A COST ALLOCATION MODEL FOR ASSESSING THE IMPACT OF ENERGY STORAGE

TECHNOLOGIES UPON ELECTRIC UTILITIES

! ABSTRACT

In order to assist the Division of Energy
Storage Systems in the U.S. Department of Energy in
prioritizing, developing, and commercializing stor-
age technologies a computer simulation code has
been developed by Argonne National Laboratory to
assess the impact of alternative residential heat-
ing and cooling technologies upon the electric
utility generation, transmission, and distribution
systems. Given input information such as plant cap-
acity, forced-outage rates, scheduled maintenance
requirements, and economic data for individual gen-
erating units, the program uses hourly utility load
data together with synoptic weather data to
simulate system loads and costs for specified levels
of heating/cooling technology penetration.

The program performs five categories of calcu-
lations: simulation of residential load, aggrega-
tion and propagation of loads through the distri-
bution and transmission subsystems, economic dis-
patch of generating plant, scheduling of plant main-
tenance, and calculation of optimal generating plant
mix. Originally designed to study the impact of
shifting on-peak demand to off-peak periods through
the use of customer—owned thermal storage, the code
has been extended to handle a variety of electric
heating and cooling technologies. The computer
running time for a full set of calculations is
short, allowing many system alternatives to be
examined at low cost.

Results are presented for residential space
conditioning systems for two representative
utility service areas. In the service area sup-
plied by a winter peaking utility, the lowest
cost space heating technologies were found to be
storage-augmented either by storage or by am oil
furnace. Heat pumps were the most economical heat-
ing systems in the service area supplied by the
summer-peaking utility while storage air condition-
ing was cost-effective for cooling in the summer-
peaking service area.

INTRODUCTION

The mission of the Division of Energy Storage
‘Systems in the U.S. Department of Energy is to de~
velop, and to cooperate with industry in demonstrat-
ing, reliable, cost-effective, and environmentally
acceptable energy storage systems. A major thrust
of the Division is to stimulate the development and
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use of commercial energy storage systems throughout
the United States. Applications of energy storage
technologies exist in transportation, building
heating and cooling, industrial processes, and the
utilities.

Large differences in the need and requirements
for energy storage account for the many application-
specific energy storage technologies which are cur-
rently under development. Energy storage require-
ments are associated with:

» Basic differences in applications (e.g.
vehicle propulsion, heating and cooling of
buildings, industrial processes, electric
generation)

« Differences in energy storage systems sizes
(e.g. residéential, commercial, community
systems)

- Regional variations (e.g. climate, fuel
availability and fuel costs, construction
practices)

+ Degree of market penetration of energy
storage systems

« Time frame for implementation of energy
storage systems

The use of energy storage systems in these
areas will provide one or more of the following
benefits:

« Increase the substitution of coal, nuclear,
and solar energy for petroleum and natural

gas

+ Enable solar, wind, and other intermittent
energy systems to provide continuous service

« Recover waste energy from utilities and
industries, and improve process efficiency

« Enable electric utilities to use their
facilities more efficiently, thus reducing
the need for new generation and transmission
facilities

The Federal role in developing energy storage

technologies calis for support of Research and
Development (R&D) in areas where private firms are
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unwilling or unable to invest, but from which sig-
nificant national benefit is anticipated. A pre-
liminary R&D effort is to identify those energy
storage options with the greatest potential market
impact and conduct theoretical and experimental
programs to select those options best suited for
further development. Technology assessments are
required to analyze potential opportunities and
.timing of technology development, the risks in-
volved, and potential payoffs for energy conserva-
tion and other social benefits, and the appropriate
roles for both public and private sectors in each
phase of technology development. Technology
assessments are conducted through the Technical and
Management Analysis Subprogram for the Division of
Energy Storage Systems.

The Technical and Managément Analysis Sub-
program provides the Division of Energy Storage
Systems with the information and criteria needed
to set and prioritize energy storage R&D activities.
Project evaluations are conducted at several stages
in energy storage technology research and develop~-
ment. Specific objectives of these evaluations are
to:

« Evaluate competing energy storage R&D
options to recommend those with the great-
est potential for contributing to national
energy goals

* Assess the potential envirommental impact
of new energy storage technologies

* Coordinate commercialization plans for
newly developed energy storage tech-
nologies

¢ Recommend and re-~evaluate energy storage
systems R&D goals

* Provide input to national energy policy
planners on new energy storage technologies

To accomplish these cobjectives, the Technical
and Management Analysis Subprogram is organized in-
to three interrelated activity areas:

¢ R&D Evaluation
+ Information Management
e Applications Analysis

Research and Development program evaliuation
involves addressing a broad range of issues con-
cerning the potential impact of energy storage
technologies. Issues to be considered include the
effect of energy storage systems on energy savings,
the cost of energy, central versus dispersed
storage, environmental, health and safety effects,
and implied changes in lifestyle.

