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SINKY

Energi ng” energy and control ‘technol ogies are making possible a
variety of neM/conffgurations and operating nodes for electric energy
networks. The range of possibilities can best be described by thinking
of the network as an energy brokerage instead of a delivery system
Customers with their own generation or storage facilities could elect to
sell energy to the netmnrk_ét certain times. The prices at which the
networ k woul d buy and sell energy could be detérnined in several ways:

by the utility owning the network, by an outside agency or even by

auction. Besi des the indirect nechanismof price, a nunber of direct

mechani sns for controlling the flow of energy are feasi bl e i ncl udi ng the
interruption of supply to customers at certain tines.

Sonme of these possibilities are radical, especially when viewed from
the perspective of present operating practiqes. Significant institutiona
and regulatory difficulties would have to be overconme before they could
be i npl enent ed. However, it is possible that their benefits would be
worth the éffort. Therefore, planners nust take a global view  The sys-
tem whi ch best uses the new hardware and control technol ogies may be
different fromthe system that would result, mére we to allowit to
evolve in undirected ways along low difficulty paths.

This paper lays sone of the conceptual groundwork for global assess-
ments of alternatives and their inpacts, and describes a prelimnary set

of nmodels for exploring a few of the inpacts
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ANTRODITTON

One of the basic tenets underlying the devel opnent and regul ation
of electric utilities in the U S is that custoners' energy demands must
be supplied in full, as and when these demands occur. Exi sting systens
use large, remotely located (central) generating plants for the bul k of
the energy produced to neet these denmands. El ectric energy storage
facilities are mnimal. Consequent |y, generation nust closely track
demand. Prices charged to custonmers are pre—sef and do not accurately
reflect costs nor do they encourage efficient consunption.

It is clear that this nmode of operation cannot continue indefinitely.
An all-too-famliar set of scarcities and socio-econdnic pressures is
making it difficult to build new central generating plants and even to
find econonically and environmentally acceptable fuelé for existing
pl ants.

éeveal emer gi ng energy and communi cation technol ogies are rel evant
in the search for new operating nodes. The forner include storage*,
generatiog**, and cogeneration*** technologies for units small enough to
be placed in individual honmes; |arge enough for central depl oynent and
everything in between [1],[2]. Wthin the next two decades |arge nunbers

of such devices will be deployed in_power system networKks. Some wi |

* batteries, flywheels and thermal stores, for instance.

** windmlls, small hydro generators, and solar generators, for in-
st ance.

***the term cogeneration refers to the sinmultaneous production and use
of electricity and heat. Diesel generators, gas turbines, as wel
as processes such as petroleum refining and paper maki ng have co-
generation potential. '




belong to utilities, others to astomers.

Emerging communication technolopgies will make it possible for
large numbers of dispersed storage, generation, and cogencration (DSGC)
devices to be centrally controlled and for broad band data channels to
be established between utilities and their customers. The operational

alternatives made feasible by this environmment include:

Spot Pricing: The utility can post prices at which it will buy

and sell energy. These could follow a pre-assigned schedule or vary
dynamically to reflect market conditions.” They could also vary from
customer to customer. At the bulk power level, utilities have been
buying from, and selling energy to, one another for s;me time. The
extension of this brokerage idea to the customer level has been suggested
by Talukdar, Morgan and Morton [1l],[3], as well as Schweppe, ct al,

(41, (51, (6].

Curtailments and Interruptions: The utility may interrupt supply to se-

lected loads during certain timé periods. (This is by no means a new idea.
95%Z of the customers in‘Holland, for instance, allow their electric

space and water heating loads to be interrupted in order to reduce the
demand peaks seen by the network [7]. However, the newer communication
technologies will make it possible to implement more sophisticated

- curtailment schemes than have hitherto been feasible.)

\




Continuous Load Control.: The pi-ver demands of curtain |oads can be

continuously controlled, within j ‘units, without adversely affecting their
performance [4]. (Consider, for Instance, an electrically heated hone
whose tenperature is to be maintained within some range specified by its
inhab{iants. As long as the tenperature is strictly inside this range
the heater's power input may be varied between 0 and its full rating.)
Custoners may even relinquish some measure of control of other types of
| oads in exchange for favorable rates or other perquisites.

