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I. INTRODUCTION

The threat of electricity supply shortages has -been frequently al-
luded to by spokesmen for the electric public utilities as a.consequence
of our alleged failure to permit growth in generating capacity to keep
pace with estimated demand. Recent events such as the Arab oil embargo
of 1973-74, the coal strike of 1977-78, the drought in the Northwest of
1977-78 and the shut down of selected nuclear power plants before and
after the incideut at Three Mile Island have focuse& attention on the
possibility of electricity supply shortages from long term (one to 12
months) energy (as opposed to capacity) deficiencies.

There are a number of supply side responses which.could be adopted
to mitigate the disruptive impacts of fuel-type shortages on the genera-
tion of electric energy. For example, utility systems may reduce system
voltages, switch from economic dispatch to a fuel conserving mode, switch
to‘alternate fuels where a dual fired cap#bility exists, defer normal
maintenance or retirements, reiax emission standards for air pollutants
and exploit transfer capabilities of interties. When all possible supply
side initiatives have been taken, any potential shortage of electricity
which remains must somehow be allocated among the utilites' customers.

An orderly approach to such allocation is via the curtailment plan.

Curtailment planning at a generally rudimentary 1level has been
undertaken by the governments of some twenty statés. Many utilities have
demand curtailment plans, however, these are often incorporated in plans
for meeting capacity shortages. 1In at least five states, there aré ap-

parently no demand curtailment plans either at the state government level




or at the upility level. Moreover, none of the existing electricity de-
mand curtailment plans which wére examined included an explicit statement
of the planners' objective in arriving at a specified sharing of the bur-
dens of curtailment among consumer classes. Yet clearly the agtual allo-
cations of such burdens will affect the cost of the shortage.

In practice it appears that decision-makers are motivated by a wide
variety of considerations in assigning the burdens of curtailment to con-
sumer classes. One of these may be the minimization of economic loss,
however defined, from demand curtailment. Another may be the minimiza-
tion of the number of voters who are seriously inconvenienced by curtail-
ment . Yet a third may reflect some subjective or popularly couceived
criterion of equity. Additional considerations are not difficult to
imagine. It 1is 1likely that electricity demand curtailment planﬁers
starting with a clearly defined objective will early in the planning pro-
cess be faced with problems of technical feasibility, of legality and of
enforceability. Satisfactory solutions of problems of one kind are fre-
quently incompatible with solutions of the other.

Since a study of state planning failed to yield a clear-cut indica-
tion of which of many possible curtailment allocation schemes would best
serve as a point of departure for the design of an “optimal” curtailment
strategy to deal with prolonged supply deficiencies, it was then decided
éo use a linear programming approach. Such an approach has advantages
which we examine in the next section.  In Section III some important con-
ceptual and practical problems in the design of a specific linear pro-
gramming model are addressed. Section IV contains a mathematical

statement of the model. 1In Section V we briefly review the principal



methodological short-comings of the linear programming approach; Final-
ly, in Section VI we discuss how the analysis might be expanded to ac-

count for inter-regional and other secondary effects of curtailment.
II. LINEAR PROGRAMMING: THE DEMAND CURTAILMENT CONTEXT

Linear programs are concerned with minimizing objective functions in
the face of certain constraints. In the context of electricity demand
curtailment a linear program might he written to minimize the loss in a
socio-economic account, for example, income, or employment, subject to
certain constraints. The value of the "objective function™ measures’ the
socioeconomic loss, in terms of such an account, from electric demand
curtailment. The changes in the value of this function as constraints
are varied indicate the cost of the constraints or the cost~of deviating
from the minimum cost allocation. Such deviations are likely since in
the real world of institutions, politics and technological limitations, a
minimum cost allocation is impossible. On the other hand, the change in
the value of the objective function that arises from a deviation from the
loss minimizing allocation of demand curtailmgnt is an indication of the
economic price which is being paid for achieving a different allocation.
For example, the implicit dollar value in terms of production (and cor-
responding decrease in the unemployment rate) from a reallocation of
electricity supply to industry by allowing an increase in curtailment in
the residential sector (or commercial seétor) can be shown in the solu-

tion.



