regulatory schemes that index prices
or revenues, reductions in costs could increase the vulity’s earnings.

Although generation is moving toward greater de egulation, it is possible, if
not likely, that the utility will retain a natural menpoly in transmission and
distribution. Ruff (27) argues that the transmission and distribution assets torm
a “physical infrastructure” monopoly. The fundun:ental question for such a
“grideco™ is whether to purchase additional power fr ym a generation “‘poolco,”
add T&D capacity, add small-scale generation, or :onserve. The distributed
utility concept provides an approach to answering this question. As regula-
tory interest in local transmission and distribution is sues is increasing, it is not
unreasonable to expect that future regulations will address transmission and
distribution planning functions. If cost-effective of portunities for distributed
technologies are found, it is not unlikely that some 1orm of incentives or other
regulations, including broadened least-cost planning requirements, will be de-
veloped that encourage the application of these tecanologies. An alternative
view is given by Morse (28). Morse argues that a- vertical unbundling pro-
ceeds, it is inconsistent for a regulated utility to own distributed generation
assets, He presents a scenario under which the distritution monopoly is broken
by competitive distributed generation {(on the custon er site). Nevertheless, the
considerations fundamental to the DU concept form the basis of the argument.
The fundamental question, for Morse, is what entity ¢ wns the distributed assets,
not whether there will be any.

We can suggest three conditions that would tend t(- protnote consideration of
the DU concept. First, if prices increase, customers 1r ight be motivated to invest
in distributed generation on their side of the meter. This presupposes that the
prices charged will reflect the true costs of servicc, Second, if there is active
rate-of-return regulation that judges the prudence f local-area investments,
utilities might be motivated to investigate the applivation of the DU concept.
This investigation requires the use of appropriate planning tools to reveal what
investment strategies are least cost over time. Th rd, if performance-based
regulation is structured so that there are incentive: to minimize the cost of
delivered energy, then utilities might find that the D] approach is valuable.

ENVIRONMENTAL CONSIDERATIONS  Finally, many t:chnologies, such as pho-
tovoltaics, solar thermal, wind, and fuel cells, arc viewed as morc environ-
mentally benign than central station alternatives, Tle “green” movement that
began in the 1970s and continues to grow in the 194(s is a force that regulatory
bodies and utilities will surely have to consider a- 1hey plan the evolution of
their systems. The preferences of regulators for environmentally benign gen-
eration technologies has been expressed as envircen nental adders and higher
returns on equity for clean or renewable generatior. investments by utilities.
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These incentives can create niche opportunities for appropriate technologies
distributcd to relicve local peak loads (29).

LOCAL INTEGRATED RESOURCE PLANNING  The forum for discussion of these
opportunities is shifting from utility-integrated esource planning proceedings
to local transmission and distribution siting cases. State regulators are begin-
ning to bring pressure on utilities to develop loc.l integrated resource planning
processes that seek to defer transmission and dist -ibution investments cost effec-
tively or to avoid them completely if they are fo.und to be unneeded (30). State
public utility commissions (PUCs) are beginnin;r to require utilities to file stud-
ies that demonstrate that there are no cost-effective alternatives to transmission
facilities. This trend should continue and will riotivate utilities to adopt plan-
ning processes that focus on the remaining portion of their natural monopoly
assets, the T&D system. It is not currently kiown how integrated resource
planning will fit into the new competitive envir 'nment, but it has been clearly
recognized that “IRP at the T&D level . .. has resulted in major reductions in
T&D costs™ (31, p. 27).