To provide good information inputs to tech-
riology assessments, the Technical and Management
Analysis Subprogram is developing a computer net-
work information system that will integrate all
information required to perform a wide range of
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analyses on energy storage technologies and program
activities. The Energy Storage Integrated Informa-
tion System will incorporate into the energy stor-~
age program decision-making processes the outcomes
of cost/risk/benefit assessments conducted on
energy storage techmologies.

Applications Analysis provides the basis for
identifying priorities among new energy storage
technologies. Applications Analysis projects
define the suitability of storage technologies for
primary end-use as well as provide information
about the technical risk and costs of developing a
new technology versus the expected benefits.

BACKGROUND

In residential and utility applicatiomns,
energy storage systems have the potential to reduce
electric utility peak load burdens and residential
customer energy bills by storing electricity during
off-peak periods, when generation costs are low,
and making it available during peak load periods.
This can result in the following benefits:

* Reduction in the growth rate of utility
peak loads with a corresponding reduction
in generation, transmission, and distri-
bution capacity

* Improvement of daily load factors, allowing
the substitution of utility base—load fuels
(coal and uranium) for peak- and intermedi-
ate~load fuels (oil and gas)

* Reduction in the cost of electricity supply
thereby benefiting the customer and enabl-
ing a greater market penetration for elec-
tricity (1)

The energy storage systems may be centralized
(pumped-hydro, compressed air, ete.), or they may
be decentralized (chemical, thermal, batteries) and
located at or near the end-use location. Either
customer or utility ownership of decentralized sys-
tems is possible. TIn the case of customer owner—
ship, the benefits listed above must exceed the
additional capital costs incurred by the customer,
and some form of time-of-use rate schedules, peak-
period demand charges, load management contract
rates, or simple monthly credits is required to
allow customers to realize the required payback on
their additional capital investment.

Argonne National Laboratory has been con-
tacted by DOE/STOR to assess a broad range of
energy storage technologies interfacing electric
utility supply networks. The first phase of the
project was to assess the costs/benefits of
thermal energy storage (TES) systems, where elect-
rical energy is stored in end-use form as heat or
cold to provide residential space-conditioning or
domestic hot water heating.

The most difficult part of the analysis is
estimating the utility savings associated with
the introduction of the TES systems. The utility
savings are sensitive to the utility's seasonal




and daily load profiles, to seasonal weather pat-
terns, and to the level of TES market penetratiom.

A survey of utility cost-of-service models
conducted at the beginning of the project in-
dicated that none of the available médels could
easily be adapted to the problem of assessing
customer TES systems. Consequently, SIMSTOR, a
computer.:simulation. model,. was developed to -cal-
culate the utility costs of meeting conventional
and TES loads.

The remainder of this paper is devoted to a
discussion of the methodology embodied within
SIMSTOR and a discussion of various applications
analyses which have been performed using the
model. The results of this energy storage anal-
ysis effort are used to: (1) evaluate cost—
competitiveness and technical performance of
specific energy storage technologies, (2) deter-
mine the optimum size of storage units for space
heating and cooling applications, (3) assess mar-—
ket needs and estimate potential market pene-
tration and commercialization strategies for stor-
age technologies, (4) specify R&D requirements
for a national program to develop energy storage
technologies.

METHODOLOGY
OVERVIEW

SIMSTOR has been designed as a decision-mak-
ing tool. Running time is short, allowing the
examination of many system alternatives. The
output is tailored to give the decision-maker
detalled 1nformat10n on the storage system impact

upon the electric utility supply netwotrk including
required generdtion, transmission, and distiibution
capacity and associated capital costs. The program
also calculates unit cycling, fuel, and operation
and maintenance (0&M) costs by plant type as well
as oil/gas consumption. The overall SIMSTOR meth-

~odology is shown in Illustration 1.

Input consists of hourly system load data
(8760 hours) -with corresponding dry-bulb tempera-
ture data; residential device characteristics
and appliance saturation data; utllity generation,
transmission, and dlstrlbution operating char-
acteristics; capital expansion costs and operat- .
ing costs. To reduce input requirements, simplify
caleculations and reduce program running time, the
utility is constructed out of identical units
from three genetic plant types - base, intermedi=-
ate, and peak.