Finally, it is likely that much of the data upon which we might base
our design of a curtailment plan are less than perfect, or even unavail-
able. The approach that we adopt permits us to test the sensitivity of
results across a range of possible values for these data.

In summary, the reasons for our decision to base our initial design
of an "uptimal” allocation strategy on the linear program approach are,
to a large extent, pragmatic. There 1s no single existing approach to
demand curtailment allocation for which the claim may be made that it
minimizes socio-economic impacts, however defined. A linear program
based on the minimization of the loss in a specified economic accoung
provides an estimalte of the loss, the "shadow prices” of constraints and
the cost of deviating from the loss minimizing allocations. The avail-
ability of these accounting values enables the plannér to answer such
questions as "What does it cost if legally you might not require Industry
A to curtail more than Industry B?" or "What is the cost of constraining
the curtailment of electricity to Industry C to be less than kZ?" Linear
programming thus provides a means for estimating the cost of departure
from an allocation designed to minimize losses from demand curtailment.
In addition, the data assembled in a linear programming format may easily
be used in an accounting mode to measure the cost of specific curtailment

plans such as equal percentage curtailment to all sectors.
III. DESIGN OF A SPECIFIC MODEL

In general terms, our linear programming model minimizes economic

loss by allocating curtailments to utility customer classes according to



some value measure of "economic loss"” per kWh éubject to comnstraints on
curtailment to sensitive or strategic sectors; within those constraints
the customer class with the lowesf economic loss per kWh is curtailed
first, up to some specified maximum curtailment level, then the customer
class with the next lowest economic loss per kWh is curtailed up to its'
maximum, andAso forth until the total requiréd regional curtailment is
achieved.

The procedure for allocatihg the burden of curtailment, as formu-
lated here, Lakes carefully into account in principle and sometimes in
practice, the differential 'nature of socio—-economic impacts across a dis-
aggregated  set of wutility customer classes. In the application of a
linear programming approach to curtailment, an appropriate level of dis-
aggregation means that total required regional curtailment may be
achieved without overshooting the need (thereby making the economic ef-
fects more damaging than is necessary), yet due coneideration can be
given to intangible costs from curtailment in sensitive or strategic sec-
tors such as hospitals or communications. Disaggregation in the commer-—.
cial sector is not conceptually difficult, although in some cases there
are data problems. Appropriate disaggregation of the industrial sector
is conceptually more difficult; the classification scheme which seems
"best"” in principle, has intractable Aata problems.

In practice,.we divide the commercial sector into eight subsectors:
communications, retail trade, wholesale trade, services, other utilities,
schools, hospitals, public administration (We assume that public trans-
portatrion and street lighting are not curtailed.) The industriai sector

is divided into twenty subsectors corresponding to the two digit SIC



code, plus mining. These classification systems were chosen mainly
because the data =--— shipments or value added, electricity consumed, em-—
ployment and so forth -- are most readily available in that form, parti-
cularly at the state level and, ingmany cases, similar information can be
obtained or estimated for counties. Although this clacoificatiou system
makes data collection possible, there is a real question as ?o whether or
not the allocation strategy as 1t is so far Qonceived would actually
miniamlze total economic loss in real sitnation:

The linear programming model curtails sectors with the swallest eéco-
nomic loss per kWh, therefore, the sum of economic losses over'éll sec-
tors 1s, in the mathematics of the model, the smallest sum, hence, the
model by implication is choosing an optimal allocation plan. There is no
apparent reason to doubt that an "optimal strategy” chosen in the linear
programming approach will do a significantly better job, in terms of
mini&izing total economic loss, than the strategy of equal curtailment
across sectors - the prototype state curtailment plan.

Nevertheless, the linear programming solution is not, in principle,
the best stratéegy. The true optimal strategy would take into account the
concept of complementarity.