Institutional Considerations

INTEGRATED PLANNING METHODOLOGY A fundamental issue is how the util-
ity will plan for integration of small-scale modular technologies. Most current
planning tools begin by projecting system-wide energy demand and then cal-
culating the size of the central station plant neded to meet the projected de-
mand. Cost-effective system increments are typically at least several hundred
megawatts, This approach routinely ignores specific needs at the local trans-
mission and substation level (and below), which can use modular distributed
generating sources of no more than a few megawatts. Also typically ignored
are the increasing costs of transmission and dist tbution and the impact of such
increasing costs on the marginal cost of servic.. It is possible that the utility
of the future will derive its most important planing data from the substation
level and below. Planners will benefit from feeder information on customer
mix, demand and consumption by customer typ 2, outage history, and the value
customers place on reliable service. Planning models that address these issues
are under development. EPRI has supported m iy of the modeling efforts for
DU planning, giving particular attention to planning under uncertainty (32, 33),
modifying existing expansion strategies by inc¢ rporating distributed technolo-
gies (4, 25), and applying ATS costs to determine how best to integrate DSMinto
the investment plans (34, 35, 38). Other methocology developments have been
directed at reducing the amount of data required to make investment decisions
(36,37).

DIFFERENTIATED CUSTOMER SERVICE Customer-specific information is im-
portant not only for planning purposes but also »ecause the utility of the future
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may well be delivering a product to a customer rathor than delivering an undif-
ferentiated commodity—power—to alt customers. 1n order to compete, a utility
will have to provide dilferentialed services to customers, based on customers’
needs, at the lowest possible cost. In addition to requiring changes in planning
procedures and models, providing such service w1l also require operational
changes. Tt is natural to expect that a utility’s asset:. will have to be used more
effectively to attract and keep customers, by respon ling to customers’ particu-
lar demands and not simply providing a generic service. It may be that these
required planning and operational changes can be achieved cost effectively with
the expected flexibility provided by the distributed itility concept.

RESTRUCTURED UTILITY It is also possible that availability of modular dis-
tributed generation and storage technologies that ;an be sited economically
throughout the transmission and distribution system -vill cause utilities to change
their structures. This scenario represents an alternat ve to the natural monopoly
argument regarding transmission and distribution. The future utility may parti-
tion itself such that each planning area becomes a mini-utility or profit
center.

A planning area typically contains system elem:nts that are strongly con-
nected. The connection across planning areas is relatively weak. Ideal plan-
ning areas also have homogeneous load growth and 1ypes of customers. Typical
rural planning areas are comprised of a single primary distribution substation
and a set of radial feeders, and they range in size from several MW to less
than 100 MW. Suburban areas often have multiple s .bstations and more highly
interconnected feeder systems. The LP area discused above is an example of
a suburban planning area. Urban areas can sometimr es have as many as 10 net-
worked substations. Since T&D planning is currently performed ad hoc, many
utilities do not even know what their planning arces are. The more advanced
utilities, however, maintain expansion plans by area for the purpose of forecast-
ing their capital budgets. This information is often vory useful for decomposing
T&D costs and for determining the value of small-s.ale generation and storage
technologies by area.

Each profit center can purchase bulk power from the backbone transmission
system and combine it with available power at the planning area level and below.
The amount of power generated locally will depend .n the relative costs of such
local generation compared with the “imported” pov-er from the bulk system.

In such a partitioned or “distributed” structure. he concept that the utility
is providing differentiated products to customers, a5 discussed above, instead
of a generic service to all, is natural. Time-varying pricing at each substation
would be possible, if not likely. Each profit center <ould “package” power for
each customer within the substation service territory. Each package could be
characterized by price, time of day, quality, voltag:, quantity, and reliability,
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since the distributed elements should providi- as much control over those at-
tributes as necessary to allow the utility to deli er the exact service the customer
requires.

Technological Considerations

FOCUS ON THE DISTRIBUTION SYSTEM ~ Most 1ally integrated utilities have sub-
stantially separate generation, transmission, a d distribution resource planning
organizations. Generation and bulk transmi: sion projects are typically large
single investments that are closely scrutinized by upper management and reg-
ulators. Distribution planners, often located n operating divisions physically
removed from company headquarters, typically respond to outside needs rather
than having their technology and budgets dris 2n by strategic planning focused
on the distribution system directly. For exa nple, demand-side management
programs are often designed centrally for overall system relief rather than be-
ing motivated by local problems that could be -5lved by targeting such programs
at the high-cost hours.

