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FOREWORD

This is the final report of a research project performed at the
Franklin Research Center for the Solar Heating and Cooling Research
Branch of the U.S. Department of Energy. Harold G. Lorsch was the
Principal Investigator, Richard E. Crane performed all simulations for
Philadelphia and the cooling calculations for the other locations, and

Richard L. Oswald performed the other simulations and obtained
contractors costs.

The Philadelphia Electric Company was a subcontractor with the late
Joseph Pasternak acting as Task Manager, succeeded by Edward MacDonald.
John Kittredge assisted in validating the simulation results and
performed the diversity analysis, Sheldon Shoemaker calculated the costs
given in Section 5, and William Sundermeier provided some of the cost
data used in Section 6. Thomas I. Wetherington of the Florida Power
Corporation and Jay Lopez of the San Diego Gas and Electric Company
provided valuable assistance at no cost to the project. None of these
cooperating utility companies, however, is responsible for the actual
costs used and the conclusions presented in this report; full
responsibility for these rests with the PFranklin Research Center.

The authors of this report wish to express their appreciation to
Drs. Michael Wahlig, Marlo Martin, and Mashuri Warren of the Lawrence
Berkeley Laboratory who, at various times, were the technical monitors
for this project. Our special thanks go to Mrs. Miriam Foster for the
careful typing of many drafts of this report.
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ABSTRACT

Water heating, space heating, and space
cooling systems with and without solar
assistance and with and without off-peak thermal
storage were analyzed in Philadelphia, PA,
Daytona Beach, FL, and San Diego, CA. Utility
costs to serve and homeowners capital investment
costs were determined for 1985 and 1995, and
total annual costs were compared. Conclusions
were drawn as to where and when the novel
systems would be economical compared to

conventional systems.
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1. EXZCUTIVE SUMMARY

1.1 SCOPE

The aim of the project was to develop novel systems and control
strategies that reduce peak loads on electric utilities caused by the
back-up demands from solar systems used in single-family residential
buildings. The project was performed by the Franklin Research Center
in Philadelphia, PA; the Philadelphia Electric Company was a subcontractor
for certain portions of the work. Other utilities, notably Florida Power
Corporation and San Diego Gas and Electric Company, contributed informa-

tion at no cost to the project.

1.2 TYPICAL HOUSE

A typical suburban single-family home expected to be built during
the 1980-1995 period was defined. It has a floor area of 148 m2 (1600 ftz)
and is insulated in accordance with best present practice. The energy
requirements of this home for water heating and space heating and cooling
were determined in four geographical locations: Philadelphia, PA;

Daytona Beach, FL; San Diego, CA; and Columbus, OH.

1.3 HEATING AND COOLING SYSTEMS

A great variety of water heating and space conditioning systems with
and without solar assistance and with and without off-peak storage* were
conceptualized. Control logics for the efficient use of off-peak storage
were developed. The literature was extensively reviewed to include sys-
tems chosen by other investigators. The energy performance of the best
heating and air conditioning systems when installed in a typical home
in different locations of the U.S. was then simulated on an hourly basis
during a representative year. The results for Philadelphia, PA are

summarized in Table 1-1.

*Throughout this report, off-peak storage refers to electrically charged
hot or cold water storage.

1T’E§§> 1-1
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Three types of domestic water NEatliNng SYSLEWS LUAL LEUULS utiaav)y
peak loads were identified, one electric and two solar. A large number
of these types of systems are in current use, and actual operating re-
sults are available. The solar air conditioning systems considered use
lithium bromide absorption chillers. Their off-peak storage is in the
form of hot or chilled water. These systems have an auxiliary electric
heating system to operate the absorption chiller when solar energy is
not available although that is not current practice. However, if a solar
air conditioning system has the usual fossil-fueled auxiliary systems,
from the electric utility point of view it has no air conditioning at
all. Therefore electric auxiliary energy was assumed in order to deter-

mine the effect of solar assisted systems on electric utilities.

None of the heating/cooling systems was "optimized" in a strict
analytical sense. Since optimization depends on fuel cost (which is
different for each location and for each utility) and on the control
strategy employed with each system, no two systems would have been alike
if each were truly optimized. Thus, comparisons between systems and
between locations would have been difficult, if not impossible, to make.
Each system at each location was therefore sized for best performance
based on the experience of solar installations that have actually been
erected in those locations. While this does not result in a mathematical
optimum, it results in systems which are close to that. Since the change
in cost or energy performance of a solar system sized close to the optimum
is small, the performance of the selected systems differs only slightly

from the optimum.

1.4 CONTROLLERS

There is little question about the fact that proportional controllers

can, indeed, improve the energy performance of solar systems. However,

1-2
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Table 1-1.

Annual Performance of Space Heating Systems in Philadelphia, PA

ELECTRICAL
POWER REDUCTION
TOTAL DEMAND IN SOLAR AUXILIARY AUXILIARY| ENERGY
ANNUAL DURING PEAK ENERGY ENERGY ENERGY LOST
ELECTRICAL PEAK COMPARED |DELIVERED INPUT ENERGY INTO FROM SEPARATE
ENERGY HEATING 70 T0 COLLECTION T0 LOST FROM | STORAGE SEPARATE | SEPARATE | STORAGE
CONSUMPTION LOAD RESISTANCE | STORAGE |EFFICIENCY | STORAGE STORAGE | EFFICIENCY | STORAGE STORAGE | EFFICIENCY
- SYSTEM () (kW) (%) (69) (%) (6J) (6y) (%) (6J) (&3) (%)

Resistance Heating 64 8.66 0 - - - - - - -
Resfstance W/Off-Peak Storage 7 0.13 99 - - 72 6.7 9 - - -
Conventional Solar 37 - 8.66 0 n 23 - 4.8 84 - - -
Solar W/Off-Peak in Solar

Storage Tank 77 ¢.13 99 (] (¢} 77 13 83 - - -
Solar W/Separate Off-Peak

Storage 47 0.13 99 31 23 — 4.9 84 44 5.9 87
Conventional Atr to Air

Heat Pump 27 6.69 23 - - - - - - - -
Heat Pump W/OfFf-Peak

Storage N 3.78 56 - - 19 5.1 73 - - -
Solar Assisted Heat Pump 33 8.66 0 36 27 - 4.3 88 — - -
Solar Assisted Heat Pump

W/0ff-Peak in Solar 40 3.42 61 28 21 17 5.3 89 - ~ -

Storage Tank
Solar Assisted Dual Source

Heat P W/Direct 20 6.69 23 40 30 - 3.8 91 - - -

Heating from Solar
Solar Assisted Dual Source

Heat Pump W/Direct - - -

Heating and Off-Peak 24 3.77 56 30 23 3.1 5.0 85

in Solar Storage Tank
Solar Assisted Dual Source

Heat Pump W/Direct 25 3.06 65 34 26 - 4.5 87 7 2.7 61

Heating and a Separate
0ff-Peak Tank




in many cases, this improvement may not be justitied because OI tne Sigui-—
ficant increase in controller cost and complexity compared to a marginal

increase in the sclar energy collected.

Since the purpose of the present project was not to optimize control
systems per se, but to optimize the interaction between solar systems and
electric utilities, no effort was devoted to optimizing controllers as
such; only on-off control modes were considered. 1I1f improved proportional
or other controllers are developed and introduced in the marketplace, the
results presented here will not be materially affected, since they are
concerned with the macro effects on utilities and not with the micro
effects of decreasing the energy consumption of a solar system by a few

percent.

1.5 CONTROL STRATEGIES

Four different strategies that can be employed in charging thermal
energy storage during off-peak periods are listed in Table 1-2.

Method A is easy to implement. Method B requires a somewhat more
sophisticated control because a certain amount of predictive capability
is needed. This applies to strategies (C) and (D) to a2 much greater
extent. It would be most efficient to have the electric utility supply
the predictive data, because the data requirements exceed the capability
available to the average homeowner. For example, the utility could send
out a signal at the beginning of the off-peak period which would direct
the storage device to be charged to the amount required. The technology

to achieve this by either radio control or ripple control is available.

An alternate method of prediction could be provided by the U.S.
Weather Service. The required information could be broadcast over radio
and TV with the 10 pm or 11 pm news and weather report. For example,
the announcer could say: "Turn your off-peak storage to number 16".
This would make the control cheaper, but the homeowner would now be

required to turn a dial to the indicated setting.
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Table 1-2. Control Methodology Summary

Method Type Behavior

A Storage device fully recharged Causes high standby losses.
with backup energy during every With proper sizing, avoids
off-peak period. all on-peak power demands.

B Storage device recharged during S1ightly lower standby
off-peak period to a level re- losses. Avoids on-peak
quired to satisfy maximum de- -demands.
mand during subsequent on-peak
period.

C Storage device recharged during Smaller standby losses
the off-peak period to a level than for strategy (B).
sufficient to satisfy demand No on-peak demands.

during subsequent on-peak period
based on expected temperatures
during that period.

D Storage device recharged during Smallest standby losses.
off-peak period to a Tevel suf- No on-peak demand.
ficient to satisfy demand during
subsequent on-peak period based
on expected temperatures and
solar collection during that
period

In order to determine the feasibility of using vJeather predictions
made on the previous evening as an indication of the thermal storage re-
quirements for the following day, attempts were made to determine the
accuracy of the U.S. Weather Bureau and private forecasting services in
predicting the weather, in particular the ambient temperature, twelve
to fifteen hours in advance, but none of the agencies had these statis-
tics readily available. The possibility of using the 11 pm or 12 pm
temperatures as an indication of the temperature for the following day
was investigated. While these temperatures were good predictors in

many cases, they were siginficantly off on certain occasions, by as much
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as 11°C. A simplified approach was used to predict the weather. Speci-
fically, off-peak storage charging requirements were determined as a
function of the temperature at 12 pm minus 11°C. This approach was used
for space heating systems with high temperature off-peak storage. The
approach is somewhat conservative but ensures that off-peak storage will
be sufficiently charged to meet the entire heating demand during the
following on-peak period.

Off-peak recharging of storage devices can lead to secondary utility
peaks at the beginning of the off-peak period. This has already happened
in West Germany in parts of which off-peak service is now available to
every other customer only. It is, however, relatively easy to enable
the utility to manage off-peak loads in a manner that this does not occur.
A simple set of load management strategies is indicated in Figure 1-1.

It illustrates the differences in methods (B) and (C) of Table 1-2. It
also shows that simple controls can be incorporated in the off-peak
storage device which permit it to be charged either at the beginning of
the charge period, or at the end of the charge period or, at a reduced
rate, throughout the full duration of off-peak period. Controllers for
all of the charging strategies shown are considered to be state-of-the-

art.

FULL
|
o REQUIRED
I
a B
A
o C2
L7p] (;3
S VO AN SR N R B
PMII 12 1 2 3 4 5 6 7AM
TIME
Figure 1-1. Strategies for Recharging Off-Peak
Storage
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1.6 UTILITY COSTS

Data for the six best heating and four best air conditioning sys-
tems were transmitted to the Philadelphia Electric Company (PECo). The
personnel of that utility then compared the results with measured results
on homes equipped with some of these systems on their network, validated
the results, and performed a diversity analysis on these systems. The
costs to serve these systems were then calculated using 1979/1980 PECo
cost allocation values assuming full penetration of solar and off-peak

systems, respectively.

It was not possible to obtain similarly detailed cost component
breakdowns for the other cooperating utilities; therefore, their costs
were calculated by Franklin personnel using best available financial
data and the latest off-peak tariffs. It is believed that this procedure

gives reasonably valid data.

Utility costs and consumer costs were added to determine

the most desirable systems from the point of society. The former con-
sist of capital investment for generation, transmission, distribution,
metering (if required), and operating costs (mostly fuel); the latter
consist of capital costs for system installation and any differences in
repair and maintenance costs between conventional and new systems. This
method has the advantage of not requiring any consideration of electric
tariffs. Tariffs to induce desirable consumer actions and to reimburse
utilities for their costs to serve these consumers snould be the subject

of a subsequent study.

A marginal costs cost analysis was also performed for five selected
heating systems in Philadelphia. Their diversified loads were incorporated
in the PECo total load model on an hour-by-hour basis throughout the year.
Based on the generation mix planned for 1985 and 1995 and using economic
dispatch of all units, total fuel costs were determined, and the fuel cost

avoidance due to the presence of solar residential heating was evaluated.

1-7

]UUG Franklin Research Center

A Division of The Frankiin institute



1.7 RECAPITULATION

The effects of using all-electric water heating and space condition-
ing systems with and without solar assistance and with and without off-
peak storage were evaluated. Energy consumption, peak electrical loads,
utility costs to serve, and homeowner capital costs,were determined in
various locations of the country for summer peaking and winter peaking
utilities having different generation and demand patterns. Systems were
rated based on total costs: utility cost to serve plus the homeowner's
cost to install the system assuming it is financed by a 127 mortgage
amortizable over 20 years. Electric tariffs were not considered since

"utility plus homeowner" system, and it

they are costs internal to the
was desired to determine what systems would be best for society as a

whole. Tax considerations were not considered for the same reasons.

Costs were determined for the years 1985 and 1995 in order to iden-
tify trends. Utility costs were obtained from the cooperating utilities
or, where these costs were not available, they were calculated using pub-
lished financial data. Equipment costs were obtained from manu-
facturers and from published estimating manuals. A summary of major

findings is presented in Table 1-3.
1.8 CONCLUSIONS

1. The use of off-~peak storage in residential space conditioning systems
is effective in reducing on-peak demands of those homes to nominal
values which are required to power pumps and fans. Table 1-1 shows
the energy performance of a large number of such systems for Philadel-
phia, PA.

2. The technology exists for the large-scale application of off-peak
storage exists. Both storage devices and controllers are commer-

cially available.
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Consumption and Costs, Calculated at Three U.S. Locations

Comparison

Adding off-peak storage
to electric water
heating

Adding off-peak storage
to solar water heating

Adding off-peak storage
to electric resistance
space heating

Solar heating compared
to resistance heating

Adding oft-peak storage
to solar heating

Solar heating & A/C
campared to electrical
heating & A/C

Adding hot off-peak
storage to solar
heating & A/C

Item

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Erergy Consumption
Cost to serve
Total cost

cer yy

L1
Percentage Changes at:

Philadelphia, PA

Daytona Beach, FL  San Diego, CA

+0

+16

+

-42
-17
+115

+27
-20/-24
+11/+8

~34
+34/+19
+300/+260

+21
-65
-8/-13

* These values include solar water and space heating.

** Where two values are shown separated by a slash (/), the first value pertains

+5
-64/-55
-50+

+9
-62/-43
-16

+9
-49
-13/-24

14
-7
+39/+24

+9
-50
-13/-24

1495
-4
+210/+150

+5
-33
+0

+10
-50
+12/0

-61*
-43%
+28/+14*

+10*
-50*
+0 *

-70
-75
+220/+170

+53

-3
+19

to 1985, the second

to 1995. Where only a single value is shown, the percentage changes for 1985 and 1995 are the
same or differ only slightly.

Where no numerical value is given with the + or - signs, the changes are small.



3. The combination of solar space conditioning with utility load manage-
ment through thermal storage is beneficial in many cases. The best
method of accomplishing load management is through a separate stor-
age device which is electrically charged during off-peak hours.
Combining solar storage and off-peak storage im a single container
is practical in highly stratified storage devices only, such as

tall cylindrical water tanks or well-designed rock beds.

4. The air-to-air heat pump is the most economical of all space heating and
cooling systems investigated. Although it was analyzed in one loca-
tion only, this conclusion is believed to be valid throughout the
country. A different conclusion may be reached if heating-only

systems are compared. This was not done in the present study.

5. The addition of off-peak storage to an electric water heating sys-
tem is justified when the cost differential between on-peak and
off-peak electric energy is greater than approximately 0.5 ¢/kWh.

It increases energy consumption by less than 107 but significantly
reduces the utility cost-to-serve. On the other hand, the homeowner

must install a larger water heater.

6. Adding off-peak (electrical) storage to a solar water heater de-
creases utility cost and decreases total cost. The addition of
off-peak storage in a separate tank requires a significant cost
increase, but the utility's cost to serve is also reduced con-
siderably. Although this analysis was performed for a single
utility only, cost and performance comparisons show that this con-

clusion may be generally valid.

7. The addition of off-peak storage to an electric resistance space
heating system increases total energy consumption on the order of
107 to 20%, it may cut the utility cost to serve by as much as one-
half, but it does not result in an overall cost saving at all loca-
tions investigated. At the most favorable location (Daytona Beach)
this system is less costly, at San Diego it is more costly until
shortly after 1995 when it begins to break even, and at Philadelphia

it has no effect on total costs.
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8. The cost comparison between electric heating and solar heating
backed up by electric resistance heating is extremely climate de-
pendent and depends less on utility costs. At no location is solar
heating cost competitive with conventional heating, nor will it
become so through the end of the century, unless electric energy

costs change drastically.

9. Solar heating systems save 507 to 807 of electrical energy depend-
ing on design. The cost to serve such solar systems is less than
the cost to serve conventional resistance heating systems at all
locations studied. However, the high capital cost of the solar
systems makes their total cost higher than that of electric resist-

ance systems.

10. The addition of off-peak storage to a solar space heating system
increases energy consumption between 97 and 27Z at the locations
studied. The increase is higher at less favorable solar locations.
The cost to serve those systems is reduced everywhere when off-peak
storage is added. However, the overall costs show an increase at
one location, a decrease at another, and no change at a third. The
advisability of adding off-peak storage to solar heating systems
must, therefore, be investigated in each individual case, taking

proper account of climate and utility costs.

11. Solar assisted heat pumps have lower back-up emergy consumption and
lower costs to serve but higher total costs than solar space heating

systems with electric resistance back-up.

-12. The addition of off-peak storage to solar assisted or conventional

heat pumps does not result in an overall cost reduction.

13. Solar heating combined with solar absorption air conditioning is
not competitive with conventional electric heating and air condi-
tioning anywhere in the country. While energy savings are achieved,
utility costs are higher everywhere, even for the winter peaking
utility studied. Total costs for solar heating/cooling systems

are approximately 3 to 4 times the costs of conventional systems

UUUE Franklin Research Center
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in 1985, and 2.5 to 3.5 times CONVeNrlionai CUSLS il LI74. vuicow
a different method of solar air conditioning can be developed, solar
air conditioning with electric back-up is not likely to become com-

mercial in this century.

14. The addition of off-peak storage to solar heating/cooling systems
increases energy consumption by 20% to 35%, and decreases the cost
to serve considerably. Overall costs are decreased in unfavorable
solar climates (8 % to 13% in Philadelphia) and are increased in

favorable ciimates (19% in San Diego).

15. Hot storage in solar air conditioning systems is somewhat more

favorable than cold storage.

16. The presence of a solar heating system on an electric utility net-
work decreases its fuel cost. Calculated on a marginal cost basis,
this annual cost avoidance amounts to $550 per solar heating cus-
tomer in Philadelphia for Philadelphia Electric Company in 1985, and
it increases with time. Under present tariffs, this cost avoidance
is beneficial to all customers of that utility, because it results
in a decrease in their fuel charges of less than 0.01 ¢/kWh. However,
the benefits of this cost avoidance do not accrue to the homeowner
who has made an investment in a solar system. This could provide a

rationale for so-called subsidies of solar systems.

1.9 RECOMMENDATIONS

1. Investigate the accuracy of temperature predictions for the follow-
ing day based on the previous evening's weather forecast. The po-
tential savings that can be obtained from off-peak storage depend
to a large degree on good weather predictions. No comprehensive

data on the accuracy of those predictions appear to exist.

1-12
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3.

6.

Investigate whether the use of gas as a back-up energy source could
be more advantagéous than the use of electric energy investigated ih

this report.

Continue the development of other than solar absorption air condi-

tioning systems that have a promise of lower first cost.

Perform an investigation to determine the interface between passive

solar heated and cooled buildings and electric utilities.

Decermine the electric tariffs that will be required to induce home-
owners to install solar and off-peak storage systems in a manner

that is advantageous to both the homeowner and the electric utility.

Continue the investigations into methods of marginal cost pricing

for solar heating customers of electric utilities.

Determine what subsidies or introductory tariffs electric utilities
could offer to homeowners willing to install solar and/or off-peak

storage systems.

1-13
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2. INTRODUCTION

2.1 BACKGROUND

With the increasing shortage of fossil fuels, it appears likely
that, in the not-too-distant future, the preferred method of providing
back~up energy to solar space and water heating systems will be elec-
trical energy. This trend is apparent, although, at the present time,
the majority of solar heating systems employ fossil fuel back-up energy.
According to experts in the residential market, there exists severe con-
sumer resistance to fuel oil as the energy source in new homes, because
the prospective homeowner does not wish to be at the mercy of a foreign
cartel that could shut off his energy supply at will; new connections for
natural gas are no longer available in many growth areas of the country.
This leaves electricity as the choice for back-up energy - in spite of
the "horror'" stories about excessively high electric heating bills that
have been published in the daily press during the last few years. Most
homeowners are confident that their solar system will supply the major
portion of their heating energy and, therefore, they feel protected from

these excessive bills.

Previous work performed at the Franklin Research Center (Ref. 2-1)
showed that peak loads from solar heated homes at the time of the utility
system peak are virtually identical to the loads from conventional elec~
tric resistance heating homes. Therefore, solar heating customers have
lower load factors than conventional electric resistance customers.
because their total energy use during the year is lower. The load factor
is the ratio of average load to peak locad. It is the single most important
characteristic pertaining to electric utility customers. A high load
factor denotes a '"desirable" customer, i.e., one with a relatively low
cost to serve; a low load factor denotes the opposite. Solar heating
customers, therefore, appeared to be less desirable customers than con-

ventional electric heating customers.
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In the case of a Pennsylvania winter peaking utility, peak loads
from solar heated homes with electric resistance back-up at the time
of the utility system peak averaged well over 95% of the loads from con-
ventional electric resistance heated homes (Ref. 2-1). Other studies
(Refs. 2-2, 2-3) yielded lower values for winter peaking utilities in
different regions of the country. Work was performed on an evaluation
of the coincidence between sunny days and cold days at different locations

(Ref. 2-4). However, it constitutes a limited approach to the problem

because, as a rule, winter peaking utilities experience their system
peaks on cold days, but not necessarily on the coldest day of the year.
Thus, such correlations may be indicative of the problem in a general way,
but they do not predict how individual utilities will be affected by the

addition of large numbers of solar heating customers to their systems.

Solar cooling installations, on the whole, are likely to be bene~
ficial to electric utilities load patterns. In general, there exists a
correlation between sunny weather and periods of summer peaking utility

peaks which, of course, would be alleviated by solar cooling systems.

All of the above conclusions are valid only for solar systems that
are operated in the conventional way: whenever the sun shines, the solar
system satisfies the building instantaneous demand. When excess solar
energy is available is it put in storage. Whenever the building demand
exceeds the solar system's instantaneous capacity, stored energy is used
to satisfy it. Auxiliary energy is used only when neither the collector
nor the storage systems can provide sufficient emergy to satisfy the
building demand. For a solar heating system this operating logic re-
sults in minimizing the amount of auxiliary energy used during the year,
i.e., it minimizes the building owner's perceived cost if he is on a
straight energy rate - which is the case in the large majority of today's
building owners. Reference (2-5) showed that, for a solar cooling system,
this operating strategy does not even result in minimum auxiliary energy
.use for a solar cooling system, and more sophisticated operating modes
must be followed. In reality (Refs. 2~1, 2-2, 2-6) minimizing auxiliary
energy consumption is not a condition of long-run cost minimization to

the consumer because, over the long run; electric rates will be adjusted
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to reflect costs, and significant cost increases will be incurred by the
electric utilities due to the reduced load factors caused by that method
of operating back-up heating systems. It would be to the advantage of
both the homeowner and the utilities to operate solar heating systems
in a mode that utilizes the inherent capability of their storage devices

to reduce peak electrical loads from back-up heating.

2.2 UTILITY COSTS

It has been shown that minimizing auxiliary energy use does not
guarantee minimum cost to the user over the long run (Refs. 2-1, 2-2, 2-6).
Once a sufficient number of solar heating customers has been connected to
a utility network, a utility will insist on deriving a revenue equal to
its cost to serve these customers. If existing rates (which are based
on the assumption that an electric heating customer obtains all of his
space and/or water heat from electrical energy) produce a consistent
revenue shortfall as indicated by Refs. 2-1 and 2-2, utilities will
apply for rate relief. This occurred in Colorado in 1976 where a utility
introduced a standby rate that would levy a monthly charge of $40 for
certain customers that use auxiliary electrical energy on a standby basis
only, if they used any electrical emergy during the month. Solar heating
customers would have been among these customers (Ref. 2-2). The financial
penalty was considered to be so heavy that the proposed rate woﬁld have
virtually stopped the spread of solar heating in the state. Intense
pressure on the state Public Utility Commission resulted in an order to
the utility to hold the rate in abeyance until additional testimony on
the effects of the proposed rate had been taken. Although many utility
economists consider that proposed rate excessive, it was proposed in re-
sponse to the fact that solar heating customers have low load factors and
are, therefore, expensive to serve*by ‘an electric utility as long as they
continue to operate their solar systems according to the "auxiliary energy
minimization" strategy. Since electric utilities face a significant in-

crease in the cost to serve these customers, rates for solar heating

*#0n a per kWh basis.
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customers will increase (unless other customers are asked to maxe up

the revenue shortfall caused by the solar heating customers which be-
comes the less likely, the greater the penetration of solar heating in
the utility service area) as long as solar systems are operated to mini-
mize total auxiliary energy consumption. It would be highly beneficial
to both utilities and homeowners to adopt operating strategies that take
advantage of the inherent capability of storage devices to reduce utility
peaks during system peak persiods even though the total amount of elec-
trical back-up energy consumed may be increased. This would reduce the
cost to provide service on the part of the utility and would permit cost

reductions to solar customers.

2.3 Effect of Thermal Storage Size

One might initially believe that the utility peak load problem
could be alleviated by increasing the storage size of solar heating sys-
tems. This would reduce the probability of the solar energy system re-
quiring electric resistance backup during utility peak periods. In order
to explore this possibility, the electrical energy demands of a home
equipped with different heating systems were simulated during the actual

hour of the utility system peak (Ref. 2-1). The heating systems were
baseboard resistance heating, a solar assisted heat pump, and direct solar
heating systems with electric resistance back-up and different size stor-

age systems.

Table 2-1 shows a comparison of the electric energy demands during
the hour of the local utility system peak for five consecutive winters.
The solar heated house has a storage system of 2 gallons of water for
each square foot of collector area. Except for the year 1972, there is
no appreciable difference between the two systems as viewed by the elec~
tric utility. In that year, the solar heated house had a 2l-percent
lower electrical demand than the all-electric house because the day of
the system peak occurred at the end of a short cold spell which had been
preceded by five days with average temperatures 13°F above normal. This

appears to be an unusual weather pattern because, in all other years, the
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Table 2-1. Electric Energy Demands of a Single-Family
Home During the Hour of Electric Utility
System Peak, Allentown, PA. (from Reference 2-1)

Al1-Electric House Direct Effect of Solar
With Baseboard Solar Heated Heating on House
Resistance Heat House Demand
Year (kW) (kW) (%)
1975 9.6 10.0 +4%
1974 8.0 7.5 -6
1973 9.1 9.4 +3*
1972 7.8 ‘ 6.2 -21
1971 8.8 8.6 -2

*The increase in energy demand of the solar homes over that of the
electric resistance heated home is due to duct and fan losses.

system peak occurred after a prolonged period of cold weather. Genera-
tion capacity of utility systems cannot be designed to meet unusually
low peak loads which occur on the order of once in five years; rather,
it must be capable of satisfying the high side of the probability curve
of the load demand. Prudent design would therefore require that, as far
as generation capacity is concerned, solar heated homes and all-electric
homes are considered as contributing equally to the system peak of this

winter peaking utility.

To determine the effect of increased storage size on the electrical
demand of a solar heated house, the performance of the heating systems
was simulated with the storage capacity tripled to 6 gallons per square
foot of collector area. A comparison of the peak demands of the all-
electric house and the solar heated house coincident with the utility
system peaks for the years 1971 through 1975 is presented in Table 2-2.
The oversized storage does, indeed, reduce the contribution of the solar

heated home to the system peak. From a five-year average of 8.7 kW for
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the all-electric home, the contribution to system peak is reduced to 8.3
kW for the standard size storage and to 8.0 kW for the oversized storage.
If the unusually warm winter (and low system peak) of 1972 is deleted
from the comparison, the numbers are 8.9, 8.9, and 8.5, respectively.

Thus, the increased storage results in a reduction to system peak contri~
bution of 0.4 kW (4.5%).

This small decrease in coincident demand is obtained at a cost to
the homeowner of close to $2000 assuming a conservative storage cost of
50¢/gal. A homeowner is not likely to make this investment in return for
an expected annual energy saving of 4 to 5%, nor is a utility likely to
offer sufficient inducement for him to do so. Thus, oversized thermal
storage is not an efficient way of decreasing utility peak loads, and

other methods of achieving this goal must be investigated.

Table 2-2. Electric Energy Demands of a Single-Family
Home With Different Size Storage During the
Hour of Pennsylvania Power & Light Company
System Peak (from Reference 2-1)

Al1-Electric House Solar Heat, Solar Heat , Change Due to

With Baseboard with 80 ¢/m with 240 2/m Oversize

Resistance Heat Storage Storage Storage
Year (kW) (kW) (kW) (kW)
1975 9.6 10.0* 9.7* -0.3
1974 8.0 7.5 6.9 -0.6
1973 9.1 9.4* 9.0* -0.4
1972 7.8 6.2 6.4 +0.2
1971 8.8 8.6 8.3 -0.3
Average 8.7 8.3 8.0 -0.3

* The increase in energy demand of the solar homes over that of the
electric resistance heated home is due to duct and fan losses.
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2.4 PROJECT GOALS

Since the senior author of this report drew attention to the poten-
tially deleterious effect of solar heated homes on electric utility load
factors (Ref. 2-8), numerous investigations into this subject have been
carried out. A good summary of these up to 1978 is given in Ref. 2-9, and
later work is discussed in Ref. 2-10. More recent work has been published
by the Solar Energy Research Institute (Refs. 2-11, 2-12). The Electric
Power Research Institute has funded two series of studies (Refs. 2-13,

2-14) and is continuing to pursue this area (Refs. 2-15, 2-16).

Many studies of the solar/utility interface assume that current elec-
tric tariffs represent actual costs. In reality, the connection between
tariffs and costs of service is not always direct; frequently, political
considerations or considerations of social equity* enter into the setting

of tariffs.

In order to steer clear of the tariff problem, the present study was
planned to consider the homeowner/utility system as a whole, to concen-
trate on the costs incurred by this system as a unit, and to ignore the
"internal" payments within this system: i.e., the payments between home-
owner and utility. The extermal costs incurred by this system are the
utility's cost to serve the homeowner, and the cost to the homeowner of
installing (and maintaining) the equipment in his house. Payments of the
homeowner to the utility are "internal", and are therefore ignored. The
system which minimizes the costs incurred by this homeowner/utility system
is the optimum system for society as a whole. It would be the task of
future work to determine what inducements a utility or the Government
would have to offer to a homeowner to induce him to install such an opti-

mum system in his home.

Unfortunately, it was not possible to ascertain the true costs of
service for all the utilities considered. In those cases, recently intro-

duced off-peak and on-peak tariffs were used, after adjustments, as

*For example, the concept of "life line rates" cannot be justified on
economic grounds, but it is frequently justified as a measure of social
justice.
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surrogates for costs although the authors realize that the two are not
identical. It is believed, however, that these tariffs are sufficiently
representative of the true cost of service to justify the validity of
the analysis. Where costs based on tariffs were used instead of actually
established costs, this has been expressly stated in the appropriate sec-

tions of this report.

Electric utilities are under orders (Ref. 2-17) to determine the true
costs of serving different customers at different times. These costs are
becoming gradually available. Within a short time, therefore, it will be
possible to use the methodologies established in this report to determine
optimum solar and storage systems for all locations and utility service

areas of the United States.

UUUE Franklin Research Center

A Division of The Frankiin Institute



3. METHODOLOGY

3.1 Selection of Building and Heating/Cooling Systems

The objectives of this project were to develop and evaluate novel
control strategies for solar heating/cooling systems that utilize elec-
trical backup. These control strategies are designed to reduce electri-

cal power demand during utility peak load periods.

A typical single-family suburban home expected to be built through-
out the study period (1980-1990) was defined. The single-family dwelling
was chosen because the market for such homes is well-defined and exists
throughout the entire country. If desired, the energy performance and
the effects on utilities of using the novel control strategies in multiple
family dwellings can be evaluated in the future by the same methodology.
The house is a conventional two-story dwelling with a floor area of 148 m2
(1600 ftz), insulated in accordance with best present practice for each
location, and inhabited by a family of four. It is described in more detail

in Appendix A.

Detailed energy consumption calculations were performed for this
house equipped with conventional heating and cooling systems using hourly
meteorological data for four locations in the United States. The results
were checked against the utilities' historical experience and past energy
consumption measurements. Where necessary, the analysis was modified to
have the results agree with measured values.

A great number of solar space heating systems were then conceptualized.*

Some of them incorporate offpeak energy storage to reduce peak electrical
loads on the utility, and control logics for the efficient use of that
storage were developed (see Section 3.2). The literature was extensively
reviewed to include systems chosen by other investigators, particularly
those under contract to DOE and EPRI (Ref. 3-1). In order to avoid un-
necessary calculations required to identify the most suitable systems,
several of the systems were discarded on the basis of qualitative or
comparative evaluations. The remaining solar and conventional heating

systems were then analyzed in either 15 or 7.5-minute intervals throughout

*For detailed descriptions, see Appgnfix B.
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the heating season by a Franklin Research Center modified version of

the TRNSYS (Ref. 3-2) computer program and meteorological data.