Complementarity'means tha; when the output of one establishment de-
clines there is a corresponding decrease in output in other busineeses.
This happens because the other companies are either suppliers to the
first, require the curtailed output as input for their own production,
or, make products which are used in conjunction with the curtailed out-
put. When the curtailment plan does not take complementarity into

account the results are likely to be more disruptive than is necessary.



An optimum plan would combine establishments into complementary groups
land use this classification scheme as part of the overall strategy. 1In
practice, however, we have no way at the present time of classifying
utility customers according to complementarity. One possible approach to
this problem would be to combine a linear programming model with a re-
gional input-output model. We expand further on this idea in the final
section of this paper.

Another problem with the classification of commercial and industrial
sectors byAthe aforgmenLioned SIC categories is that there is a wide dis-
parity in energy intensiveness, that is, output’ per kWh, within many 2
digit sectors. In fact, energy intensiveness often varies significantly
even among companies or establishments within narrower product code defi—
nitions. This problem, however, is not as intractable as the previous
one; it could be solved in principle by an extensive data collection ef-
fort.

Finally, the design of a'specific linear programming model must be
concerned with the choice of appropfiate' measures of economic loss in
each sector.

As residential 1levels of electricity utilization begin to drop,
there is some loss in comfort and convenience and we quantiff that loss
by tracking the decline in utility revenues. I; may be argued that the
amount paid by the residential consumers .(the revenue -received by the
utility) 1is less than the consumer would be willing to. pay to avoid a
supply deficiency. It has been suggested £hat the appropriate measure is
actually the latter price. The fact remains however that.the vast major-

ity of consumers who have experienced outages have not purchased standby



power generators. For this reason and a number of others, especially the
difficulty in obtaining dafa on the "cost"” of curtailment to the residen-
tial sector,* we use lost revenues to the utility from curtailment of de-
mand in the residential sector as the proxy for economic loss from such
~curtailment. Tovﬁeasure the sensitivity of the results to this assump-
tion, weighting factors may be applied in the objective functionm. In
fact, we can employ the same device to enable sensitivity tests of as-
sumptions in the commercial and industrial seétors.

In the commercial and industrial sectors, we also assume that the
price paid for electricity reflects the value of its loss, but only when
curtailment 1in these sectors does not caunse curtailment of operations.
When we project curtailment 1levels which imply production losses, we
switch to value added as the measure of economic loss. Using wvalue added
instead of output helps to avoid double counting when total economic loss
from a given curtailment scenario 1s calculated. In addition, value
added reflects industrial ability to maintain wages, another important
perspective in minimizing the economic impacts of electricity shortages.

Schools, cultural institutions, such as fiuseums, and hospitals have
outputs that cannot be quantified in monetary terms. For such establish-
ments, economic loss from demand curtailnet 1s assumed  to be lost pay-
roll. For these establishments careful consideration must be given to an
appropriate choice of constraints - the upper bounds on allowable cur-
tailment - for each level of required regional curtailment. Due to the
paucity of data, these constraint choices are necessarily subjective.

In the residential sector, an upper bound to curtailment at the
level of thé individual dwelling may also be imposed as a constraint to

reflect intangible costs or political considerations.

*More extensive discussion of this point appears in another paper cur-
rently in draft form, "Modeling the Intangible Costs of Prolonged Elec-
tricity Demand Curtailment.”
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IV. MODEL STATEMENT

The linear programming curtailment model establishes a quantitative
value for the minimum economic loss in terms of the economic accounts de-
scribed above and shows how it may be attained. This is accomplished
within a set of bounds on curtailment policy reflecting: 1)‘the require-
ment that total regional electricity reduction is met, 2) sectoral target
reductions are met in residential, commercial and industrial sectors, 3)
maximum curtailment standards are set for specific categories of elec-
tricity users in the commercial and industrial sectors, and, possibly, 4)
unemployment may not exceed certain limits. The model also provides,
with respect to 1) for example, the additional dollar economic loss asso-
ciated with another percentage point curtailment of regional electricit?
supply.