The inpacts and performance inplications of these operating alter-

natives are profound and include:

Security. (The termrefers to a power systems ability to weather dis-
turbances such as lightning strokes and equipnent out ages w t hout massive
interruptions of supply to custoners.) So far, security has been achieved
by mai ntaining reserves of generation and delivery capacity, sufficient

to cover nost random outages. However, the adjustnment of [oad demand

can al so be used to enhance security.

Conservation. Cust omer power demand profiles can be changed by direct

met hods such as "curtail ments'* and "continuous control! and by indirect
met hods such as "spot pricing'. Thereby, one can reduce energy consunp-
tion or utility operating costs or the consunption of selected fuels or

the peak demand seen by the utility.

Capital Expenditure and Equi pnent Penetrations. It is easy to see that

the depl oynment of SDGC equi prent reduces the need for central generating
and storage capacity. Thus, expenditures for DSGC equi pnent can be
traded for expenditures for central equipnent. In fact, a utility could -

induce its custonmers to make tho capital expenditures for DSCC equi pnent
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by guaranteeing the mni mum prl ‘e levels at which it will buy energy

from them over some hori zon.

Reliability. The availability of local energy supplies from either
storage or generation devices reduces the inpact of failures upstream

in the electric network.

Qual ity of Service. The issue here is to maintain the fundanenta

anplitude, fundanmental frequency and total harmonic content of the volt--
age at customers® terminals within PUC specified limts. It is to be
expected that sign@ficant penetration of DSGC devices will conplicate

t he voltage-control probl em _Cf speci al concern ére the solid state
interfaces that will be required between the 60 Hz power network and

DC devices such as fuel . cells and battery chargers for electric cars

or _variable frequency devices such as windmlls [8].

Soci al Inpacts. Mrgan and Tal ukdar [1] have identified a nunber of

potential negative social inpacts including increased system vul nera-
bility to gisruption, privacy iﬁvasions, unaut hori zed | oad mani pul a-

fions, and bill cheating. The last of these may be the nost difficult
to deal with. At present, custoners can, at nost, reduce their bills
to zero. However, when they can sell energy to the utility, the pros-

pects for cheatihg beconme nuch greater.
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The profusion of alternatives and inplications outlined in the
previous section presents th_e utility and regulatory planner with a
conplicated design problem To tackle it the planner needs, at the
very least, a set of nodels with which to answer "what if?" questions,
determne sensitivities and probe the feasible regions in decision
and perfornmance space. In the subsequent material we will describe a
suk;set of such nodels that apply to the distribution part of a power
network. This part is used for |ocal deliveries of energy. It operates
at conparatively |ow voltages, 34KV and under, and is predom nantly
radial in nature (i.e., no nore than one path connects each pair of
nodes). Distribution networks constitute the marketplace in which cus-
tomers will buy and sell energy fromtheir utilities. This is why we
focus our attention on them

Qur principal concerns will be with energy flows and their inpacts.
We will develop a set of generic, energy network nodels. ‘These nodel s
apply to any radial energy network, not just to electric networks.

They do not preserve the separate identities of voltages and currents.
As a result, the npdels cannot be used to investigate electric "quality-
of -service" issues. To include these issues would endanger the conputa-
tional viability of the nodels.

The generic models will be built around a core consisting of a
General i zed Transportation Algorithm This type of algorithmis
especially well suited to handling energy flows in radial networks and

lias"been translated into extrenmely efficient codes, e.g. [9].
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Tn the next section we wili outline, the function:; of a Trans-
portation Algorithm  Then we will describe how to nodel distribution

network components in transportation terns.