SIMSTOR uses the hourly utility load and tri-
hourly weather data together with the TES and con=~
ventional system performance characteristics to
generate incremental customer load profiles over a
full annual (8760 hour) cycle; the program aggre-
gates these profiles and cortects for load diver-
sity and system loss effects to calculate busbar
loads and to size the transmission and distribution
system; short run marginal costs subject to unit
cycling constraints are used to economically dis-
patch generating units; long-run capital éxpansion
costs together with scheduled maintenance, forced-
outage rates, and system reserve margln are used
to calculate the optimal mix of generating plant.
Because SIMSTOR uses an equilibrium method to solve
for optimum plant capacity mix, the estimated
utility savings represent long-run marglnal cost

ILLUSTRATION 1 - TTT

SIMSTOR

Card/Tape/Disk
Input

Simulate Residential
tiourly Loads

Conventional System

Size Distribution System

Dry-Bulb lburly {—"}
Temperatures

' Hourly System /
l Load

Storage Or Bivalent
Ripple Controlled
System

Similate Bushar Loads

Distribution Size
Piversified Load Method - And Cost

555 em losses
iversity Method

Size Transmission And b _,:E
Generation System ° Modified Hourly Loa

1 ]

Transmission Size |
And Cost

Fixed Reserve
Margin Method

! Card Input Schedule Unit Cycling
S EE——— Constrained )
tieat Pump And Least-Cost Method
Storagé
Description

Dispatch Available Units

\\\/ ‘\

/" uritity Suply /
Network 1

Description

Least-Cost Method

Accumilate Load

Program Control Duration Curve

Options

Outage Modified
Method o

/ Cutages) Method

Unit Cycles
Cycling Cost '

Generation Plant
Mix And Cost

0il Consumption

Determine Plant Mix

Long-Run=Marginal-
Cost (M:d:.fxed For

Costs vs.

Schedule Unit Maintanence Customers Plots

Psuedo Load Curve Method

1021



"savings. Therefore, the savings estimates pertain Table 1 are also calculated. Only one space heating
to planning horizons beyond the construction times and/or one space cooling or domestic water heating tech-
or projects to which utilities are already firmly nology may be selected for any given run. If a storage

committed. The method's neglect of short-term technology is chosen, a second routine, is called.
effects is not considered a serious limitation This routine takes the selected technology load profile
. .since the times required to deploy new tech- and reallocates the load to off~peak periods subject to

‘nologies, such as customer thermal storage systems, the constraints imposed by the storage technology such
in sufficient numbers to produce significant load~ as maximum charging rate and maximum energy storage cap~-
.altering effects are comparable to the construction acity. The charging of the storage is done to minimize
periods of base-load generating plants. Short- system generation costs on a daily basis. :
term effects can be studied by invoking a program

option which eliminates the optimization of plant  Thermal Load Calculation: An algorithm developed from

capacity mix. In this case, the user specifies an electric heating survey performed by the Philadelphia
the desired base and intermadiate plant mix, and Electric Company (2) is used to generate hourly space
the program only alters the peaker capacity to heating thermal loads. The expression depends upon the

satisfy the specified system reliability criterion. current and the antecedent hourly dry-bulb temperatures.
: This expression accounts for dry-bulb temperature
RESIDENTIAL DEMAND SIMULATION. effects on an hour-by-hour, day-by-day basis. All other
. variables, such as wet-bulb temperature, solar in-
Residential demand is simulated at the house~ solation, and wind are only accounted for in an aver-

hold level, aggregated, and propagated through age-day fashion. While more sophisticated thermal
the distribution and transmission systems to load models exist, their use entails the establishment
obtain bus-bar loads. The individual household and maintenance of extensive and sometimes difficult-~
loads consist of three components: to-obtain data bases. Furthermore, such models will
- only give undiversified thermal loads for identical
1. Conventional space conditioning; air houses in identical locations and orientations experienc-—
conditioning in summer and resistance ing identical weather conditions. A utility, on the
heating and/or heat pump heating in other hand, faces diversified loads arising from many
winter. different types of houses having various orientations

and located throughout the utility service area. The
2. Conventional domestic hot water heating. SIMSTOR algorithm includes this "diversity-averaging
effect" as well as various lifestyle effects such as

3. Baseload, which consists of all other house occupancy patterns, opening and shutting of doors,
household loads. and night setback of thermostats.
B TABLE 1 ‘ ' Diversified electrical cooling loads cannot

be accurately simulated as functions of only diy-bulb

temperature. Variables such as wet-bulb temperature,

wind, solar insolation, and previous days' weather

conditions all strongly influence residential cooling
" demands. To include these effects and yet maintain

Space Heating

Resistance Baseboard

Resistance Furnace a manageable data base, a totally different algorithm
Storage Resistance Baseboard ) is used. TFirst, a nonweather-sensitive system load
Storage Resistance Furnace profile is generated by identifying nonholiday days

Resistance Furnace with Ripple-Controlled 0i1/Gas Furnace Backup having minimum daily load. To account for differences
in load profiles as a function of the day of the week
(weekend loads are much lower than weekday loads), a
separate nonweather-sensitive load profile for each

Heat Pump with Resistance Furnace Backup
Heat Pump with 0i1/Gas Furnace Backup

Heat Pump with Ripple-Controlled 0i1/Gas Furnace Backup day of the week is determined. Weather-sensitive-
Heat Pump with Storage Resistance Furnace Backup cooling load is determined by subtracting the corres-
’ . ponding day of the week's nonweather-sensitive load
Space Cooling profile from the total system load profile. The result-

ing hourly load profile is taken to be proportional
to the residential cooling load profile. The propor-
tionality constant is determined by normalizing the
standard house seasonal cooling load to the seasonal
Hot Water Heating . weather-sensitive cooling load.