Three types of domestic water heating systems that reduce utility
peak loads were identified, one electric and two solar. A large number
of these types of systems are in current use, and actual operating re-
sults are available. 1In addition, the performance of such systems was

simulated for Daytona Beach and San Diego.

Several types of solar air conditioning systems using lithium-
bromide absorption chillers were considered. These included systems with
chilled water storage and systems with offpeak storage in the form of
hot or chilled water. The solar air conditioning systems were assumed
to have an auxiliary electric heating system to operate the absorption
chillers when solar energy was not available. In practice, solar absorp-
tion systems nearly always use a fossil-fueled back-up system because the
cost of fossil fuels is significantly less than that of electricity.
However, from an electric utility's standpoint, if a solar air condition-
ing system has a fossil-fueled auxiliary system, it is as if the customer
had no air conditioning at all since electricity is then only required
for pumps and. fans. In this study, one of the objectives was to deter-
mine the effect of electricity use by solar systems on electric utilities,
consequently it was assumed that solar air conditioning systems would use

electricity to meet auxiliary energy requirements.

Version 9.2 of the TRNSYS computer program was used in this study.
Version 9.2 contains a simplified model of an ARKLA DUCS-2 lithium-
bromide absorption chiller. A more versatile absorption chiller model
was developed and used in the TRNSYS program to simulate the performance
of solar cooling systems. Sensitivity studies were conducted to deter-
mine the effect of collector type, collector area and étorage size on
system performance. System simulations were performed for Philadelphia,

Daytona Beach, San Diego and Columbus.

None of the heating/cooling systems were "optimized" in a strict
analytical sense for the following reasons. Optimization depends on

fuel cost which is different for each location and for each of the
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cooperating utilities. It also depends on the control strategy employed
with each system. Thus, if each system were truly optimized, no two
systems would have been alike, and comparisons between systems and be-
tween locations would have been difficult, if not impossible, to make.
It was, therefore, decided to size the systems at each location for best
performance based on the experience of solar installations that have
actually been erected in those locations. While this does not result in
a mathematical optimum, it results in systems which are close to that.
Since the change in cost or energy performance of a solar system sized
close to the optimum is small, the performance of the selected systems
differs only slightly from the optimum. Furthermore, the purpose of

the study was not to optimally size each system but to identify the
system with the best residence/utility interaction. Therefore, as long
as different systems are compared to each other in a consistent manner,
the fact that each system is not strictly optimized does not materially

affect the results.

3.2 CONTROLLERS

A considerable amount of work has been performed over the last few
years on the subject of control of solar heating/cooling systems (Ref. 3-3).
Most of them are concerned with the improvement of system performance
through "optimal" control strategies. These "optimal" strategies are
defined in different ways. Some of them are concerned with improving the
analysis on which the control strategy is based (Refs. 3-4,3-5). Winm
and his associates define three types of optimal controllers (Ref. 3-6).
Controllers of the first kind minimize a measure related to the energy
supplied to the space and the discomfort of its occupants. Controllers
of the second kind maximize the difference between the useful energy col-
lected and the pumping costs associated with the collection of solar
energy. Controllers of the third kind combine collection and distribution
functions. An optimal controller of the second kind has been installed
in the Colorado State University House II. -Compared to a conventional on-

off controller, the optimal controller improved the solar coefficient of
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performance (defined as the difference between useful energy collected
and pumping energy required, divided by the latter) of the CSU House

by 6% on a clear day and by 167 on a cloudy day. However, the net
energy gain (i.e., the difference between useful energy collected and
pumping energy required) was negative on a sunny day and only + 0.3%

on a cloudy day (Ref. 3-7). The suitability of the control function for
this type of controller of the second kind is, therefore, not clearly

proven.

Investigators at Rho Sigma also reported that proportional control-
lers do improve system performance on cloudy days but do not do so (or

do so only slightly) on sunny days (Ref. 3-10).

A dramatic improvement in building energy performance was reportedly
achieved through an adaptive control method (Ref. 3-8). However, the
baseline control method of that particular building was seriously flawed
and, therefore, the improvement shown is primarily due to a better con-

trol strategy and not due to adaptive control as such.

There is little question about the fact that proportional controllers
can, indeed, improve the energy performance of solar systems. However,
in many cases, this improvement may not be justified because of the signi-
ficant increase in controller cost and complexity compared to a marginal

increase in the solar energy collected (Ref. 3-9).

Since the purpose of the present project was not to optimize control
system per se, but to optimize the interaction between solar systems and
electric utilities, no effort was devoted to optimizing controllers as
such; only on-off control modes were considered. If improved proportional
or other controllers are developed and introduced in the marketplace, the
results presented here will not be materially affected, since they are
concerned with the macro effects on utilities and not with the micro
effects of decreasing the energy consumption of a solar system by a few
percent. The actual control strategies used for each of the conventional

and solar systems investigated are given in Appendix B.
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3.3 CONTROL STRATEGIES FOR OFF-PEAK STORAGE

The purpose of using off~peak storage is to prevent auxiliary or
backup systems from operating during the electric utility peak period
and thus contributing to the utility's system peak. To accomplish this,
at the end of the off-peak period the storage must have been charged to

meet the load not met by solar energy during the following on-peak period.

Four different strategies that can be employed in charging thermal

energy storage during off-peak periods are listed in Table 3-1.

Method A - The simplest method is to charge the storage fully to its
maximum level (or temperature) during every off-peak period.

Method B - The storage is charged off-peak to a level required to meet

the maximum demand (design load) of the home for the entire peak period.

However the maximum demand or design load occurs only a small
number of times over the course of the entire heating or cooling season.
The load will be below the maximum or design level most of the time and
both of the above mentioned strategies will overcharge storage most of
the time. This overcharging of storage, to higher temperatures than re-
quired, leads to unnecessarily high heat loss from the storage tank. To
avoid thermal storage overcharging and excessive heat'loss, anticipatory

charging strategies can be used.

Method C - At the beginning of the off-peak period a prediction of the
expected average temperature during the following peak period is made.
Using overall heat loss or heat gain coefficient of the house and the
anticipated temperature, the expected heating or cooling load for the
following peak period is predicted. The thermal energy storage is then
charged during the off-peak period to a level required to meet the pre-

dicted heating or cooling load during the peak period.

Method D - Predictions of the solar radiation available and the expected
average temperature for the following day are used to estimate the solar

available to help meet the heating or cooling load during the following
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Table 3-1. Control Methodology Summary

Method Type Behavior

A Storage device fully recharged Causes high standby losses.
with backup energy during every With proper sizing, avoids
off-peak period. all on-peak power demands.

B Storage device recharged during S1ightly lower standby
off-peak period to a level re- losses. Avoids on-peak
quired to satisfy maximum de- demands.
mand during subsequent on-peak
period.

C Storage device recharged during Smaller standby losses
the off-peak period to a level than for strategy (B).
sufficient to satisfy demand No on-peak demands.

during subsequent on-peak period
based on expected temperatures
during that period.

D Storage device recharged during Smallest standby losses.
off-peak period to a level suf- No on-peak demand.
ficient to satisfy demand during
subsequent on-peak period based
on expected temperatures and
solar collection during that
period

peak period. The predicted solar contribution is then subtracted from
the predicted heating or cooling load (based on the predicted tempera-
ture) to determine the amount of off-peak energy storage required to

meet the heating or cooling load in the following peak period.

Both methods C and D require fairly accurate weather predic-
tions and raise serious questions of responsibility for inaccurate pre-
dictions. For example, if the prediction overestimates the heating or
cooling load or underestimates the solar contribution, the homeowner must
pay for the excess energy charged into storage but not used, much of
which will be unavailable for further use due to heat loss from the stor-

age container. If, however, the prediction underestimates the heating or
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cooling load or overestimates the solar contribution, insufficient energy
will be stored during the off-peak period and the heating systems will

require utility power during the peak period, adding to the utility peak
load.

Off-peak recharging of storage devices can lead to secondary utility
peaks at the begirning of the off-peak period. This has already happened
in West Germany in parts of which off-peak service is now available to
every other customer only (Ref. 3-11). It is, however, relatively easy
to enable the utility to manage off-peak loads in a manner that this does
not occur. A sinple set of load management strategies is indicated in
Figure 3<1. It illustrates the differences in methods (B) and (C) of
Table 3-1. It also shows that simple controls can be incorporated in
the off-peak storage device which permit it to be charged either at the
beginning of the charge period, or at the end of the charge period or,
at a reduced rate, throughout the full duration of off-peak period. Given
a neighborhood of a dozen or more houses, the figure shows how the judi-
1’ C2 and C3,each in one-third of
the houses,will produce a fairly uniform utility load throughout the off-

cious installation of control devices C

peak period. Controllers of this type can either be hard-wired into the
storage system, or different charging rates can be actuated by utility-

triggered devices. Such controllers, too, are considered to be state-of-

the-art.
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Figure 3-1. Strategies for Recharging O0ff-Peak
Storage
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3.4 EFFECT OF WEATHER PREDICTION

Method A is easy to implement. Method B requires a somewhat more
sophisticated control because a certain amount of predictive capability
is needed. This applies to strategies (C) and (D) to a much greater
extent. It would be most efficient to have the electric utility supply
the predictive data, because the data requirements exceed the capability
available to the average homeowner. For example, the utility could send
out a signal at the beginning of the off-peak period which would direct
the storage device to be charged to the amourt required. The technology
to achieve this by either radio control or ripple control is available.
On the other hand, a utility may hesitate to supply this service to
customers because (in the winter) it would be charged with selling an
unnecessary large amount of backup energy if the following day turned
out to be warmer or sunnier than anticipated, and it would be blamed
for insufficient heat if the opposite occurred (Ref. 3-11). The reverse

would be true in the summer.

An alternate method of prediction could be provided by the U.S.
Weather Service. The required information could be broadcast over radio
gnd TV with the 10 pm or 11 pm news and weather report. For example,
the announcer could say: "Turn your off-peak storage to number 16".

This would make the control cheaper, but the homeowner would now be
required to turn a dial to the indicated setting. If he is not at home
during that time, he could obtain that information by dialing a telephone
information number, say the local telephone weather forecast. This method
would relieve the utility of the onus of making a wrong prediction,
because people would blame the (government operated and therefore pre-
sumably impartial) U.S. Weather Service if the forecast turned out to

be incorrect.

In order to determine the feasibility of using weather predictions
made on the previous evening as an indication of the thermal storage re-
quirements for the following day, attempts were made to determine the

accuracy of the U.S. Weather Bureau and private forecasting services in
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predicting the weather, in particular the ambient temperature, twelve

to fifteen hours in advance, (Refs. 3-12, 3-13), but none of the agencies
had these statistics readily available. In view of the fact that utili-
ties and other clients of private weather forecasting agencies are spend-
ing large amounts of money for these services, it was surprising to find
that they had no quantifiable means of ascertaining the quality of these
services. One utility offered us access to the temperature forecasts
that they had received over the last few years together with tabulations
of actual temperatures. This would have entailed a considerable amount
of work because the records were in tabular, not in machine readable
form. After further investigations we found out, however, that the
forecasts were for the temperature in the center of a city and the
measurements were taken at the airport of that city, a distance of
several miles. Historically, the temperatures at the two locatioms

have varied approximately five degrees; therefore, a comparison of the
predicted and measured values was not likely to produce meaningful
results, and this work was not undertaken. This experience points out,
however, the need for an investigation into the accuracy of current

weather prediction methods used in connection with thermal storage.

A simplified approach to weather forecasting was therefore examined
which involved an investigation of the correlation between the dry bulb
temperature at the start of the off-peak period, say 12 midnight, and
the average ambient temperature during the following on-peak pe=~iod.

It was assumed that, if the average ambient temperature during the fol-
lowing on~peak period could be predicted, the heating load during that

period could be estimated and the minimum required off-peak storage set
temperature derived. This simple weather prediction procedure would be

relatively easy to implement with an on-site control package.

Using Philadelphia weather data for the years 1964 and 1968, it was
found that the midnight dry bulb temperature, on the average, correlates
well with the average dry bulb temperature during the following day.
However, there were a few days for which the correlations significantly

overestimated the average dry bulb temperature during the following day.
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Rather than search for a more reliable correlation, it was decided to

use the 12 midnight dry bulb temperature minus 11°C (20°F) for estima-
ting the load during the following on-peak period. This is a somewhat
conservative approach, but it ensures that storage will be sufficiently
charged for the worst case condition. The selection of an 11°C {20°F)
temperature difference is based on an examination of the 1968 Philadelphia
weather data. In 1964, only a 6°C temperature difference would have been
required. If such a procedure were put into practice, it would be neces-
sary to examine the weather data over several years for the specific
location in order to determine the temperature difference necessary to
insure that no auxiliary energy was ever required during an on-peak

period.

The method used to determine the heating system storage temperature¥*
for a specific off-peak period is outlined below. First, the load during
the following on-peak period (Qop) was determined by

Q _=TUA(T - (

op room ) om " 11) x (no. of on-peak hours)) (3-1)

where UA is the building heat loss coefficient, Troom is the conditioned

space thermostat setting, and T is the ambient dry bulb temperature

12 pm
at the start of the off-peak period. The minimum usablé storage tempera-

ture Tm has been chosen to be 35°C (95°F) based on practical considera-

tions (i?e., comfort in the conditioned space and load heat exchanger
size). On very cold days, however, heat from storage at or slightly
above 35°C (95°F) will not be sufficient . to meet the entire heating
load due to the limiting rate at which heat can be transferred to the
conditioned space through the load heat exchanger. Under these condi-

tions, a higher minimum usable storage temperature (Tmop) at which stored

*The storage ''set'" temperature is the temperature to which storage is
heated during the off-peak period.
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energy is just able to meet the load at the end of the on-peak period
will be required. That is, on very cold days, the off-peak storage tem—
perature at the end on the on-peak period must be greater than T

mop

which will in turn be greater than 35°C (95°F). The temperature Tmop

was found by

- [UA x (Troom B (TlZApm -11))] (3-2)

T + -
mop room €1 Cp

where € is the effectiveness of the load heat exchanger, and m and Cp
are the mass flow rate and specific heat of the load supply air, respec-

tively. Then, the off-peak storage set temperature is determined by

T =T +22 (3-3)

where M Cp is the thermal capacitance of the off-peak storage. The ca-
pacity of the heating element used to charge off-peak storage was chosen
such that it was just capable of heating the storage to temperature Tset
while at the same time supplying the load during the off-peak period

under worst case conditions.

3.5 OFF-PEAK STORAGE SIZING

The procedures used to size off-peak storage for various types of heating

systems are described below.

The off-peak storage sizing procedure used was derived from the pro-
cedure presented in (Ref. 3-14). The maximum quantity of energy that
would be required from off-peak storage (Qreqd) is

UA (T ) x (number of on-peak hours) G-4)

Qreqd = room Tdesign

where UA is the building heat load coefficient, Troom is the desired

room temperature, and T is the winter outdoor design temperature.

design
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There 1s a MIN1NUll CemperdLuLe umin’ VELUW Wassvis vy m e oo
peak storage cannot be used to meet the load. At the end of the on-peak

period, the off-peak storage temperature should not be less than Tmin'

The temperature 'I'min can be found as follows:

T ., =— %reqd + T
min em (Cp)a (number of on-peak hours) room

(3-3)

where € is the load heat exchanger effectiveness, m is the air mass flow

rate, and (Cp)a is the specific heat of air. For liquid-~-to-air heat ex-
changer € varies between 0.5 and 0.7. For rock or brick storage, € = 1.0.

Depending on the type of system employed and/or on the storage
medium used, there exists a maximum allowable storage temperature (Tmax)'
For example, if water storage is used, a maximum temperature of 93.3°C
(200°F) eliminates the need for a pressurized storage tank. If the sys-
tem uses a water source heat pump, the maximum temperature equals 35°C
(95°F) which is the maximum temperature usable by most water source heat

pumps. Once Qreqd and Tm q are determined and T is chosen, the re-

i
quired off~peak thermal storage capacity M (CP)s can be found as follows:
Q
= —req¢ ,
M(Cc)_ = reqd (3-6)
P’'s T -T
max min

where M is the storage mass, and (Cp)s is the specific heat of the stor-
age material. Using this procedure, off-peak storage can be sized for

the worst case condition (i.e. no solar availability on the coldest day).

The suggestion has been made that the storage system need not be
sized to carry the house through the worst condition but that, on rare
occasions, a decrease in occupant comfort could be tolerated for a short
time. We do not believe that this procedure is to be recommended for a
residence. People want their homes to be comfortable and, while they
may tolerate a lack of comfort at their place of work for a limited period

of time, they are not likely to do so in their own homes. This is borne
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out by the fact that the Federal Emergency Building Temperature Restric-
tions (EBTR) enacted during the 1979-1980 winter specifically exempted
residences from the 65°F maximum heating and the 78°F minimum cooling
temperature limitations. Electric utilities are well aware of the

need to provide residential comfort. That is why in none of the off-
peak storage experiments undertaken by that industry (Ref. 3-15) is the
storage system undersized. . Quite on. the contrary: in the largest of
these residential experiments (Ref. 3-16) the storage device is approxi-
mately 407 larger than would be theoretically required for the design
day. 1In addition, the homeowner is provided with a "panic button" that
he can actuate to obtain on-peak energy in case his storage is exhausted
before the start of the off-peak period. The utility felt this was

desirable to ensure full home comfort to the house occupants.

For all systems considered in this report, one of the ground rules
was, therefore, that off-peak storage was sized sufficiently large to
satisfy the building comfort requirements without ever resorting to

on~peak power other than for auxiliaries, such as fans and pumps.

3.6 WEATHER DATA

Space heating requirements are directly related to the weather ,which
varies appreciably from year to year. It was necessary to select an
actual year for which weather data would be modeled. If weather data
averaged over several years are used, the averaging process removes ex-

tremes from the data, and it is these extremes which have a major effect
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on the performance of solar heating systems. The typical year was

chosen after comparing monthly and annual heating degree days for the
years 1963-1970 for Philadelphia with average monthly and annual values.
Data for specific years were obtained from Climatological Data - National
Summary, (Ref. 3-17), and average data were taken from the Climatic Atlas
of the United States (Ref. 3-18). The year whose monthly and annual
values were found to correspond most closely to the average was chosen

at each of the four locations investigated.

A computer data tape containing hourly weather data, including the
amount of solar radiation on a horizontal surface, was obtained for each
location through the SOLMET (Ref. 3-19) program. These hour by hour
data were used as input to the TRNSYS (Ref. 3-2) program to simulate

operation of various space heating systems over the heating season.

Flat-plate solar collectors used for solar heating systems are gen-
erally mounted inclined with respect to the horizontal in order to in-
crease the amount of solar radiation received. As a result, the radia-
tion incident on the tilted collector surface must be calculated. The
procedure for doing this from the insolation on a horizontal surface is
contained in the TRNSYS computer program; it is based on the work of Liu
and Jordan (Ref. 3-2Q).

3.7 ELECTRIC UTILITY INTERACTION

Out of the large number of solar heating systems analyzed, the six
best performers were analyzed by the Philadelphia Electric Company (PECo),
a subcontractor to the Franklin Research Center. Similarly, three air
conditioning systems were analyzed. Assuming full penetration of solar
systems into the electric home space conditioning market, PECo personnel
calculated the diversity factors for these systems. The diversified loads
were incorporated into the total utility load on a hourly basis throughout
the year. Based on the planned generation mix for 1985 and 1995, annual
costs~to-serve conventional and solar customers were determined using

projected fuel costs and economic dispatch of all generating units.
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In addition, the fuel savings on the part of PECo due to the use of
solar and/or off-peak storage systems were determined. Details of

these analyses are presented in Section 5.

Based on the results obtained by PECo, some of the systems were
modified for use at other locations. Complete simulations of those
systems were then performed for residences located in Daytona Beach
FL, San Diego CA, and Columbus QOH. Using data provided by utilities
serving areas close to those locations (but not necessarily those par-
ticular cities*) the cost to serve buildings equipped with conventional
and with solar heating/cooling systems with or without off-peak storage

were then calculated.

These other cooperating utilities, Florida Power Corporation and
San Diego Gas and Electric Company, were not actual subcontractors to
the Franklin Research Center on this project. Therefore, the amount
of work they could contribute was limited. Thus, the data obtained for
these locations are not as exhaustive as those for Philadelphia. How-
ever, sufficient data were obtained to be able to draw certain conclu-

cions with respect to the best systems and control strategies to be used.

Utility costs and consumer costs were added in order to determine
the most desirable systems from the point of society. The former con-
sist of capital investment for generation, transmission, distribution,
metering (if required), and operating costs (mostly fuel); the latter
consist of capital costs for system installation and any differences in
repair and maintenance costs between conventional and new systems. This
method has the advantage of not requiring any consideration of electric
tariffs. Tariffs to induce desirable consumer actions and to reimburse
utilities for their costs to serve these consumers should be the subject

of a subsequent study.

*For example, Daytona Beach is not actually served by the Florida Power
Corporation, but its climate is quite representative of the climate in
the service territory of that utility.
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4. ENERGY PERFORMANCE OF RESIDENTIAL
SYSTEMS IN PHILADELPHIA, PA

4.1 TYPICAL HOME

The typical home chosen for this study is a well insulated 148 m?

(1600 ft2) four bedroom home located in the Philadelphia suburbs. This
home is representative of the homes now being built or planned to be

built in the PECo service territory within the next five years.

The house is insulated with 22 cm (9 inches) of fiberglass in the
ceiling, 9 cm (3.5 inches) of fiberglass plus 2.5 cm (1 inch) of styro-
foam in the walls and has double paned windows. Overall heat loss coef-
ficient of the house is 1035 kJ/hr °C (543.9 Btu/hr °F). Complete de-~
tails of the construction and energy consumption of this house are given

in Appendix A.

BASIC DATA
Weather Data

Space heating requirements are directly related to the weather which
varies appreciably from year to year. The basic analysis was performed
for a home in the Philadelphia suburban area. Weather data recorded at
the Philadelphia International Airport are representative of the weather
experienced in the Philadelphia suburbs where the majority of new con-

struction is taking place.

The typical year was chosen after comparing morithly and annual heat-
ing degree days for the years 1963-1970 for Philadelphia with average
monthly and annual values. Data for specific years were obtained from
Climatological Data - National Summary, (Ref. 4-1), and average data
were taken from the Climatic Atlas of The United States (Ref. 4-2). The
monthly and annual values for the year 1968 were found to correspond most
closely to the average. 1In 1968, Philadelphia had 5078 heating degree
days or 23 (.5%) less than the average 510L.
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Heating and Cooling Seasons, Peak Loads

The space heating season in Philadelphia is defined by the local
electric utility to last from October 1 through May 31. For this reason,
the performance of various heating systems were simulated for January 1 -
May 31 and October 1 - December 31 of the 1968 calendar year. Cooling

systems were simulated for June 1 - September 30 of 1968.

For 1968 the peak heating load on the Philadelphia Electric Company
occurred at 9 AM on January 9. This time was also identified by PECo as
the maximum residential heating class peak demand for 1968. Included
with the simulation results of each heating system is a plot of the elec-
trical energy consumption of each system for January 9th and 10th. This
plot gives an indication of the effect of each of the heating systems on

the utility peak load.

The peak cooling load on the Philadelphia Electric Company for 1968
occurred at 2 PM on July 1.

4.2 ENERGY ANALYSIS OF SPACE HEATING SYSTEMS (For details see Appendix B)

4.2.1 Conventional Resistance Heating - Base System

The base system for this study is an electrical resistance duct
heater. Conversion and transfer of the electrical energy to thermal
energy in the resistance coil and to the air stream is assumed to be
100% efficient. Therefore, the electrical energy consumption of this
system is equal to the heating load of the house. The annual energy
consumption of this system is 64.3 GJ (17,800 kWh). Figure 4.1 shows
the hourly electrical energy consumption of this system during the utility
winter peak day and the following day.

4. 2.2 Resistance Heating with Off-Peak Storage

A 2.8‘m3(744 gal) insulated water tank with a 130,000 kJ/hr
(123,000 Btu/hr) resistance heating coil is used to provide off-peak
energy storage. During the off-peak period the tank is heated to set

temperatures based on the 12 pm temperature as described in Section 3.
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With insulation the heat loss coefficient of the tank is

1.5 kJ/hr m2°C (0.073 Btu/hr ft2°F or R - 13.6).

During the peak period, the hot water from the tank is circulated
through a heat exchange coil in the air duct where it heats the air being
delivered to the load. Figure 4.2 shows a schematic representation of

this system.

Simulation Results

The yearly energy consumption of this system is 74 GJ (20,500 kWh),
an increase of 10 GJ (2700 kWh) over the yearly energy consumption of the

conventional resistance heating system. This 147 increase is due to (1)

stand-by heat loss from the off-peak storage tank and (2) energy required

to pump the stored hot water through the coil.

Figure 4-3 shows the energy consumption of this heating system for
the PECo residential heating peak during 1968. As seen in the figure the
energy consumption during the peak period is virtually eliminated (0.12 kW
on peak power is required) with almost all the energy consumption occur-

ring during the off-peak period.

4.2.3 Conventional Solar System

The major components of this system are shown schematically in
Figure 4-4. The components used in this model are chosen to represent
the most commonly used components in solar space heating systems today.
Forty-two square meters (450 ftz) of flat plate solar collectors with
two glass covers and a flat black absorber coating are used in this
model. The collectors face due south and are tilted at an angle of 50°
(latitude + 10°) from the horizontal. Water from an insulated storage
tank is circulated through the collectors by a pump controlled by a
differential thermostat. Thermal energy storage (TES) is provided by a
3.4 m3 (900 gal) insulated water storage tank. Hot water from the stor-
age tank is circulated through a coil located in the air duct of the

house to meet the heating load. An electrical resistance coil, located
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Figure 4-2. Resistance Space Heating with Off-Peak Storage

downstream of the hot water coil, in the air duct, provides auxiliary

energy to the house whenever the solar system cannot meet the heating
load.

Simulation Results

Of the 64 GJ (60.9 x 106 Btu) space heating requirement of the house,
42 percent, is provided by the solar heating system. The remaining
36.8 GJ (35.4 x 106 Btu) is met by auxiliary electrical power. In addi~
tion, 1.8 GJ (500 kWh or 1.7 x 106 Btu) of electrical power is consumed
in operating the two circulation pumps. The total electrical power con-
sumption of this system is therefore 38.6 GJ (10,700 kWh).

During the residential heating peak of the electric utility, this
solar system has the same electrical power demand (8.66 kW) as the base
resistance heating system, as shown in Figure 4-5. This is due to the

fact that the utility peak occurs on a cold day preceded by several cold
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Figure 4-4. Conventional Solar Space Heating System

days with high heating demands. The low temperatures decrease the effi-
ciency of the solar collectors while the high heating loads rapidly de-
plete the energy in storage, leaving an insufficient amount of stored

energy to carry over until solar energy is again available for collection.

Performance results of the solar energy system are given in Table
4-1.

The collector efficiency determined by the simulation is 23%. This
is due to use of the solar system for space heating only. During the
fall and spring, where there is little or no heating load, the storage
tank temperature remains high, thus reducing the efficiency of the solar

collectors rather drastically.

4-6
UUUE Franklin Research Center

A Division of The Franklin Institute



“IMASU| uIpfURLY Y] JO UOISAI ¥

19JU3)) Yolieasay ulpjued UB

L=%

ACOT\NNHMrcocCorHx

—— HEATING LOAD

- = — ELECTRICAL POWER DEMAND

X1e®
(.@ |<OFF-PEAK: k-OFF-PEAK-|
-
8.8
3.6
8.4
o /"-—
8.2 \ /
N—7
- v | 7
v/
g.0 | I S T—T1T1T T
1982 20 218 220 238
HOUR OF THE YEAR
Figure 4-5. Electrical Energy Consumption of the Conventional

Solar System During the Peak Heating Load Period



Table 4-1 Performance of Conventional Solar Heating System

& Btu
Solar Radiation Incident on Collectors 132 (125 x 106)
Solar Energy Collected and Delivered 6
to Storage 31 (29 x 107)
System Efficiency - Energy Collected
Incident Energy 23%
Energy Lost from Storage 4.8 (4.6 x 106)

Storage Efficiency -
(Energy into Storage-Energy Lost from Storage)
(Energy into Storage) 84%

4.2.4 Solar Heating System with Off-Peak Energy in the
Solar Storage Tank
A resistance heating coil is placed in the water storage tank of
the conventional solar system. During the off-peak period, the storage
tank temperature is raised to a level required to meet the anticipated
peak period heating load. The anticipated load is determined using the
12 midnight temperature as discussed in Section 3. A schematic repre-

sentation of this system is shown in Figure 4-6.
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Figure 4-6. Solar Space Heating System with Off-Peak
Energy in the Solar Storage Tank
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This solar system is identical to the conventional solar system
except for the addition of 36 kW (123,000 Btu/hr) resistance heating
coil in the storage tank, and the removal of the duct mounted electrical

heating coil.

Simulation Results

The annual electrical energy consumption of this system is 77 GJ
(73 x 106 Btu). No useful energy is gained from the solar collector
system. Because the solar storage tank is heated to a high temperature
during every off-peak period, the solar collectors are never utilized
since the storage temperature is above the collector temperature. Since
the solar system contributes no energv to the heating load, this system
operates essentially the same as the resistance heating system with off-
peak storage. The slight increase in electrical energy consumption of
this system, 77 GJ compared to 74 GJ for the off-peak resistance, is due
to the increased surface area of the larger storage tank which increases

the heat loss.

The profile of the electrical energy demand of this system during
the peak load period is shown in Figure i-7. This profile is identical
to the profile for the resistance heating system with off-peak storage

shown in Figure 4-3.

4.2.5 Solar Heating System with a Separate Off-Peak Storage Tank

In this system a second water storage tank is added to the conven-
tional solar system for storage of off-peak energy. The second tank,
hereafter referred to as the off-peak tank, is identical (2.818 m3 and
R-13.6 insulating value) to the tank used in the resistance heating with
off-peak storage system discussed in Subsection 4.2,2. Charging of the
off-peak tank is based on the 12 midnight temperature as discussed in
Section 3. Components of the solar system (collectors, pumps, control-
ler, and storage tank) are identical to those used in the conventional
solar system described in Subsection 4.2.3. Figure 4-8 is a schematic

representation of this heating system.
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Figure 4-8. Solar Space Heating System with a
Separate Off-Peak Storage Tank

When there is a heating requirement, a choice between using hot
water from the solar storage tank or from the off-peak storage tank to
meet the load has to be made. Whenever the solar storage tank tempera-

ture is above 35°C (95°F) water from this tank is circulated through the

hot water coil. However, if the solar storage temperature is below 35°C
or the solar storage cannot meet the entire heating load, water from the
off-peak storage tank is circulated through the coil to meet the load.
By giving first use priority to the solar storage tank, its temperature
is kept at a minimum. This allows the collectors to operate at optimal
efficiency and to contribute as much energy as possible to the total
heating load.

4-11
[]”HE Franklin Research Center

A Division of The Franklin Institute



Simulation Results

The total electrical emergy consumption for this system is 47 GJ
(12,900 kWh) for the simulation year. This is a 28% reduction from the
base system (resistance heating) consumption of 65 GJ. Simulated per-
formance results of the solar system and the off-peak storage are listed
in Table 4-2.

A plot of the electrical energy demand of this system during the
peak heating load is shown in Figure 4-9. As shown there, the electrical
energy demand of this system is virtually eliminated (0.12 kW) during
the peak load rericud.

Table 4-2. Performance Results of Solar Heating System
with Separate 0ff-Peak Storage

GJ Btu
Solar System T
Incident Solar Radiation on Collectors 132 (125 x 106)
Energy Delivered from Collectors to Storage 31 (29 x 106)
Collector Efficiency 23%
Heat Loss from Solar Storage 4.9 (4.6 x 106)
Solar Storage Efficiency 84%
0ff-Peak Storage Tank
Auxiliary Energy Input into Storage 44 (41 x 106)
Heat Loss from Storage 5.9 (5.5 x 106)
0ff-Peak Storage Efficiency 87%
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4.2.6 Conventional Heat Pump

An outdoor evaporator coil extracts energy from the ambient air with
an indoor condensing coil, located in the hot air duct, supplying energy
to the heated space. For backup energy, a resistance heating coil is
placed in the hot air duct downstream of the condensor coil to make up
any portion of the heating load not met by the heat pump. Figure 4-10

shows a schematic representation of this system.

Simulation Results

The electrical emergy consumption of the air to air heat pump is
27 GJ (7,500 kWh) for the simulated heating season. This is a 587 reduc-
tion from the base (electric resistance) heating system and represents a

seasonal performance factor (SPF) of 2.3.

The peak electrical demand of this system is shown in Figure 4-11.
As shown, the conventional heat pump reduces the peak load energy demand
by 23% but still has a considerable power demand (6.7 kW) during the
utility's peak period.

t

4.2.7 Heat Pump with Off-Peak Storage

Space heating is supplied by a dual source heat pump having both air
source and water source evaporators, with an off-peak water storage tank
supplying energy to the water source evaporator, in this system. Dual

source heat pumps of this type are now becoming commercially available.