The status of distribution planning is becow ing increasingly troublesome for
at least three reasons. First, distribution has t e greatest impact on utility cus-
tomers’ perceptions of the value of utility services and products, since the distri-
bution systemn is responsible for nearly all outa ses, power quality problems, and
other drivers of customer satisfaction. Seconc, as noted above, the distribution
system, for most utilities, currently requires a lirger annual investment of utility
capital than transmission and generation proj :cts. Data from three California
utilities indicate that distribution costs accoun ed for approximately 20% of the
average cost per kWh in 1993, That fraction is increasing. Also, approximately

20% of the distribution costs come from over: ling and maintaining the svstem.
with capital investment costs accounting for the remainder. For example, in

1993, PG&E'’s costs for distribution were $..53 billion, of which $0.27 bil-
lion was attributed to operating and maintaining the system, out of a total cost
of $6.47 billion for generation, transmission, and distribution (FERC Form 1,
analysis provided by F Graves). Therefore, th : distribution system is naturally
becoming an increasingly important driver of corporate planning. Third, with
industry restructuring, the distribution busine ss may be separating from both
generation and transmission. It is reasonable to expect that customers will be
offered alternatives to purchasing energy fro.n a local distribution company.
Therefore, business success will depend on di tribution investment planning to
a far greater degree than it has in the past.

EXISTENCE OF DISTRIBUTED RESOURCE TECHN' JLOGIES  Some distributed gen-
eration has been added to many utility system+. For example, wind generation
has been added to PG&E’s system. BC Hydro 1as recently developed standards
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for the interconnection of independent power produ zers rated up to 5 MW on
12,5-kV feeders and 10 MW on 25-kW feeders.

Successful integration of these assets into their re .pective systems serves as
motivation for further penetration. The technologic s likely to be installed in
the utility system of today to meet local needs are it patchable DSM programs
{load contrel and real-time pricing), small gas-fired g :nerators, and, potentially,
storage batteries. Photovoltaics, solar thermal dishes high-efficiency fuel cells,
and small super-conducting magnetic energy storag * devices are technologies
that hold promise for distributed applications but ma+ not become cost effective
until further developed. Hybrid systems, which would include more than one
technology, such as batteries and a generator set witt photovoltaics for a stand-
alone installation, appear especially interesting and lexible.

THE DISTRIBUTED UTILITY PLANNIN G PARADIGM

The distributed utility concept embraces more than t e use of small-scale local
generation and storage technologies coupled with (emand-side management
programs to lower the utility’s total cost of delivere | power. The concept im-
plies a decomposition of the power production and lelivery system into three
separate functions: generation, transmission, and c istribution. This decom-
position motivates new approaches to planning since, to some degree, each
function has the ability to replace all or a portion of any other through invest-
ment, pricing, or conservation. The broad view of the DU concept is that it
suggests that the solution to the planning problem is o determine the most effi-
cient integration of the decomposed functions. This :olution concept is clearly
different from the traditional, top-down approach to ¢ xpansion planning, which
gives primacy to central generation planning.

The emerging competitive bulk power market wiil separate the generation
function from the rest of the system. But the existenc : of bulk-generation com-
petition is not sufficient for total cost reduction, bec:u se local-level competition
is surely necessary to reduce the cost of energy for us zrs. It seems that efficient
pricing at the local level, as part of the (decomposeii) distribution function, is
essential to achieve the benefits of competition. How. then, can efficient pricing
be determined in order for competition to be encour:.ged?

In the past, the difference between the capacity c ists of large-scale central
statton generation and smaller-scale generation plants compensated the verti-
cally integrated utility for the costs of transmission and distribution. As this
difference decreases, accompanied by increasing cos s of transmission and dis-
tribution, the cost-effective applications of small-sc e generation plants will
increase. These small-scale plants can be either re:iewable or nonrenewable
technologies. To the extent that the current cost tiends continue, vertically
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integrated utilities could transform into dis.ributed utilities. The distributed
utility would purchase a portion of their pow er from a competitive bulk power
market, provide their own power through a combination of small generation
and local storage, and apply targeted demand-side management programs to
modify the load that must be served.