Conventional Air-Conditioner
Storage Air-Conditioner

Conventional Hot Water . . . . .
Storage Hot Water Conventional Resistance Heating: This is a direct

! electric resistance furnace - the typical system

' ) found in electrically heated homes with central heat.

" The electrical load is set equal to the thermal load
for each hour. '

—_— e

These loads are calculated on an hourly basis Heat Pump Heating: Heat pump electrical demand, as
for each day of the year and added to give the nom- well as heat pump heating capacity, is a function of
inal diversified residential load. Hourly residen- temperature. The heat pump model (3) uses equations
tial load profiles for the teéchnologies listed in  cubic in temperature to characterize the heat pump
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capacity, HOP, and the heat pump electrical con-
sumption, HPI. These equations are typically
valid over the outside temperature range -15 to
70°F. Outside this range the endpoint value, -15
to 70°, is used. A defrost cycle can be program-
med to 5perate over a specified temperature range,
nominally 20-40°F, to extend the heat pump per-—
formance range by preventing icing up of the out-
side coil at low temperatures and subsequent com—
pressor damage. In this case, the heat pump is
derated over this temperature range. Furthermore,
the heat pump is completely shut down below a
specified temperature, TEMRES, to prevent possible
compressor damage at very low temperatures.

Since heat pump electrical demand, as well as
heat pump capacity, is a function of temperature,
heat pump performance depends upon the heat pump
size relative to the house thermal load. As the
outdoor temperature drops, the thermal load on the
house increases and the heat pump capacity de-
creases until the heat pump capacity equals the
thermal load. This temperature is referred to as
the balance point. The heating load is met
entirely by the heat pump above the balance point
and supplemented by a resistance backup system
below the balance point. For temperatures less
than TEMRES the resistance backup system provides
the full heating capacity.

Bivalent Heat Pump Heating: This system behaves
exactly the same as the conventional heat pump
system described above with the exception that
backup power is supplied by an oil or gas furnace
instead of by an electric furnace. (4)

Ripple-Controlled Bivalent Heat Pump Heating: This
system resembles the previous bivalent system
except that the utility can switch off the heat
pump and switch on the backup system, via a ripple-
control unit, during periods when the marginal
operating cost for the utility exceeds the marginal
cost of the oil furnace %n providing one unit of
heat to the customer.

Ripple~Controlled Bivalent Resistance Heating:
This bivalent system is an electrical resistance
furnace with an oil or gas backup unit. Either
system is capable of carrying the full load.
During periods of utility peak plant operation,
utility control substitutes the oil or gas furnace
for the electric heater to take advantage of the
higher system efficiency of direct oil or gas
utilization. The logic for this system is exactly
the same as the ripple controlled bivalent heat
pump system with an electric furnace replacing

the heat pump as the primary source of heat.

Rippel-Controlled Storage Resistance Heating:

This is an electric storage furnace (5) with suf-
ficient thermal capacity to supply heat energy

to the home for several hours. During this period,
the electric resistance heaters do not come on,
but heat is withdrawn froam the furnace as needed
by a thermostatically-controlled fan. During the
off-peak period, the furnace storage system is re-
charged to full capacity. The electrical load is
first calculated exactly as in the conventional
resistance heating case. Then this load is
modified by the storage allocation routine to
optimally shift the load to the off-peak (night-

time) period by utilizing the available customer
storage capacity.

Ripple-Controlled Storage Heat Pump Heating: A
storage electric furnace is used as a backup for
the heat pump. Thus, the peak loads experienced
during extremely cold periods can be met with off-
peak electricity. The electrical load is cal-
culated exactly as for the conventional heat pump
case. Then the supplemental resistance furnace
component of the load is modified by the storage
allocation routine to optimally shift this load
to the off-peak period by utilizing the available
customer storage capacity.

Conventional Air-Conditjoning: The standard space

cooling system is a vapor compression air condition~-
er, which can also serve as a heat pump in cooler
weather. This unit is sized to provide adequate
cooling to the house on the design-day in each util-
ity service area. The residential air-conditioning
load is set equal to the calculated weather-sen-
sitive electrical load of the standard house. ;

Ripple Controlled Storage Air-Conditioning: The
storage air conditioner utilizes an icemaker
evaporator coil to partially (80%) freeze water in
a storage tank. (6) This frozen water is then
used to cool the building during on-peak hours
without any additional compressor action. The
residential air-conditioning load is first cal-
culated, and then this load is modified by the
storage allocation routine to optimally shift the
load to the off-peak period by utilizing the avail-
able storage capacity. The water pump electrical
load is small and is currently ignored in modeling
the storage air—conditioning system.