The water source evaporator is located in a 7.56 m3 (2000 gallon)
insulated water storage tank. The tank is insulated to a value of
1.5 kJ/mm2°C (0.073 Btu/hr/ff2°F or R - 13.6). During every off-peak
period of the heating season, the water tank is heated to 35°C (95°F),
the maximum operating temperature for the water source evaporator. A

schematic representation of this system is shown in Figure 4-12.
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Figure 4-10. Conventional Air to Air Heat Pump System

To minimize electrical energy input to the water storage tank, the
air source evaporator is operated preferentially to the water source
evaporator. Only when the air source evaporator cannot meet the full

heating load is the water source evaporator used to make up the difference.

Simulation Results

The electrical energy consumption of this systea is 41 GJ (11,500 kWh)
for the simulated year. This is a 11% increase compared to the conven-
tional air to air heat pump and yields a SPF of 1.55. The peak load
energy consumption of this system, (3.78 kW) as shown in Figure 4-13, is

43 percent of the base system energy consumption.
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Figure 4-12. Heat Pump with Off-Peak Storage

Listed below in Table 4-3 is the performance of the water storage

tank for the simulated year.

Table 4-3. Performance of Off-Peak Water Storage

6 Btu
Energy Input to Storage Tank 18.7 (17.7 x 106)
Energy Loss from Storage Tank 5.1 (4.9 x 106)
Storage Efficiency 73%

4.2.8 Solar Assisted Heat Pump

A solar energy system is used to provide energy to a water-to-air
heat pump (in series between the solar system and the load), which pro-

vides the required energy to meet the heating load to the hot air duct.
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Heating Load Period



Water from the storage tank of the solar system is circulated through
the evaporator of the heat pump. A resistance heating coil, located
downstream of the heat pump condensing coil, provides back-up energy
should the heat pump be unable to meet the entire heating load. Figure

4-14 shows the configuration of this system.

Components of the solar energy system modeled here are identical
to the components in the conventional solar system described in Subsec-
tion 4.2.3.

Simulation Results

The electrical energy consumption of this system is 33 GJ (9,000 kWh)
for the simulated year. This results in a SPF of 1.94 for the system.
As shown in Figure 4-15, the peak load of this system is equal to the
heating load, thus offering no reduction in the demand of utility power
at the peak load. This high peak demand is due to the unavailability of

energy from the solar system during this very cold period.

The performance of the solar system for the simulated heating season

is given in Table 4-4.

Table 4-4. Performance of Solar Components in Solar
Assisted Heat Pump System

& Btu
Incident Solar Radjation on Collectors 132 (125 x 106)
Energy Delivered from Collectors to Storage 36 (33.8 x 106)
Collector Efficiency 27%

Energy Loss from Storage 4.3 (4.1 x 106)
Storage Efficiency 88%
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Figure 4-14. Solar Assisted Heat Pump

The increase in collector efficiency of this system, 277 compared
to 23% for the Conventional Solar System, is due to the low minimum uti-
lization temperature of the water source heat pump. In the conventional
solar system, the thermal storage must be above 35°C (95°F) to provide
energy to the load, while the water source heat pump can utilize energy
from storage down to 13°C (55°F) in meeting the heating load. Therefore,
when the storage temperature is between 13°C and 35°C, this system can
utilize stored solar emergy while the conventional solar system relies

solely on backup electrical power.
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4.2.9 Solar Assisted Heat Pump with Off-Peak Storage
in the Solar Storage Tank

To reduce the peak load power demand, an electric resistance heater
is added to the water storage tank of the solar assisted heat pump. Dur-
ing off-peak hours, the 36 kW/hr (123,000 Btu /hr) resistance heating coil
is used to raise the storage tank temperature to 35°C (95°F) (the maximum
operating temperature of the heat pump evaporator). A schematic repre-
sentation of this system is shown in Figure 4-.6.

The components of the solar system and the heat pump are identical

to those used in the solar assisted heat pump discussed in Subsection
4.2.8.

Simulation Results

The electrical emergy consumption of this system is 40 GJ (11,200 kWﬁ)
for the simulated heating season. This represents an 11% increase compared
to the conventional air~to-air heat pump. The peak load power consump-
tion of this system is plotted in Figure 4-17. As seen there, the elec-
trical consumption at the peak load is 39 percent of the heating load.

This is due entirely to operation of the heat pump compressor. Perform-

ance results for the solar collectors and storage tank are given in Table
4_5~

Table 4.5. Performance of Solar Components for Solar Assisted
Heat Pump System with Off-Peak Storage

&J Btu

6
Solar Radiation Incident on Collectors 132 (125 x 10 %
Energy Delivered from Collectors to Storage 27.8 (26.2 x 107)
Collector Efficiency . 21% 6
O0ff-Peak Energy Input to Storage 17 (16.5 x 107)

6
Energy Lost from Storage 5.3 (5.0 x 107)
Storage Efficiency 89%
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4,.2.10 Solar Assisted Dual Source Heat Pump with Direct
Heating From Solar

In this system, a dual source heat pump is used in conjunction with
a solar collection system to provide energy for space heating. The water
source evaporator is connected to the solar storage tank from which it
draws its energy during the water -to-water mode of operation of the heat
pump. The second evaporator is an outdoor air coil used in the heat pump
air-to-air mode. In addition, a water coil located in the hot air duct

is connected to the solar storage tank to provide energy from the tank

directly to the load. Back-up energy is provided by a resistance heat-

ing coil in the hot air duct. Figure 4-18 shows the system configuration.
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components OI TNe S0lar sSyStem (COLleCLULS, PulliPs, CUNLLULLIELS dallu SLUL=
age) are identical to those used in the conventional solar system described
in Subsection 4.2.3. The dual source heat pump is identical to the one

used in the heat pump with off-peak storage system described in Subsection
4.2.7.

Simulation Results

Electrical energy consumption of the system is 20 CJ (5,700 kWh) for
the simulated heating season, a decrease of 257 compared to the conventional
air-to-air heat pump. The SPF of this system is 3.12. Peak load elec-
trical energy demand is plotted in Figure 4-19. This shows that the peak
demand of 6.69 kW is 77% of the heating load and therefore contributes
significantly to utility peak load. This demand is identical to that of
the conventional air-to-air heat pump indicating the heat pump is in the
air-to-air mode during the peak load period, and storage has been ex-

hausted.

Table 4-6 1list the performance results of the solar components in
this heating system.

Table 4-6. Performance Results of Solar Components for Solar
Assisted Dual Source Heat Pump with Direct Heating

System
& Btu
Solar Radiation Incident on Collectors 132 (125 x 106)
Energy Delivered from Collectors to Storage 40 (37.6 x 106)
Collector Efficiency 30%
Energy Loss from Storage 3.8 (3.6 x 106)
Storage Efficiency 9%

4-26
UUUE Franklin Research Center

A Division of The Franklin Institute



AMASU) UIPURI 4 Y] JO UOISIAICT

I3jUsD) YdIeasay uipjuely gﬂuﬂ

Le-y

hmrcQlOrHX

NCOXTN

—— HEATING LOAD

- — ~ ELECTRICAL POWER DEMAND

X1a®
|2 }-OFF~PEAK~ |-OFF-PEAK-|
ﬂ
8.8
3.6
H
g.4
- /
‘-.-L-n
8.2 d s o <——\\\> Aﬂ””
* c' \. f’.._"d—’.-.- ""-w.~ \/
J \/
LS I
8.8 T T T | T T ™1 T ™1
183 283 218 2208 238

HOUR OF THE YEAR

Figure 4-19. Electrical Energy Consumption of the Solar Assisted Dual
Source Heat Pump with Direct Heating from Solar During

the Peak Heating Load Period



The addition of the direct solar heating mode (bypassing the nheat
pump) in this system leads to a lower storage temperature and thus to
more efficient collection of solar energy compared to the solar assisted
heat pump system without direct heating (Section 4.2.9). With a lower
storage temperature, the solar system efficiency is slightly higher (30%
versus 27%) than for the system without the direct heating mode.

4.2.11 Solar Assisted Dual Source Heat Pump with Direct Heating
and Off-Peak Energy Storage in the Solar Storage Tank

This system is identical to the solar assisted dual source heat
pump with direct heating except for the addition of off-peak storage
in the solar storage tank. A resistance heating coil is used to heat
the storage tank to 35°C (95°F) during every off-peak period of the
heating season. Figure 4-20 shows the configuration of this system.
Details of the components used in this system are described in Subsec-
tion 4.2.10.

Simulation Results

Electrical energy consumption for this system is 24 GJ (6,700 kWh)
for the simulated heating season, an 11% decrease compared to the con-—
ventional air-to-air heat pump. The seasonal SPF is 2.67. Peak load
energy demand is plotted in Figure 4-21. It shows a reduction of 57%
in peak demand compared to the electric resistance heating system. The

performance of various components in this system is given in Table 4-7.

Here again we see that increased storage temperature due to off-peak
charging causes a decrease in collection efficiency, from 307% to 23%, and
a decrease in solar energy collected, from 40 GJ to 30 GJ, compared to
the same system without off-peak storage (Subsection 4.2.10).

4.2.12 Solar Assisted Dual Source Heat Pump with Direct
Heating and a Separate 0ff-Peak Storage Tank

In this system a separate off-peak storage tank is added to the
solar assisted dual source heat pump system of Subsection 4.2.10. The
3
3.4 m~ (900 gal) off-peak storage tank is heated to 35°C (95°F) during

U[“]ﬁ Franklin Research Center

A Division of The Frankdin Institute

4-28



AMASU| UPIURL 4 Y] JO UOISIAI] Y

J2UaD) Ydleasay uipjuely guuﬂ

6C-%

OUTDOOR
AIR COIL

™

N
\\:}:*“
\\}

TES

HEAT
PUMP

—— TO HEATED
SPACE

<——FROM HEATED
SPACE

Figure 4-20. Solar Assisted Dual Source Heat Pump with Direct Heating and
0ff-Peak Energy Storage in the Solar Storage Tank



)MNsu) UIPjURLS BY) JO UOISWQ Y

13UD YdJeasay upjuely QUUU

0€-Y

ACOINMLMFCOCOrHX

- HEATING LOAD

- = = ELECTRICAL POWER DEMAND

X1
| .G lcOFF-PEAK: FOFF~PEAK+
-
8.8
8.6
[}
- { :
i \
8.4 } Y
Ty j 1
41— ] [
8.2 4 4
} : i —
L. ‘."-s L ‘ :\ 0“
cmme .‘ “l'."‘.-.—..
0.0 TTT1 T T 7T T N T T T 1T TT1
180 288 218 228 238

Figure 4-21.

HOUR OF THE YEAR

Electrical Energy Consumption of the Solar Assisted Dual
Source Heat Pump with Direct Heating and Off-Peak Storage

in the Solar Storage Tank During the Peak Heating Load Period

240



Table 4-7. Performance Results of Solar Components for Solar
Assisted Dual Source Héat Pump System with Direct
Heating and Off-Peak Storage In-Tank

& Btu

Solar Radiation Incident on Collectors 132 (123 x 106)
Energy Delivered from Collectors to Storage 30 (28.9 x 106)
Collector Efficiency 23%
Auxiliary Energy Input to Storage 3.1 (2.9 x 106)
Total Energy into Storage 33 (31.8 x 106)
Energy Loss from Storage 5 (9.7 x 106)

85%

Storage Efficiency

every off-peak period of the heating season. The remaining components
of this system are identical to those of the solar assisted dual source
heat pump with direct heating from solar described in Subsection 4.2.10.

A schematic representation of this system is shown in Figure 4-22.

Simulation Results

Electrical energy consumption for this system is 25 GJ (6,900 kWh)
for the simulated year, a decrease of 7% compared to the conventiomal air

to air heat pump. This results in a SPF of 2.59.

Figure 4-23 shows the peak load energy consumption of this system.
The peak demand of 3.07 kW is 35% of the heating load representing a sub-
stantial decrease from the 8.66 kW for the resistance heating system.

Table 4-8 1lists the performance of the various components of this system.
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Table 4-8. Performance Results of Components for Solar Assisted
Heat Pump with Dual Source, Direct Heating and a
Separate O0ff-Peak Storage Tank

] Btu

Solar Radiation Incident on Collectors 132 (123 x 106)

Energy Delivered from Collectors To 6
Solar Storage 34 (32 x 107)

Solar System Efficiency 26%

Energy Loss from Solar Storage 4.5 (4.3 x 106)

Solar Storage Efficiency 87%

Auxiliary Energy Input to Off-Peak ' 6
Storage 7.1 (6.7 x 107)

Energy Loss from Off-Peak Storage 2.7 (2.6 x 109

0ff-Peak Storage Efficiency 61%

4.3 ENERGY ANALYSIS OF SPACE COOLING SYSTEMS
4.3.1 Conventional Cooling System Energy Requirements

Conventional cooling system performance was simulated using the
TRNSYS air source heat pump model. The peak cooling energy demand as
calculated by TRNSYS was 8435 kJ (2.34 kW) and occurred on Sunday,
August 25. However, weekend peaks are not a problem for the Philadelphia
Electric Company. During 1968 the Philadelphia Electric Company experi-~
enced nearly identical weekday peaks on July 1 and July 18 at 3 PM day-
light savings time (DST). The peaks as predicted by TRNSYS on July 1
and July 18 occurred at 3 Pm and 4 PM,respectively. The peak loads for
the conventional system in the reference house as predicted by the
Philadelphia Electric Company (PECo) and TRNSYS on July 1 and July 18,
1968 are shown in Table 4-9.
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Table 4-9. Conventional Cooling System Hourly Peak Loads

July 1 July 18
PECo 6152 kd (1.71 ki) 6106 kd (1.70 kW)
TRNSYS 6933 kd (1.93 kW) 6364 kJ (1.77 kW)

The annual cooling energy requirements by the conventional system
in the reference house were estimated to be 5.62 x 106 kJ (1562 kWh) by
the Philadelphia Electric Company. The TRNSYS model was adjusted slightly
(i.e., house thermostat setting) to arrive at an annual conventional cool-
ing system energy use of 5.65 x 10% kg (157 kWh), that agreed with the

value derived by the Philadelphia Electric Company.

4.3.2 Conventional Solar Air Conditioning (A/C) System

A schematic diagram of this system is shown in Figure 4-24. The
system has 55.8 m2 (600 ftz) of collector area. The solar storage tank
has a capacity of 4.5 m2 (1200 gal). The solar A/C is a lithium-bromide
absorption chiller with a capacity of 25,315 kJ/hr (2 tons). The opera-

tion of this system is discussed in Appendix B.

Simulation Results

An absorption chiller is activated by thermal energy supplied to its
generator. The thermal energy supplied to the chiller during the cooling
season is 25.6 GJ (24.2 x lO6 Btu). Of this total, 81.4% is supplied by
solar energy. The remaining 4.8 GJ (4.5 x 106 Btu) is supplied by the
auxiliary electric heater. The energy used by pumps and fans is 2.8 GJ
(770 kWh). Total electricity usage is 7.5 GJ (2093 kWh). The seasonal
performance factor (ratio of the cooling load to the thermal input to
the absorption chiller) is 0.666. The ratio of the cooling load to elec-
tricity usage is 2.266 as compared to the value of 2.90 for the conven-

tional vapor compression air conditioner.

On July 1, the peak electric demand by the solar air conditioner

is only 0.49 kW as compared to 1.93 kW for the vapor compression unit.
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Figure 4-24. Conventional Solar A/C

However, on July 18, the peak demand by the solar system is 4.05 kW as
compared to 1.77 kW for the conventional air conditioner. In each case,
these are the peak electric demands during the on-peak period (8AM - 12PM).
The seasonal peak for the solar air conditioning system is 5.62 kW and

occurs at 3PM on July 15.

The seasonal performance of the solar components is shown in Table
4-10.

Table 4-10. Performance of Solar Components for the
Conventional Solar Air Conditioning System

GJ Btu x 10°
Solar Radiation Incident on Collectors 133 126
Energy Delivered from Collectors to Storage 22.9 21.7
Collector Efficiency 17.2%
Energy Lost from Storage 1.7 1.6
Storage Efficiency 92.6%
4-36
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4.3.3 Solar Air Conditioning System with Off-Peak Chilled
Water Storage

A schematic diagram of this system is shown in Figure 4-25. The
system is the same as the one described in Subsection 4.3.2 with the
exception that a 4.5 m3 (1200 gal) chilled water tank acts as a buffer
between the absorption chiller and the conditioned space. The auxiliary
heater is disabled during the on-peak period (8AM - 12PM). During the
offpeak period, the auxiliary electric heater is used to operate the
absorption chiller to cool the chilled water storage to a preset tem-

perature. The operation of this system is discussed further in Appendix B.

Simulation Results

The seasonal thermal energy demand by the absorption chiller is
32.1 GJ (30.5 x lO6 Btu) of which 77.5% is supplied by solar energy.
The remaining 7.2 GJ (2009 kWh) is supplied by the auxiliary electric
heater. The various pumps and fans in the system use 2.1 GJ (584 kWh)
during the cooling season. Total electricity usage is 9.3 GJ (2593 kWh).
The seasonal performance factor is 0.531 and the ratio of the cooling

load to seasonal electricity usage is 1.828.

Thds system does not use the auxiliary heater during the on-peak
period. During this time, electricity is only used for pumps and fans
(typically 0.41 kW). During the offpeak period, however, the peak elec-
tric demand may be significant. For example, on July 18 the average

electric demand during the offpeak period was 4.24 kW,

The seasonal performance of the solar system components is shown

in Table 4-11.

4.3.4 Solar Air Conditioning System with Off-Peak Hot Water Storage

A schematic diagram of this system is shown in Figure 4-26. The
system is the same as that described in Subsection 4.3.2 with the ex-
ception that the auxiliary electric heater does not supply thermal energy

directly to the absorption chiller but is used during offpeak periods to
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Figure 4-25. Solar A/C with Off-Peak Chilled Water Storage

Table 4-11. Performance of Solar Components
for the Solar Air Conditioner with
Off-Peak Chilled Water Storage

6J Btu x 10°
Solar Radiation Incident on Collectors 133 126
Energy Delivered from Collectors to Storage 26.5 25.1
Collector Efficiency 19.9%
Energy Lost from Solar Storage 1.8 1.7
Solar Storage Efficiency 93.2%

charge a 2 m3 (533 gal) hot water storage tank. Refer to Appendix B for

a further discussion of this system.

Simulation Results

The thermal energy demand by the absorption chiller during the cool-
ing season is 25.6 GJ (24.3 x 106 Btu) of which 79.6Z is supplied from
solar energy. The offpeak hot storage supplied 4.9 GJ (4.7 x 106 Btu)
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Figure 4-26. Solar A/C with Off-Peak Hot Water Storage

to the chiller. Pumps and fans use 3.05 GJ (848 kWh), and 6.2 GJ (1724 kWh)
are used to charge offpeak storage. The total seasonal electric energy
usage is 9.3 GJ (2572 kWh). The seasonal performance factor is 0.668 and

the ratio of cooling load to electricity usage is 1.814.

This system, like the one with offpeak chilled water storage does
not use a significant amount of electric energy during the on-peak period.
Typically, the electric demand by pumps and fans during this period is
0.49 kW. The maximum average demand during an offpeak period was 7.73 kW
and occurred on July 16. This high demand was due to the hot storage

having been depleted on the previous day,

The performance of the solar components is shown in Table 4-12.
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Table 4-12. Performance of Solar Components for the
Solar Air Conditioner with Off-Peak Hot
Water Storage

Solar Radiation Incident on Collectors

Energy Delivered from Collectors to Storage

Solar Collector Efficiency
Energy Loss from Solar Storage
Solar Storage Efficiency

Energy Loss from Offpeak Storage
Offpeak Storage Efficiency

133
22.4

1.7

1.2

Btu x ]06

126

21.2
16.8%

1.6
92.3%

1.16
80.2%
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5. EFFECT ON ELECTRIC UTILITY IN PHILADELPHIA, PA

5.1 DEFINITION OF SOME ELECTRIC UTILITY TERMS*

For readers not familiar with electric utility terminology, defini-

tions of some of the terms used in this report are given below.

Electric utility companies are regulated monopolies; in return for
exclusive franchises in their service area, utility companies' rates and
service .standards are subject to approval by a government regulatory
authority, usually a state regulatory commission. In addition to com-
pensation for all costs incurred, share-holder owned utilities are per-
mitted an appropriate rate of return on a certain part of their invest-
ment, called the rate base. The rate base is a value established by a
regulatory authority which generally represents the amount of property

used and in useful service.

The rate per unit time at which a customer uses electric energy is
called demand or load. This demand may be instantaneous or averaged
over a certain time period: 15 minutes, 1 hour, 1 day, 1 year. A kilo-
watt (kW) is a measure of the demand for electricity. Ome thousand
kilowatts equal one megawatt (MW) or one million watts. Energy use is
measured in kilowatt-hours (kWh). For example, an appliance may require
0.2 kW to operate and, if this appliance operates for one hour, the elec-
tric energy used will be 0.2 kWh. One kWh equals 3412 Btu.

Peak demand is the highest demand that occurs within a specified
period of time. The annual system peak is the highest total hourly
demand experienced by a utility system during a year. 1If that peak
occurs consistently in the summer (or winter), the utility is called
summer peaking (or winter peaking). Monthly system peaks and daily
system peaks are also important to utility generation operations. Class
peaks are peak loads for certain classes of customers: residential, in-
dustrial, commercial. The residential class peak, for example, would be

the highest reading of a single meter to which all residences of a

*This Section is taken from a previous report by the Franklin Research
Center (Ref. 5-1).
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utility are connected. Class peaks are 1mportant CO UL1llLy Ul5LLiUU—
tion operations. An off-peak load is a load that does not occur during

the system and/or the class peak hours.

Since electric utilities serve a great number of customers simul-
taneously, the peak demands of all customers do not occur at the same
time. Thus, a single all-electric home may have a connected load of
15 kW; this is the sum of the power ratings of all pieces of electric
equipment in the home. All lights, appliances, and electric heaters
are seldom, if ever, turned on simultaneously in a home. Thus, the
individual, instantaneous peak demand of the home may never be more than
13 kW. Most utilities design their systems on the basis of a one-hour
peak demand. That is the highest average load over a one-hour interval.

It is always smaller than (or, at most, equal to) the instantaneous peak.

The diversified demand per customer of a group of customers is de-
fined as the peak demand of the group divided by the number of customers.
It is always lower than the individual customer's peak demand because
not all customer peak demands occur simultaneously. This is readily
apparent when one realizes the time difference in getting up, cooking
meals, doing laundry, or entertaining in different homes. It is less
readily apparent for the heating demands of a group of identical homes
on a cold day, a fact well-known to utility operators and amply docu-
mented (i.e., Refs. 5-2, 5-3, 5-4).

Integrated system demand is the summation of the continuously vary-
ing instantaneous demands of all the customers of a utility during a

given time period. By definition, this is a diversified demand.

Most electric utility residential rate structures incorporate an
energy charge only; the customer pays according to the number of kilo-
watt-hours used during the billing period. The rate per kWh, however,
may vary with the amount used during the billing period. Most commercial
and industrial rate structures consist of both a demand charge and an

energy charge. In addition to paying for the number of kilowatt-hours

Uﬂﬂﬁ Franklin Research Center
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used during the billing period, the customer also pays a "demand" charge
which depends on his own peak demand (maximum kW) during the billing
period or during the preceding year. In some cases, the energy charge
is a function of the peak demand; a customer with a high peak demand

also pays a higher energy charge.
Other terms are defined where they occur.

Since the peak electrical power demands of all customers of a par-
ticular class do not occur at the same time, the peak demand of a group
of customers (the '"diversified demand") is less than the sum of the in-
dividual demand peaks. This is explained on the previous page. Because
of the diversity phenomenon, the effect of solar heating on an electric
utility system cannot be evaluated by determining the energy ''displaced"
by solar energy alone. Rather, the diversified electrical demand of the
projected number of solar homes must be added to all other demands on
the electrical network, and the effect of that integrated electrical de-

mand on the system must be evaluated.

5.2 UTILITY SYSTEM MODELING
5.2.1 Rationale

In order to obtain the best evaluation of the effect on an electric
utility of the presence of a large number of solar heating/cooling sys-
tems, it is not sufficient to model an individual building and to deter-
mine its change in energy consumption. Since solar heated/cooled homes
have different energy requirements from conventionally heated homes dur-
ing different hours of the day, the presence of a large number of such
homes may require changes in the generation pattern of a utility., The
resultant changes in costs to serve these solar customers cannot be
evaluated by merely determining the reductions in energy consumption
of the solar home with respect to the conventional home and multiplying
them by the average energy cost of the conventional home (which is the
most common method of analysis). It is somewhat more accurate to multi-

ply these savings by the marginal cost to the utility of serving these
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homes (Ref. 5-5). This will give a reasonably good results when the
number of solar customer on the utility is small, because the utility's
method of generation and dispatching power will not be changed. When
the number of solar buildings is sufficiently large to affect these
patterns, however, even this method of analysis is insufficient. What
has to be done is to consider the utility's entire network as a whole
and to compare the behavior of the present utility system with a system
in which a large number of conventionally heated buildings are replaced
by solar heated/cooled buildings. This is the method used in this

project.

5.2.2 Diversified Demand Analysis

In Section 4, the hour-by-hour electrical energy consumption for
the representative home equipped with different heating and/or cooling
systems were determined. The simulation for the conventional systems
was adjusted so that the total daily energy consumption matched the
diversified total daily energy consumption obtained from actual measure-

ments by the Philadelphia Electric Company (PECo).

The diversified hourly energy demands for the solar systems was ob-
tained by assuming that the ratio of the diversified to the simulated
hourly energy demands of solar systems is the same as for conventional
system. The number of solar heated homes and the performance data avail-
able from them is insufficient to permit a statistical determination of
the diversity of solar heated homes. Therefore, the above assumption
is the best that can be made until statistics on the operational perform-

ance of large groups of solar homes become available.

The same procedure was followed with respect to solar air conditioned

homes.

5.2.3 Market Penetration of Solar and O0ff-Peak Storage Systems

In a previous study, a market penetration analysis for solar heated
homes was performed in 1976 for the Philadelphia Electric (PECo) service
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area (Ref, 5-1, Section 4.1). Its results are presented in Table 5-1
and in Figure 5-1. These projections are probably conservative, i.e.,
low. However, electric heating is not very common in the PECo service
area because new gas hookups have always been available within the City
of Philadelphia (where it is provided by a municipal utility, the
Philadelphia Gas Works), and new gas hookups have been resumed in the

suburbs (where it is provided by PECo) after a moratorium of a few years.

An updated market penetration analysis was not performed because

it was not required for the purposes of the present project. When the
penetrations of solar homes were varied from 0% to 100%Z in the Ref. 5-1
study, the marginal costs per solar home varied less than 10% from the
costs obtained for the probably forecast of solar homes (Table 5-1 and
Figure 5-1). The results obtained from a systems model using 100% pene-
tration are therefore valid, even if actual penetrations of solar heated
homes will be significantly smaller. A 100% penetration of solar and/or
off-peak storage equipment was therefore used in all PECo system

investigations.

Table 5-1 Low, Probable, and High Forecasts of Solar Heated
Single-Family Homes on PECo System (from Ref. 5-1)

l Year Number on System in Stated Year
Conventional Solar Heating- Solar Assisted Heat Pumps
Low Probable High Low Probable High
1980 50 75 150 0 0 0
1985 400 800 1200 100 200 300
1990 750 2400 3450 450 1800 2550
1995 1300 4150 6150 1700 5850 8850
2000 | 1600 5350 8000 4400 16,650 25,000
| )
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Figure 5-1. Low, Probable, and High Forecasts of Solar Heated
Single-Family Homes on Philadelphia Electric Co.
System (from Reference 5-1)

5.2.4 Procedural Details

a. Summary

The results of the diversity analysis (see Section 5.2) were combined
with a 1007 market pemetration starting in the year 1980 to obtain the
total residential heating (cooling) load for each of the space condition-
ing systems studied. This information was combined with adjusted basic
system load modesl (BSLM) for the years 1985 and 1995 to form total sys-
tem load models (TSLM) representing the entire Philadelphia Electric
(PECo) system. The production costs for each of the load models were
calculated by a computer program that simulates the operation of each of
the generators on the Philadelphia Electric system on a bi-hourly basis

throughout the year. From these production costs, an economic evaluation
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of the effect of solar heating on the Philadelphia Electric generation
system was performed. The 1968 load model was chosen as the basis for this
analysis because the 1968 weather pattern had been used to determine the
energy consumption of the typical home for heating and air conditioning

(see Section 4.1 ).

b. System Load Model Without Residential Heating Component

The basic system load model without residential heating was derived
from the 1968 actual hourly system loads on the PECo system with the
estimated hourly home heating and cooling load components removed to
eliminate the model's temperature-dependent load. This load model was
normalized by dividing each hourly load by the 1968 annual peak load
to form a normalized basic system load model without residential heating
or cooling. The basic system load models for the years 1985 and 1995 were
constructed by multiplying the normalized basic system load model by the
projected peak loads for those same years. The load models were corrected
so that the annual energy consumption was within .2% of the forecast. The

correction was made to each hourly load by use of the following equation:

Lc = Pp - a (Pp - Lu) (5-1)
where Lc = corrected hourly load
Pp = projected peak load
Lu = uncorrected hourly load
a = (8760 P - E 8760 P_ - E
( o " E/( b " EY
Ep = projected annual energy consumption
u - uncorrected annual energy consumption.

c. Residential Load Models

The residential load models for each of the alternate heating/cool-

ing system were obtained as described in Sections 4. and 5.2.

d. Total System Load Model

The total system load models were obtained by adding multiples of

the residential load models, corresponding to 1007 market penetration,
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to the basic system load models without residential heating and cooling.
The total system load models represent the PECo system with contribution
of each type of alternate heating/cooling system assuming 100% penetra-
tion in all new single-~-family homes constructed from 1980 to the year
studied: 1985 or 1995.

The total system load model with conventional resistance heating
was used as the base case for the years 1985 and 1995. Production costs
for all the total system load models corresponding to all the alternate
heating/cooling systems used were calculated by a computer program called
PRODCOST. PRODCOST (Ref. 5-6) simulates the dispatch of generators on
the PECo system on an incremental operating cost basis. The program
accounts for maintenance and forced outages, start-up costs, and dispatch
of limited energy (hydro-electric and pumped storage) generation. The
annual fuel and operating costs were calculated from the PRODCOST simu-
lated economic dispatch. Table 5-2 shows the escalation of fuel prices

used in the production cost calculations.

Table 5-2. Projected Fuel Costs (¢/Million Btu)
Philadelphia Electric Company

Year Coal 0il Nuclear
1979 150* 425* 30*
1985 230 675 50
1995 500 925 140

*Actual Costs

5.3 ANNUAL PRODUCTION COSTS AND MARGINAL COST SAVINGS

The complete system of the Philadelphia Electric Company was modeled
under the conditions of "economic dispatch" which is the normal mode of
operation of that utility. At any hour of the day, all generation units
are operated in such a manner as to minimize the marginal cost of addi-
tional generation. This means that, when an additional increment of
power is required, the generator which can provide that power at the

lowest increase in cost will be called upon to furnish ("dispatch") that
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power. This method of economic dispatch is the normal operating mode

of this (and most) utility subject to certain operational constraints
pertaining to the rate at which power can be increased for each parti-
cular units, minimum reserve requirements, and air pollution limitations.
The system was modeled under the assumption that all additional customers
starting in the year 1980 would equip their homes with a particular type
of space heating/cooling unit, conventional, solar, with or without
off-peak storage. The PECo network was then modeled for each of the
8760 hours of the year assuming economic dispatch throughout, 1985 and
1995, using the generation units plamned to be in service in those years.
The total production costs of the utility for each of these years were
then compared. Data for the base system (electric resistance heating
and compression air conditioning) are shown in Table 5-3. The changes
in production costs when alternate heating/cooling systems were used
were then determined and divided by the number of homes assumed to be
equipped with the alternate heating/cooling systems in the respective
years: 34,400 for 1985 and 66,000 for 1995. The result is the true
marginal cost of energy if a conventional heating/cooling system is re-

placed by an alternate system in a single residence.

Table 5-3. Base System Data

Item 1985 1995
Total Production Costs (million $) 950 1882
Number of New Customers* 34,400 66,000
Average Production Cost (¢/kWh) 2.87 4.36
Average Production Cost per Residential Customer ($) 558 847

*The number of new customers is the number of single-family homes added
to the PECo system between 1980 and the year shown.
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These results are shown in Table 5-4. The costs shown are essenti-
ally for fuel only; no capacity credit is taken into account. Since PECo
is in a no-growth or slow-growth mode, the validity of capacity credits

may be questioned.

Philadelphia Electric Company, a utility in an industrial area,
sells less than 30% of its energy to the residential market. As a con-
sequence, even the 1007 market penetration assumed in this study would
not affect the company's generation or transmission planning for the
next 25 years at least. Residential distribution systems are currently
designed for summer peaks except in areas of large concentrations of
electrically heated homes, where they are designed for winter peaks.
The peak demands of the conventional electrically heated homes and the
solar heated homes are identical (see Section 4.2.3). As a result, the
design of the distribution system will remain the same independent of

the number of electrically heated homes that employ solar assisted heating.