Thus, the DU technologies augment the prchases from the bulk generation
market. The particular cost and load characieristics of each utility system de-
termine when, where, what type, and how much of a particular DU technology
is cost effective. Utilities with excess generation capacity that also have well-
defined areas of continuing growth may find that the costs of transmission and
distribution capacity in certain arecas are grealer than the costs of providing gen-
eration capacity and energy. Moreover, to th: extent that existing transmission
and distribution planning criteria are designed to provide very high levels of
reliability over local planning areas, the cosis of transmission and distribution
capacity expansion can be attributed to a faw very hot or cold hours of the
year. Decomposing a utility system’s costs into area- and time-specific (ATS)
costs identifies these high-cost areas and hours. These costs determine the
appropriate DU technologies and efficient pricing strategies.

The evolution of the electric utility into & form that incorporates DU tech-
nologies or creates a viable outside market implies an important endorsement
from regulators and utilities for the transformation from average costing and
rate making to ATS costing and rate making. This transformation will re-
quire that the role of utility regulation be we ghted more toward the promotion
of efficiency than equity. Such weighting is inconsistent with the history of
regulation of electric utilities in the United states. The important relationship
between a utility’s ability and willingness t» determine and reveal ATS costs
and the identification of niche DU applications places the utility in a curious po-
sition. Planning based on ATS costs can lead to more competitive, lower costs
of service and potentially higher earnings for the utility. At the same time, the
publication of ATS costs invites third partics to develop and own sources of
generation that may be competitive with portions of the T&D grid.

There are fundamental issues associated with ATS costing and rate making
and ownership of the distributed assets as the electric utility industry evolves
and becomes more competitive. One future s :enario has the regulated vertically
integrated utility withering away as compe:itive ceniral generation becomes
completely unbundled and transmission and distribution become common car-
riers serving the competitive generation mzrket (39). Distributed generation
and storage can then be used by “wires” companies to avoid T&D expansion.
Regulators may find this situation undesirable because of the cross-subsidies
that may result. In particular, regulators and ompeting retail providers may be
very concerned that avoided upgrades could be used by competing providers
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to reach new customers. Alternatively, a retail provider may be able to col-
lect T&D savings by installing distributed resources near potential customers
(28,40). The benefits of competition under this scenario are then local, with
respect to pricing, as a result of decomposing the prices of generation, trans-
mission, and distribution.

CONCLUSIONS AND FUTURE RESEARCH
DIRECTIONS

Conclusions

This review has described the distributed utility concept, an approach to util-
ity expansion planning that identifies cost-effeciive niche applications of dis-
tributed generation and storage technologies. "“he two main aspects of this
approach are that (@) the various technologies are sited (distributed) throughout
the system so that they are physically close to the peak loads they are relieving,
and (b) the approach identifies the area- and time specific costs associated with
planned transmission and distribution investmen s.

There is debate about the extent of penetration of distributed technologies,
and assessments of the market have been made (11,42). Currently, mainly be-
cause of capital cost variations among the technologies, the largest opportunity
exists for targeted dispatchable DSM and low-cost engines. These niche appli-
cations could extend to both batteries and photovoltaics as the performance and
costs of these technologies change in the future. Fuel cells offer the possibility
of bypassing the T&D system entirely or in part~—-some imagine a fuel cell
in the basement of a home—but require performance and cost improvements
before becoming a competitive technology.

Although there has been an increasing amount of research directed at the DU
concept, much is still unknown. There are open questions about both economic
analysis and engineering feasibility. In addition, the changing conditions in
the structure of the industry will almost surely : ffect the degree to which the
DU concept guides planning. If a true paradigm shift were to occur, what may
happen to the regulated utility itself is not vet clear. Despite such uncertainties,
the basis of the DU concept, which is that the incre asing costs of T&D expansion
can be reduced by nontraditional investments in ;reneration and storage guided
by purely local economic and load consideration s, seems to offer a perspective
that will be important under many different futwe scenarios.