Residential Domestic Hot Water Heating: The direct

resistance water heater is the standard configura-
tion found in most residential applications today.
It consists of a heating element immersed in a )
storage tank. A thermostat controls the electri-
cal input to the heater so as to maintain the
tank's contents at a constant temperature. As
water is drawn from the tank, the heater thermo-
stat immediately responds to the cooler incoming
makeup water. Although there is some thermal
capacity stored in the tank, the controls do not
allow its utilization to the benefit of the
utility.

Conventional Domestic Hot Water Heating: The resi-
dential domestic hot water load is set equal to
the daily hot water load profile. (7)

Ripple Controlled Domestic Hot Water Heating:

In the storage resistance heater, a time-of-day
utility-actuated control system disconnects the
electric heater during the peak-load period regard-
less of the water temperature variations. During
the on~peak period, hot water demand is met
entirely by the storage tank's capacity. The resi-
dential domestic hot water heating load is first
calculated as in the conventional case and then is
modified by the storage allocation routine to
optimally shift the load to the off-peak period

by utilizing the available storage capacity.
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Residential Baseload

This load comprises all household appliances
other than space conditioning and domestic hot
water heating and is about equal to a domestiec hot
water heating load on an annual basis. However,
very little data exists characterizing this load.
For this reason; SIMSTOR uses the simple load shape.
It consists of one constant load during off-peak
hours, and another constant load during on-peak
hours. Since the program calculates supply costs
associated with the specified technology, incremen-
tal load, all terms linear in this load cancel.
However, two effects do not cancel.

1. Subsystem sizing (particularly dis-
tribution) which is determined by
the maximum hourly load on any given
subsystem

2. Resistive line loss effects which
depend upon the square of the load

ECONOMIC LOAD DISPATCH OF ZENZRATING UNITS

The utility system is made up of base, inter-
mediate, and peak classec of generating units. All
units within a given class are assumed to be identi-
cal and are characterized by the parameters listed
in Table 2. Each unit is derated (maximum and
minimum) tc account for its associated average
FORCED OUTAGE RATE. The MINIMUM RATING determines
the point below which a unit must be shut down for
a peridd not less than the MINIMUM CYCLE TIME. The
number of plants within each class is initially
specified at the start of a run and is subsequently
updated at the end of each pass by the optimum
plant mix routine. The actual number of available
units in each class is varied throughout the year
according to the pattern determined by the main-
tenance scheduling routine. The generating units
are economically dispatched within these MINIMUM
RATING and MINIMUM CYCLE TIME constraints - base
units first, then intermediate units, and finally
peak units.

TABLE 2

Number of Units

Maximum Rating (MW)

Minimum Rating (MW)

Forced Outage Rate (%)

Scheduled Maintenance (Weeks)

Annual Capital Cost ($/kW/yr)

Fuel Cost .(Fixed Heat Rate) ($/MWh)
Operating and Maintenance Cost ($/MWh)
Minimum Cycle Time (Hours)

Minimum Cycle Cost ($/Cycle)
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SCHEDULING UNIT MAINTENANCE

Each type of generating unit has associated
with it an annual maintenance period, measured in
weeks. During this continuous period the unit is
not available for meeting system load requirements.
®)

The objective of the maintenancé routine is
to schedule required unit maintenance downtimes
consistent with maximum system reliability. Thus,
units are preferentially scheduled down during
periods of low system load requirements. This is
accomplished by means of a technique that generates
a pseudo-load curve consisting of the sum of the
weekly peak-load curve and the effective capacity
scheduled for maintenance during that week. A unit
that needs to be scheduled for downtime is then
scheduled for that period which results in the low-
est maximum pseudo-load curve upon the unit's,
additjon to the scheduled maintenance capacity. In
order to achieve a relatively flat pseudo-load
curve, base load units which typically have the
largest unit sizes and longest maintenance periods
are scheduled first, then intermediate units and
finally peak units, Illustration 2 shows the

ILLUSTRATION 2
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resulting pseudo-load curve after scheduling all
maintenance for a typical summer-peaking utility
and a maintenance constrained winter-peaking
utility. This second case illustrates the impor-
tance of considering scheduled maintenance. For
this case, system reserve requirements are deter-
mined not by the actual system load peak which
occurs in winter but rather by the pseudo-load
peak which occurs in spring.