Table 5-4. Annual Electric Production Cost Comparison
Philadelphia Electric Company

Customer Annual Annual Energy
Energy Savings per Utility Cost Avoidance
Heating/Cooling System Consumption (kWh) Customer (kWh) Par Customer ($)
985 1995

Resistance Heating 19428 Base Base Base
Conventional Solar Heating 12308 7120 510 480
Solar Heating with Separate

Off-Peak Storage (2 Tanks) 14508 4920 450 410
Conventional Air-to-Air

Heat Pump 9158 10270 750 860
Solar Assisted Dual Source Heat

Pump w/Direct Heating from Solar 7238 12190 900 1050
Conventional Solar Heating, Solar

Air Conditioning 12824 6604 470 430
Solar Heating w/Off-Peak Storage,

Solar A/C w/Off-Peak Cold Storage 15524 3904 420 370

(2 tanks)
Solar Heating w/Off-Peak Storage,

Solar A/C w/Off-Peak Hot Storage 15502 3926 420 370

(2 canks)
Notes:

Unless otherwise specified, all systems contain conventional electric air conditioning (A/C). Solar
air conditioning units are absorption systems. All energy data are for space heating and cooling only.
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The energy cost for the conventional electrically heated and cooled
home (base home) is $558 in 1985 and $847 in 1995 (Table 5-3). The mar-
ginal cost avoidance for many of the solar and storage systems is larger
than these amounts. This means that the utility avoids generation costs
in excess of the cost of furnishing space heating/cooling energy to the
base home. It would, of course, be incorrect to assume that these savings
could be passed omn to the individual building owner, since they are not
true "'savings" to the utility but merely a "cost avoidance." However,
the benefits of this cost avoidance are passed on to all customers of
that utility in the form of lower fuel charges. This can provide a
rationale for the introduction of special tariffs to solar building
onwers which are sometimes called "subsidies" (Ref. 5-1, p. 9-3). These
cost avoidances benefit all utility customers and therefore, virtually
society as a whole, therefore, they should be used in considering national
policy. The cost saving that can be passed on to the solar homeowner,
however, must be determined on the basis of average costs and not marginal
costs since, generally, consumers pay the average costs of products and
not their marginal costs. It is probably impossible, and would certainly
inequitable, for a utility to negotiate a tariff with an individual that
reflects its marginal rather than its average cost. Average cost savings

accruing to PECo from solar systems are determined in Section 6.

5.4 EFFECT OF UTILITY INTERCONNECTION

The results of Section 5.3., like all the results presented in this
report, are based on the behavior of the network of a single utility as-
suming that this utility is a self-contained entity. Actually, this is
not the case. All individual utilities in the United States are inter-
connected to neighboring utilities which are joined to larger entities
and are operated as larger operating units. The Philadelphia Electric
Company, for example, is a member of the Pennsylvania-New Jersey-Maryland
Interconnection (PJM) which fully integrates the bulk power generation
and transmission operations of eleven eléctric utilities serving 21,000,000
people in a 50,000 square-mile territory extending from nothern New

Jersey to Washington, D.C. Through the constant interchange of electricity,
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this integrated operation offers greater reliability and economy than
would be possible if the bulk power systems of these same companies

were developed and operated independently.

PECo is also a member of the Mid-Atlantic Area Council (MAAC) which
is made up of the eleven PJM companies and several municipal and coopera-
tive electric ompanies operating within the PJM service area. MAAC's
purpose is to further augment the reliability of the bulk electric sys-
tems of its service through a higher degree of coordinated planning of
their generation and transmission facilities. The National Electric
Reliability Council (NERC) consists of eight regional entities like
MAAC which develop coordinated planning of inter-regional bulk electric
transmission systems so that the reliability of service can be main-

tained throughout the United States and a part of Canada.

In practice, the Philadelphia Electric Company does not operate
according to economic dispatch for its own network alone, but all units
of the PJM Interconnection are dispatched economically from a central
control station located in Valley Forge, PA. Therefore, on a short-tun
basis (Ref. 5-7), the marginal cost analysis of Section 5.3 is not cor-
rect since, in day-to-day operation, PECo does not only call upon its
own generation units to satisfy its customers' demands, but has access
to all of the approximately 400 units within the PJM system. The result
is a flattening of the marginal cost curve plotted as a function of power
level. For short-run effects, the marginal cost savings calculated in
Section 5.3 are higher than the true cost avoidances that would be ex-
perienced by PECo if the specified alternate space conditioning systems
were suddenly installed by its customers. In the long run, however, the
individual utilities of the PJM Interconnection install the generation
capacity appropriate to their loads. It is, therefore, believed that
the analysis presented is valid because it yields a correct picture of
the long-run cost avoidances that would accrue to the utility if its
customers installed these alternate systems; for purposes of national

policy planning, it is the long-run effects that must be considered.
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6. ENERGY/COST PERFORMANCE IN PHILADELPHIA, PA

6.1 UTILITY COST COMPONENTS

The costs to serve residential customers having different conven-
tional or solar heating systems with or without off-peak storage were
determined on a cost allocation basis used by the Philadelphia Electric
Company to justify its rates to the State Public Utility Commission.
These costs are generally made up of three major items: demand related

costs, customer related costs, and energy related costs.

In the PECo cost allocation method, demand related costs are made

up of three components:

Costs related to class peak. Class peak is the diversified
peak demand of all residential customers of that utility.
Due to diversity of demand, the class peak is lower

than the sum of the individual customers' maximum

demands. These costs primarily represent costs of

the local distribution network.

Costs related to individual customer maximum demand. These
costs pertain to the costs of installing a line to the indi-
vidual home.

Costs related to contribution to system peak. These costs
essentially represent the capital costs of installing genera-
tion and transmission capacity. Although these facilities
may be used only infrequently, they must be amortized over

a fixed life-time.

The demand related costs used are PECo costs for the year ending
March 31, 1980 escalated at a rate of 8 percent per year. The class
peak for electric heating customers occurs in the winter. Therefore,
the contribution to class peak on the part of the systems investigated
are their contributions to the winter residential peak which occurs in
mid-morning. This value was determined to be 9.16 kW made up of an
electric resistance heating demand of 8.66 kW and a house fan power
demand of 0.5 kW. The diversified demand of the conventional heat pump
system is 1.97 kW less. The off-peak storage systems are timed so that
they do not contribute to the winter residential class peak except for

0.13 kW for the storage pump and 0.5 kW for the house fan.
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One can question whether 1T 1S JUSTLIled LU USE LIE WILLEL Led4—
dential class peak in the calculations for a summer peaking utility.
Some advocates of marginal cost pricing claim that only the contribu-
tions to the system peak (which, for a summer peaking utility like
PECo, occurs in the summer) should be considered in determining demand
related costs. The authors of this report decided to go along with

PECo's cost allocation method.

Customer related costs represent the costs of metering, billing,
processing payments, etc. Since these costs are incurred for all cus-
tomers of an electric utility, even for those who may require lights
only, they have not been included in the space conditioning cost analy-

sis shown here.

Energy related costs are essentially fuel costs. While PECo uses
a constant fuel cost estimated to be 3.21¢/kWh on the average for 1985,
it was felt that the lower cost of generating off-peak energy from nu-
clear and coal plants compared to the on-peak energy which includes oil-
steam and gas turbine plants should be considered. A differential of

0.5¢/kWh has therefore been used between off-peak and on-peak énergy

costs in 1985. This is comservative and close to the value used for in-
ternal studies of energy storage previously undertaken by PECo. For

many, if not most, utilities in the United States, this differential is

considerably larger.

Assuming that 25% of the utility's energy is generated during the
eight off-peak hours 11 pm to 7 am, (12 midnight to 8 am during the cool-
ing season), the off-peak and on-peak energy related costs were determined
to be 2.835 and 3.335 ¢/kWh, respectively in 1985. The heating systems
without off-peak storage were assumed to use 607 of their electrical heat-

ing energy during off-peak (nighttime) hours.
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Information obtained from measured data subsequent to the conclusion
of this project phase showed that only 357 of the heating energy and 227
of the cooling energy is consumed during the off-peak period in systems
without off-peak storage. The above cost figures should therefore be

adjusted slightly with corresponding modifications in Tables 6-1 through 6-4.

The utility's cost to serve customers using different space condi-
tioning systems were determined on the basis of these cost assumptions.
They are shown for the year 1985 in Table 6-1 for heating systems and
in Table 6-2 for cooling systems. Corresponding data for 1995 are pre-

sented in Tables 6-3 and 6-4.

6.2 OWNING AND OPERATING COSTS

The annual heating costs incurred by a homeowner are made up of the
costs the utility charges to serve him and the costs of ownership of the
heating equipment in the home. Installed costs were determined for the
systems analyzed using manufacturer and contractor data escalated to
1980. Details are given in Appendix D. Equipment cost data for 1980
were used to determine 1985 costs. Equipment cost data for 1990 were
used to determine 1995 costs. Equipment costs were escalated at an
annual rate of 5 percent from 1980 to 1990.%* Annual costs were calcu-
lated assuming that these costs are repaid by the homeowner over 20
years at an annual interest rate of 127 on the unpaid balance. This
results in a capital recovery factor of 13.4%. These annual costs
are shown in the lower portions of Tables 6-1 through 6-4 for conven-
tional and solar assisted heating/cooling systems with and without off-
peak storage. All the homes are equipped with central air conditioning

which is consistent with the current construction practice in that region.

*#Total installed costs are shown in the fifth line of Tables 6~1 through
6-4.
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Table 6-i. Annuai CoSts tor >0ilar Heating ana

Heat Pump Systems in Philadelphia, PA

(1985)
Solar Assisted
Dual Source
Resistance Solar Heating Conventional Heat Pump
Heating Conventional with Off-Peak Alr-to-Air w/Direct Heatir

Consumption, Demand and Cost Data (Base System) _Solar Heat Storage (2 Tanks) _Heat Pump from Solar
Annual Consumption, kWh 19,428 12,308 14,508 9,158 7238
Demand at Winter Class Peak, kW 9.16 9.16 0.63 7.19 7.19
Individual Customer Max. Demand,kW 10.50 10.50 36.00 10.50 10.50
Contribution to System Peak, kW 1.61 1.61 1.61 1.61 1.61
1980, Installed Cost, §$ 1,930 17,237 21,406 2,422 20,818
Demand Related Costs:
Demand at Class Peak, $32.37/kW 296.51 296.51 20.39 232.74 232.74
Individual Cust.Max. Dmd.,$1.48/kW 15.54 15.54 53.28 15.54 15.54
Contrib. to Sys. Peak, $170.55/kW 274.59 274,59 274,59 274.59 274.59
Energy Related Costs:
On~Peak Consumption, 3.335 ¢/kWh 259.17 164.19 41.95 122.17 96.55
Off-Peak Consumption,2.835 ¢/kWh 330.47 209, 36 375.64 155.78 123.12
Subtotal Cost-to-Serve, § 1176.28 960.19 765.85 800.82 762,54
Homeowners Loan Payment on

Equipment (20 yr. @ 12%), $ 258.39 2,307.00 2,855.00 324,25 2,787
TOTAL ANNUAL COST, § 1435. 3,267, 3,621. 1125. 3529.

Table 6-2. Annual Costs for Solar Air Conditioning

in Philadelphia, PA (1985)

Solar Beatin
w/O0Lf-Peak

Conventional Solar Heating w/Off- Storage, Sol
Resistance Heating, Solar Heating, Peak Storage, Solar A/C w/0ff-Pe
Conventional Air Solar Air A/C w/0ff-Peak Cold Hot Storage
Congumption, Demand and Cost Data Conditioning Conditioning Storage (2 Tanks) (2 Tanks)
Annual Consumption, kWh 19,428 12,824 15,524 15,502
Demand at Winter Class Peak, kW 9.16 9.16 0.63 0.63
Individual Customer Max. Demand, kW 10.50 36.00 36.00 36.00
Contribution to System Peak, kW 1.61 4.93 0.71 0.71
1980 Installed Cost, § 1,930 27,980 35,200 31,908
Demand Related Costs:
Demand at Class Peak, $32.37/kW 296.51 296.51 20.39 20.39
Individual Cust. Max. Dmd., $1.48/kW 15.564 53.28 53.28 53.28
Contrib. to Sys. Peak, $170.55/kW 274.59 840.81 121.09 121.09
Energy Related Costs:
On-Peak Consumption, 3.335 ¢/kWh 259.17 171.09 44,69 44,69
Of f-Peak Consumption,2.835 ¢/kWh 330.47 218.12 402.12 401.49
Subtotal Cost-to-Serve, $ 1176.28 1579.81 641.57 640.94
Homeowners Loan Payment on
Equipment (20 yr. @ 12%), §$ 258.39 3745.00 4712.00 4271.00
TOTAL ANNUAL COST, § 1435, 5325. 5354, 4912.
6—4
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Table 6-3. Annyal Costs for Solar Space Heating and Heat Pump Systems in Philadelphia (1995)

Solar Assisted
Dual Source

Resistance Solar Heating Conventional Heat Pump
Heating Conventional with Off-Peak Air-to-Air w/Direct Heating
Consumption, Demand and Cost Data (Base System) Solar Heating Storage (2 Tanks) Heat Pump from Solar
Annual Consumption, kWh 19,428 12,308 14,508 9,158 7238
Demand at Winter Class Peak, kW 9.16 9.16 0.63 7.19 7.19
Individual Customer Max. Demand, kW 10.50 10.50 36.00 10.50 10.50
Contribution to System Peak, kW 1.61 1.61 1.61] 1.61 1.61
1990 Installed Cost, $ 3,146 28,096 34,892 3,948 33,933
Demand Related Costs:
Demand at Class Peak, $68.89/kW 630.85 630.85 43.39 495.18 495.18
Individual Cust.Max. Dmd.,$3.19/kW 33.50 33.50 114.84 33.50 33.50
Contrib. to Sys. Peak, $368.06/kW 592.58 592.58 592.58 592.58 592,58
Energy Related Costs:
On-Peak Consumption, 5.10 ¢/kWh 396.39 251.12 64.17 186.85 147.67
Off-Peak Consumption, 4.346 ¢/kWh 506.57 320.95 575.85 238.81 188.75
Subtotal Cost-to-Serve, $ 2159.88 1828.99 1390.82 1546.92 1457.68
Homeowners Loan Payment on
Equipment (20 yr. @ 12%), $ 422.82 3776.10 4689.48 503.59 4560. 64

TOTAL ANNUAL COST, $ 2583. 5605. 6080. 2051. 6018.
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Table 6-4.

Annual Costs for Solar Air Conditioning in Philadelphia (1995)

Solar Heating
w/0ff-Peak

Conventional Solar Heating w/0ff- Storage, Solar
Resistance Heating, Solar Heating, Peak Storage, Solar A/C w/0ff-Peak
Conventional Air Solar Air A/C w/0ff-Peak Cold Hot Storage

Consumption, Demand and Cost Data Conditioning Conditioning Storage (2 Tanks) (2 Tanks?
Annual Consdmption, kWh 19,428 12,824 15,524 15,502
Demand at Winter Class Peak, kW 9.16 9.16 0.63 0.63
Individual Customer Max. Demand, kW 10.50 36.00 36.00 36.00
Contribution to System Peak, kW 1.61 4,93 0.7 0.
1990 Installed Cost, $ 3,146 45,607 57,376 51,975
Demand Related Costs:
Demand at Class Peak, $69.87/kW 640.01 '640.01 44,02 44,02
Individual Cust.Max.Dmd., $3.19/kW 33.50 114.84 114.84 114.84
Contrib. to Sys. Peak, $368.08/kW 592. 61 1814.63 261.34 261.34
Energy Related Costs:
On-Peak Consumption, 5.10 ¢/kWh 396.39 261.68 68.35 68.35
0ff-Peak Consumption, 4.346 ¢/kWh 506.57 338.38 616.44 635.04
Subtotal Cost-to-Serve, $ 2169.07 3169.54 1104.98 1123.58
Homeowners: Loan Payment on

Equipment (20 yr. @ 12%), $ 422.82 6129.58 J711.33 6985.44
TOTAL ANNUAL COST, § 2592. 9299, 8816. 8109.




6.3 DISCUSSION OF RESULTS

The additional off-peak thermal storage to electric resistance and
solar assisted heating systems reduces their electrical on-peak demands
to nominal values (for fan and pump power only); however, their total
annual energy consumption is increased by 16 to 27 percent. For the
Philadelphia Electric Company it was found that the cost to serve cus-
tomers with systems incorporating thermal storage is lower than the

cost to serve conventional resistance or solar heating customers.

PECo is a utility which is probably as unfavorable to solar heat-
ing and off-peak storage as any. It has had a no-growth or slow-growth
pattern for the past few years, thus it has relatively low embedded
generation costs which result in low demand charges. It is a summer
peaking utility, hence solar heating does not affect its peak (summer)
demand. The utility has a large pumped storage facility at Muddy Run
on the Susquehanna River and it, therefore, derives benefits from off-
peak storage within its own network, minimizing the benefits from stor-
age on the part of its customers. Because the utility rarely uses its
combustion turbines to satisfy peak demands, its off-peak generation
cost differential is very small (calculated to be 0.5 ¢/kWh in 1985).

In spite of all these adverse conditions, Tables 6~1 and 6-3 show that
PECo's cost to serve off-peak storage customers is lower than the cost
to serve conventional resistance and solar heating customers. This
demonstrates the beneficial effects of thermal storage. For example,
the cost to serve a solar heating customer with off-peak thermal storage
is 207% lower in 1985 than the cost to serve a conventional solar heating
customer. This cost differential increases to 24% in 1995. The cost to
serve a conventional heat pump customer lies somewhere between these two

values.

The solar assisted dual source heat pump system has the lowest cost-
to-serve in 1985. By 1995, however, this system is slightly more expen-

sive to serve than the solar heating system with off-peak storage.

The results change if the homeowner's cost of installing the storage

device is included. Looking at total costs incurred by the utility plus
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the homeowner, the conventional heat pump 1S a winner IolLlowed Dy eirec—
tric resistance heating. All solar systems are more expensive in Phila-
delphia than conventional systems if they are amortized over 20 years at
127.

On account of PECo's small off-peak cost differential, the total cost
of solar systems incorporating thermal off-peax storage is higher than that
of conventional solar systems. The cost of solar assisted heat pumps is
higher than the cost of solar heating systems with resistance heating
backup. Adding off-peak storage to the former produces only a marginal
improvement over a conventional heat pump with off-peak storage (see
Section 4.2.7) but greatly increases the first cost. That system was,

therefore not analyzed in detail.

In 1985, the cost to serve combined solar heating and solar air con-
ditioning systems is 347 higher than the cost to serve conventional air
conditioning systems; in 1995, it is higher by 467. When either hot or
cold off-peak storage is added to the solar air conditioner, its cost to
serve 1s reduced by 527 in 1985, and by 48Z in 1995, respectively. The
reason is the fact that the off-peak storage prevents the system from add-

ing to the PECo peak system load during hot summer days.

The results change drastically when the homeowner's cost of install-
ing the solar air conditioning system is included. The annual owning
cost for solar heating and air conditioning is in the vicinity of $4000
depending on the type of off-peak storage used, while the owning cost
for a conventional heating/cooling system is $258 in 1985. The discrep-
ancy is somewhat smaller in 1995, but not significantly so. The solar
air conditioning systems total costs are between 3.4 and 3.7 times the
costs of conventional air conditioning. 1In 1985, hot storage costs 87
less and cold storage costs 1% more than no off-peak storage. 1In 1995,
however, these figures change to 137 less and 57 less, respectively,
showing that the benefits from thermal storage increase with time. These
results also agree with those of other investigators (Ref. 6-1) which

found that cold storage is less beneficial than hot storage for solar
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air conditioning. They also show that solar air conditioning is not
likely to achieve any noticeable market penetration in Philadelphia for

the remainder of this century.

No tax advantages accruing to the homeowner are included in this
analysis since the purpose of this study is to compare national policy
alternatives based on least cost. If a tax benefit is given to the
solar homeowner, a portion of his cost is distributed to all the other
taxpayers of the state or the country. It is shown in Section 5.3 that
this may, indeed, be justified on a marginal cost basis but not on the
basis of average cost which is used in this section and in Sections 7

through 9 of this report.
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7. ENERGY/COST PERFORMANCE FOR DAYTONA BEACH, FLORIDA

7.1 TYPICAL HOME

The typical home chosen for this study is a well insulated 148 m2
(1600 ftz) four bedroom home located in Daytona Beach, Florida. A com—
plete description of this home is given in Appendix A. The house is
insulated to comply with the Thermal Performance Guidelines for One- and
Two—Family Dwellings (Ref. 7-1) assuming an energy cost of 3.5 ¢/kWh.
Average annual climatic data used are 900 heating degree days and 2150
cooling hours. Based on the Guidelines, the house is insulated to a
value of R~19 in the ceiling, R-12 in the walls, has single~glazed win-
dows and an uninsulated concrete slab floor. Due to the limitations of
the TRNSYS (Ref. 7-2) heating load model, a value of R-22 was used for
the ceiling insulation. Overall heat loss coefficient of the house is

0.32 kW/°C (605 Btu/hr°F).

7.2 BASIC DATA
7.2.1 Weather Data

The basic analysis was performed for a home in the Daytona Beach,
Florida area. While Daytona Beach is not within the Florida Power Corp-
oration's Service Territory, it is the closest city for which adequate
weather data is available. Weather data recorded at the Daytona Beach

Municipal Airport were used in this analysis.

A typical year was chosen after comparing monthly and annual heat-
ing degree days for the years 1952-1964 for Daytona Beach with average
monthly and annual values. Data for specific years were obtained from
Climatological Data - National Summary, (Ref. 7-3), and average data
were taken from the Climatic Atlas of the United States (Ref. 7-4). The
monthly and annual values for the year 1964 were found to correspond

most closely to the average.
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7.2.2 Heating Season

The space heating season in Daytona Beach is defined by the Florida
Power Corporation (FPC) to last from November 1 through March 15, with
the remainder of year defined as the cooling season. For this reason,
the performance of various heating systems were simulated for January 1 -
March 15 and November 1 - December 31 of the 1964 calendar year. During
the heating season the off-~peak period is 11 pm to 7 am and 12 midnight
to 8 am during the cooling season as defined by FPC.

7.3 ENERGY ANALYSIS OF SPACE HEATING SYSTEMS (For details, see Appendix B)
7.3.1 Conventional Resistance Space Heating - Base System

The base system is an electrical resistance duct heater. Conversion
and transfer of the electrical energy to thermal energy in the resistance
coil and to the air stream is assumed to be 1007 efficient. Therefore,
the electrical energy consumption of this system is equal to the heating
load of the house. The annual energy consumption of this system is 8.42 GJ
(2346 kWh). Of this total 3.4 GJ (940 kWh) occurred during the on-peak
period (7am - 1llpm) and 5.0 GJ (1406 kWh) occurs during the off-peak
period. Table 7-1 lists the monthly electrical consumption of this sys-
tem during the on- and off-peak periods. An hourly profile of the power

usage of this system by month and the peak usage during each month is given
in Table 7-2.

7.3.2 Resistance Space Heating with Off-Peak Storage

Al.3 m3 (350 gal) insulated water tank with a 22.7 kW (77,500 Btu/hr)
resistance heating coil is used to provide off-peak energy storage. Dur-
ing the off-peak period the tank is heated to set temperatures based on
the 12 pm temperature as described in Section 3. With insulation, the
heat loss coefficient of the tank is 0.417 W/(m2°C), (0.73 Btu/hr ft2°F
or R-13.6).

During the peak period, the hot water from the tank is circulated

through a heat exchange coil in the air duct where it heats the air being
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Table 7-1. Energy Consumed for Resistance Space Heating (kWh)
Daytona Beach, Florida

Month On-Peak Qff-Peak Total
January 406 544 950
February 294 447 741
March (1-15) 48 111 159
November 22 4?2 64
December 170 262 432
Annual Total 940 1406 2346

delivered to the load. Figure 4-2 shows a schematic representation of
this system. Circulation of the hot water from the off-peak storage
tank through the coil in the hot air duct is provided by a 0.95 litres/
second (7 gpm) pump driven by a 60 watt electrical motor. The energy
consumption of this pump during peak hours is determined by multiplying

this power rating by the fraction of time that the pump is operating.

Simulation Results

The yearly energy consumption of this system is 10.9 GJ (3,040 kWh),
an increase of 2.5 GJ (694 kWh) over the yearly energy consumption of

the conventional resistance heating system. This 30% increase is due to

e stand-by heat loss from the off-peak storage tank and
® energy required to pump the stored hot water through
the coil.
Ninety-three and one-half percent (2840 kWh) of the total energy con-
sumption occurs during the off-peak period. Only six and one-half per-
cent (200 kWh) of the total consumption occurs during the peak period.
The monthly electrical consumption of this system during on- and off-

peak periods is listed in Table 7-3, and average hourly consumption by

month in Table 7-4.
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Table 7-2. Average Hourly Profile for Resistance Space Heating in Daytona Beach,
Florida

SPACE HEATING AVERAGE DAILY PROFILE FOR 1964
LOCATION: DAYTONA BEACH FLORIDA
ALL VALUES = KiH

RESISTANCE HEATING SYSTEN

HOUR JAN FEB 14 AFR HAY JUN JUL AUG SEF i[4) NOV DEC
1 1.933 1.597 0.229 0.000 0.000 0.000 0.000 0.060 0.000 0.000 0.062 0.340
2 2.036 1.478 0.310 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.103 0.930
3 2.124 1.831 0.400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.130 1.024
4 2.259 2.081 0.523 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.204 1.073
3 2.376 2.282 0.610 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.217 1.153
& 2.444 2.401 0.547 0.000 0.000 0.000 0.000 0.000 0.000 ¢.000 0.257 1.244
? 2.303 2.49¢% 0.685 0.000 0.000 0.000 §.000 0.000 0.000 0.000 0.347 1.37%
8 2.390 2.265 0.567 0.000 0.000 0.00¢ 0.000 0.000 0.000 0.000 0.413 1.433
7 1.923 1.618 0.297 0.000 G.000 0.000 0.000 0.000 0.000 0.000 0.221 1.102
10 1.234 0.997 0.110 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073 0.602
i 0.719 0.578 0.049 0.000 0.000 0.000 6.000 0.000 0.000 0.000 0.022 0.265
12 0.441 0.323 0.034 0.000 0.000 0.000 0.000 0.000 0.000 04.000 0.004 0.104
13 0.283 0.188 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.044
14 0.207 0.122 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023
13 0.187 0.103 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.025
16 0.188 0.104 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026
17 G.248 0.125 0.000 0.000 ¢.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033
18 0.367 06.178 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.064
19 0.529 0.324 6.004 0.000 0.000 0.000 0.000 0.000 ¢.000 0.000 0.900 0.124
20 0.730 0.333 0.043 0.000 0.00¢ 6.000 0.000 0.000 0.00¢ 0.000 0.000 0.258
21 0.987 0.822 0.101 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.403
22 1.249 1.081 0.139 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.490
23 1.514 1.269 0.164 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.582
24 1.761 1.451 0.179 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.707

PEAK HOURLY CONSUMFTION FOR EACH MONTH

HAX 6.408 4.95¢6 4.208 0.000 0.000 0.000 0.000 0.000 0.000 0.000 3.364 4.747
DAY 14 24 1 1 i 1 t 1 1 1 28 2
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Table 7-3. Energy Consumed for Resistance Space
Heating With Off-Peak Storage (kwﬁ)
Daytona Beach, Florida

Month On-Peak 0ff-Peak Total
January 71 1059 1130
February 64 812 876
March 17 220 237
November 12 227 239
December 36 522 558
Annual Total 200 2840 3040

7 .3.3 Conventional Solar Space Heating System

The major components of this system are as shown in Figure 4-4.
The components used in this model were chosen to represent the most com-
monly used components in solar space heating systems today. Nine and
seven/tenths square meters (104 ftz) of flat plate solar collectors
with two glass covers and a flat black absorber coating are used in
this model. The collectors face due south and are tilted at an angle
of 40° (latitude + 11°) from the horizontal. Water from an insulated
storage tank is circulated through the collectors by a pump controlled
by a differential thermostat. The 35-watt (1/25 hp) pump circulates
the water at a mass flow rate of 0.13 /s (2.1 gpm). This corresponds
to a flow rate through the collectors of 50 kg/(mzh), (1.22 gal/hr ftz).

The differential thermostat turns the pump on whenever the tempera-
ture of the collectors is 5°C (9°F) above the temperature of storage.
The pump turns off when the temperature of the collectors is less than

1°C (1.8°F) above the storage temperature.

Thermal energy storage (TES) is provided by a 0.18 m3 (206 gal) in-
sulated water storage tank. This corresponds to a storage size of

81 kg/m2 of collector area (2 gal/ftz). Hot water from the storage
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Table 7-4. Average Hourly Profile for Off-Peak Resistance Space Heating in Daytona Beach,
Florida

SFACE HEATING AVERAGE DAILY PROFILE FOR 1944
LOCATION: DAYTONA BEACH FLORIDA
ALL VALUES = KuH

OFF-PEAK RESISTANCE HEATING SYSTEM

HOUR JAN FEB HAR APR HaY JUN JuL AUG SEP ocT NOV BEC
1 0.042 0.03¢ 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.019
2 1.400 1.617 0.4798 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.789 0.935
3 9.927 10.572 2.98Y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 3.8a6 6.240
4 7.470 5.6%6 1.177 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.338 4.297
5 3.473 3.483 0.485 0.000 0.000 0.000 6.000 0.000 0.000 0.000 0.644 1.4614
6 3.993 2.386 0.548 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.208 1.133
7 3.063 2.378 0.612 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.288 1.194
8 2.830 2.532 0.678 0.000 0.000 0.000 0.000 ¢6.000 0.000 0.000 0.376 1.245
b 2.234 2.232 0.575 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.406 1.136
10 0.049 0.048 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.037
1 0.048 0.045 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.031
12 0.038 0.037 ¢.003 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.004 ¢.018
13 0.026 0.026 0.004 0.000 0.000 0.000 ¢.000 0.000 0.000 0.000 0.002 0.011
14 0.020 0.016 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007
15 0.013 0.008 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
16 0.011 0.008 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ¢.002
17 0.011 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
18 0.013 0.008 ¢.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004
19 6.013 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004
20 0.018 0.014 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007
21 0.024 0.022 0.004 0.000 0.000 0.000 0.000 0.000 6.000 0.000 0.000 0.011
22 0.032 0.029 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011
23 0.034 0.0 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013
24 0.038 0.034 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013

FEAK HOURLY CONSURPTIDN FOR EACH MONTH

HAX 22.781 22.781 22.781  0.000 0.000 ¢.000 0.0060 0.000 0.000 0.000 1270 22.7%
DAY 2 9 2 2 2 2 2 2 2 2 1 2

HOUR 3 3 3 3 3 3 3 3 3 3 3 3



tank is circulated through a coil located in the air duct of the house
to meet the heating load. A 60-watt (1/12 hp) pump circulates this hot
water flow rate of 0.45 %/s (7 gpm).

An electrical resistance coil, located downstream of the hot water
coil in the air duct, provides auxiliary energy to the house whenever

the solar system cannot meet the heating load.

Simulation Results

Of the 8.4 GJ (8.0 x lO6 Btu) space heating requirement of the
house, 46 percent is provided by the solar heating system. The remain-
ing 4.5 GJ (4.3 x 106 Btu) is met by auxiliary electrical power. In
addition, 0.12 GJ (33 kWh or 0.11 x 106 Btu) of electrical power is con~-
sumed in operating the two circulation pumps. The total electrical

power consumption of this system is therefore 4.62 GJ (1283 kWh).

Monthly electrical energy consumption of this system during an on-
and off-peak periods along with the solar system performance is shown
in Table 7.5. The solar system efficiency is defined as the amount of
solar derived energy delivered to the load divided by the total solar
energy incident on the collectors. Table 7-6 lists the average hourly
energy consumption of this system by month along with the peak usage for

each month.

The collector efficiency determined by the simulation is T4Z.
This is due to use of the solar system for space heating only. During
the late fall and early spring when there is little or no heating load,
the storage tank temperature remains high, thus reducing the efficiency

of the solar collectors drastically.

7.4 DOMESTIC WATER HEATING SYSTEMS
7.4.1 Hot Water Load

The hot water heating load is determined for a Daytona Beach family of
four with each member using 57 % (15 gal) per day for a total per day usage
of 227 2/day (60 gal/day). The hot water supply temperature is set at
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Table 7-5. Performance of Conventional Solar Heating System
Daytona Beach, Florida

Auxiliary Energy Consumption
2/

. So]ar]/ Solar System™
Month On-Peak 0ff-Peak Total Fraction Efficiency

(kWh) (kWh) (kWh) (%) (%)

January 238 439 677 43 28
February 148 259 407 48 30
March 2 2 4 100

November 5 p 7 100

December 66 122 188 60 24
Annual

Total 459 824 1283 46.3 14.4

Total Load - Auxiliary Energy

1/ Solar Fraction = Total Load

2/ Solar System Efficiency = Solar Energy Delivered to Load
Total Incident Energy on the Collectors

60°C (140°F) with the inlet water temperature from the city mains being
26.7°C (80°F). A daily hot water flow rate profile based on measured
data (Ref. 7-5) is used. Total enmergy requirements to supply hot water
for this family is 11.6 GJ (11 x 106 Btu of 3214 kWh) annually.