Future Research Directions

RELIABILITY CONSIDERATIONS The DU evaluaion studies reviewed assume
that the reliability of the utility’s delivery systen: will remain unchanged with
the incorporation of DU assets. This appears tc be a reasonable assumption,
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if the aggregate capacity of the installed distributed technologies is relatively
small compared to the capacity of the utility’s system. There are two interest-
ing cases where there can be substantial chages in reliability of the delivery
system. In the first case, the distributed invest nents actually replace rather than
defer a large facility like a transformer bank. This will decrease the reliability
of the distribution system. The utility T&I) system is designed to serve load
at any location for a specified period of time with a single contingency fault.
Since the designed failure rate of each compc nent is extremely low, the major-
ity of these faults are not related to equipme 1t failure. Since some of the DU
technologies (generators, for example) have nigher failure rates than less dy-
namic T&D components, the use of a DU dev:ce as a replacement will increase
the probability of an outage. In the second c se, the distributed technology is
located very near the load, perhaps at a custo ner site. This reduces the impact
of uncontrollable events such as inclement v eather and collisions into power
poles (the most frequent causes of distribut on outages). The effects of in-
stalling distributed technologies on system re liability requires further analysis
(43).

ANALYSIS UNDER UNCERTAINTY  The models applied to the DU planning prob-
lem make assumptions about the future and typically treat those forecasts as
deterministic. The solutions thus determined vill be optimal if the assumptions
about the future environment are actually re.lized. Aspects of the future en-
vironment, such as load growth, regulatory restrictions, technological change,
fuel costs, environmental conditions, and otl er variables, have been captured
as forecasts in the model. The variation in te optimal solution as a function
of the departure from forecast values of the 1ariables is not a priori known. It
is important to learn which variables cause tne most variation in the solution
and to determine a strategy that permits the itility to react to such departures
from forecast values, Without the ability to rect to new information, the utility
will make non-optimal decisions. The objec tive of uncertainty analysis is to
determine whether uncertainties in the forec: st variables are important and, if
so, how best to respond to such uncertainties

Uncertainty analysis provides several benefits that are not readily achieved
by deterministic analysis alone. These ben:fits include the specification of
a contingent strategy, the measurement of ihe value of the option to delay,
and the value of modularity. Brief explanat:ons follow. Since the values of
sensitive variables can change the optimal solution, the actual optimal solution
should be contingent on and thus responsive to the future observed values of
the sensitive variables. An important benefirt ¢ f the distributed utility concept is
that the utility can delay building large centra generation stations or upgrading
transmission and distribution systems, unless and until it becomes clear that



THE DISTRIEUTED UTILITY 183

such large investments would be worthwhile. DU tec hnologies provide short-
term alternatives for satisfying growing demand. Tle option to delay larger
investments has value that can be revealed by an analvsis of uncertainty. Finally,
since distributed utility alternatives are characterized by short lead times and
relatively small capacities, they are both flexible and riodular. Short lead times
and the ability to implement only as much capacity as n:eded provides the utility
the responsiveness that a large central generating unit or large transmission line
does not provide. The utility is better able to match oad, use resources more
efficiently in the short term, and lower short-term cos's and rates, The benefits
of flexibility and modularity associated with a particu ar distributed generation
investment have been measured (44). Current efforts are aimed at developing
models for DU planning under uncertainty (26,32.73,45; CD Feinstein, PA
Morris & SW Chapel, submitted).

DYNAMIC ANALYSIS  The models that are used in utilitv planning are essentially
static models, evaluating or optimizing decisions at ¢ particular point in time.
Although itis clearly recognized that investment plann ng is a dynamic problem,
the treatment of intertemporal tradeoffs requires improvement.

For deterministic models, the planning problem should be reformulated as
an optimal control problem or a mathematical programming problem. Stan-
dard algorithms can then be applied to the formulation to determine the optimal
solution (25). Current practice in solving a dynamic oblem entails either an
unrelated or loosely coupled set of static problems cr applies a limited look-
ahead algorithm that is almost surely suboptimal. For stochastic formulations,
the model should be based on stochastic dynamic pro ramming so that the dy-
namic behavior of the system is captured in the formulation (33; CD Feinstein,
PA Morris & SW Chapel, submitted). Current resear.h is directed at dynamic
formulations for both deterministic and stochastic prcblems.

Visit the Annual Reviews home page at
hitp://www.annurev.org.
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