Generalized Transportation Network Al gorithns

A generalized transportation algorithm seeks to distribute a
commodity froma group of supply centers called sources, to a group of
demand centers called destiﬁations, via intermedi ate transhi pment
points, so as to minimze total distribution costs. A necessary

condition is that the distribution cost between any two points be

“linear in the quantity distributed; this can be generalized to piece-

wi se linear convex costs. The law of conservation férns the basic
constraint set; at each point, the total inconmng quantity plus the
supply at the point rmust equal the total outgoing quantity plus the
denmand at that point. The problem nmay conveniently be represented in
terms of a network structure; the equivalent network problemis called
the shortest-route problem

W now turn to a formal statenent of'the problem  Consider a
di stribution network wherein N represents the set of all nodes, and F
the set of all arcs. The net supply/demand at node n is indicated by

an, wher e %] > 0 for supply and an,< 0 for demand. Each arc's

characteristics are stored in two descriptors, a triplet and a
quadrupl et, defined as follows:
iy = (m,ne, f)

Tf o« (rgrcf  Xyin, £ 7% nax, f)




wher e
f is the arc nunber
me is the head node of the arc
Nt is the tail node of the arc

ri is amultiplier giving the outflow fromthe tail for each unit

of inflow to the head

c. is the cost per unit of flowinto the head; this cost is allowed

t
to be negative
Xrénfrfx c arerggﬁl%omer and upper bounds on Xg

X is the inflow to the head

Let | = (i¢l" " FK bo Che sot of alL arc triplet: descrimptors
H(n) « {f](n,m,f) el}, bo the set of aJl arcs with head n

G(n) = {f|(n¥,n,f) e i}, be the set of all arcs with tail n

If Cis the total distribution cost, the objective is to

Mnimze C = \\ _ex.
Xt feF " T

subject to

N y
fEH(n) fedn)

rain,f¥—f—; max, f - 1cF

Di stribution Systens Conponents and Phenonmena

The principal conmponents of existing distribution systens are:
. Substations (points of interconnection between transm ssion and
di stribution systenms which, for our purposes, can be regarded

as energy sources)




delivery elements such is lines, transforner.*; and swLtches
. loads (consuners of electrical energy with profiles like
the one shown in Figure 1)
. thermal storage (largely heat retained in houses and hot
wat er heaters)
The new technologies will introduce dispersed el ectrical st orage
generation and cogeneration* so that future distribution networks will
have the form shown in Figure 2
Consider a finite network of this type and a tinme period, T, over
which its behavior is to be nodel ed. If the tine period is broken into
K intervals such that the power flows in each intervdl can be approxi-
mat ed by constants (as has been done for the load in Figure 1), then
the power network can be represented by a transportation network that
consists of K topologically identical subnetworks, one for each tine
interval, that would be independent except for the effects of storage
and a phenonenon called "rebound which will be explained shortly.
Storége devices allow energy delivered in one tine {nterval to
be used in another. As such, they provide paths between time intervals.
Naturally, the flows along these paths are acconpani ed by |osses. Three
types of |osses are recognized here: char gi ng Iosses,_discharging
| osses and qui escent (seepége) Iossés. In addition, a device's
activity may be periodic with respect to T, the time period of interest.
If not, the device's initial and final energy contents nust be known.
Rebound is a load's reaction to energy curtail ments. If the
energy requirenents of a load are not fully supplied during an interval
then it reacts by increasing its demands during subsequent intervals [101,

UU. The increases are ealled "rebounds.! Constantopoitlos and Tal ukdar [12]
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-l
havo shown that a simple, T hu.'ir, one-step mdt.vl captures al.l the?
essential features of rebound. This nmodel has the form

VI 9%k Y Ye <% - PR

where d, is original power demand in interval k, D, is the inflated -
K K

demand resulting fromcurtailments in prior intervals, P, <* D is the
power actually supplied in interval k and 3' is a constant depending
on the load' s characteristics and the length of the interval, wth

0 < g < 1. Rebound phenonena can be expressed in transportation
network terns by arcs that allow energy flows that go "backwards in
time," that is, by arcs that connect interval k ‘to interval

k-1.

O course, rebound nodels would not be necessary if curtailments
wer e not used. The curtailr_rents t hemsel ves can be nodelled by fictitious
generators or stores. These fictitious devices supply part of the |oad
demands in the transportation network. This part is not supplied in

the actual electric network, and hence, represents a curtail ment.




APPLICATTONS AND AN EXAMPLE

The generic models described in the last section may be used to
analyze different kinds of power distribution problems, using a
generalized transportation network code.