7.4.2 Conventional Resistance Water Heating-Base System

The base system for domestic water heating in this study is an
electric resistance water heater. Conversion and transfer of electrical
energy in the hot water storage tank is assumed to be 1007 efficient.
Heat loss through the walls of the hot water storage tank are the only

energy losses present in this system.
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SPACE HEATING AVERAGE DAILY PROFILE FOR 1764
LOCATIUR: DAYTONA BEACH FLORIDA

ALL VALUES = KUH

COHVENTIONAL SOLAR HEATING S5YSTEM

SOLAR COLLECTOR AREA = 104 FT+32

HOUR JAN FEB KAR APR HAY JUN JuL AlG SEF 0cT HOV GEC
i 1.328 0.4638 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.347
2 1.564 0.926 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.425
3 1.741 1.092 0.058 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.448
4 1.880 1.292 0.114 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.348
] 2.045 1.467 0.122 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.399
6 2.098 1.368 0.189 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 G.513
7 2.206 1.791 0.256 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.540
8 2.143 1.639 0.228 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.49¢
¥ 1.649 1.119 0.099 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.603
10 0.729 0.489 0.026 0.002 0.004 0.002 0.004 0.004 0.004 0.002 0.014 0.2464
11 0.309 0.2 0.028 0.020 0.022 0.021 0.019 ¢6.021 0.019 0.017 0.025 0.053
12 0.174 0.167 0.027 0.028 0.027 0.026 0.025 0.025 0.023 0.022 0.028 0.037
13 0.10% 0.157 0.025 0.030 0.029 0.027 0.022 0.023 0.025 0.022 0.027 0.034
14 0.083 0.089 0.026 0.028 0.028 0.025 0.021 0.020 0.022 0.019 0.023 0.031
15 0.077 0.098 0.024 0.021 0.025 0.021 0.020 0.017 0.018 0.013 0.015 0.028
14 0.0468 0.104 0.013 0.003 0.004 0.005 0.007 0.004 0.003 0.001 0.002 0.016
17 0.111 0.0%0 0.002 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.020
18 0.187 0.098 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.042
19 0.238 0.129 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0%58
20 0.277 0.195 0.004 0.000 0.000 6.000 0.000 0.000 0.000 0.000 0.000 0.048
21 0.327 0.244 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.072
22 0.538 0.274 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.080
23 0.819 0.296 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.112
24 1.138 0.332 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0. 211

PEAK HOURLY CONSUMPTIOMN FOk EACH MONTH

n&X 6.408 4.956 4.208 0.000 0.000 0.000 0.000 0.000 0.000 0.000 3.364 4.747
bay 14 24 1 1 i i 1 1 1 1 28 2
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A 0.228 m” (60 gal) insulated hot water storage tank with a 8.8 kW
(30,000 Btu/hr) resistance heating coil is used to supply the required
hot water. The heat loss coefficient of the tank is 0.417 W/(m2 °C)

(0.073 Btu/hrft2°F or R-13.6).

Since it is assumed that the conditions imposed on this system are
constant throughout the year the performance of this system needs to be
simulated for a single day only. The daily electrical energy consump-
tion of the system is 34,380 kJ (9.55 kWh). On- and off-peak consump-
tion is given in Table 7-7. To find the monthly values, the daily
values should simply be multiplied by the number of days in the month.

Table 7-7. Energy Consumed for Resistance
Water Heating (kWh)
Daytona Beach, Florida

On-Peak 0ff-Peak Total
Daily 8.52 1.03 9.55
Annual 3110 376 3486

7.4.3 Off-Peak Resistance Water Heating

A 0.456 m3 (120 gal) insulated hot water storage tank with a 8.8 kW
(30,000 Btu/hr) resistance heating coil is heated to 70°C (158°F) during
the daily off-peak period. It is heated 10°C (18°F) above the required
supply temperature so that, with storage losses, it will be able to sup~
ply 60°C (140°F) water at the end of the on-peak period. A mixing valve
is included for scald protection. The tank is insulated to a value of

0.417 W/(m® °C) (0.073 Btu/hrft® °F or R-13.6).

The daily electrical energy consumption of this system is 36,180 kJ
(10.05 kWh) with all of the consumption occurring during the off-peak
period. Table 7-8 lists the on- and off-peak electrical consumption.
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Table 7-8. Energy Consumed for Off-Peak
Resistance Water Heating (kWh)
Daytona Beach, Florida

On-Peak Off-Peak Total
Daily 0 10.05 10.05
Annual 0 3669 3669

7.4.4 Conventional Solar Water Heating

The major components of this system are shown schematically in
Figure 7-1. ‘he components used in this model are chosen to represent
those commonly used in solar hot water heating systems today. The solar
system was preliminarily sized to meet 50 percent of the hot water load.
Three point eight eight square meters (41.8 ftz) of flat plate solar
collectors with two glass covers and a flat black absorber coating are
used. The collectors face due south and are tilted at an angle of 30°
(latitude +1°) from the horizontal. Water from an insulated storage
tank is circulated through the collectors by a pump controlled by a
differential thermostat. A 12.5-watt (1/60 hp) pump circulates the
water at a mass flow rate through the collectors of 50 kg/(mzh),
(1.22 gal/hrftz).

The differential thermostat turns the pumps on whenever the tem-
perature of the collectors is 5°C (9°F) above the temperature of the
solar storage tank. The pump turns off when the temperature of the

collectors is less than 1°C (1.8°F) above the solar storage temperature.

Thermal energy storage for the solar collectors is provided by a
0.228 m3 (60 gal) insulated water storage tank. Cold water from the
supply mains is fed into this tank where it is heated. The water then
flows to the bottom of a 0.284 m3 (75 gal) insulated comvential hot
water heater.A 8.8 kW (30,000 Btu/hr) resistance heating coil maintains

the conventional heater water temperature at 60°C (140°F). Hot water is
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Figure 7-1. Conventional Solar Water Heating System



supplied to the house from the aguxiliary water tank as required. To
prevent scalding, a mixing valve set at 60°C (140°F) is located between

the auxiliary tank and the house faucets.

Simulation Results

Fifty-four percent of the 11.6 GJ (11 x 106 Btu) annual load is
supplied by the solar system. Of the total annual electrical consump-
tion (1489 kWh), eighty~three percent (1420 kWh) occurs during the on-
peak periods. Monthly electrical energy consumption during on- and
off-peak periods along with monthly solar system performance is pre-
sented in Table 7-9. Average hourly consumption of this system along

with the peak usage for each month is listed in Table 7-10.

Table 7-9. Performance of Conventional Solar Water
Heating System in Daytona Beach, Florida

Load Auxiliary Energy Use (kih) S.F*
Month (106 kJ) On-Peak Off-Peak Total (€3]
Jan. 0.984 164 27 191 30.0
Feb. 0.888 123 21 144 41.5
Mar. 0.984 99 21 120 56.3
Apr. 0.952 63 17 80 69.7
May 0.984 70 18 88 67.7
June 0.952 64 17 81 68.3
July 0.984 95 20 115 57.9
Aug. 0.984 95 21 116 57.8
Sept. 0.952 87 19 106 59.6
Oct. 0.984 114 22 136 50. 4
Nov. 0.952 119 22 141 46.8
Dec. 0.984 145 24 169 38.0
TOTAL  11.58 1238 249 1487 53.8

*S.F. = Solar Fraction = Jotal L?gga; ﬁg:;]iary Energy

3.88 m (41.7 ft)
.288 m3 (60 gal)

Solar Collector Area
Solar Storage Volume
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Table 7-10. ?\]lerage Hourly Profile for Conventional Solar Water Heating System in Daytona Beach,
orida

UATER HEATING AVERAGE DAILY PROFILE FOR 1964
LOCATION: DAYTONA BEACH FLORIDA

ALL VALUES = KUH
SOLAR UATER HEATING SYSTEM

SOLAR COLLECTOR AREA = 42 FT332

15 0.152 0.126 0.076 0.038 0.046 0.039 0.072 0.072 0.086 0.092 0.099
17 0.140 0.108 0.064 0.034 0.040 0.036 0.045 0.043 0.058 0.080 0.090
18 0.154 0.117 0.058 0.022 0.031 0.035 0.0560 0.044 0.052 0.080 0.094
19 0.1%6 0.152 0.079 0.030 0.038 0.039 0.075 0.079 0.070 0.104 0.124

Landl TR - - - I = JN VIR S PR i P

HOUR JaN FEB HAR APR NAY JUN JuL AUG SEP 0CT NOV BEC
1 0.213 0.218 0.143 0.108 0.130 0.124 0.137 0.14% 0.134 0.183 0.140 0.200
2 0.071 0.064 0.061 0.055 0.047 0.045 0.059 0.058 0.052 0.052 0.068 0.038
3 0.063 0.062 0.057 0.057 0.048 0.051 0.050 0.048 0.050 0.04% 0.054 0.052
4 0.061 0.059 0.054 0.052 0.048 0.049 0.049 0.048 0.048 0.048 0.050 0.051
5 0.058 0.054 0.054 0.052 0.048 0.048 0.048 0.048 0.048 0.048 0.049 0.051
& 0.057 0.051 0.051 0.050 0.048 0.048 0.048 0.048 0.048 0.048 0.048 0.050
7 0.106 0.089 0.079 0.067 0.070 0.070 0.069 0.081 0.080 0.094 0.093 0.101
8 0.188 0.148 0.118 0.0%9 0.103 0.102 0.107 0.124 0.118 0.160 0.166 0.196
9 0.232 0.226 0.165 0.141 0.147 0.1446 0.152 0.1 0.163 0.210 0.210 0.247
10 0.263 0.264 0.210 0.184 0.182 0.179 0.201 0.224 0.222 0.277 0.242 0.28
n 0.245 0.251 0.213 0.178 0.179 0.185 0.225 0.233 0.213 0.281 0.244 0.27
12 0.210 0.194 0.149 0.120 0.117 0.120 0.142 0.157 0.157 0.215 0.147 0.20
13 0.181 0.151 0.118 0.081 0.079 0.080 0.12% 0.124 0.120 0.170 0.125 0.15
14 0.204 0.158 0.115 0.068 0.077 0.060 0.119 0.117 0.109 0.154 0.128 0.14
15 0.164 0.141 0.093 0.048 0.055 0.048 0.0%90 0.089 0.077 0.113 0.109 0.12

0.1

0.1

0.12

0.1é

20 0.297 0.238 0.138 0.060 0.048 0.072 0.123 0.137 0.122 0.183 0.216 0.248
21 0.371 0.2%96 0.210 0.109 0.122 0.103 0.190 0.219 6.198 0.280 0.290 0.360
22 0.366 0.295 0.226 0.131 0.136 0.121 0.208 0.224 0.212 0.270 0.282 0.343
23 0.350 0.297 0.221 0.141 0.135 0.133 0.212 0.218 0.214 0.253 0.272 0.306
2 0.337 0.288 0.214 0.148 0.181 0.162 0.213 0.208 0.208 0.23% 0.251 0.291

FEAK HOURLY CONSUMPTION FOR EACH NONTH
Bax 0.747 0.703 0.492 0.419 0.521 0.442 0.530 0.527 0.584 0.46357 0.633 0.4628

DAY 18 4 29 24 2 27 28 20 13 135 24 13



7.4.5 Solar Water Heating with Off-Peak Storage

This system is identical to the conventional solar water heating
system except that during the off-peak period the auxiliary water stor-
age is heated to 70°C (158°F). The resistance heating coil in the
auxiliary tank is inoperable during the on-peak period.

Simulation Results

The solar system provides 52.3 percent of the hot water load. However,
only 2% (33 kWh) of the total electrical energy consumption (1534 kWh)
occurs during the on-peak period. Table 7=11 lists the monthly on- and
off-peak electrical energy consumption as well as the monthly solar
system performance. The average hourly profile by month for this system

is presented in Table 7-12.

Table 7-11. Performance of Solar Water Heating System With
O0ff-Peak Storage in Daytona Beach, Florida

Load Auxiliary Energy Use (kWh) S.F*
Month (106 kJ) On-Peak Off-Peak Tlotal )
Jan. 0.984 2 185 187 31.6
Feb. 0.888 2 142 144 41.7
Mar. 0.984 3 121 124 54.6
Apr. 0.952 3 87 90 65.8
May 0.984 3 95 98 64.1
June 0.952 3 89 92 65.3
July 0.984 3 117 120 56.0
Aug. 0.984 3 118 121 55.7
Sept. 0.952 3 110 113 57.3
Oct. 0.984 3 134 137 49.9
Nov. 0.952 3 138 141 46.6
Dec. 0.984 2 164 166 39.0
TOTAL 11.6 33 1500 1533 52.3
*S.F. = Solar Fraction = Total Load - Auxiliary Energy

Total Load
3.88 m2(41.7 ft?)

.228 m3 (60 gal)

.303 m° (80 gal)

Solar Collector Area
Solar Storage Tank
0ff-Peak Storage Tank

j Frankiin Research Center =1

nnnnnn



91~L

Table 7-12. Average Hourly Profile for Solar Water Heating System with Off-Peak Storage in Daytona Beach,
Florida

WATER HEATING AVERAGE DAILY FROFILE FOR 1964
LOCATION: DAYTONA BEACH FLORIDA
ALL VALUES = KWH

SOLAR WATER HEATING SYSTEN W1TH OFF-FEAK STOURAGE

SOLAR COLLECTOR AREA = 42 FT##2

HOUR JAN FEB MAR AFR HAY JUN JUL AUG SEF 0ct NOV BEC
1 0.720 G.516 0.447 ¢.287 0.334 0.294 0.413 0.434 0.406 0.491 0.336 0.659
2 0.093 0.083 0.107 0.072 0.063 0.086 0.098 0.080 0.074 0.073 0.104 0.080
3 0.065 0.063 0.079 0.057 0.039 0.066 0.063 0.0462 0.065 0.062 0.066 ¢.048
4 0.064 6.059 0.075 0.038 0.060 0.064 0.061 0.038 0.062 0.060 0.060 0.049
5 0.061 0.059 0.048 0.057 0.059 0.062 0.058 0.058 0.060 0.099 0.040 0.069
b 0.061 0.063 0.064 0.059 0.038 0.059 6.058 0.058 0.058 0.059 0.038 0.069
7 0.108 0.100 0.088 0.076 0.077 0.074 0.076 0.084 0.085 0.092 0.086 0.097
8 0.347 0.283 0.221 0.128 0.144 0.16% 0.227 0.216 0.193 0.233 0.271 0.323
9 0.600 0.002 0.003 ¢.00t1 6.002 0.002 0.003 0.004 0.002 0.002 0.001 0.000
10 0.006 0.008 0.010 0.012 0.012 0.012 0.012 6.012 0.011 0.010 0.009 0.008
11 0.007 0.010 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.011 0.011 0.010
12 0.011 0.011 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012
13 0.012 0.011 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012
14 0.012 0.011 0.012 0.012 0.012 0.012 0.012 §.012 0.012 0.012 0.012 0.012
15 0.011 0.010 0.012 0.012 0.012 0.012 0.012 0.011 0.012 6.012 0.012 ¢.012
16 0.008 0.009 0.012 0.012 0.012 0.012 0.011 0.009 0.012 0.011 0.010 0.010
17 0.002 0.004 0.010 0.010 0.012 0.010 0.010 0.008 0.009 0.006 0.005 0.001
18 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 9.000
19 0.000 0.000 0.000 0.000 0.000 06.000 0.000 0.000 0.000 0.000 0.000 0.000
20 0.000 0.000 ¢.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 6.000
i3 G.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000
22 0.060 0.000 0.000 0.000 0.000 0.000 0.000 4.900 0.0090 0.000 0.000 0.000
23 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.009 0.000
24 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

FEAK HOURLY CONSUMFTION FOR EACH MONTH

HAX 0.962 0.914 0.863 0.418 0.834 0.729 0.843 0.821 0.887 0.887 0.946 0.945

BAY 19 b 30 10 4 28 28 30 12 16 24 24

HOIR 1 1 1 1 1 1 1 1 1 1 1 1



7.5 ENERGY ANALYSIS OF SPACE COOLING SYSTEMS

The performance of two solar air conditioning systems was compared
with that of a conventional vapor compression air conditioner. Cooling
loads were calculated for the typical house described in Subsection 7.1
using weather data from 1964 for Daytona Beach, Florida. Two types of
solar air conditioning systems were considered (refer to Figures 4-24
and 4-26). The solar A/C are 31,640 kJ/hr (2.5 ton) lithium~bromide
absorption chillers. The cooling tower which would be required is not
shown. The conventional solar A/C operates with hot water from the
solar storage tank whenever possible. When solar heat is not available,
valve V-1 bypasses the solar storage, and the auxiliary heater supplies
energy to the air conditioner. The solar A/C with off-peak hot water
storage also uses solar energy whenever possible. However, when solar
storage is depleted, heat is obtained from the off-peak storage tank.
The auxiliary heater in the off-peak storage tank only operates between
12 m%dnight and 8 AM. The off-peak storage tank is sized so that all
cooling loads during the day can be met with heat from the off-peak
storage tank. Consequently, the only electricity usage by this system
during the day is by pumps and fans. These systems are discussed fur-
ther in Appendix B.

The solar air conditioning systems were simulated with 55.8 m2

(600 ftz) of collector area and a solar storage size equivalent to
81.5 kg/m2 (2 gal/ftz) of collector area. The off-peak storage tank

had a capacity of 3.5 m3.

Since the collector area for the solar air conditioning system was
so much larger, 55.8 m2 (600 ftz) compared to 9.68 m2 (104 ftz), than
that used for the solar space heating systems, it was necessary to simu-
late the performance of a solar space heating system using this larger
collector area. The simulation results for the solar space heating and
cooling systems, both with 55.8 m2 (600 ftz) of collectors, were then
combined to provide the annual performance of a system using such a

large collector area.

7-17
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Simulation Results

Solar space heating utilizing 55.8 m2 (600 ftz) provides 1007 of
the space heating requirement in Daytona Beach. Therefore the only
energy use during the heating season is by the pumps used to circulate
fluid through the collectors and to deliver hot fluid from the storage

tank to the load.

Monthly electric energy usage for each system is shown in Table
7-13. The on-peak period runs from 8AM to 12 midnight, the off-peak
period from 12 midnight to 8 AM. It can be seen that the solar systems
use nearly three times as much electrical energy during the cooling
season as does the conventional (compression) air conditioner. However,

the solar A/C with off-peak storage reduces on-peak energy consumption.
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Table 7-13. Air Conditioning Energy Consumption (kWh)

Conventional Solar A/C
Compression Solar With Off-Peak
A/C A/C Storage
On Off On Off On Off
Peak Peak Peak Peak Peak Peak
March 188 7 280 41 157 313
April 409 21 612 131 239 587
May 604 54 904 303 282 1067
June 858 134 1930 679 270 2319
July 834 172 2299 882 279 2997
August 811 174 2273 891 274 2961
September 682 130 1886 698 269 2414
October 336 37 1002 229 226 1159
Subtotals 4722 729 11,186 3854 1996 13,817
Totals 5451 15,040 15,813

Peak period: 8AM to 12PM, off-peak period: 12PM to 8AM.

The monthly peak electrical demands for all systems are shown in
Table 7-14. The magnitudes of the demands and the day and hour (Eastern
Standard Time) when they occur are given. The peaks for the solar sys-
tems are much larger than those of the conventional compression system.
The peaks for the conventional solar A/C occur when solar storage is
depleted and the auxiliary heater is energized. As can be seen in
Table 7-14, this usually occurs during the middle of the day. The solar
A/C with off-peak storage, however, peaks at night when the auxiliary
heater in the off-peak storage tank is on. During the day, the system
needs electricity for pumps and fans only. Because there are so many

pumps and fans, the day-time demand may approach 0.6 kW.

System average daily demand profiles for each month are shown in
Tables 7-16 through 7-18. That is, for a given month and hour, the

demand shown is the average for that hour during the month.
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Table 7-14. Air Conditioning System Monthly Peak Demands (kW)

Conventional Solar A/C

Compression Solar With Off-Peak

A/C A/C Storage

Month Day Hour Demand Day Hour Demand Demand*
March 3 16 2.40 3 17 7.80 5.46
April 8 16 2.43 24 18 7.01 9.84
May 29 15 2.56 12 18 8.04 10.61
June 16 15 3.14 1 16 10.66 14.22
July 13 17  3.15 11 16 10.90 15.36
August 4 17 3.16 10 14 10.70 15.22
September 1 15 2.78 22 14 9.74 15.21
October 9 15 2.08 5 14 8.89 10.39

*These demands occur between the hours of midnight and 8 AM when the

off-peak storage is being heated with electrical energy.

When the

off-peak storage is not being charged, the maximum demand is 0.69 kW.

The performance of the solar components for each solar air condi-

tioning system are shown in Table 7-15.

Table 7-15.

Solar Radiation Incident on the

Collectors

Energy Collected and Delivered

to Storage

Collector Efficiency

Energy Lost from Solar Storage

Solar Storage Efficiency

Auxiliary Energy Input to Off-

Peak Storage

Energy Lost from Off-Peak

Storage

O0ff-Peak Storage Efficiency

UUUG Franklin Research Center

Performance of Solar Air Conditioning
System Solar Components

Solar A/C With

Conventional 0ff-Peak Hot
Solar A/C . Storage
GJ Btu x 10°  GJ Btu x 10°
260 246 260 246
46.0 43.6 46.3 43.9
17.7% 17.8%
3.2 3.0
93.0%
- - 48.1 45.6
- - 3.5 3.3
- 92.7%
7-19
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Table 7-16.

HOUR

W ONOC D GIN =

in Daytona Beach, Florida

ALL VALUES = KUH

SYSTEM = CONVENTIONAL COMPRESSION AIR CONDITIONER

HARCH

0.074
0.050
0.033
0.022
0.014
0.010
0.009
0.027
0.048
0.123
0.226
0.337
0.474
0.620
0.711
0.733
0.740
0.633
0.470
0.285
0.200
0.184
0.148
0.094

APRIL

0.198
0.139
0.102
0.068
0.045
0.032
0.040
0.090
0.200
0.375
0.643
0.961
1.233
1.402
1.462
1.445
1.352
1.179
0.951
0.740
0.582
0.449
0.362
0.297

NAY

0.393
0.284
0.203
0.154
0.117
0.008
0.148
0.344
0.614
0.919
1.206
1,425
1.3588
1.708
1.7261
1.727
1.836
1.517
1.341
1.124
0.962
0.800
0.652
0.3522

JUNE

0.830
0.663
0.542
0.442
0.361
0.291
0.453
0.874
1.282
1.599
1.874
2.114
2.257
2.313
2.345
2.316
2.206
2.036
1.851
1.618
1.426
1.266
1.118
0.9%0

JULY

0.930
0.790
0.700
0.626
0.539
0.471
0.574
0.904
1.237
1.498
1.739
1.922
2.021
2,124
2.183
2.162
2.073
1.924
1.721
1.315
1.363
1.238
1.131
1.033

AUGUST

0.947
0.813
0.732
0.656
0.3591
0.520
0.5463
0.803
1.106
1.409
1.704
1.931
2.054
2.104
2.097
2.0482
1.994
1.845
1.632
1.447
1.329
1.224
1.132
1.045

Average Hourly Energy Consumption for Conventional Air Conditioning

SEPTEMBER

0.785
0.831
0.569
0.506
0.457
0.421
0.406
0.523
0.791
1.109
1.416
1.670
1.831
1.937
1.995
1.932
1.807
1.592
1.382
1.245
1.149
1.043
0.764
0.885

OCTOBER

0.256
0.202
0.159
0.137
0.119
0.103
0.0%96
0.137
0.233
0.379
0.564
0.767
0.981
1.144
1,250
.21
1.066
0.825
0.3335
0.445
o.‘oo
0.349
0.310
0.289
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Table 7-17.

Air Conditioning in Daytona Beach, Florida

ALL VALUES = KUH

SYSTEN = CONVENTIONAL SOLAR AIR CONDITIONER

SOLAR COLLECTOR AREA = .55.8 m% (600 ft°)

HARCH

0.273
0.226
0.173
0.133
0.118
0.112
0.111
0.162
0.273
0.441
0.592
0.603
0.320
0.408
0.463
0.776
1.047
0.345
0.413
0.875
0.759
0.4675
0.473
0.382

APRIL

1.033
0.628
0.626
0.411
0.338
0.274
0.306
0.353%
0.841
1.254
1.254
1.039
0.971
0.946
1.063
1.128
1.099
1.455
1.518
1.612
1.702
.67
1.497
1.348%

HAY

2.013
1.503
1.110
0.877
0.724
0.5%2
0.971
1.97%
3.040
3.506
1.203
1.029
1.032
0.897
1.148
1.435
1.221
1.638
1.625
1.328
2.423
2.623
2.594
2.431

JUNE

3.933
3.327
2.640
2.231
1.912
1.598
2.520
4.443
6.125
7.218
4.624
2.558
1.936
1.614
2.544
3.099
2.976
3.584
3.586
3.772
5.318
9,452
J.249
4.682

JULY

4.648
4.027
3.410
3.333
2.900
2,273
3.084
4.549
3.930
6.844
5'176
2.961
3.161
3,358
3.343
3.688
4.444
4.386
3.234
S.121
V.746
9.815
3.383
5.210

AUGUST

4.796
4.168
3.815
3.449
3.181
2.588
2.732
4.018
5.347
6.314
4.765
3.449
2.399
2.501
2.997
3.4657
J.421
4.800
3.589
5.045
6,113
3.976
J.621
5.323

Average Hourly Energy Consumption for Conventional Solar

SEPTEMBER

4.117
3.478
3.036
2.778
2.527
2.339
2.229
2.788
4.095
5.350
3.611
2.853
2.473
2.482
2.948
3.357
.39
2.859
4.185
5.489
J.415
3.049
4.759
4.601

OCTOBER

1.496
1.158
1.005
0.830
0.738
0.676
0.630
0.853
1.302
1.923
2.211
2.084
1.734
2,086
1.880
2.401
2,207
2.064
2.380
2.301
2.315
2.009
1.788
1.638
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Table 7-18.

ALL VALUES = KUH

SYSTEM = SOLAR AIR CONDITIONER WITH OFF PEAK HOT WATER STORAGE

SOLAR COLLECTOR AREA = 55.8 m* (600 ft°)

HARCH

1,263
1.263
1.263
1.263
1.263
1.243
1,263
1,243
0.078
0.168
0.202
0.232
0.290
0.293
0.332
0.313
0.334
0.337
0.33
0.319
0.273
0.230
0.227
1.110

APRIL

2,444
2,444
2.44%
2,444
2.444
2.444
2.444
2.444
0.210
0.324
0.421
0.504
0.528
0.528
0.517
0.485
0.450
0.459
0.458
0.443
0.443
0.443
0.439
1.309

HAY

4.304
4.304
4.304
4.304
4.304
4.304
4.304
4.304
0.431
0.544
0.551
0.570
0.572
0.574
0.570
0.554
0.484
0.473
0.473
0.47%
0.475
0.475
0.475
1.410

2

JUNE

9.6481
9.661
9.661
9.661
9.661
9.661
9.641
7.641
0.497
0.548
0.572
0.3577
0.574
0.567
0.582
0.547
0.4%9
0.475
0.473
0.457
0.443
0.434
0.429
1.367

JULY

12.086
12.086
12.084
12.086
12.086
12,084
12.084
12,086
0.486
0.548
0.567
0.564
0.558
0.553
0.554
0.543
0.489
0.47%
0.475
0.475
0.475
0.440
0.418
1.343

AUGUST

11.940
11.940
11.940
11.940
11.940
11.940
11.940
11.940
0.484
0.548
0.542
0.541
0.53%
0.548
0.540
0.530
0.481
0.475
0.475
0.444
0.449
0.437
0.414
1.353

Average Hourly Energy Consumption for Solar Air Conditioning
with Off-Peak Hot Storage in Daytona Beach, Florida

SEPTEMBER

10.057
10.057
10.057
10.057
10.057
10.057
10.057
10.057
0.4462
0.536
0.535
0.542
0.562
0.557
0.350
0.523
0.476
0.475
0.475
0.475
0.474
0.459
0.459
1.397

OCTOBER

4,472
4.672
4.472
4.672
4.4672
4.672
4.672
4,672
0.228
0.270
0.3353
0.399
0.440
0.451
0.4446
0.423
0.413
0.442
0.443
0.429
0.428
0.412
0.397
1.314



7.6 UTILITY COST COMPONENTS

Florida Power Corporation (FPC) generously offered its cooperation
in this project without reimbursement. Although Daytona Beach 1s not
within its service territory, its climate is representative of the cli-
mate in the shore portions of that territory. Since extensive weather
and solar radiation data do not exist for any other location within the
FPC terriroty, the data for Daytona Beach were used to determine the

effects of solar and off-peak storage utilization on that utility.

Florida Power is a medium-sized utility serving 735,000 customers
in a service teritory of 20,000 square miles covering the central and
northwestern part of that state inhabited by three million people.
Although most of its energy sales occur during the summer, its demand
peak (4.2 million kW in 1978/79 compared to a net generating capacity
of 4.9 million kWh) occurs in the winter. The utility presently obtains
a quarter of its energy from coal but is planning to increase that frac-
tion to more than 507 within five years. Its average fuel cost in 1979

was $2.01 per million Btu or 1.9 ¢/kWh.

Not having detailed FPC data on the diversity of conditioning equip-
ment available, a diversity factor of(1/0.7) for both conventional and
solar heating and air conditioning was assumed. Electric water heating
is wide-spread throughout the FPC territory. A contribution to systems
peak from water heating of 0.2 kW per customer was assumed based on data

obtained from other winter peaking utilities.

The installed capacity cost for units coming on line in 1980 was
$688/kW. FPC assumes that this cost increases at a rate of 8.7 percent
per year. Thus, this cost is $1044/kW for generating capacity coming
on line in 1985, and $2404 for 1995. A capital recovery factor of 0.15
was used. The fuel cost escalation from present (1980) values was also

assumed to be 8.7 percent per year.

FPC was unable to provide a detailed breakdown of their costs of
service similar to that obtained from PECo (see Section 6.3, Tables 6-1

through 6-4). These costs were, therefore estimated by prime contractor
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personnel with the aid of FPC's latest Residential Rate Schedules
(Ref. 7-6 ) and Ten-Year Statistical Report (Ref. 7-7 ) using the

following procedure.

The ratio of cost to revenue was found by subtracting the net in~
come from the total revenue and dividing the difference by the total
revenue. The on-peak and off-peak residential rate schedules (Ref. 7~6 )
were then multiplied by this ratio to obtain an approximate cost-to-
serve. This procedure assumes that the tariff for residential on-peak
and off-peak energy is based on proper cost accounting and that, there—
fore, in the absence of true cost-to-serve information, the recently
published tariff would be the best indicator of that cost. The results
of this analytical procedure are shown in Table 7-19. As seen in the
table, a two-dollar per month additional meter charge is included to

cover the cost of the special meter and its reading.

Table 7-19. Florida Power Corporation Cost-to-Serve Data
(as determined by a Franklin Research Center

procedure)
Item 1980 1985 1995
Capacity Cost for Generation Coming 688 1044 2404
On-Line in Stated Year ($/kW)
Capital Recovery Factor 0.15 0.15 0.15
Annual Peak Demand Cost ($/kW) 103.20 156.61 360. 68
Energy Cost, Off-Peak (¢/kWh) 2.84 4.31 9.93
Energy Cost, On-Peak (¢/kWh)
(November - April) 10.68 16.21 37.33
(May - October) 7.00 10.62 24.46
Annual Metering Charge ($) 24.00 36.42 83.88

_U,EESD 7-24
UU Franklin Research Center

A Division of The Franklin Institute



7.7 DISCUSSION OF RESULTS

The results of the analyses are presented in Tables 7-20 for space
and water heating systems and in Table 7-21 for air conditioning systems,
both solar and conventional with and without off-peak storage, for the
year 1985. Corresponding results for 1995 are given in Tables 7-22 and
7-23, respectively.

Solar Space Heating

Adding off-peak storage to a space heating system which is sufficient
to eliminate all on-peak demands except for pumps and fans increases the
annual energy consumption by 97 and reduces the cost to serve by almost
50%. Even the total cost (to the utility plus the homeowner) is decreased
by 13% in 1985 and by 24% in 1995, demonstrating the increasing benefits
of storage in the future. The cost to serve solar space heating systems
is 7% lower than the cost to serve a resistance heating system,while the
total cost for solar heating is 397 higher in 1985 and 24% higher imn 1995
than for resistance heating. Even the addition of off-peak storage does
not reduce the cost of solar heating sufficiently to make it economical
(see Section 8). Solar space heating, therefore,does not appear to be
economical in Daytona Beach through the rest of the century, unless utility

costs change drastically.

Solar Water Heating

The advantages of off-peak storage for water heating are even greater
than for space heating. The energy penalty is only 5%, but the cost to
serve the off-peak systems is 647 lower in 1985 and 557 lower in 1995.
Total costs are approximately cut in half. Solar water heating without
off-peak storage has a slightly higher cost-to-serve than resistance heat-
ing with storage (by 16%) in 1985, but this cost differential reverses
in 1995 for a 6% cost advantage of the solar system. Even in 1985 the
solar system has a total cost advantage of 6% which increases to 117 by
1995. The addition of off-peak storage to the solar water heating sys-

tem decreases the cost to serve significantly: by 627% in 1985 and by 43%
in 1995. The total cost of that system, however, is approximately 20%

Uﬂ Franklin Research Center
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Table 7-20.