Model description begins with a statement of the regional total
electricity curtailment to be put into effect and constraints on curtail-
ments in the residential, commercial and industrial sectors. The optimi-
zation procedure selects appropriate sectoral curtailments that achieve a
miniﬁum economic loss. These are expressed as the fractional (or per-
centage) reduction in electricity use on a monthly basis imposed upon
specific customer categories. While one might wish to determine
likely end-use cutbacks in space heating, lighting, etc. in the residen-
tial and commercial sectors electricity utilization is discretionary; we
do not . specify what end-uses in these sectors are actually cut back.
Consequently, the curtailment variable is defined on a customer category;

for example retail stores in the commercial sector.



"In the mathematical statement of the model, the variable of interest

e

is the percentage reduction in electricity use of customer group "i" in

month "j

xgj = 1 = Xq4/%5
where Xij is "actual” (curtailed) kWh electricity use over the month and
ng is used in the absence of any curtailment.
Accordingly, ;he objective function is defined as the "cost"” of the
change in the level of electricity use by all runstomere in the reslden=

tial, commercial and industrial sectors.

where cj 4 i3 the "value"” of one kWh of electricity use and Qjj is a
weighting parameter which may be varied to reflect importance of indus-
trial vs commercial vs residential losses.

The curtailment of electricity use must at least meet the prescribed

regional generation limit:

(o]
N s A 2
T\ =5 [ *e5 2085 (2)
E;

where Ej is the required regional electricity curtailment (%) in a given
month and (ng/E%) is the contribution of each customer group to the de-
mand for electricity in the region in that month.

Additional constraints, corresponding to maximum service levels, are

. imposed upon the residential, commercial, and industrial sectors:

s <x‘i’j/E‘J?> xg 5 > AE] (3a)

i = indus
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0 o} C
2 (Xij/Ej>xij 2 OE; (3b)
i = com

0 o R :
Z <X1J/EJ> xij ZAEJ (3c)
i = resid

where theAAEj are miniﬁum electric energy reductions. to be imposed.

In any attempt to meet the regional (Eq. 2) and sectoral (Eq. 3)
electricity reductlion targets, individual users within a sector may suf-
fer. disproportionately when elect:icity loss becomes severe. In the
intereét of minimizing those types of losses, which usually are difficult
to quantify, reductions in supply to certain categories of customers may
be limited. TFor example, sufficient energy delivery to residential con-
sumers to maintain wminimum interior space temperatures during heating
seasons might be maintained. Similarly, we might want to limit reduction
of service to hospitals, schools, or essential industry groups. Accord-
ingly,

Xq 5 S.Dij | A (4)
where Dij is the ﬁaximum cutback assigned to specific customers "i" in
month "j”. Appropriate averages of these constraints give us miniﬁum
service levels for each sector.

As indicated earlier in this report it is possible to include in the
model a variety of constraints which reflect unquantifiable social goals.
For example, although unemployment may be quantified, no measure of un-
employment reflects either the psychological hardship imposed on indivi-
duals or the potentially destructive effect on the social fabric of the
country. Accordingly, it may be desirable to set limits on overall unem-

ployment effects.
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V. A BRIEF REVIEW OF SOME METHODOLOGICAL SHORTCOMING

The 1linear programming approach to electricity demand curtailment

planning for long-term electricity supply shortages shares a variety of

shortcomings with other methods. The most significant of these are

listed below.

a)

b)

c).

Planning must be made in a specified macro-economic context.
Production curtailed as a reoult of au electricity supply de=
ficiency can more easily be made up when there is a general
slack in the economy. A related problem is the matter of ca-
pacity utilization by specific induotry and region. Depending
on the availability of excess capaéity, production might be
shifted to regions not experiencing electricity shortages or
rescheduled to periods when supplies are adequate.