Minimizing Operating Cost

The objective of minimizing operating costs is easily accommodated
One need merely define the objective function as:

Minimize C = X Ce Xp -
Xg feF

where the c's are the operating costs of the associated devices.

Minimizing Substation Capacity Requirements

This objective is met by utilizing storage device capacity to the
fullest extent to supply peak loads. The problem may be solved jtera-
tively by starting out with a sufficiently large substation capacity
and reducing it on successive iterations until the problem is on the
verge of turning infeasible. Clearly, the average demand over the
horizon ié a lower bound on the substation capacity requirement.

Multiobjective Problems

Many of the operating objectives of power distribution systems
are in conflict with one another; such situations demand tradeoffs.
A number of methods can be used to generate the set of the best
possible tradeoffs (Pareto Efficient Tradeoffs) e.g., [l14]. Some of
these can be incorporated into our models. TFor example, suppose there
are two objectives of intcrest:
. Minimizing the total cost C of operating the network over period

T, and

[13].




. Minimizing the total nomi :al energy curtailment S, where

S = X X rf xf hf
kecK feM
and
M = the set of all arcs from the fictitious sources used

to model curtailments
Points on the Pareto Efficient Surface in these two objectives can be
determined by solving the single objective problem:

Minimize (C + X, S) (1)
xf,feF 1

for various values of Ai provided the Pareto Surface is convex.
’
Otherwise, one can use an "additionally constrained formulation':
Minimize C (2)
xf,ng

subject to: S = ui
where a, takes on various values. TFormulation (1) can be directly
incorporafed into the transportation model by setting the costs asso-
ciated with the curtailment arcs (feM) to be equal to Ai. Formulation
(2) requires iteration. Procedures for developing the best tradeoff
surfaces between other combinations of objectives require further

investigation. .

Switching Studies

The existence of switches in a network gives rise to another kind
of problem: deciding which switches are to be kept open, and which
closed, in each period. The need for switching may arise due to any

of the following factors:




Wdely fluctuating load patterns over tine
The occurence of faults in the network

The existence of dispersed generators and storage devices that
produce | ocal excesses of energy at certain tines.

We assune that all switches are specified in groups, with con-
straints on the nunber of switches that nmay be closed in each group at
any given point in tine. (If all switches are pernmitted to remain
closed at all times, then t.his probl em sinmply reduces to the standard
transportati on network probl em described earlier,) The objective is
to mnimze total operating costs subject to the additional sw tching
constraints.

Swi tches may be conveniently nodel ed by associating themw th
arcs of the network. W assign a 0-1 variable 6f fo each arc. dosing
a switch perm'ts'flow al ong the correspondi-ng arc (cS le) , Wwhile
opening a switch prohibits flow along the arc (6f:0). Opening a
switch may be acconplished in any of the follow ng ways:

. Dropping the corresponding arc f from the network

. Assigning a very high unit cost of flow ¢ to the correspondi ng

arc

. Setting the upper énd | ower bounds on flow through the

correspondi ng arc equal to'zero;
“max,f = *min, f = °
Not e that <_Sr—| forf aH.arcs not associated with switches.

Let in be the total nunber of groups (of switches)

Q. be the set of all arcs corresponding to switches in group s
JS be the total nunber of sw.tches ju group s

'Iq be the nunber of switches required to bo open in group s.




The switching problem can -formally 1K» slalrd a; follows:

Mnim ze X. C. Xi &
fcF Lot

subject to

| X 6 - by o TXEOF TV OMER

f cH( n)
z §_ =J ~ | s =1 m
f S sl L L
chs
6 » 0 or 1, f e F

This problem can be solved using traditional brénch-and-bound
met hods. The procedure involves repeatedly solving the network at each
node of the branching tree; it quickly beconmes conputationally expensive,
virtually prohibiting the solution of |arge-scale problems. There-
fore, a heuristic approach is called for, A useful nethod is the
foll owi ng

Begin by permitting all switches to be closed, and obtain the
optimal solution to the relaxed problem Then open one switch at
a time and resolve the problem repeating the procedure until the
requi red nunber of switches are opeqed. The nunber of iterations
requi red does not exceed the nunber of switches that nust be opened
Picking the "best" switch to be opened at each iteration may be
based on any of the following criteria devel oped from the opti mal
solution in the imediately preceding iteration:

. Smal | est flow through the switch

. Largest margi nal cost of flow

. Largest total cost of i |ow




Spot Pri cing: Buying and Selli.g Operations

Buyi ng and selling operations by custoners can be acconmmopdated
because the costs associated with transportation network arcs can be
negative (provided the. binng prices are convex and the selling prices
“are concave in power flow). First the pricing curves are approxi mted
by piece-wise linear curves. Then an arc is assigned to each linear
segnent. The "buying! arcs alldw flows to the custoner and have
positive costs equal to the‘piece-mﬂse i near segnent slopes. The

"selling" arcs allow flows away from the custoner and have negative

costs.
An_Exanpl e

Consi der the system shown in Figure 4. The best'possible trade-
offs (Pareto efficient tradeoffs) between operating cost, C, and
curtailment, S, were calculated uslut; the nodels and are shown in
Fi gure 5. Each point on this curve corresponds to an entire oéerating
schedul e. One such schedule is shown in Figure 6.

The observant reader nmay détect an apparent inbal ance between the
amounts of energy curtailed and supplied from the substation and genera-
tor. This results fromthe definition of curtailnment used here, i.e.,
the differences between the |oad demand and the supply. Because of
rebound effects, a curtailment in period k produces an inflated demand
in period k+1. If this inflated demand is not conpletely nmet, the d}f-
ference is interpreted as the curtailnent in period k+1

If rebound factors are significant (61c: 1 or Pk just less than 1),
and the demand peak lasts for sone tine, it nmay not be possible to use

curtailment to reduce the peak. This is because a curtailnent in one

period just shows up as an inflated demand in another, perhaps producing




an even greater peak. Tn such ‘ilLuations curtailnment can be used to

"shave the shoulders'!, i.e., to reduce the duration of the peak

i s what happens in the exanple considered here.

Thi s
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CONCLUDI NG REMARKS

Much of the ongoing work in the area of planning and energy manage-
ment met hodol ogi es is focused on specific new technol ogies and strategi es«
Most researchers are concerned with the problens of increnentally intro-
duci ng these specific new technologies into existing systems. This
focus is correct. However, a small portion of the total research effort
shoul d be devoted to a series of global assessnents. In the long run
the systemwhi ch nmakes the best use of the full set of advanced energy
and nmanagenent technol ogies nmay not be the sane system that would result
by all owi ng present systens to evolve in natural, undirected ways [1].

This paper has provided a prelimnary description of the range of
avail abl e design alternatives and their inpacts. The paper also des-
cribes a set of nodels that can be used -to evaluate a large class of
these i-npacts. As such, the paper lays the groundwork for the devel op-
ment of nethodol ogies that take a global view. Anong the tasks calling

for further work are:

. the devel opnent of a franmework in which to systenmatically describe
the full range of design alternatives and the expansion of the

model set to cover these alternatives and their inpacts

. the devel opnent of planning nethodol ogi es that can consider at
| east significant subsets of the feasible alternatives and ra-
tionally deal with their conflicting inpacts (i.e., use nmulti-

obj ective optimzation nethods).
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FIGURE_CAPT 'ONS

Typical daily load curve and a discrete approximation to it.

A simplified schematic of the way in which storage and generation

devices will be deployed in future distribution netwourks.

A simple electrical network and its transportation model.

A study system with the following parameters:

(D

(2)

(3)

(4)

Substation; capacity: 4MW; cost: 5 mills/kWh (0-1500 kw),
10 mills/kWh (1500-2500 kW), 35 mills/kWh (2500 kW).

Alternative Generator; type: windmill; capacity: 0.1 MW,
¢ycle: intermittent; cost: 1 mill/kWh.

Storage; type: battery; capacity: 2 MWh; efficiency 85%
charging and discharging, 99% quiescent; cost: 1 mill/kWh.

Aggregated Load; type: 2000 residential customers; peak
load: 3.68 MW; energy demand: 60.8 MWh/day.

Pareto efficient tradeoffs for the example system.

The operating schedule for one of the Pareto efficient points

(s =

2.192 MWh/day, C = 510 $/day).

R
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