Consumption and Cost Data
Annual Consumption, kWh

0ff-Peak Consumption, kWh

On-Peak Consumption
Heating Season), kWh
Cooling Season), kWh

Individual Customer Max. Dmd., kW
Contribution to System Peak, kW

1980 Installed Cost, $

Demand Related Costs:
Contrib. to Sys. Peak, $156.61/kW
Meter Cosf, $36.42/yr
Energy Related Costs:

0ff-Peak Consumption, 4.31 ¢/kWh
On-Peak Consumption,
Heating Season;, 16.21 ¢/kWh
Cooling Season), 10.62 ¢/kWh

Subtotal Cost-to-Serve, $

Homeowners Loan Payment on
Equipment (20 yr. @ 12%), §

TOTAL ANNUAL COST, $

Annual Costs for Solar Space and Water Heating Systems
in Daytona Beach (1985)

Resistance Resistance
Resistance Resistance Space Conventional Water . Water Heating Conventionail Solar Water
Space Heatin Heating w/Off- Solar Space Heating w/0ff-Peak Solar Water Heating w/
(Base System Peak Storage Heating (Base System) _ Storage Heating Off-Peak Stor:
7797 8491 6734 3486 3669 1489 1534
2135 3569 1553 376 3669 249 1501
1092 362 628 1031 0 531 9
4570 4560 4553 2079 0 709 24
6.41 22.8 6.41 0.77 0.485 0.747 0.962
4.49 0.06 4,49 0.20 0 0.07 0
2269 5528 7523 360 573 2459 2499
703.18 19.40 703.18 31.32 0 10.96 0
0 36.42 o ] 36.42 0 ‘36,42
92.02 153.82 66.93 16.21 158.13 10.73 64.69
177.00 58.68 101.80 167.15 0 86.08 1.46
485.33 484.27 483.53 220.79 0 75.30 3.89
1457.54 742.60 1355.44 435.44 194,55 183.07 106,46
245.01 742.96 1011.09 48.38 717.41 330.49 335.87
1703. 1486. 2367. 484. 272, 514. 442,
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Table 7-21. Annual Costs for Solar Air Conditioning for Daytona Beach (1985)

Consumption and Cost Data
Annual Consumption, kWh

0ff-Peak Consumption, kWh

On-Peak Consumption
(Heating Season), kWh
{Cooling Season}, kWh

Individual Customer Max.Dmd., kW
Contribution to System Peak , kW

1980 Installed Cost, §

Demand Related Costs:
Contrib. to Sys. Peak, $156.61/kW

Neter Cost, $36.42/yr

Energy Related Costs:

(ff-Peak Consumption, 4.31 ¢/kWh
On-Peak Consumption
(Heating Season), 16.21 ¢/kwh
(Cooling Season}, 10.62 ¢/kWh

subtotal Cost-to-Serve, $

Homeowners lLoan Payment on
Equipment (20 yr. © 12%), §

TOTAL ANNUAL COST, $

Resistance Space Heating,
Conventional Air '

Solar Space Heating, 55.7m2

Solar Space Heating, 55.'7m2
Solar Air Conditioning with

Conditioning Solar Air Conditioning 0ff-Peak Hot Storage

7797 15,231 16,003
2135 3,869 15,058
1092 372 249
4570 10,990 1,923
6.41 10.90 15.36
4.49 0.06 0.06
2,269 28,908 33,296
703.18 9.40 9.40
0 0 36.42
92.02 166.75 649.00
177.01 60.30 40.36
485.33 1167.14 204.22
1457.54 1403.5y 939.40
245.01 3885.24 4474.98

1703. 5289, 5414,
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Table 7-22.

Consumption and Cost Data
Annual Consumption, kWh

0ff-Peak Consumption, kWh

On-Peak Consumption
Heating Season), kiWh
Cooling Season), kWh

Individual Customer Max.Dmd., kW
Contribution to System Peak, kW

1990 1Installed Cost, §

Demand Related Costs:
Contrib. to Sys. Peak, $360.68/kW
Meter Cost ,383.88/yr
Energy Related Costs:

0ff-Peak Consumption, 9.93 ¢/kWh
On-Peak Consumption,
(Heating Season), 37.33 ¢/kWh
(Cooling Season), 24.46 ¢/kWh

Subtotal Cost-to-Serve, $

Homeowners Loan Payment on
Equipment (20 yr. @ 12%), $

TOTAL ANNUAL COST, $

Annual Costs for Solar Space and Water Heating Systems

in Daytona Beach (1995)

Conventional Resistance Resistance

Resistance Resistance Space Solar Space Water Water Heating Conventional Solar Water

Space Heatin Heating w/0ff- Heating Heating w/0ff-Peak Solar Hater Heating w

{Base Systemg Peak Storage (Base System) _ Storage ‘Heating Off-Peak Sta
7797 849) 6734 3486 3669 1489 1534
2135 3569 1553 376 3669 249 1501
1092 362 628 1031 0 531 9
4570 4560 4553 2079 0 709 24
6.4 22.8 6.41 0.77 0.485 0.747 0.962
4.49 0.06 4.49 0.20 0 0.07 0
3696 9004 12,254 586 933 4005 4070
1619.45 21.64 1619.45 72.14 0 25.25 0
0 83.88 0 0 83.88 (i} 83.88
212.01 354.40 154.21 37.34 364.33 24.73 149.05
407.64 135.13 234.43 384.87 0 198.22 3.36
1117.82 1115.38 1113.66 508,52 0 173.42 5.87
3356.92 1688.79 3121.76 1002.87 448.21 421.62 242.16
496.74 1210.21 1646. 96 78.81 125.44 538.33 547.09

3854. 2921. 4769. 1082. 574. 960. 789.



Table 7-23. Annual Costs for Solar Air Conditioning for Daytona Beach (1995)

Resistance Space Heating 2 Solar Space Heating, 55.7m2
Conventional Air Solar Space Heating, 55.7m Solar Air Conditioning with
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Consumption and Cost Data Conditioning Solar Air Conditioning Off-Peak Hot Storage
Annual Consumption, kWh 7757 15,231 16,003
0ff-Peak Consumption kWh 2135 3,869 15,058
On-Peak Consumption

(Heating Season), kWh 1092 372 249

(Cooling Season), kWh 4570 10,990 1,923
Individual Customer Max.Dmd., kW 6.41 10.90 15.36
Contribution to System Peak, kW'/ 4.49 0.06 0.06
1990 Installed Cost, § 3,696 47,089 54,236
Demand Related Costs:
Contrib. to Sys. Peakj$360.68 kW 1619.45 21.64 21.64
Neter Cost, $83.88/yr 0 0 83.88
Energy Related Costs:
0ff-Peak Consumption;9.93 ¢/kWh 212.01 384.19 1495.26
On-Peak Consumption

(Heating Season), 37.33 ¢/kWh 407.64 138.87 92,95

(Cooling Season), 24.46 ¢/kWh 1117.82 2688.15 _470.37
Subtotal Cost-to-Serve, $ 3356.92 3232.85 2164.10
Homeowners Loan Payment on

Equipment (20 yr. @ 12%), $ 496.74 6328.76 7235.00
TOTAL ANNUAL COST, $ 3854. 9562, 9399,



higher than that of the solar water heater without off-peak storage
throughout the period investigated. Solar water heating without off-

peak storage is therefore optimum for Daytona Beach.

Solar Air Conditioning (combined with Solar Space Heating)

The cost ‘to serve a solar heating and air conditioning system is
slightly lower than that to serve a conventional heating and air condi-
tioning system, probably within the accuracy of the analysis. Adding
off-peak storage to the solar system reduces the cost-to-serve by one-
third. However, the total cost of solar space conditioning is three
times that of using a conventional system in 1985 and 2.5 times in 1995.
The addition of off-peak storage changes the total cost by 2% only which
is probably less than the accuracy of the analysis. One can conclude
that solar heating and air conditioning with electrical back-up is not
likely to be commercially viable in San Diego in the foreseeable future,

even with the aid of off-peak storage.

Combined solar water and space heating systems were not analyzed for
Daytona Beach. They were, however, analyzed for San Diego, CA in Section 8.
The results to be found there are reasonably well applicable to Daytona

Beach as well.
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8. ENERGY/COST PERFORMANCE FOR SAN DIEGO, CALIFORNIA

8.1 TYPICAL HOME

The typical home chosen for this study is a well insulated 148 m2
(1600 ft2) four bedroom home located in San Diego, California. The
house is insulated to comply with the Thermal Performance Guidelines
for One and Two Family Dwellings (Ref. 8-1) assuming an energy cost of
5.3 ¢/kWh). Average annual climatic data used are 1500 heating degree
days and 620 cooling hours. Based on the Guidelines, the house is in-
sulated to a value of R-19 in the ceiling, R-12 in the walls, has single
glazed windows and R-7.5 around the perimeter of the concrete slab floor.
Due to the limitations of the TRNSYS (Ref. 8-2) heating load model, a
value of R-22 was used for the ceiling insulation. Overall heat loss

coefficient of the house is 0.29 kW/°C (556 Btu/hr°F).

8.2 BASIC DATA
8.2.1 MWeather Data

The basic analysis was performed for a home in the San Diego, Cali-
fornia area. Weather data recorded at the San Diego's Lindbergh Air-
port were used in this analysis. The climate at this location is strongly
influenced by its proximity to the Pacific Ocean. This influence leads
to more moderate heating and cooling loads than those found at the inland
locations that comprise the majority of the San Diego Gas and Electric
Company's (SDGE) service territory. However, this was the only location
within the SDGE service territory for which complete solar radiation

data was available.

The typical year was chosen after comparing monthly and annual heat-
ing degree days for the years 1952-1964 for San Diego with average monthly
and annual values. Data for specific years were obtained from Climatologi-
cal Data - National Summary, (Ref. 8-3), and average data were taken from
the Climatic Atlas of The United States (Ref. 8-4). The monthly and
annual values for the year 1964 were found to correspond most closely to

the average.
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8.2.2 Heating Season

The space heating season is defined by the San Diego Gas and Electric
Company to last from November 1 through April 30. For this reason, the
performance of various heating systems were simulated for January 1 -

April 30 and November 1 - December 31 of the 1964 calendar year.

The peak load experienced by San Diego Gas and Electric Company

during 1964 occurred at 6 pm on December 22.

8.3 ENERGY ANALYSIS OF SPACE HEATING SYSTEMS (For details, see Appendix B)
8.3.1 Conventional Resistance Space Heating - Base System

The base 1s an electrical resistance duct heater. The electrical
energy consumption of this system is equal to the heating load of the
house. The annual energy consumption of this system is 13.1 GJ (3636 kWh).
Of this total 4.0 GJ (1106 kWh) occurred during the on-peak period (7am -
1llpm) and 9.1 GJ (2530 kWh) occurs during the off-peak period. Table 8-1
lists the monthly electrical consumption of this system during the on-
and off-peak periods. The average hourly consumption and peak load for

each month are given in Table 8-2.

Table 8-1. Energy Consumed for Resistance Space Heating (kWh)
San Diego, California

Month On-Peak Off-Peak Total
January 250 581 831
February 110 414 524
March 130 373 503
April 86 279 365
November 177 350 527
December 353 533 886
Annual Total 1106 1406 3636
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SPACE HEATING AVERAGE DAILY PROFILE FOR 1944
LOCATION: SAN DIESO CALIFORNIA
ALL VALUES = KUH

RESISTANCE SPACE HEATING

HOUR JAN FEB HAR APR NAY JUN JuL AU6 SEP ocY NOV DEC
1 0.773 0.149 0.458 0.348 0.343 0.000 0.000 0.000 0.000 0.000 0.427 1.093
2 1.346 0.421 ¢.706 0.588 0.520 0.017 0.000 0.000 0.000 0.000 0.932 1.531
3 1.939 0.886 1.065 0.799 0.694 0.048 0.000 0.000 0.000 0.000 1.197 1.935
4 2.425 1.489 1.387 1.080 0.913 0.210 0.000 0.000 0.000 0.000 1.381 2.145
] 2.744 2.200 1.656 1.380 1.187 0.363 0.000 0.000 0.000 0.000 1.552 2.324
6 2.921 2.792 1.931 1.578 1.432 0.512 0.000 0.000 0.000 0.018 1.7%56 2.482
? 3.030 3.129 2.204 1.708 1.602 0.676 0.000 0.000 0.000 0.057 1.933 2.614
8 3.162 3.253 2.313 1.634 1.495 0.671 0.000 0.000 0.000 0.107 2.022 2.697
9 3.014 2.594 1.945 1.317 1.116 0.483 0.000 0.000 0.005 0.114 1.939 2.680

10 2.191 1.284 1.199 0.833 0.705 0.241 0.000 0.000 0.005 0.056 1.432 2.190
1 1.072 0.338 0.511 0.370 0.352 0.096 0.000 0.000 0.000 0.009 0.7346 1.347
12 0.370 0.029 0.140 0.110 0.127 0.022 0.000 0.000 0.000 0.000 0.274 0.714
13 0.120 0.003 0.035 0.025 0.044 0.006 0.000 0.000 0.000 0.000 0.087 0.385
14 0.068 0.000 0.000 0.005 0.018 0.000 0.000 0.000 0.000 0.000 0.031 0.224
15 0.055 0.000 0.000 0.001 0.004 0.000 0.000 0.000 0.000 0.000 0.045 0.143
16 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.039 0.114
17 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.042 0.119
18 0.034 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.058 0.163
19 0.0354 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.074 0.241
20 0.098 0.000 0.000 0.000 0.024 0.000 0.000 0.000 0.000 0.000 0.098 0.336
21 0.139 0.000 0.002 0.000 0.041 0.000 0.000 0.000 0.000 0.000 0.1563 0.487
22 0.237 0.000 0.050 0.016 0.063 0.000 0.000 0.000 0.000 0.000 0.246 0.470
23 0.363 0.000 0.181 0.103 0.119 0.000 0.000 0.000 0.000 0.000 0.343 0.817
24 0.493 0.031 0.331 0.227 0.190 0.000 0.000 0.000 0.000 0.000 0.449 0.933
PEAK HOURLY CONSUMPTION FOR EACH MONTH
HAX 4.175 3.867 3.719 2.844 2.800 1.924 0.000 0.000 0.148 1.845 4.586 4.228

DAY 15 7 8 ? 7 10 10 10 19 2? 15 30

HOUR 8 8 8 ? 7 & é é 9 8 8 8



8.3.2 Resistance Space Heating with 0ff-Peak Storage

A 0.93 m3 (250 gal) insulated water tank with a 15.0 kW (52,000 Btu/hr)
resistance heating coil is used to provide off-peak energy storage. Dur-
ing the off-peak period the tank is heated to set temperatures based on
the 12 pm temperature as described in Section 3. With insulation, the
heat loss coefficient of the tank is 0.417 W/(m2°C), (0.73 Btu/hr ft2°F
of R-13.6).

During the peak period, the hot water from the tamk is circulated
through a heat exchange coil in the air duct where it heats the air being
delivered to the load. Figure 4-1 shows a schematic representation of
this system. Circulation of the hot water from the off-peak storage tank
through the coil in the hot air duct is provided by 0.95 litres/second
(7 gpm) pump driven by a 60 watt electrical motor. The energy consumption
of this pump during peak hours is determined by multiplying this power

rating by the fraction of time that the pump is operating.

Simulation Results

The yearly energy consumption of this system is 14.6 GJ (4063 kWh),
an increase of 1.5 GJ (694 kWh) over the yearly energy consumption of

the conventional resistance heating system. This 117 increase is due to

@ stand-by heat loss from the off-peak storage tank and
e energy required to pump the stored hot water through
the coil.
Ninety-nine percent (4027 kWh) of the total energy consumption occurs
during the off-peak period. Only one percent (37 kWh) of the total con~-
sumption occurs during on- and off-peak periods is listed in Table 8-3.

Hourly profiles of energy consumption for this system are given in
Table 8-4.

8.4 ENERGY ANALYSIS OF SPACE AND WATER HEATING SYSTEMS

8.4.1 Resistance Space and Water Heating

This system simply combines the performance of an electrical resist-

ance duct heater for space heating and a conventional electric 0.23 m3

E—EEE . 8-4
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Table 8-3. Energy Consumed for Resistance Space
Heating With Off-Peak Storage (kWh)
San Diego, California

Month On-Peak Off-Peak Total
January 7 910 917
February 3 600 603
March 4 562 566
April 4 422 426
November 7 613 620
December 12 920 932
Annual Total 37 4027 4063

(60 gal) water heater. Energy consumption of the duct heater is equal to
the house heating load (assuming 100% efficiency) while the consumption
of the water heater is equal to the hot water load plus stand-by heat
loss from the water tank. The water heating load used in this simulation
was 2272 (60 gallons) per day being heated from 17.8°C (64°F) to 60°C
(140°F).

Simulation Results

Annual energy consumption for this combined system was 27.1 GJ
(7533 kWh). Of this 17.1 GJ (4751 kWh) occurred during the on-peak
period (7am - llpm)and 10.0 GJ (2772 kWh) occurred during the off-peak
period (llpm - 7am). Monthly electrical consumption of this system
during the on- and off-peak periods is listed in Table 8-5. Average

hourly consumption for this system is shown in Table 8-6.

8.4.2 Conventional Solar Space and Water Heating System

Since the heating season in San Diego is relatively short and the
space heating load is fairly small, it seems doubtful that anyone would
install a solar system for space heating only. We therefore combined
domestic water preheating with the solar space heating systems to utilize

solar energy throughout the entire year.

UHE Franklin Research Center
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HOUR

Q0NN -

DAY

Table 8-4. Average Hourly Profile for Resistance Space Heating System with Off-Peak Storage

for San Diego, California
SPACE HEATING AVERAGE BAILY PROFILE FOR 1944

LOCATION: SAN DIEGO CALIFORNIA
ALL VALUES = KUH

OFF-PEAK RESISTANCE HEATING SYSTEM

JAN FEB HAR APR NAY

3.481 2.673 2.256 1.747 0.000
3.481 2.673 2.256 1.747 0.000
3.4681 2.6723 2.256 1.747 0.000
3.481 2.673 2.236 1.7247 0.000
3.481 2.673 2.256 1.747 0.000
3.461 2.673 2.256 1.747 0.000
3.481 2.473 2.236 1.747 0.000
0.05% 0.05% 0.053 0.033 0.002
0.05% 0.059 0.0335 0.053 0.000
0.057 0.049 0.049 0.047 0.000
0.037 0.006 0.026 0.027 0.000
0.013 0.002 0.007 0.007 0.000
0.007 0.000 0.000 0.004 0.000
0.004 0.000 0.000 0.002 0.000
0.004 0.000 0.000 0.000 0.000
0.004 0.000 0.000 0.000 0.000
0.004 0.000 0.000 0.000 0.000
0.004 0.000 0.000 0.000 0.000
0.005 0.000 0.000 0.000 0.000
0.004 0.000 0.002 0.000 0.000
0.010 0.000 0.007 0.005 0.000
0.011 0.000 0.013 0.008 0.000
0.014 0.004 0.013 0.013 0.000
3.626 2.715 2.1 1.723 0.000
PEAK HOURLY CONSUMPTION FOR EACH MONTH

7.014 5.014 5.603 3.933 0.059

14 23 7 5 1

24 24 24 24 8

JUN

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

JuL

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

AUG

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

SEP

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

ocy

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.115

3.569
K}

24

NOV

2.593
2,553
2,555
2.933
2,553
2.55%
2,953
0.053
0.045
0.041
0.024
0.011
0.004
0.004
0.004
0.004
0.004
0.004
0.006
0.008
0.011
0.012
0.015
2.3502

7.400
14

24

DEL

3.498
3.498
3.698
3.698
3.698
3.498
3.498
0.059
0.059
0.059
0.032
0.028
0.022
0.017
0.014
0.013
0.013
0.017
0.020
0.023
0.027
0.027
0.029
3.639

2.175
29
24



Table 8-5. Energy Consumed for Resistance
Space and Water Heating

Month On-Peak Off-Peak Total
January 566 566 1132
February 397 426 823
March 444 391 835
April 387 302 689
May 307 28 335
June 297 27 324
July 307 28 335
August 307 28 335
September 297 27 324
October 307 28 335
November 479 369 848
December 666 552 1218

4761 2772 7533

The conventional solar space and water heating system is shown
schematically in Figure 8-1. The solar collector array consists of
9.69 m2 (104.3 ftz) of single-glazed flat plate solar collectors
tilted 40° from the horizontal. Water from an insulated 0.78 m3 (206
gallon) storage tank is circulated through the collectors by a pump con-
trolled by a differential thermostat. When space heating is required,
hot water from the storage tank is circulated through a coil in the air
duct of the house. Preheating of the domestic hot water is provided by
running the incoming cold water from the city mains through a heat ex-
change coil located in the solar storage tank. This preheated water is
then fed to a conventional 0.23 m3 (60 gallon) electric water heater

where it is heated to the required temperature of 60°C (140°F).

Simulation Results

Annual energy consumption for this system was 9.2 GJ (2558 kWh) of
which 6.0 GJ (1673 kWh) occurred during the on-peak period and 3.2 GJ
(885 kWh) occurred during the off-peak period. The reduction in elec-

trical energy consumption for this system compared to the resistance
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Table 8-6. Average Hourly Consumption for Resistance Space and Water Heating System in San Diego,
California

AVERAGE DAILY PROFILE FOR 1944
LOCATION: SAN DIEGO CALIFORNIA
ALL VALUES = KUH
RESISTANCE HEATING AND HOT WATER SYSTEM

HOT UWATER LOAD= 60 GALLONS FPER DAY

HOUK JAN FEB HAR AFR HAY JUN JUL AUG SEP acT NOV DEC
1 1.418 0.512 0.7%7 0.67% 0.096 0.091 0.091 0.0M 0.0 0.0 1.023 1.641
2 1.939 0.886 1.065 0.799 0.000 0.000 0.000 0.000 0.000 0.000 1.197 1.935
3 2.425 1.489 1.387 1.080 0.000 0.000 0.000 0.000 0.000 0.000 1.381 2.143
4 2.744 2.200 1.636 1.380 0.000 0.000 0.000 0.000 0.000 0.000 1,552 2.324
3 2.921 2.792 1.934 1.578 0.000 0.000 0.000 0.000 0.000 0.000 1.736 2.482
6 3151 3.230 2.304 1.809 0.101 0.101 0.101 0.101 0.101 0.101 2.034 2.713
? 3.535 3.627 2.687 2.008 0.374 0.374 0.374 0.374 0.374 0.374 2.396 3.070
8 3.693 3.270 2.622 1.993 0.677 0.677 0.677 0.677 0.677 0.677 2.614 3.357
9 3.036 2.150 2.064 1.700 0.856 0.866 0.8466 0.844 0.864 0.866 2.298 3.056
10 1.881 1.146 1.319 1.178 0.808 0.808 0.808 0.408 0.808 0.808 1.544 2,135
11 0.952 0.611 0.722 0.693 0.582 0.582 0.582 0.532 0.582 0.582 0.834 1.296
12 0.545 0.428 0.459 0.450 0.425 0.425 0.425 0.425 0.423 0.423 0.512 0.810
13 0.557 0.489 0.489 0.495 0.489 0.489 0.489 0.489 0.489 0.48% 0.540 0.716
14 0.443 0.388 0.338 0.390 6.388 0.388 0.388 0.338 0.388 0.388 0.434 0.3531
13 0.302 0.271 0.2 0.271 0.21 0.271 0.2 0.2 0.271 0.271 0.310 0.383
16 0.261 0.239 0.239 0.239 0.239 0.239 0.239 0.239 . 219 0.239 0.280 0.357
17 0.372 0.338 0.338 0.338 0.318 0.338 0.338 0.338 0.338 0.338 0.393 0.501
18 0.564 0.607 0.607 0.607 0.607 0.607 0.607 0.607 0.607 0.407 0.680 0.848
19 1.132 1.055 1.033 1.055 1.053 1.055 1.053 1.033 1.0535 1.055 1.153 1.391
20 1.255 1.116 1.118 1.118 1.114 1.114 1.118 1.116 1.114 1.116 1.279 1.603
21 1.090 0.85 0.903 0.849 0.833 0.853 0.853 0.853 0.853 0.833 1.100 1.524
22 1.010 0.647 0.828 0.750 0.647 0.647 0.647 0.647 0.647 0.547 0.990 1.464
23 1.027 0.565 0.845 0.762 0.334 0.534 0.534 0.534 0.534 0.534 0.984 1.447
24 1.114 0.489 0.810 0.720 0.340 0.340 0.340 0.340 0.340 0.340 0.966 1.507

PEAK HOURLY CONSUMFTION FOR EACH MONTH

HaX 4.817 4.239 4.094 3.133 1.114 1.118 1.116 t.114 1.116 1.116 3.0356 4.883
DAY 13 7 8 7 1 1 1 1 1 1 13 30
HANR R ? 7 ? 20 20 20 20 20 20 8 8
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Figure 8-1. Conventional Solar Space Heating and Hot Water System

space and water heating system means that 667 of the total load was sup-
plied by the solar system. Table 8~7 lists the energy consumption dur-~
ing the on— and off~-peak periods along with the solar system performance

for each month.

The solar system efficiency is defined as the amount of solar de-
rived energy delivered to the load divided by the total solar energy
incident on the collectors. The low solar system efficiencies for the
surmer months are due to the fact that the water heating load is too
low to utilize all of the energy collected by the solar system. This
causes the solar storage tank temperature to rise leading to low collec-

tor efficiency and increased. heat loss from the tank.

An average hourly profile of the energy consumption of this system
is listed in Table 8-8.
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Table 8-7. Performance of Conventional Solar Heating >ystem
San Diego, California

Auxiliary Energy Consumption So]ar]/ Solar Systemz/

On-Peak 0ff-Peak Total Fraction Efficiency
Month (kWh) (kWh) {kiWh) (%) (%)
January 395 225 620 45 37
February 154 40 194 76 39
March 155 78 233 72 35
April 127 60 187 73 33
May 20 3 23 93 22
June 26 2 28 92 22
July 7 0 7 98 23
August 16 1 17 95 24
September 8 0 8 98 24
October 14 1 15 96 25
November 239 159 398 53 33
December 512 316 828 32 36
Annual Total 1673 885 2558 66 29

Total Load - Auxiliary Energy

1/ Solar Fraction = Total Load

Solar Energy Delivered to Load
Total Incident Energy on the Collectors

2/ Solar System Efficiency =

8.4.3 Solar Space and Water Heating System With Separate
0ff-Peak Storage
The solar heating and hot water with separate off-peak storage

system is shown in Figure 8-2. This system is identical to the conven-
tional solar space and water heating system with a 0.926 m3 (245 gallon)
off-peak storage tank for space heating added and a 0.303 m3 (80 gallon)
hot water heater with a clock timer replacing the smaller conventional
electric water heater. During the heating season, the off-peak storage

tank is heated during the 1llpm to 7am period to a set temperature based
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Table 8-8. Average Hourly Profiles for Solar Space and Water Heating System in San Diego, California
SPACE HEATING AVERAGE DAILY PROFILE FOR 1944

LOCATION: SAN DIEGO CALIFORNIA

ALL VALUES = KWH

SOLAR SPACE HEATING AND HOT WATER PREHEAT

SOLAR COLLECTOR AREA = 104 FT#s2

HOT WATER LOAD= 40 GALLONS PER DAY

HOUR JAN FEB NAR APR HAY JUN JuL AUG SEP oct NOov DEC
1 0.388 0.045 0.062 0.073 0.083 0.023 0.000 0.011 0.002 0.010 0.334 0.983
2 0.497 0.030 0.071 0.111 0.011 0.006 0.000 0.003 0.001 0.003 0.380 0.985
k! 0.5 0.029 0.118 0.152 0.000 0.000 0.000 0.000 0.000 0.000 0.429 0.983
4 0.753 0.043 0.230 0.175 0.000 0.000 0.000 0.000 0.000 0.000 0.386 1.048
3 0.954 0.151 0.455 0.252 ¢.000 0.000 0.000 0.000 0.000 0.000 0.804 1.265
) 1.535 0.412 0.676 0.444 0.000 0.000 0.000 0.000 0.000 0.000 0.985 1.744
? 2.135 0.658 0.838 0.458 0.006 0.008 0.000 0.004 0.001 0.004 1.346 2.258
8 2,997 1.270 1.253 0.807 0.024 0.030 0.000 0.013 0.003 0.014 1.720 2.753
? 3.237 1.807 1.328 0.881 0.044 0.060 0.000 0.031 0.006 0.028 1.806 2.994

10 2.56%5 1.033 0.903 0.752 0.066 0.089 0.003 0.047 0.013 0.044 1.528 2.648
N 1.020 0.472 0.415 0.458 0.078 0.099 0.024 0.062 0.029 0.061 0.782 1.574
12 0.524 0.262 0.263 0.303 0.063 0.089 0.029 0.059 0.033 0.055 0.351 0.900
13 0.297 0.155 0.158 0.164 0.054 0.073 0.031 0.051 0.034 0.043 0.201 0.545
14 0.253 0.118 0.120 0.136 0.053 0.048 0.033 0.048 0.034 0.042 0.173 0.438
15 0.182 0.072 0.080 0.097 0.047 0.053 0.034 0.042 0.034 0.034 0.135 0.314
16 0.113 0.043 0.051 0.064 0.040 0.042 0.034 0.037 0.033 0.033 0.103 0.230
17 0.0835 0.036 0.043 0.052 0.036 0,036 0.033 0.033 0.011 0.028 0.092 0.209
18 0.081 0.010 0.029 0.043 0.020 0.028 0.014 0.018 0.004 0.006 0.096 0.259
19 0.153 0.013 0.034 0.052 0.013 0.021 0.000 0.005 0.000 0.007 0.145 0.414

20 0.274 0,032 0.066 0.09% 0.026 0.041 0.000 0.012 0,000 0.013 0.230 0.660
21 0.330 0.053 0.082 0.119 0.032 0.0350 0.000 0.018 0.001 0.017 0.274 0.817
22 0.315 0.058 0.079 0.108 0.028 0.044 0.009 0.018 0.002 0.014 0.241 0.848
23 0.314 0.054 0.077 0.10t 0.023 0.037 0.000 0.016 0.003 0.014 0.245 0.896
24 0.343 0.055 0.076 0.1 0.020 0.034 0.000 0.016 0.003 0.014 0.262 0.740
PEAK HOURLY CONSUMPTION FOR EACH MONTH
NAX 4.539 3.956 3.931 2.928 1.934 0.373 0.034 0.253 0.154 0.311 4.797 4.4628
DAY 15 13 8 3 1 16 1 3 18 24 13 30

nre 9 o 2 8 1 " 11 11 1" 10 i 9
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Figure 8-2. Solar Space and Water Heating System with Off-Peak Storage

on the llpm ambient temperature each night as described in Sectiomn 3.

When a heating load occurs during the on-peak period from 7 am to
11 pm, it is supplied from the solar storage tank if its temperature is
above 35°C (95°F). If that temperature is below 35°C (95°F) the space
heating load is supplied from the off-peak storage tank.

The off-peak hot water heater is heated to 70°C (158°F) during the
11 pm to 7 am period each night.

Simulation Results

Annual energy consumption for this system was 13.4 GJ (3733 kWh),
of which 1.5 GJ (425 kWh) occurred during the on-peak period and 11.9 GJ
(3308 kWh) occurred during the off-peak period. On- and off-peak period
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consumption along with solar system performance are listed by month in
Table 8-9. Average hourly consumption is listed for each month in

Table 8-10.

Table 8-9. Performance of Solar Space and Water
Heating System With Separate Off-peak
Storage in San Diego, California

Auxiliary Energy Consumption So]ar]/ Solar Systemz/
On-Peak 0ff-Peak Total Fraction Efficiency
Month (kih) _ (kWh)  (KWh) (%) (%)
January 36 21 757 33 35
February 33 296 329 60 38
March 37 314 351 58 34
April 36 262 298 57 31
May 36 67 103 69 19
June 34 82 116 64 20
July 36 21 57 83 20
August 36 52 88 74 21
September 35 27 62 81 20
October 36 46 82 76 22
November 35 507 542 36 32
December 35 913 948 22 35
Annual Total 427 3308 3734 50 27

1/ Solar Fraction = 12tal L03$o£a?uf;;;arx,Energy

Solar Energy Delivered to Load
Total Incident Energy on the Collectors

2/ Solar System Efficiency =

8.5 ENERGY ANALYSIS OF SPACE COOLING SYSTEMS

The performance of three solar air conditioning (A/C) systems was
compared with that of a conventional vapor compression unit. Cooling

loads were calculated for the typical house described in Subsection 8.1

U” Franklin Research Center

A Division of The Franklin Institute
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HOUR

WO NOA DN -

Table 8-10.