The methodology adopted here assumés'that value added in indus-
try varies linearly with electric energy input te thc produc=
tion process. We do not know that this is true. 1In the 1-12

month perind with which are concerned it would appear that this

assumption does not lead us seriously astray.

Our approach as outlined above ignores secondary effects. Re~
duced output of Product A may have serious consequences for

production of Product B of which it may be a component part.

‘Thus curtailment of production due to electricity supply

shortages may force curtailed production of products which are

not directly affected by such shortages.
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d) We do not apply specific value measures to particular intangi-
ble costs such as lost education, decréased amentitites, or
feelings of insecurity or fear which may arise as a result of
curtailed electric supply. It méy-however be claimed that the
approach which we have taken which relates such costs to lost
utility revenues from curtailment does in fact provide a mea-
sure of societal estimate of the worth of the services of elec-
tric energy which we forego and includes intangible cost. Our
dissacrisfactlon with this approach is wmoderated by our ability
to test the sensitivity of our results to the values which we

assume.
VI. ANALYTICAL FRONTIERS

The 1linear programﬁing approach to demand curtailment, as described
above, has proven extremely useful for estimating the first round of
costé from a prolonged electricity shortage, assuming we wish to minimize
some objective function whose arguments are measurable. With this ap-
proach we can adjust minimum service level constraints to individual
sectors as well as classes of users, thereby replicating allocation
strategies across a wide range of institutional considerations. The
model can then be used to estimate the magnitude of the change in cost,
however defined, which results as we move further away from the "optimal”
plan. Acutal applications of this methodology on hypothetical curtail-
ments in New York State, in the Mid-West, and in other regions within the

United States, have indicated that total first round economic losses
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could more than double when "nonoptimal" allocation plans~gre projected.
Moreover, differences of this magnitude occur even when intangible costs
such as loss of health and security are minimized by limiting curtailment
in sensitive and strategic sectors. When a shortage is prolonged how-
ever, economic impacts beyond first order effects become significant and
the linear programming approach does not take these secondary effects in-
to actoupt.

Typical second order effects from long=-term electriclﬁy curtailment
may be c¢lassified as either structural change,'demand—level changes, or
supply-type éffects.

1. Structutral Change

To the extent to which curtailment does not result in lost pro-
duction or sales, a decline in utility revenue means an increase in
cash flow for curtailed customers. The effect of this structural
change may be an increase in expenditures for products which direct-
ly replace electricity, e.g., candles and kerosene lamps, an inp-
crease in expenditures for unrelated products, or a temporary in-
crease in savings. These shifts in demand would be very difficult
to model.

2. Demand Level Changes

Industries which wmust curtail production (or which lose sales)
as a result of electricity demand curtailment will reduce orders for
intermediate goods and services, i.e., those goods and services used
in their production processes. In addition, lost wages imply a re-
duction in consumer spending. Either of these demand level changes

can cause decrease in production (income) either within the
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affected region or outside of the region. To the extent to which
this type of secondary effect falls on businesses within the region
which have themselves been forced to curtail output as a result of
the energy shortage, there will be no increase in total economic
loss. However, 1if the changes in demand affect industries hitherto
uncurtailed, and this category would include all industries operat-
ing outside of the region experiencing the electricity shortage,
then total economic loss increases.
3. Supply-type Effects

When the lost output from electricity demand curtailmept is an
intermediate product required in the production process of a non-
curtailed industry within the region, or required by an industry lo- .
cated outside of the region, then, if substitute caﬁacity is not
available for production of these intermediate products, there will

be a ripple effect which will increase total economic loss.

As curtailment cbntinues income and employment effects will éontinue’
to spread. In order to model secondary and inter-regional effects of
the demand level changes and supply-type effects discussed above, the
study would have to include multiplier analysis, appropriate regional and
multi-regional analysis including information on inter-regional trade re-
lationships, and appropriate input-output data. At this time we are in
the process of examining possible metﬁodologies for combining the linear
programming approach with a regional input-output model iﬁ order to mini-

mize the sum of first order and second order effects from curtailment.
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