OPTIMAL PLANT MIX CALCULATION

Determination of the optimal plant ex-
pansion schedule and mix of plant types is a
dynamic process. The objective is to minimize
the net present value of providing electrical
service over a specified planning period, typically
20-30 years. This requires projections of the
following variables over the duration of the plan-
* ning period:

1, Load

2. Plant Capital and Fixed Maintenance
Costs .

3. Plant Operating and Variable Mainten-
ance Costs

4, Plant Unit Size and Plant Lifetime
5. Minimum System Reliability

6. Plant Forced Outage and Scheduled
Maintenance Outages

To understand the trade-offs involved in
determining an optimal plant mix; consider the
following simplified example in Illustration 3
where variables 4, 5, and 6 are ignored. The
objective is to find the least cost solution for
meeting the given load during a single year, or
altérnatively a static yearly load profile for
several years. Illustration 3a shows the year's
load duration curve, LDC(X), defined as the number
of hours X having load greater or equal to LDC(X)
during the year. Thus, LDC(l) represents the
yearly peak load while LDC(8760) represent the
yearly minimum load. Illustration 3b shows the
annual cost associated with running three types
of representative plants -- base, intermediate,
peak -~ as a function of the number of hours of
operations. The intercepts - FB, FI, and FP --
represent the revenue required to cover the fixed
costs associated with owning but not operating
each plant type —- base, intermediate; and peak,
respectively —— and include the following:

1. Return to Equity (Stocks)
2. Return to Debt (Ronds)-
3. Depreciation

4. Taxes (Federal, State, Local, and
Ad Valorem)

5. Fixed Maintenance (Insurance, Upkeep)

The slopes -- VB, VI, and VP -- represent the
variable cperating costs azssociatéd with producing

ILLUSTRATION 3
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power from each plant type -~ base, intermediate,
and peaking, respectively -- and include: °

1. Fuel
2. Operating and Maintenance (0&M)

For the costs represented in Illustration 3b,
all loads persisting for fewer tham A hours are
most economically met by peaker plants, loads per-
sisting for more than B hours by base plants. As
shown in Illustration 3a the optimal plant mix con-
sists of:

B kW of base plant
I-B. kW of intermeidate plant
P=1 kW of peaking plant

The program incorporates a more complicated
algorithm than presented above to account for the
effects of variables 4, 5, and 6. However, the
same tradeoff between‘capital and operating costs
drives the optimization, however, leading to somewhat
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different values for B, I, and P.

Cost of Supply

The objective of the SIMSTOR code is to
determine the utility costs associated with meeting
a given residential technology. TFirst, a plant
mix corresponding to the original utility load
curve is run for a full year to determine the base-
line utility cost and operation characteristics.
Next, a specified number of customers employing
the specified technology is added to the system
and run for a full year. This results in a new
load duration curve and ccnsequently a new optimal
plant mix. Since this new plant mix will result
in a different maintenance schedule and a dif-
ferent economic dispatch, the program reruns the
entire year with this new plant mix. The cost
agsociated with supplying this specified tech-
nology is given by calculating the change in
utility costs (new - baseline) and dividing by
the number of customers. By repeating this
procedure, cost of supply as a function of the
number of customers installing the specified tech-
nology can be obtained.

APPLICATIQNS ANALYSIS

The model has been used to evaluate and com~-
pare the total costs of supplying space heating and
cooling services with various alternative' tech-
nologies. Under the study method, both the
utility's cost of service and those device invest-—
ment and maintenance costs borne directly by the
customer were evaluated. The analyses can be
organized into three separate phases of work.

Phase I: Initial studies have identified three
dirunal storage technologies for residential space~-
conditioning and domestic hot water heating which
offer customer paybacks as short as three years if
utility savings are made available to TES customers
through reduced electric rates:

1., Electric storage heaters using refractory
brick enclosed in an insulated cabinet .
to store heat on winter-~peaking utilities

2. Storage air conditioning systems using
ice storage tanks to store cold on
summer-peaking utilities

3. Storage water hezters using larger,
better insulated water tanks to provide
dirunal storage

Phase II: Subsequent studies have modified and
extended SIMSTOR to evaluate more advanced heating
systems including heat pumps, storage augmented
heat pumps, bivalent heat pumps, and solar heating
(space and-domestic hot water) using the electric
utility as a backup. The solar analysis used a
modified version of TRNSYS to calculate collector
transient response and calculate utility backup
requirements on an hourly basis for input to
SIMSTOR. These studies analyzed trade-offs
associated with storage size and control strategy
and ranked technologies on a life-cycle cost
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basis including both customer capital costs and
utility costs of service. Conventional heat pumps
proved most cost~effective within summer-peaking
service areas, while storage resistance heaters,
storage heat pumps, and bivalent heat pumps had
lowest life~cycle cost within winter-peaking ser-
vice areas.

Phase IIL1: Currently SIMSTOR is being used to
compare the benefits of the decentralized storage
technologies studied during Phases I and II with
.centralized utility storage. Additional analyses
are in progress to study the impact upon electric
utilities of two advanced technology concepts:
Electric Vehicles and Integrated Community Energy
Systems.

The balance of this paper will be devoted to
a summary of the Phase II results. Case studies -
of a number of utility service areas were per-
formed. The two service areas for which results
are presented here were selected to illustrate the
important factors affecting the overall cost of
service for the different heating and cooling
technologies. One service area is located in the
Northeast and is supplied by a winter—peaking
utility; the other service area, located in the
Middle Atlantic Region, is served by a summer-
peaking utility.