AVERAGE DAILY PROFILE FOR 1964

LOCATION: 8AN DIEGO CALIFORNIA

ALL VALUES = KWH

SOLAR HEATING & HOT WATERS SYSTEM UITH TUO
OFF-PEAK STORAGE TANKS ONE FOR HEATING AND ONE FOR HOT UATER

HOT UATER IS ALUAYS PREHEATED IN THE SOLAR TANK
HOT VATER LOAD=

JAN

2.909
2,909
2.909
2.909
2.909
2.909
2.909
0.059
0.079
0.088
0.090
0.092
0.091
0.090
0.092
0.087
0.040
0.0359
0.059
0.039
0.05¢
0.059
0.059
2.881

PEAR
7.042

14

FEB HAR APR
1.317 1.270 1.090
1.317 1.270 1.090
1.317 1.270 1.090
1.317 1.270 1.090
1.317 1.270 1.090
1.317 1.270 1.090
1.317 1.270 1.090
0.03%9 0.039 0.039
0.090 0.082 0.074
0.090 0.089 0.08%
0.092 0.0%0 0.091t
0.093 0.091 0.092
0.093 0.092 0.093
0.093 0.092 0.093
0.093 0.092 0.092
0.0%90 0.088 0.089
0.0463 0.049 0.07%
0.039 0.039 0.039
0.0359 0.039 0.039
0.059 0.059 0.059
0.059 0.059 0.059
0.03% 0.039 0.039
0.039 0.039 0.039
1.334 1.234 1.099
HOURLY CONSUNPTION FOR EACH MONTH
2.889 3.889 3.531
16 23 23

40 GALLONS PER DAY

nay

0.274
0.274
0.274
0.274
0.274
0.274
0.274
0.039
0.043
0.077

- 0.0835

0.090
0.092
0.093
0.092
0.090
0.070
0.059
0.039
0.05%
0.039
0.03%9
0.039
0.249

0.893
1

JUN

0.342
0.342
0.342
0.342
0.342
0.342
0.342
0.039
0.040
0.048
0.078
0.086
0.093
0.093
0.091
0.087
0.073
0.059
0.039
0.059
0.059
0.039
0.059
0.341

0,645
135

JuL

0.083
0.083
0.08%
0.085
0.083
0.089
0.083
0.039
0.041
0.081
0.088
0.090
0.073
0.093
0.093
0.092
0.049
0.03%9
0.039
0.03%
0.059
0.059
0.059
0.084

0.182

0.210
0.210
0.210
0.210
0.210
0.210
0.210
0.05¢
0.040
0.072
0.082
0.090
0.0%1
0.091
0.090
0.088
0.049
0.0359
0.039
0.039
0.059
0.039
0.039
0.214

0.524
14

SEP

0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.059
0.061
0.078
0.084
0.089
0.091
0.092
0.092
0.089
0.043
0.059
0.059
0.039
0.05%
0.059
0.0359
0.109

0.358
18

ocy

0.175
0.17%
0.175
0.173
0.175
0.175
0.173
0.039
0.062
0.077
0.083
0.089
0.0%90
0.089
0.089
0.083
0.061
0.039
0.039
0.039
0.059
0.039
0.039
0.273

3.097
N

Average Hourly Energy Consumption for Solar Space and Water Heating System With
Separate Off-Peak Storage for San Diego, California

OV

2.122
2.122
2.122
2.122
2.122
2.122
2.122
0.059
0.071
0.087
0.090
0.091
0.090
0.089
0.089
0.085
0.0482
0.039
0.05¢
0.039
0.039
0.039
0.059
2.034

7.373
1?7



using weather data from 1964 for San Diego, California. Two types of
solar air conditioning systems were considered. A schematic diagram of
a conventional solar air conditioner is shown in Figure 4-24 and a dia-
gram of a solar air conditioner with off-peak hot storage is shown in
Figure 4-26. In both diagrams, the cooling tower, which would be re-

quired, is not shown.

The conventional solar A/C operates with hot water from the solar
storage tank whenever possible. When solar heat is not available, valve
V-1 bypasses the solar storage, and the auxiliary heater supplies energy
to the air conditioner. The solar A/C with off-peak hot water storage
also uses solar energy whenever possible. However, when solar storage
is depleted, heat is obtained from the off-peak storage tank. The auxili-~
ary electric heater in the off-peak storage tank only operates between 12
midnight and 8 AM. The off-peak storage tank is sized so that all cool-
ing loads during the day can be met with heat from the off-peak storage
tank. Consequently, the only electricity usage by this system during
the day is by pumps and fans. These systems are discussed in more detail

in Appendix B.

Two conventional solar air conditioners were simulated: one with
27.9 m2 (300 ft2) of collector area and the other with 55.8 m2 (600 ftz)
of collector area. The solar A/C with off-peak hot storage had 27.9 m2
(300 ftz) of collector area. In each case, solar storage had a capacity
equivalent to 81.5 kg/m2 (2 gal/ftz) of collector area. The capacity of
the off-peak hot storage was 2.25 m3 (594 gal).

Since the collector area used for the solar air conditioning sys-
tems (55.8 m> (600 £t2) and 27.9 m> (300 £t2)) are so much larger than
the area used for solar space and water heating (9.68 m2 (104 ftz)) it
was necessary to simulate the solar heating system performance at these
larger collector areas so that the annual performance of a combined
solar heating cooling system was obtained for these two large collector

areas.
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Simulation Results

One-hundred percent of the space and water heating requirements
are provided by solar system with 55.8 m2 (600 ftz). The only energy
required by this system during the heating season is to run the pumps that
circulate the working fluid between the collectors and storage, and be-
tween storage and the heating load. A solar space and water heating
system with 27.9 m2 (300 ftz) of collectors provides 98.5% of the heat-
ing requirements. Therefore in addition to the energy requirements of
the pumps this system uses a small amount of auxiliary energy for those
few short periods that the solar system cannot meet the entire heating
load. All of this auxiliary energy requirements occurs during the off-

peak period (11 pm - 7 am) during the heating season.

Monthly usage for the conventional compression air conditioning
system and three air conditioning systems is shown in Table 8-10. Monthly
2 (600 £t%) and
27.9 m2 (300 ftz) of solar collector area. Energy usage is also presented

energy usage is given for solar A/C systems with 55.8 m

for a solar A/C system with off-peak storage and 27.9 m2 (300 ftz) of
collector area. It can be seen that the solar system with 55.8 m2
(600 ftz) of collector area would have a lower seasonal electric energy

use than the conventional compression air conditioner. The conventional

8-15a
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solar A/C with 27.9 n’ (300 ftL) of collector area has a greater sea-

sonal electric energy usage than the conventional vapor compression A/C.

The use of off-peak hot storage decreases electricity usage during the

on-peak period slightly but at the expense of a much greater seasonal

electricity usage.

Since most of the cooling requirements occur during

the day, only the system with off-peak storage has a significant elec-

tricity usage during the off-peak period.

Table 8-11. Air Conditioning System Monthly Energy Usage (kWh)
San Diego, California

Conventional Conventional
Solar A/C, Solar A/C Solar A/S with
with 55.8 m= with 27.9 m2 27.9 m
Compression of Collector of Collector Collector Area and .
Month A/C Area Area 0ff-Peak Storage
On off On off On Off On off
Peak Peak Peak Peak  Peak Peak  Peak Peak
April 20 0 19 0 13 0 27 88
May 31 0 40 0 31 0 46 81
June 89 0 78 0 94 0 76 94
July 274 O 180 0 483 0 155 433
August 154 0 147 0 286 0 131 254
September 26 0 42 0 33 0 48 78
October 86 0 64 0 126 0 63 157
Total 680 0 568 0 1064 0 546 1195
680 586 1064 1741

The monthly peak electric demands for the conventional and solar

systems are shown in Table 8-11.

day and hour (Pacific Standard Time) when they occur are. given.

The magnitudes of the demands and the

Compar-

ing the peaks of the conventional solar A/C with 55.8 m2 (600 ftz) of

collector area to the compression A/C, it can be seen that a solar air

conditioning system with a sufficiently large array of collectors can

reduce both peak demands and seasonal energy usage.

nﬂﬂﬁ Franklin Research Center
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If the collector area is reduced to 27.9 m2 (300 ft2), the conven-—-
tional solar A/C will have higher peaks than the compression A/C. As
shown in Table 8-12, these peaks will occur mainly during the middle of
the day. By charging an off-peak storage tank, the solar A/C system
peaks can be shifted to the early morning hours. During the day, the

only equipment using electricity would then be pumps and fans.

System daily demand profiles averaged for each month are shown in
Tables 8-13 through 8-16. That is, for a given month and hour, the

demand shown is the average of all of the demands for that hour during

the month.

Table 8-12. Air Conditioning System Monthly Peak Demands (kW)
San Diego, California

Conventional Conventional
Solar A/C Solar A/C Solar A/g with
with 55.9 m2  with 27.9 m2 27.9 m
Compression of Collector of Collector Collector Area and
Month A/C Area Area 0ff-Peak Storage
Day Hour Demand Day Hour Demand Day Hour Demand Demand*

April 14 18 1.87 15 13 0.58 15 13 0.43 1.44
May 25 18 1.51 25 14 0.57 20 13 8.9 7.32
June 30 18 1.72 30 14 '0.58 25 14 0.43 0.47
July 11 18 1.8 15 15 0.58 29 18 8.37 2.43
August 19 16 1.35 20 16 0.58 10 18 8.9 5.42
September 3 17 0.95 20 11 0.56 1 19 3.84 2.28

October 19 16 2.71 25 14 0.58 10 14 0.43 0.47

*These demands occur between the hours of midnight and 8 AM when the off-peak
storage is being heated with electrical energy. When the off-peak storage is
not being charged, the maximum demand is 0.47 kW.

The performance of the solar components for each solar air condition-

ing system are shown in Table 8-17.
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Table 8-13.

Average Hourly Energy Consumption for Conventional

Air Conditioning for San Diego, California

AIR CONDITIONING AVERAGE DAILY PROFILES FOR APRIL THRU OCTOBER 1964

LOCATION: SAN DIEGD CALIFORNIA

ALL VALUES =
SYSTEM = CONVENTIONAL COMPRESSION AIR CONDITIONER

APRIL

0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.022
0.065
0.090
0.091
0.092
0.092
0.078
0.0353
0.034
0.022
0.014
0.006

ﬂﬂﬂﬁ Franklin Research Center
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KUH

HAY

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.020
0.036
0.038
0.098
0.237
0.283
0.190
0.080
0.016
0.001
0.000

JUNE

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.013
0.046
0.096
0.211
0.393
0.4653
0.730
0.491
0.232
0.077
0.013
0.000

JuLy

0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.036
0.127
0.223
0.310
0.543
0.877
1.082
1.220
1.377
1.243
0.846
0.514
0.271
0.113
0.033

8~18

AUGUST

0.001
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.022
0.063
0.173
0.380
0.564
0.678
0.757
0.786
0.667
0.436
0.250
0.123
0.049
0.014

SEPTEMBER

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.025
0.069
0.133
0.186
0.188
0.143
0.082
0.033
0.007
0.000
0.000

OCTOBEI

0.009
0.002
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.039
0.086
0.153
0.254
0.331
0.397
0.414
0.362
0.251
0.170
0.123
0.092
0.058
0.026
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Table 8-14.

Average Hourly Energy Consum
Air Conditioning with 55.8 m
San Diego, California

AIR CONDITIONING AVERAGE DAILY PROFILES FOR APRIL THRU OCTOBER 1964

LOCATION: SAN DIEGO CALIFORNIA

ALL VALUES = KUH

SYSTEM = CONVENTIONAL SOLAR AIR CONDITIONER

2

SOLAR COLLECTOR AREA = 55.8 m

APRIL

0.014
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.037
0.081
0.091
0.092
0.054
0.033
0.032
0.032

T 0,032

0.032

0.032
0.030
0.016
0.014

ﬂﬂ”ﬁ Franklin Research Center

A Division of The Franilin institute

HAY

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.061
0.086
0.078
0.028
0.029
0.111
0.136
0.191
0.199

~0.191

0.124
0.027
0.000

JUNE

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.005
0.028
0.060
0.084
0.104
0.117
0.150
0.214
0.332
0.348
0.348
0.344
0.293
0.127
0.014

(600 ft

2)

JuLy

0.054
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.114
0.180
0.216
0.335
0.447
0.523
0.467
0.471
0.47%
0.475
0.475
0.475
0.471
0.417
0.209

8-19

AUGUST

0.027
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.019
0.082
0.156
0.245
0.392
0.407
0.413
0.423
0.455
0.459
0.457
0.436
0.367
0.243
0.124

SEPTEMBER

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.022
0.0648
0.099
0.114
0.075
0.119
0.154
0.172
0.186
0.172
0.148
0.071
0.014
0.000

jon for Conventional Solar
Collector Area for

OCTOBER

0.029
0.013
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.015
0.037
0.108
0.137
0.191
0.142
0.152
0.180
0.184
0.182
0.168
0.163
0.121
0.105
0.084
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Table 8-15.

Average Hourly Energy Consum
Air Conditioning with 27.9 m
San Diego, California

AIR CONDITIONING AVERAGE DAILY PROFILES FOR APRIL THRU OCTOBER 1944

LOCATION: SAN DIEGO CALIFORNIA

ALL VALUES = KUH

SYSTEM = CONVENTIONAL SOLAR AIR CONDITIONER

2
SOLAR COLLECTOR AREA = 27.9 m (300 ft

APRIL

0.011
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.023
0.048
0.052
0.059
0.041
0.026
0.025
0.023
0.025
0.025

0.024
0.013
0.013

ﬂﬂﬂﬁ Franklin Research Center
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KAY

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.017
0.033
0.0351t
0.048
0.025
0.024
0.089
0.109
0.153
0.1359
0.133
0.100
0.021
0.000

JUNE

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.006
0.018
0.032
0.049
0.086
0.092
0.130
0.202
0.693
0.412
0.310
0.578
0.388
0.141
0,012

2)

JuLy

0.048
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.330
0.126
0.145
0.264
0.3354
0.389
0.662
1.440
2.588
2.044
2.197
2.251
1.483
0.844
0.324

8-20

AUGUST

0.023
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002

0.018

0.0352
0.105
0.219
0.337
0.341
0.582
0.877
1.427
1.499
1.500
1.049
0.679
0.360
0.148

SEPTEMBER

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.022
0.041
0.036
0.077
0.066
0.096
0.123
0.138
0.149
0.138
0.119
0.057
0.011
0.000

ion for Conventional Solar
Collector Area for

OCTOBER

0.043
0.020
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.087
0.197
0.32t
0.376
0.349
0.340
0.279
0.377
0.204
0.28%5
0.306
0.309
0.227
0.153
0.1352
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Table 8-16.

Average Hourly Energy Consumption for Solar Air Conditioning

with 27.9 m2 Collector Area and Off-Peak Hot Storage for

San Diego, California

AIR CONDITIONING AVERAGE DAILY PROFILES FOR APRIL THRU OCTOBER 1964

LOCATION: SAN DIEGO CALIFORNIA

ALL VALUES = KUWH

SYSTEM = SOLAR AIR CONDITIONER WITH OFF PEAK HOT WATER STORAGE

SOLAR COLLECTOR AREA = 27.9 m% (300 ft

APRIL

0.366
0.366
0.366
0.366
0,366
0.366
0.366
0.366
0.000
0.003
0.023
0.048
0.052
0.060
0.042
0.026
0.025
0.025
0.025
0.025
0.025
0.025
0.013
0.481

U”Uﬁ Franklin Research Center

A Division of The Frankiin Institute

NAY

0.327
0.327
0.327
0.327
0.327
0.327
0.327
0.327
0.000
0.002
0.017
0.033
0.051
0.049
0.027
0.024
0.093
0.109
0.136
0.159
0.154
0.105
0.023
0.469

JUNE

0.393
0.393
0.393
0.393
0.393
0.393
0.393
0.393
0.001
0.006
0.018
0.031
0.050
0.067
0.095
0.134
0.174
0.272
0.278
0.278
0.277
0.244
0.108
0.481

8-21

2)

JULY

1.787
1.787
1.787
1.787
1.787
1.787
1.787
1.787
0.004
0.092
0.119
0.144
0.243
0.330
0.393
0.3%96
0.380
0.380
0.380
0.380
0.380
0.378
0.344
0.644

AUGUST

1.023
1.023
1.023
1.023
1.023
1.023
1.023
1.023
0.00t1
0.017
0.052
0.108
0.195
0.294
0.311
0.342
0.342
0.366
0.367
0.367
0.352
0.300
0.202
0.574

SEPTEMBER

0.327
0.327
0.327
0.327
0.327
0.327
0.327
0.327
0.000
0.001
0.020
0.041
0.0357
0.079
0.066
0.098
0.125
0.138
0.150
0.138
0.123
0.060
0.012
0.469

OCTOBER

0.4632
0.4632
0.632
0.4632
0.4632
0.632
0.4632
0.632
0.000
0.015
0.031
0.073
0.103
0.138
0.134
0.126
0.145
0.147
0.146
0.135
0.132
0.097
0.085
0.539



Table 8-1/. Pertormance ot >olar Air tondaitioning
System Solar Components

Conventional Conventional
Solar A/C With Solar A/C With

55.8 m¢ of 27.9 mé~of  Solar A/C Wi
Collector Collector 0ff-Peak Hot
Area Area Storage

GJ Btux 106 GJ Btu x 10® GJ Btu x |

Solar Radiation Incident on 225 213 112 107 112 107
Collectors

Energy Collected and Delivered 15.6 14.8 11.6 11.0 11.6 11.0
to Storage

Collector Efficiency 6.9% 10.4% 10.4%
Energy Lost From Solar Storage 3.7 3.5 2.1 2.0 2.2 2.1
Solar Storage Efficiency 76.3% 81.9% 81.0%

Auxiliary Energy Input to 4.7 4.5
Off-Peak Storage

Energy Lost From Off-Peak 2.4 2.3
Storage

O0ff-Peak Storage Efficiency 48.9%

8.6 UTILITY COST COMPONENTS

San Diego Gas and Electric Company (SDGE) generously offered its
cooperation in this project without reimbursement. This is a small
utility serving 750,000 electric customers in 90 communities in the
southwest corner of California. Its peak demand is 2 MW occurring in
the summer. SDGE presently generates 807% of its power through gas and
0il but, 1like all utilities, is under orders to eliminate the use of
gas as a boiler fuel. After planning additional generation capacity at
Kaiparowits in Utah and Sundesert in California, SDGE had to abandon
both projects, largely due to pressure by environmentalists. Both power
demand and energy demand are continuing to grow for this utility which
is located in one of the major growth areas of the nation. SDGE is

heavily strapped to meet its peak demand, must import power from

Uﬂ Franklin Research Center

A Division of The Franklin Institute



outside the state,and is planning to import power from Mexico. Its

demand costs are therefore comparably high.

Not having detailed SDGE data on the diversity of space condition-
ing equipment available, a diversity factor of (1/0.7) for both conven-
tional and solar heating and air conditioning was assumed. Electric
water heating is wide-spread throughout the SDGE territory. A contri-
bution to systems peak from water heating of 0.4 kW per customer was

assumed.

The installed capacity cost for units coming on line in 1985 is
$1400/kW. The utility assumes that this cost increases at a rate of
8 percent per year yielding a cost of $3020/kW for capacity coming on
line in 1995. The fuel cost escalation from present (1980) values was

also assumed to be 8 percent per year.

SDGE was unable to provide a detailed breakdown of its costs of
service similar to that obtained from PECo (see Section 6.3, Tables 6-1
through 6-4). These costs were, therefore, estimated by the same pro-
cedure as that used for Florida Power Corporation described in Section
7.6. The SDGE 1979 Annual Report (Ref. 85 ) and its residential off-
peak tariff (Ref. 8-6 ) were used. The results of the calculations are

shown in Table 8-18.

Table 8-18. San Diego Gas and Electric Company
Cost to Serve Data
(as determined by a Franklin Research
Center procedure)

Item 1980 1985 1995
Capacity Cost for Generation Coming 1400 3020
On Line in Stated Year ($/kW)
Capital Recovery Factor 0.15 0.15
Annual Peak Demand Cost ($/kW) 210 453.37
Energy Cost, On-Peak (¢/kWh) 7.05 10.36 22.36
Energy Cost, Off-Peak™ (¢/kWh) 3.08 4.53 9.78

*Winter: 11 pm to 7 am
Summer: 12 pm to 9 am

8-23
HUUE Franklin Research Center

A Division of The Franklin Institute



8.7 DISCUSSION OF RESULTS

The results of the analyses are presented in Tables 8-19 for space
and water heating systems and in Table 8-20 for air conditioning systems,
both solar and conventional with and without off-peak storage, for the
yvear 1985. Corresponding results for 1995 are given in Tables 8-21 and
8-22, respectively.

Solar Space Heating and Combined Space and Water Heating

Adding off-peak storage to a space heating system which is sufficient
to eliminate all on-peak demands except for pumps and fans increases the
annual energy consumption by 107 and reduces the cost to serve by almost
50%. The total cost (to the utility plus the homeowner) is increased by
12% in 1985, but this cost penalty has almost disappeared by 1995, demon-
strating the increasing benefits of storage in the future. The cost to
serve a solar space and water heating system is 437 lower than the cost
to serve an equivalent electric resistance heating system while the total
cost for solar heating is 28% higher in 1985 and 147 higher in 1995 than
for resistance heating. The addition of off-peak storage to the solar
system reduces its cost to serve by approximately one-half, but its total
cost by 17 only in 1985 and 6% in 1995. Thus, off-peak storage appears
to be a stand-off for heating in San Diego, unless utility costs change

drastically.

Solar Heating and Air Conditioning

Since solar air conditioning requires a considerably larger collector ar
in San Diego than solar space and water heating, a solar air conditioning
system satisfies automatically virtually the entire heating load. Although
the utility's cost to serve a solar heating/air conditioning system with
55.7 m2 of solar collector is only 17% of the cost to serve an equivalent
conventional system, the total system cost is five times as high in 1985 and
four times as high in 1995, A system with a collector area of 28 m2 (300 ft2
is somewhat more economical. 1Its cost to serve is slightly higher (26% of
that of a conventional system) but its total cost is 3.2 times as high in 198

and 2.7 times as high in 1995. The addition of off-peak storage to this

8~-24
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system decreases the cost to serve minutely but increases the total cost
by almost 20%. These relative costs are almost the same in 1995 as in
1985. O0ff-peak storage for air conditioning is, therefore, not to be
recommended for this location. Solar air conditioning with electrical
back-up and with or without off-peak storage will not become economically

viable in San Diego in the foreseeable future unless the cost of elec-

tricity changes drastically.

8-25
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Table 8-19. Annual Costs for Solar Space and Water Heating Systems in San Diego, California (1985)

Resistance Conventional Solar Space &
Resistance Resistance Space Space & Water Solar Space & Water _Heating
Space Heating Heating with Heating Water Heating 9.68m2 with
Consumption and Cost Data (Base System) Off-Peak Storage (Base System) 9.68m¢ (104 ft2) Off-Peak Storag
Annual Consumption, kWh 4316 4743 8213 3238 4113
0ff-Peak Consumption, kWh 2087 4017 2775 888 331
On-Peak Consumption, kWh 2229 726 5438 2350 1102
Individual Customer Max.Dmd., kW 4.59 '7.40 5.06 4.80 7.91
Contribution to System Peak, kW 0.95 0.06 1.39 1.30 0.06
1980 Installed Cost, $ 1823 4391 2182 8015 9980
Demand Related Costs:
Contrib. to Sys. Peak,$210/kW 199.50 12.60 291.90 273.00 12.60
Energy Related Costs:
On-Peak Consumption, 10.36 ¢/kWh 230.92 75.21 563.38 243.46 114.17
0ff-Peak Consumption, 4.53 ¢/kWh 94.54 181.97 125.71 40.23 149.99
Subtotal Cost-to-Serve, $ 524.96 269.78 980.98 556.69 276.76
Homeowner Loan Payment on
Equipment (20 yr @ 12%) $ 245.01 590.15 _293.26 1077.22 1341.31

TOTAL ANNUAL COST, $ 710, 860. 1274. 1634. 1618.



Table 8-20. Annual Costs for Solar Air Conditioning Systems in San Diego, California (1985)

Resistance Space 2
Heating & Conventional Solar leating, Solar _Heating, Solar Heating, 27.9m’,,
Air Conditioning 55.7m2 , - Solar 27.9m4% - Solar Solar Air Conditionfﬁg

Consumption and Cost Data {Base System) Air Conditioning Air Conditioning w/0ff-Peak Storage

AMNSU UIPURI YL jO UOISING V

12D YD1easay uipjuel QU UU

LT-8

Annual Consumption, kWh 4316 782 1279 1954
0ff-Peak Consumption, kWh 2087 108 115 1397
On-Peak, Consumption, kWh 2229 674 1164 557
Individual Customer Max.Dmd.,kW 4.59 0.58 8.94 7.32
Contribution to System Peak, kW 0.95 0.06 0.06 0.06
1980 Installed Cost, $ 1823 27,408 17,203 20,433
Demand Related Costs:
Contrib. to Sys. Peak, $210/kW 199.50 12.60 12.60 12.60
Energy Related Costs:
On-Peak Consumption, 10.36 ¢/kWh 230.92 69.82 120.59 57.7
0ff-Peak Consumption, 4.53 ¢/kWh 94.54 _4.89 5.21 63.28
Subtotal Cost-to-Serve, § 524.96 87.32 138.40 133.59
Homeowners Loan Payment on

Equipment (20 yr. @ 12%), $ 245.01 3683.64 2312.08 2746.20
TOTAL ANNUAL COST, $ 770. 3771. 2450. 2880.
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Table 8-21. Annual Costs for Solar Space and Water Heating System in San Diego, California (1995)

Resistance Conventional Solar Space &
Resistance Resistance Space Space & Water Solar Space & Water Hsating
Space Heatin Heating with Heating Water Heating 9.69mc with
Consumption and Cost Data (Base System) Off-Peak Storage (Base System) 9.68m2(104 ft2) Off-Peak Storage
Annual Consumption, kWh 4316 4743 8213 3238 4413
0ff-Peak, Consumption, kWh 2087 4017 2775 838 m
On-Peak, Consumption, kWh 2229 726 5438 2350 1102
Individual Customer Max.Dmd., kW 4.59 7.40 5.06 4.80 7.9
Contribution to System Peak, kW 0.95 0.06 1.39 1.30 0.06
1990 Installed Cost, $ 2969 7152 3554 13,056 16,256
Demand Reiated Costs:
Contrib. to Sys. Peak, $453.37/kW 430.70 27.20 630.18 589. 38 27.20
Energy Related Costs:
On-Peak Consumption, 22.36 ¢/kWh 498.40 162.33 1215.94 525.46 246.41
Off-Peak Consumption, 9.78 ¢/kWh 204.11 392.86 271.40 86.85 323.82
Subtotal Cost-to-Serve, $ 1133.21 582.40 2117.52 1201.69 597.43
Homeowners Loan Payment on
Equipment (20 yr. @ 12%), § 399.03 961.29 477.69 1754.67 2184.86

TOTAL ANNUAL COST, § 1532. 1544. 2595. 2956. 2782.
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Table 8-22. Annual Costs for Solar Air Conditioning Systems in San Diego, California (1995)

Consumption and Cost Data
Annual Consumption, kWh

0ff-Peak Consumption, kWh
On-Peak Consumption, kWh

Individual Customer Max.Dmd., kW
Contribution to System Peak, kW

1990 Installed Cost, $

Demand Related Costs:
Contrib. to Sys. Peak, $453.37/kW

Energy Related Costs:

On-Peak Consumption, 22.36 ¢/kWh
Off-Peak Consumption, 9.78 ¢/kWh

Subtotal Cost-to-Serve, $

Homeowners Loan Payment on
Equipment (20 yr. @ 12%), $

TOTAL ANNUAL COST, §

Resistance Space
Heating & Conventional
Air Conditioning
(Base System)

Solar Heating,
55.7m2  Solar

Air Conditioning Air Conditioning

Solar_Heating,
27.9m2,. Solar

Solar Heating, 27.9m%)
Solar Air Conditioning
w/0ff-Peak Storage

4316

2087
2229

4,59
0.95

2969

430.70

498.40
204.11

1133.21

399.03
1532.

782

108
674

0.58
0.06

44,645

27.20

150.71
10.56

188.47

6000.29
6189.

1279

115
1164

8.94
0.06

28,022

27.20

260.27
11.25

298.72

3766.16

4065.

1954
1397

557
7.32
0.06

33,283

27.20

124.55
136.63

288.38

4473.26
4762.






9. ENERGY PERFORMANCE FOR COLUMBUS, OHIO*

9.1 TYPICAL HOME

The house modelled for Columbus was the same as that used for Philadelphia.
The overall heat loss coefficient of the house was 1035 kJ/hre+°C
(543.9 Btu/hr+°F).

9.2 BASIC DATA
9.2.1 Weather Data

The typical year was chosen after comparing monthly and annual heating
degree days for the years 1952-1964 for Columbus, Ohio with the average
monthly and annual values. Data for specific years were obtained from
Climatological Data — National Summary (Ref. 9-1), and average data were
obtained from the Climatic Atlas of the United States (Ref. 9-2). The monthly
and annual values for the year 1964 were found to correspond most closely

to the average.

9.2.2 Heating Season

The length of the heating season was assumed to be the same as that for
Philadelphia. That is, heating is required from October 1 through May 31l.
Consequently, the performance of various heating systems was simulated for

January 1 - May 31, and October 1 - December 31 of the 1964 calendar year.

*|t had been intended to perform a complete energy and economic analysis

for Columbus, Ohio similar to the analyses for Philadelphia, Daytona Beach,
and San Diego contained in this report. However, delays in collecting the
required electric utility data and shortages of time and money prevented
the completion of this task. Only the energy analysis was completed and

is presented in this Section. It is hoped to perform the economic analysis
at a later date.

UU”E Franklin Researcl';' Center

A Division of The Franklin institute

9-1



9.3 ENERGY ANALYSIS OF SPACE HEATING SYSTEMS
9.3.1 Conventional Resistance Space Heating Base System

The base is an electrical resistance duct heater. The electrical
energy consumption of this system is equal to the heating load of the
house. The annual energy consumption of this system is 46.9 GJ (13031 kWh).
Of this total 25.4 GJ (7052 kWh) occurs during the on-peak period (8 am - 12 pm
and 21.5 GJ (5979 kWh) occurs during the off-peak period. Table 9-1 lists
the monthly electrical consumption of this system during the on~ and off-peak

peak periods. The average hourly consumption and peak load for each month
are given in Table 9-2.

Table 9-1. Energy Consumed for Resistance Space Heating (kWh)
Columbus, Ohio

Month On-Peak Off-Peak Total
January 1586 1239 2825
February 1489 1198 2687
March 928 873 1801
April 307 391 698
May 48 88 136
October 359 453 812
November 685 607 1292
December 1650 1130 2780
Annual Total 7052 5979 13031

U—EES 9-2
[l[] Franklin Research Center
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HOUR

VDN S N -

Kax
DAY

HOUR

AVERAGE DAILY PROFILE FOR 1944

LOCATION: COLUMBUS OHIO

ALL VALUES = KUH

RESISTANCE HEATING

JAN

4.508
4.679
4.809
4.959
3.100
J.219
5.309
5.395
5.473
J.442
4.914
3.930
3.011
2.3%7
1.880
1.634
1.328
1.541
1.994
2.635
3.117
3.568
3.943
4.238

PEAK
9.553

14

10

FEB HAR APR
4,759 2.763 0.874
4.988 3,052 1.030
5.142 3.315 1.230
3.300 3.500 1.507
5.452 3.613 1.721
5.604 3.814 1.893
§.732 4.006 2.217
5.802 4.099 2.551
5.846 4.086 2.4647
5.617 1.689 1.915
4.950 2.921 1.223
4.07%5 2.123 0.722
3.161 1.459 0.455
2.384 1.075 0.292
1.891 0.927 0.185
1.626 0.845 0.137
1.534 0.832 0.146%
1.677 0.898 0.168
1.997 1.060 0.215
2.584 1.366 0.235
3.282 1.751 0.342
3.822 2.083 0.480
4.226 2.306 0.585
4.310 2.507 0.6352
HOURLY CONSUNPTION FOR EACH NONTH
7.464 6.83% 6.311
23 18 1
9 8 8

NAY

0.102
0.152
0.189
0.324
0.444
0.472
0.530
0.624
0.605
0.423
0.213
0.095
0.041
0.018
0.022
0.010
0.000
0.000
0.000
0.000
0.000
0.020
0.044
0.051

3.561

29

JUN

0.080
0.117
0.132
0.141%
0.148
0.150
0.188
0.233
0.22%
0.164
0.072
0.031
0.026
0.026
0.024
0.01%
0.018
0.008
0.000
0.000
0.000
0.000
0.000
0.000

2.393

JUL

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

AUG

0.000
0.000
0.000
0.000
0.023
0.074
0.177
0.261
0.239
0.136
0.034
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

3.011

135

SEP

0.211
0.219
0.2466
0.308
0.345
0.425
0.581
0.798
0.924
0.749
0.352
0.123
0.080
0.060
0.052
0.049
0.047
0.050
0.049
0.053
0.063
0.0648
0.103
0.172

J.694

13

ocT

0.840
1.104
1.460
1.748
1.904
2.149
2.494
2.907
3.363
3.201
2.136
0.917
0.218
0.043
0.041
0.026
0.030
0.043
0.074
0.1
0.174
0.258
0.3465
0.572

3.542

LR

NOV

1.589
1.771
2.035
2.416
2.774
3.038
3.195
3.428
3.766
3.849
3.233
2.120
1.246
0.749
0.500
0.344
0.304
0.287
0.442
0.798
0.999
f.143
1.381
1.620

7.042

22

DEC

4.298
4.381
4.440
4.523
4.602
4.675
4.738
4,785
4.813
4.819
4.548
3.953
3.317
2.1
2.398
2.2
2.225
2.202
2.528
3.052
3.387
3.494
3.925
4.093

7.911
18

10



9.3.2 Conventional Heat Pump

An outdoor evaporator coil extracts energy from the ambient air with an
indoor condensing coil, located in the hot air duct, supplying energy to
the heated space. For backup energy, a resistance heating coil is placed
in the hot air duct downstream of the condenser coil to make up any portion
of the heating load not met by the heat pump. Figure 4-~10 shows a schematic
representation of this system. The annual energy consumption of this system
is 26.2 GJ (7275 kWh). The seasonal average coefficient of performance was
1.83. O0Of the total energy consumption, 13.8 GJ (3835 kWh) occurred during the
on-peak periods and 12.4 GJ (3440 kWh) occurred during the off-peak periods.
Table 9-3 lists the momrthly electrical energy consumption of this system
during the on- and off-peak periods. The average hourly consumption and

peak load for each month are shown in Table 9-4.