Study Method: 1In each service area the individual
heating and cooling systems were matched to the
load requirements of a 1500 ft2, well-insulated,
detached single family dwelling unit. The heating
load amounted to approximately 4 kWht/degree—day.

In order to value units of capital con-~
sistently on both sides of the electric meter, one
set of system cost comparisons was made with heat-
ing/cooling device capital costs calculated on the
basis of the utility capital recovery rate. This
accounting procedure is conceptually equivalent to
assuming utility ownership of the heating/cooling
device. Another set of comparisons was made with
the customer cost of money equal to present mort-
gage rates less an effective income tax credit.

The annual utility capital costs were cal-
culated with a 17% capital recovery rate for plant
of 30 year lifetime. This rate, which is repre-

sentative of recent utility experience, incorpo- . . -

rates a large (#6%) inflation component in the

cost of both bond and equity money. For con-
sistency, fuel costs, which were assumed to have

a 0% real rate of éescalation, were inflated at the
same 6% rate and were discounted by the same (11%)
discount rate. The resulting annual fuel leveliza-
tion factor was equal to 1.77. Because initial-
year fuel was valued at full marginal cost, this
procedure is not expected to understate fuel costs
relative to capital costs.

Utility energy supply costs for space condi-
tioning technologies were calculated for an
incremental load corresponding to the addition
of 1000 space heating customers and to the addition
of 2000 customers for air conditioning. These
load increments represent approximately 10 MWe
of diversified peak -electrical demand if met with

4



conventional heating and cooling technologies.
Although utility supply costs change as the number
of installations increase -- for example, the mar-
ginal cost of supplying storage heating customers
increases as the nighttime valleys are filled —-
the dependence of supply costs on market penetra-
tions is not discussed here (7).

Because load curves and weather data for a
specific year, 1975, were used, the estimated
utility supply costs do not constitute a forecast
of the costs of meeting device-specific loads.
Rather, the calculated costs may be interpreted as
representative for utilities expecting to face
load curves having shapes similar to the ones used
here. Moreover, because cf the heterogeneous
nature of the electricity market, the estimates of
the relative costs of the heating and cooling tech-
nologies are not regarded as constituting a
universal ranking of the technologies. Before
encouraging installation of a particular technology,
a utility will want to evaluate the technology under
conditions specific to its own service aréa.

Study Findings: The estimated cost of the differ-
ent heating and cooling technologies are presented
in Tables 3 and 4 for the winter and summer peak-
ing service areas, respectively. As indicated in
Table 3, the storage and bivalent systems are the
most efficient heating systems in terms of over-
all cost. Presenting the utility with electric
loads only during the off-peak hours, these systems
do not contribute to the utility's conincident
peak demand.

The ripple-controlled bivalent heat pump is
especially attractive. Entailing a small customer
capital cost penalty —- approximately $500 over
the cost of a heat pump with electric resistance
backup -~ the heat pump with oil furmnace backup
achieves substantial savings through the virtual
elimination of the on-peak electrical load.

For the service area supplied by a summer-
peaking utility, the entire heating season is off-
peak so that the benefits of storage and bivalent
heating systems are greatly reduced. The conven-
tional heat pump is the most economical heating
technology. Storage and bivalent technologies are
10-20% more expensive in terms of overall cost
and suffer the disadvantage of being more compli-
cated technologies.

Illustrations 4 and 5 display annualized
energy supply costs (utility capital and fuel and
bivalent fuel costs) and device (customer) capital
costs for each of the heating technologies. The
dashed lines represent constant total cost curves.
As shown in the figures, storage and bivalent sys-
tems are the most efficient technologies in the
winter-peaking service area, while the conventional
heat pump is the lowest cost technology in the
service area supplied by a summer-peaking utility,

DISCUSSION
Subject to the caveats required of any anal-

ysis based on a case studies approach, a number of
important conclusions can be drawn.

TABLE 3
Costs ($/Yr/Customer)
Contribution Average Energy Supply c
to Utility  Utility eilic . Device Total
. System Peak Cost 3 Y Supplemental  Util. Mort. Util. Mort.
System Characteristics (kW/Customer) (¢/kWh)  Generating® T&D Total Fuel Rate Rate Rate Rate
Space Heating
Resistance
Direct Central Electric Furnace 16.6 9.0 1125 820 1945 - 240 140 2185 2085
Storage 8 hour Central Storage 0.0 1.7 365 0 365 —-— 535 320 900 685
Bivalent Ripple Controlled 0il 0.0 2.9 580 0 580 45 610 380 1235 1005
Furnace Backup
Heat Pump
Conventional 2.5 ton (SPF = 2.06) 15.0 11.8 130 740 1470 - 325 200 1795 1670
Storage 8 hour Resistance Storage 0.0 2.9 305 0 305 - 575 350 880 655
Bivalent (Mode 1) 0il Furpace Backup 3.3 6.4 360 165 525 65 430 280 1020 870
Bivaleat ' (Mode 2) Ripple Controlled 01l 0.0 3.0 230 0 230 100 460 300 790 630
Furnace
Solar
Resistance 330 £e2 (50% solar) 10.8 9.6 395 530 925 - 1300 760 2225 1685
Storage Resistance 330 ft, (50% solar) 0.0 1.6 155 [ 155 - 1360 800 1515 955
Heat Pump 270 £ft© (SPF = 2.3} 9.1 9.0 365 450 230 - 1110 650 1340 .880
Alr Conditioning ’ .
Conventicnal 2.5 ton Heat Pump 0.0 4.3 95 - 0 95 —— 255 175 350 270
Storage 8 hour Ice Storage 0.0 1.6 35 0 35 - 475 310 510 345

#Includes generation capital, fuel, cycling, and maintenance costs.
Cost of fossil fuel for bivalent system,

€All heat pump device costs are net an air conditioner capital cost credit of $1050.

1027



TABLE 4
Costs_(3/Yr/Customer)
Contribution Average Energy Supply <
to Utility  Utility . Device Total
System Peak Cost - 4 Supplemental Util. Mort. Utdl. Mort.
System Characteristics (kW/Customer)  (¢/kWh)  Generating™ T&D Total Fuel® Rate Rate Rate Rate
Space Heating '
Resistance
Direct Central Electric Furnace 0.0 4.2 805 0 805 - 235 140 1040 945
Storage 8 hour Central Storage 0.0 1.9 370 ¢ 370 - 415 245 785 615
Bivalent Ripple Controlled 0il 0.0 2.9 450 0 450 20 605 380 1075 850
Furnace Backup
Heat Pump
Conventional 2,5 ton (SFP = 2.0) 0.0 2.7 260 0 260 - 325 200 585 460
Storage 8 hour Resistance Storage 0.0 2.3 220 0 220 - 440 270 660 490
Bivalent (Mode 1) 01l Furnace Backup 0.0 2.5 185 0 185 60 430 280 675 525
Bivalent {(Mode 2)  Ripple Controlled 0il 0.0 2.3 165 0 165 90 460 300 715 555
Furnace
Solar
Resistance 300 £t2 (50% solar) 0.0 2.0 180 0 180 - 1200 710 1380 890
Storage Resistance 300 ft- (50% solar) 0.0 1.5 135 0 135 - 1280 750 1415 885
Heat Pump 270 £t (SPF = 2.4) c.0 2.4 200 0 200 - 940 550 1140 750
Air Conditioning
Conventional 2.5 ton Heat Pump 5.5 23.3 415 265 680 - 255 175 935 855
Storage 8 hour Ice Storage 0.0 2.1 60 0 60 - 475 310 535 370
aIncludes generation capital, fuel, cycling, and maintenance costs.
bCost of fossil fuel for bivalent system. .
€A11 heat pump device costs are net an air conditioner capital cost credit of $1050.
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In winter-peaking service areas, several

storage and bivalent technologies offer substantial
savings relatibe to conventional heat pump and

direct resistant heating systems.

Largely neg-

lected in the United States, these technologies
merit the attention of utilities attempting to
reduce the overall cost of electric -heating
services.
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In the summer-peaking service area, the con-

ventional heat pump is the most cost-—effective

means of supplying heating services.

This result,

combined with the finding that storage air con-
ditioning is a low cost method of providing summer
space conditioning, indicates that a heat pump,
using diurnal ice storage during the summer months,
is an efficient technology for year round space
conditioning.



The écornomic instrument that encourages the
attachment 6f inefficient technologies to the elec-
tric supply grid and discourages the installatien
of efficient technologiés is the present day elec=
tric raté schedule. Because the benefits of stor-
age and bivalent technologies stem mainly from
improved load factors rather than from direct
kilowatt~hour savings, the only efficient and .
effective method of encouraging their installation
is the introduction of some form of peak-load
pricing. Following the British example, re-
designed price offers may take the form of time-of-
use rates or, following the German experience,
the form of load management contract rates. If
offered on an optional basis, the load management
rate must be set sufficiently low relative to the
standard rate to provide the customer with the
required payback on his additional investment out-
lay.

CONCLUSION

The results of SIMSTOR analyses, such as pre-
sented in this paper, together with results from
similar analyses performed for storage appli-
cations in transportation, industrial processes,
and utilities are being used to reevaluate and
prioritize projects within DOE/STOR. The SIMSTOR
results have led to modififcations of R&D goals and
the establishment of a technical validation pro-
gram to field test attractive TES concepts. Thus,
SIMSTOR has proved to be a valuable analysis tool,
providing important inputs to the Technical
Manageément Analysis Subprogram for the Division of
Energy Storage Systems.
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