Table 9-3. Energy Consumed by the Conventional Heat Pump for Space
Heating (kWh), Columbus, Ohio

Month On-Peak 0ff-Peak Total
January 910 751 1661
February 822 736 1558
March 472 473 945
April 154 206 360
May 23 44 67
October 182 230 412
November 364 337 701
December 908 662 1570

Annual Total 3835 3440 7275

UUﬂa Franklin Research Center

A Division of The Franklin Institute
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HOUR

SO 00 N O e N

AVERAGE DAILY PROFILE FOR 1964

LOCATION: COLUNBUS OHIO
ALL VALYES = KUH

AIR TO AIR HEAT PUMP

JAN FEB MAR

2.585 2.732 1.443
2.724 2.935 1.621
2.842 3.085 1.780
2.982 3.233 1.893
3.113 3.384 1.967
3.224 3.535 2.082
3.327 3.662 2.1%6
3.432 3.731 2.266
3.504 3.776 2.239
3.480 3.550 1.936
3.024 2.988 1.464
2.240 2.174 1.044
1.627 1.437 0.720
1.253 1.212 0.530
0.998 0.944 0.458
0.876 0.808 0.417
0.827 0.760 0.410
0.837 0.833 0.443
1.072 0.997 0.523
1.412 1.305 0.674
1.687 . 1.683 0.871
1.933 1.999 1.047
2,179 2.273 1.171
2.384 2.512 1.294

PEAK HOURLY CONSUNPTION FOR EACH MONTH

9.553 5.472 4.822

14 23 18

10 7 8

APR

0.460
0.544
0.652
0.792
0.904
0.996
1.164
1.338
1.281
0.975
0.607
0.357
0.225
0.145
0.082
0.068
0.080
0.083
0.106
0.126
0.169
0.237
0.290
0.328

4.256
1

HAY

0.051
0.076
0.094
0.161
0.221
0.234
0.263
0.309
0.300
0.210
0.106
0.047
0.020
0.009
0.011
0.005
0.000
0.000
0.000
0.000
0.000
0.010
0.022
0.026

1.760
29

7

JUN

0.003
0.000
0.000
0.000
¢.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.100

JuL

0.000
0.000
0.000
0.000

0.000.

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

AUG

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

SEP

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

oct

0.413
0.543
0.728
0.880
0.962
1.108
1.288
1.509
1.748
1.624
1.058
0.433
0.108
0.021
0.020
0.013
0.013
0.022
0.037
0.035
0.088
0.128
0.181
0.282

3.442

"

NOV

0.857
0.970
1.123
1.331
1.530
1.686
1.792
1.930
2.113
2.149
1.755
1.099
0.61%
0.37¢
0.244
0.1
0.150
0.142
0.228
0.394
0.502
0.594
0.735
0.878

5.033

22

DEC

2.440
2.519
2.5M1
2.644
2.713
2.773
2.826
2.873
2.904
2.907
2.654
2.180
1.745
1.405
1.192
1.113
1.103
1.091
1.274
1.574
1.774
1.973
2.134
2.261

5.981
18

10



9.4 ENERGY ANALYSIS OF SOLAR SPACE HEATING SYSTEMS
9.4.1 Conventional Solar Space Heating System

The major components of this system are shown in Figure 4-~4. The F-CHART
computer program was used to compare the relationship between collector area
and solar fraction in Philadelphia and Columbus. This comparison showed
that a 15% greater collector area is required in Columbus to achieve the same
solar fraction as a system in Philadelphia for solar fractions in the range
of 407 to 50%. The collector areas for solar systems simulated using
Columbus weather data were increased by 15% so that the Columbus and Phila-
delphia systems would achieve approximately the same solar fractions. The
sizes of the collector pumps and solar storage tanks were also increased.
Specifically, in the Columbus simulations a collector area of 48.3 m2 (520 ftz)
a collector pump size of 187 watts (1/4 horsepower) and a solar storage tank

size of 3.91 m2 (1033 gallons) were used.

The monthly on~ and off-peak performance as well as the monthly solar
system performance is shown in Table 9-5. The average hourly profile by
month for this system is shown in Table 9-6.

Table 9-5. Performance of Conventional Solar Heating System
Columbus, Ohio

Auxiliary Energy Consumption So]ar] Solar System2

On-Peak 0ff-Peak Total Fraction Efficiency
Month (kWh) (kWh) (kWh) (%) (%)
January 1040 807 1847 35 23
February 978 742 1720 36 23
March 386 346 732 59 21
April 102 105 207 70 9
May 20 4 24 83 2
October 42 17 59 93 12
November 204 133 337 74 19
December 1508 995 2503 11 13
Annual Total 4280 3149 7429 44 9

1 Total Load - Auxiliary Energy

Total Load

Solar Energy Delivered to Load
Total Incident Energy on the Collectors

9-6

Solar Fraction =

2So]ar System Efficiency =

nﬂﬂﬁ Franklin Research Center

A Division of The Frankdin Institute
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idvic -0,

Averdge nouriy rroviie Tor a Lonventional >olar Heating System 1n Columbus, Ohio

AVERAGE DAILY PROFILE FOR 1944

LOCATIONs COLUMBUS OHIO

HOUR

OO N0t N -

HAX
DAY

HOUR

ALL VALUES = KWH

CONVENTIONAL SOLAR HEATING SYSTEM

SOLAR COLLECTOR AREA = 48.3 m2 (520 ftz)

JAN

2.244
2.476
2.721
2.99t
J.A14
3.782
4.074
4.320
4.473
4.492
4,066
3.197
1.848
1.369
1.217
1112
1.125
1.147
1.188
1.338
1.488
1.621
1.821
2.043

PEAK
9.993

14

10

FEB HAR APR
2.460 0.806 0.368
2.712 1.050 0.391
2.943 1.216 0.415
3.143 1.404 0.430
3.360 1.570 0.444
3.682 1.865 0.470
3.920 1.715 0.486
4.269 1.745 0.502
A.621 1.785 0.488
4.625 1.707 0.433
4.235 1.434 0.375
3.272 0.952 0.21%
2.173 0.650 0.202
1.572 0.574 0.190
1.33¢% 0.506 0.167
1.184 0.444 0.158
1.108 0.441 0.167
1.128 0.45¢ 0.143
1.184 0.448 0.110
1.302 0.504 0.115
1.517 0.559 0.136
1.679 0.593 0.155
1.862 0.628 0.1467
2.144 0.720 0.180
HOURLY CONSUMPTION FOR EACH MONTH
7.464 6.083 6.311
23 30 1
9 8 8

MAY

0.008
0.008
0.015
0.020
0.020
0.020
0.024
0.031
0.036
0.040
0.038
0.039
0.084
0.095
0.099
0.097
0.063
0.015
0.000
0.000
0.000
0.004
0.004
0.008

0.168

12

JUN

0.008
0.008
0.008
0.008
0.008
0.008
0.012
0.016
0.017
0.0t7
0.018
0.032
0.087
0.110
0.119
0.114
0.085
0.015
0.000
0.000
0.000
0.000
0.000
0.000

0.168

JuL

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.076
0.093
0.111
0.107
0.043
0.004
0.000
0.000
0.000
0.000
0.000
0.000

0.168

14

AUG

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.004
0.068
0.107
0.114
0.110
0.074
0.003
0.000
0.000
0.000
0.000
0.000
0.000

0.168

15

SEP

0.012
0.012
0.014
0.017
0.020
0.02t
0.015
0.045
0.049
0.050
0.044
0.023
0.051
0.094
0.098
0.099
0.087
0.020
0.005
0.004
0.004
0.004
0.008
0.012

0.214
30

12

ocr

0.036
0.050
0.054
0.0460
0.064
0.075
0.090
0.110
0.119
0.120
0.120
0.128
0.157
0.144
0.145
0.128
0.105
0.082
0.020
0.012
0.012
0.016
0.023
0.031

0.276
10

14

NOV

0.183
0.274
0.388
0.452
0.522
0.699
0.885
1.016
1.192
1.345
1.332
1.053
0.523
0.285
0.203
0.158
0.135
0.144
0.041
0.037
0.041
0.045
0.079
0.147

7.042

22

DEC

3.391
3.598
3.772
3.914
4.108
4.243
4,439
4.5644
4756
4.800
4.545
3.957
3.215
2.589
2.151
1.994
1.945
1.947
2.155
2.533
2.735
2.908
3.122
3.264

7.1
18

10



Y.4.Z Solar Space Heating System with Separate Uff-Peak Storage

A diagram of this system is shown as Figure 4-8. The off-peak storage
tank is charged with electrical energy during the period 12 midnight to 8 am.

The off-peak storage tank has a volume of 2.86 m3 (750 gallons).

The monthly on- and off-peak performance as well as the monthly solar
system performance is shown in Table 9-7. The average hourly profile by

month for this system is shown in Table 9-8.

Table 9-7. Performance of Solar Space Heating System
with Separate Off-Peak Storage in
Columbus, Ohio

Auxiliary Energy Consumption Solar1 Solar System2
On-Peak 0ff-Peak Total Fraction Efficiency
Month (kWh) (kWh) (kWh) (%) (%)
January 73 2645 2718 4 18
February 67 2379 2446 9 19
March 61 1206 1267 30 19
April 38 467 505 28 9
May 20 301 321 -136 2
Oc tober 42 442 484 40 12
November 52 784 836 35 17
December _67 3102 3169 =13 8
Annual Total 420 11,326 11,746 10 8
1 . _ Jotal Load - Auxiliary Energy
Solar Fraction Total Load
2So]ar System Efficiency = Solar Energy Delivered to Load

Total Incident Energy on the Collectors

9.4.3 Solar Assisted Dual Source Heat Pump with Direct
Heating from Solar
A diagram of this system is shown as Figure 4-18. When the solar
storage temperature is greater than 35°C (95°F) space heating is supplied
directly from solar storage. When solar storage has a temperature less than
35°C (95°F) space heating is provided by the heat pump using solar storage as
a source. If solar storage is depleted, the heat pump uses ambient air as

a source.

UU Franklin Research Center

A Division of The Franklin institute
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Table 9-8. Average Hourly Profile for a Solar Heating System With Separate Off-Peak
Storage in Columbus, Ohio

AVERAGE DAILY PROFILE FOR 1944
LOCATION: COLUMBUS OHIO
ALL VALUES = KWH
SOLAR HEATING WITH SEPERATE OFF-PEAK STORAGE

SOLAR COLLECTOR AREA = 48.3 m® (520 ft2)

HOUR JAN FEB HAR APR NAY
1 10.745 10.598 4.828 1.998 1.232
2 10.745 10.598 4.828 1.998 1.232
3 10.745 10.598 4.828 1.998 1.232
L 10.745 10.598 4.828 1.998 1.232
5 10.745 10.598 4.828 1.998 1.232
& 10.745 10.598 4.828 1.998 1.232
7 10.745 10.598 4.828 1.998 1.232
8 0.124 0.124 0.124 0.112 0.048
9 0.124 0.124 0.124 0.112 0.036

10 0.124 0.124 0.124 0.104 0.040
11 0.124 0.124 0.173 0.114 0.021
12 0.211 0.190 0.1 0.131 0.066
13 0.207 0.214 0.163 0.114 0.090
14 0.192 0.205 0.153 0.121 0.101
13 0.199 0.193 0.145 0.096 0.101t
16 0.184 0.197 0.141 0.091 0.086
17 0.180 0.179 0.12% 0.106 0.043
18 . 0.149 0.16t 0.114 0.050 0.000
19 0.092 0.093 0.064 0.0t7 0.000
20 0.096 0.107 0.076 0.017 0.000
21 0.108 0.111 0.084 0.025 0.000
22 0.112 0.120 0.084 0.029 0.004
23 0.120 0.120 0.084 0.02¢9 0.004
24 10.095 10.782 5.112 1.578 1.083
PEAK HOURLY CONSUNPTION FOR EACH HONTH
KAX 25.428 21.889 17.336 17.334 5.881

bay 13 ? N 1 27

HOUR 24 24 24 1 24

JUN

0.134
0.134
0.134
0.134
0.134
0.134
0.134
0.0t7
0.017
0.017
0.019
0.049
0.110
0.110
0.127
0.105
0.038
0.000
0.000
0.000
0.000
0.000
0.000
0.130

3.642

24

JuL

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.038
0.092
0.108
0.t08
0.103
0.022
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.148

13

AUG

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.038
0.097
0.108
0.113
0.097
0.022
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.148

14

SEP

1.554
1.554
1.554
1.554
1.554
1.554
1.554
0.062
0.050
0.050
0.021
0.019
0.092
0.093
0.103
0.093
0.054
0.010
0.004
0.004
0.004
0.004
0.008
1.565

15.436

24

ocy

1.783
1.785
1.783
1.785
1.785
1.783
1.785
0.112
0.120
0.120
0.116
0.125
0.140
0.147
0.138
0.114
0.089
0.067
0.008
0.012
0.012
0.016
0.024
1.775

7.46t
19

24

NOV

3.212
3.212
3.212
3.212
3.212
3.212
3.212
0.116
0.120
0.124
0.124
0.123

0.164

0.159
0.149
0.153
0.145
0.123
0.037
0.037
0.041
0.046
0.054
3.648

17.442
20

24

BEE

12.560
12.560
12.560
12.560
12.560
12.560
12.560
0.124
0.124
0.124
0.124
0.141
0.158
0.170
0.168
0.153
0.140
0.140
0.104
0.112
0.120
0.120
0.124
12.14

28.806
17
24



The monthly on- and off-peak performance as well as the monthly solar
system performance is shown in Table 9-9. The average hourly profile by

month for this system is shown in Table 9-10.

Table 9-9. Performance of a Solar Assisted Dual Source Heat Pump With
Direct Heating from Solar in Columbus, Ohio

Auxiliary Energy Consumption So]ar] Solar System2
On-Peak 0ff-Peak Total Fraction Efficiency
Month (kWh) (kWh) (kWh) (%) (%)
January 660 454 1114 61 36
February 566 434 1000 63 34
March " 196 158 354 80 27
April 68 57 125 82 9
May 14 0 14 90 1
October 21 0 21 97 11
November 107 72 179 86 20
December 792 558 1350 52 31
Annual Total 2424 1733 4157 68 12
1 .~ _ Jotal Load-Auxiliary Energy
Solar Fraction Total Load
2 Usable Energy from Solar Storage

Solar System Efficiency =

Total Incident Energy on Collectors

9.5 ENERGY ANALYSIS OF SPACE COOLING SYSTEMS

The performance of three solar air conditioning (A/C) systems was com-
pared with that of a conventional vapor compression unit. Cooling loads were
calculated for the typical house described in Subsection 9.1 using weather
data from 1964 for Columbus, Ohio. The solar cooling systems analyzed
included a conventional solar air conditioner and two solar A/C with
different off-peak hot storage capacities. A schematic diagram of a con-
ventional solar air conditioner is shown in Figure 4-24 and a diagram of a
solar air conditioner with off-peak hot storage is shown in Figure 4-26.

In both diagrams, the cooling tower is not shown. The operation of these
systems is discussed in Appendix B.

T o0
UI] Franklin Research Center
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Table 9-10. Average Hourly Profile for a Solar Assisted Dual Source Heat Pump With Direct Heating
from Solar in Columbus, Ohio

AVERAGE DAILY PROFILE FOR 1964
LOCATION: COLUMBUS OHIO
ALL VALUES = XWH

SOLAR ASSISTED DUAL SOURCE HEAT PUMP
WITH BDIRECT HEATING FROM SOLAR

2 2
SOLAR COLLECTOR AREA = 48.3 m“ (520 ft°)

HOUR JAN FEB HAR APR HAY JUN JuL AUG SEP ocr NOV DEC
1 1.547 1.409 0.509 0.144 0.000 0.000 0.000 0.000 0.000 0.000 0.199 2.003
2 1.606 1.553 0.570 0.157 0.000 0.000 0.000 0.000 0.000 0.000 0.231 2.063
3 1.660 1.787 0.616 0.168 0.000 0.000 0.000 0.000 0.000 0.000 0.240 2.147
4 1.763 1.866 0.636 0.190 0.000 0.000 0.000 0.000 0.000 0.000 0.260 2.254
5 1.826 2.073 0.654 0.273 0.000 0.000 0.000 0.000 0.000 0.000 0.287 2.312
6 1.89¢0 2.152 0.694 0.290 0.000 0.000 0.000 0.000 0.000 0.000 0.355 2.367
7 2.045 2,274 0.706 0.328 0.000 0.000 0.000 0.000 0.000 0.000 0.383 2.405
8 2.313 2.391 0.7217 0.357 0.000 0.000 0.000 0.000 0.000 0.000 0.439 2.434
9 2.439 2.493 0.712 0.344 0.000 0.000 0.000 0.000 0.000 0.000 0.492 2.439
10 2.458 2.493 0.676 0.287 0.000 0.000 0.000 0.000 0.000 0.000 0.523 2.454
i 2.240 2.120 0.567 0.22t 0.001 0.001 0.000 0.000 0.000 0.000 0.476 2.281
12 1.72% 1.734 0.450 0.208 0.018 0.024 0.010 0.006 0.004 0.015 0.410 1.914
13 1.262 1.349 0.342 0.186 0.069 0.082 0.076 0.068 0.04¢0 0.101% 0.333 1.538
14 1.012 1.023 0.2914 0.136 0.091 0.106 0.093 0.107 0.086 0.128 0.263 1.263

15 0.849 0.81%9 0.248 0.131 0.093 0.112 0.11t 0.114 0.094 0.133 0.201 1.109
16 0.759 0.703 0.254 0.127 0.091 0.107 0.107 0.110 0.096 0.118 0.156 1.019
17 0.720 0.645 0.246 0.124 0.062 0.080 0.063 0.074 0.082 0.095 0.140 1.012
18 0.720 0.674 0.249 0.100 0.012 0.010 0.004 0.003 0.014 0.074 0.113 1.038
19 0.809 0.736 0.268 0.062 0.000 0.000 0.000 0.000 0.001% 0.008 0.029 1.147
20 0.979 0.816 0.288 0.049 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.381
21 1.090 0.989 0.341 0.057 0.000 0.000 0.000 0.000 0.000 0.000 0.021 1.541
22 1.295 1.131 0.403 0.064 0.000 0.000 0.000 0.000 0.000 0.000 0.091 1.690
23 1.411 1.204 0.458 0.049 0.000 0.000 0.00v 0.000 0.000 0.000 0.157 1.816
24 1.512 1.245 0.4%90 0.074 0.000 0.000 0.000 0.000 0.000 0.000 0.176 1.919
PEAK HOURLY CONSUMPTION FOR EACH MONTH
HAX 9.553 3.472 2.889 4.256 0.148 0.148 0.148 0.148 0.168 0.148 2.519 J.981

DAY 14 23 H 1 1 3 3 1 2 1 22 18

HOUR 10 9 8 8 12 12 14 13 14 13 8 10



ln each case, TIle S0.1ar A/UL Were S.1muldlied Wil d CulleliluLl atea v
55.8 m2 (600 ftz) and solar storage of a capacity equivalent to 81.5 kg/m2
(2 gal/ftz) of collector area. The two solar A/C with off-peak hot storage
had off-peak storage capacities of 2 m3 (530 gallons) and 3 m3 (790 gallons),

respectively.

Simulation Results

Monthly energy usage for the conventional compression air conditioning
system and the three solar air conditioning systems is shown iﬁ Table 9-11.
It can be seen that the solar A/C use significantly more electrical energy
during the cooling season than the conventional system; however, the solar
A/C with off-peak storage reduces on-peak energy usage. The solar A/C with
the 2 m2 of off-peak hot storage has the lowest on-peak energy usage. It
also has a lower seasonal energy usage than the system with 3 m2 of off-peak
hot storage. However, while the system with the smaller off-peak hot storage
has a lower system cost and seasonal energy usage than the system with the
larger off-peak hot storage, the smaller system is unable to supply 3% of
the seasonal load whereas the large system is able to meet all but 0.4%Z of
the seasonal load. Thus the savings in system cost and energy usage achievabl
with a smaller off-peak storage would be at the expense of the system owner's

comfort.

Table 9-11. Air Conditioning System Monthly Energy Usage (kWh)
Columbus, Ohio

Conventional Solar A/C Solar A/C
Solar A/C With 55.8 m2 With 55.8 m2
with 55.8 m2 Collector Collector
Compression of Collector Area and 2 m3 Area and 3 m3
Month A/C Area Off-Peak Storage Off-Peak Storage
On  Off On off On Off On off
Peak Peak Peak Peak Peak Peak Peak Peak
May 251 7 259 29 144 246 148 271
June 433 39 665 171 169 624 179 704
July 555 b4 947 274 209 1100 220 1171
August 449 35 759 160 183 720 194 819
September 275 8 273 30 136 255 141 277
Total 1963 143 2903 664 841 2946 882 3242
2106 3567 3787 4124
9-12
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The monthly peak electric demands are shown in Table 9-12. The magni-
tudes of the demands and the day and hour when they occur are given. It can
be seen that during all months the conventional solar A/C will have higher
peak demands than the compression A/C. The peaks for either system generally
occur during the afternoon and evening hours. By charging an off-peak storage
tank, the system peaks are shifted to the early morning hours, and the maximum
demand during the on-peak period is reduced by at least a factor of 4 as
compared to the compression A[C system. During the day, the off-peak systems

only use energy to run pumps and fans.

Table 9-12. Adir Conditioning System Monthly Peak Demands (kW)
Columbus, Ohio

Solar A/C Solar A/C
Conventional with 2 m with 3 m3

Compression Solar Of f-Peak O0ff-Peak
A/C A/C Storage Storage

Month Day Hour Demand Day Hour Demand Demand* _ Demand*
May 19 15 2.10 8 18 5.55 7.88 10.1
June 23 15 2.43 19 19 9.28 7.88 10.1
July 27 15 2.35 25 18 9.23 7.88 10.1
August 2 16 2.73 2 18 10.37 7.88 10.1
September 10 16 2.79 10 12 5.92 7.88 10.1

*These demands occur between the hours of midnight and 8 AM

when the off-peak storage is being heated with electrical energy.
When the off-peak storage is not being charged, the maximum
demand is 0.5 kW.

System daily demand profiles averaged for each month are shown in Tables
9-13 through 9-16. That is, for a given month and hour, the demand shown is
the average of all the demands for that hour during the month.

The performance of the solar components for each solar air conditioning

system is shown in Table 9-17.
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Table 9-13. Average Hourly Profile for Conventional Air
Conditioning in Columbus, Ohio

AIR CONDITIONING AVERAGE DAILY PROFILES FOR MAY THRU SEPTEMBER 1964

LOCATION: COLUNBUS OHIO
ALL VALUES = KUH

SYSTEN = CONVENTIONAL COMPRESSION AIR CONDITIONER

HOUR NAY
1 0.095
2 0.055
3 0.030
A 0.015
5 0.009
6 0.008
? 0.009
8 0.016
9 0.040

10 0.131
" 0.198
12 0.316
13 0.499
14 0.661
15 0.749
16 0.795
17 0.834
18 0.863
19 0.831
20 0.711
21 0.550
22 0.409
23 0.292
24 0.179

ﬂﬂﬂﬁ Franklin Research Center
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JUNE

0.302
0.224
0.165
0.122
0.08¢9
0.085
0.117
0.203
0.340
0.502
0.672
0.840
0.780
1.092
1.170
1.217
1.244
1.270
1.266
1.123
0.910
0.740
0.601
0.453
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JULY

0.414
0.312
0.231
0.170
0.123
0.095
0.134
0.432
0.458
0.903
1.125
1.330
1.492
1.949
1.537
1.526
1.530
1.459
1.264
1.028
0.837
0.703
0.549

AUGUST

0.286
0.207
0.148
o.t11
0.088
0.070
0.076
0.134
0.230
0.366
0.571
0.800
1.011
1.222
1.381
1.430
1.422
1.401
1.270
1.034
0.810
0.643
0.322
0.397

SEPTEMBER

0.122
0.049
0.032
0.014
0.005
0.002
0.002
0.005
0.018
0.089
0.234
0.432
g.4628
0.796
0.950
1.038
1.039
0.990
0.848
0.688
0.515
0.3%0
0.301
0.205



Tahle 9-14. Average Hourly Profile for Conventional Solar Air

Conditioning with 55.8 m2 Collector Area in

Columbus, Ohio

AIR CONDITIONING AVERAGE DAILY PROFILES FOR MNAY THRU SEPTEMBER 1964

LOCATION: COLUNBUS OHIO
ALL VALUES = KUH
SYSTEM = CONVENTIONAL SOLAR AIR CONDITIONER

SOLAR COLLECTOR AREA = 55.8 m? (600 ftz)
HOUR NAY JUNE JuLy
1 0.265 1.166 1.898
2 0.169 0.759 1.579
3 0.132 0.642 0.990
4 0.105 0.614 0.788
5 0.0462 0.461 0.488
6 0.050 0.484 0.595
7 0.054 0.628 0.844
8 0.097 0.93% 1.456
9 0.114 1.395 2.262
10 0.195 1.518 2.777
1" 0.221 1.294 1.185
12 0.315 1,060 1,308
13 0.380 1.125 1.240
14 0.427 1.232 1.227
15 0.722 1.593 1.327
16 0.704 1.510 1.138
17 0.711 1.527 1,777
18 0.742 1.781 2,754
19 0.780 2,065 3.404
20 0.746 1.294 1.735
21 0.700 0.931 1.664
22 0.649 1.217 2,023
23 0.536 1.319 2.613
24 0.409 1.326 2.022
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AUGUST

1.013
0.859
0.731
0.625
0.472
0.401
0.412
0.629
1.119
1.416
1.187
1.355
1.479
1.353
1.491
1.434
2.319
2.4658
1.917
1.199
1.175
1.398
1.336
1.235

SEPTENBER

0.361
0.198
0.178
0.101
0.069
0.022
0.023
0.034
0.128
0.420
0.463
0.710
0.564
0.588
0.678
0.699
0.4686
0.754
0.720
0.705
0.560
0.544
0.471
0.429



Table 9-15. Average Hourly Profile for Solar Aig Conditioning
with 55.8 m2 Collector Area and 2 m3 Off-Peak
Hot Storage in Columbus, Ohio

AIR CONDITIONING AVERAGE DAILY PROFILES FOR MAY THRU SEPTEMBER 1944
LOCATION: COLUMBUS OHIO

ALL VALUES = KWH

SYSTEM = SOLAR AIR CONDITIONER WITH OFF PEAK HOT UATER STORABE

OFF PEAK STORABE VOLUNE = 2 m> (530 gallons)

2 2
SOLAR COLLECTOR AREA = 55.8 m~ (600 ft™)

HOUR NAY JUNE JuLy AUBUST SEPTEMBER
1 0.991 2,605 4.436 2.904 1.061
2 0.991 2.605 4.434 2.904 1.061
3 0.991 2.603 4.436 2.904 1.061
4 0.991 2.603 4.436 2.904 1.061
] 0.991 2.605 4.436 2.904 1.061
é 0.991 2.605 4.436 2.904 1.061
7 0.9%1 2.605 4.436 2.904 1.061
8 0.991 2.605 4.436 2,904 1.061
9 0.082 0.221 0.320 0.168 0.050

10 0.147 0.293 0.401 0.267 0.136
i 0.168 0.316 0.418 0.323 0.209
12 0.240 0.330 0.451 0.353 0.244
13 0.270 0.348 0.466 0.380 0.258
14 0.292 0.348 0.467 0.424 0.295
13 0.329 0.380 0.462 0.416 0.319
16 0.317 0.372 0.444 0.399 0.298
1?7 0.294 0.335 0.390 0.372 0.280
18 0.305 0.329 0.380 0.367 0.302
19 0.303 0.329 0.376 0.367 0.316
20 0.303 0.319 0.367 0.335 0.316
21 0.305 0.323 0.354 0.341 0.313
22 0.293 0.324 0.330 0.321 0.288
23 0.280 0.29¢9 0.320 0.305 0.239
24 0.711 0.747 0.789 0.739 0.482
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Table 9-16. Average Hourly Profile for Solar Air Conditioning
with 55.8 m2 Collector Area and 3 m3 Off-Peak
Hot Storage in Columbus, Ohio

AIR CONDITIONING AVERAGE DAILY PROFILES FOR MAY THRU SEPTEMBER 1964
LOCATION: COLUMBUS OHIO

ALL VALUES = KUH

SYSTEM = SOLAR AIR CONDITIONER MITH OFF PEAK HOT UATER STORAGE

3
OFF PEAK STORAGE VOLUME = 3 m (790 gallons)

SOLAR COLLECTOR AREA = 55.8 m’ (600 ftz)

HOUR HAY JUNE JuLY AUBUST SEPTEMBER
1 1.091 2.934 4.723 3.301 1.155
2 1.091 2,934 4.723 3,301 1.155
3 1.091 2.934 4.723 3.301 1.155
A 1,091 2.934 4.723 3.301 1.155
5 1.091 2,934 4,723 3.301 1.155
6 1.091 2,934 4.723 3.301 1.155
7 1.091 2.934 4.723 3.301 1.155
8 1.091 2.934 4.723 3.301 1.155
9 0.082 0.221 0.320 0.168 0.050

10 0.147 0.293 0.401 0.267 0.136
11 0.148 0.314 0.418 0.323 0.209
12 0.240 0.330 0.451 0.353 0.244
13 0.270 0.348 0.466 0.380 0.258
4 0.292 0.368 0.467 0.431 0.295
15 0.329 0.384 0.462 0.429 0.319
16 0.317 0.384 0.445 0.412 0.298
17 0.294 0.348 0.390 0.384 0.280
18 0.305 0.342 0.380 0.380 0.302
19 0.305 0.341 0.380 0.380 0.316
20 0.305 0.331 0.380 0.380 0.316
21 0.305 0.343 0.380 0.367 0.315
22 0.293 0.347 0.380 0.344 0.288
23 0.280 0.341 0.380 0.330 0.239
24 0.859 0.934 0.984 0.931 0.821
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Table 9-17.

System Solar Components

Solar Radiation Incident on
Collectors

Energy Collected and Delivered
to Storage

Collector Efficiency
Energy Lost From Solar Storage
Solar Storage Efficiency

Auxiliary Energy Input to
0ff-Peak Storage

Energy Lost From Off-Peak
Storage

0ff-Peak Storage Efficiency

UU”E Franklin Research Center

A Division of The Franklin Institute

Performance of Solar Air Conditioning

Conventional
Solar A/C With Solar A/C
55.8 m2 of  Solar A/C With With 3 m3
Collector 2 mé 0ff-Peak Off-Peak Hot
Area Hot Storage Storage
GJ Btu x 106 GJ Btu x 106 GJ Btu x 100
163 154.6 163 154.6 163 154.6
26.6 25.2 26.6 25.2 26.6 25.2
16.3% 16.3% 16.3%
2.0 1.9 2.1 2.0 2.1 2.0
92.5% 92.1% 92.1%
10.2 9.7 11.3 10.7
1.5 1.4 2.0 1.9
85.3% 82.3%
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10. CONCLUSIONS AND RECOMMENDATIONS

10.1 RECAPITULATION

The effects of using all-electric water heating and space condition-
ing systems with and without solar assistance and with and without off-
peak storage were evaluated. Energy consumption, peak electrical loads,
utility costs to serve, and homeowner capital costs were determined in
various locations of the country for summer peaking and winter peaking
utilities having different generation and demand patterns. Systems were
rated based on total costs: utility cost to serve plus the homeowner's
cost to install the system assuming it is financed by a 127 mortgage
amortizable over 20 years. Electric tariffs were not considered since
they are costs internal to the "utility plus homeowner' system, and it
was desired to determine what systems would’be best for society as a

whole. Tax considerations were not considered for the same reasons.

Costs were determined for the years 1985 and 1995 in order to identify
trends. Utility costs were obtained from the cooperating utilities or,
where these costs were not available, they were calculated using published
financial data. Equipment costs were obtained from manufacturers and from
published estimating manuals. A summary of major findings is presented in
Table 10-1. Results for specific locations are given on pages 6-4 through
6-6, 7-26 through 7-29, and 8-26 through 8-29.

10.2 CONCLUSIONS

1. The use of off-peak storage in residential space conditioning systems
is effective in reducing on-peak demands of those homes to nominal
values which are required to power pumps and fans. Table 10-2 shows

the energy performance of a large number of such systems for Philadel-
phia, PA.

2. The technology exists for the large-scale application of off-peak
storage exists. Both storage devices and controllers are commer-

cially available.
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Table 10-1. Relative Effects of Adding Different Systems Components on Energy
Consumption and Costs, Calculated at Three U.S. Locations

Comparison

Adding off-peak storage
to electric water
heating

Adding off-peak storage
to solar water heating

Adding off-peak storage
to electric resistance
space heating

Solar heating compared
to resistance heating

Adding off-peak storage
to solar heating

Solar heating & A/C
compared to electrical
heating & A/C

Adding hot off-peak
storage to solar
heating & A/C

{tem

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Energy Consumption
Cost to serve
Total cost

Erergy Consumption
Cost to serve
Total cost

k&
Percentage Changes at:

Philadelphia, PA

Daytona Beach, FL

San Diego, CA

+16

+

-42
-17
+115

+27
~20/-24
+11/+8

-34
+34/+19
+300/+260

+21
-65
-8/-13

* These values include solar water and space heating.

** Where two values are shown separated by a slash (/), the first value pertains

+5
-64/-55
-50+

+9
-62/-43
-16

+9
-49
-13/-24

-14
-7
+39/+24

+9
-50
-13/-24

+95
-4
+210/+150

+5
-33
10

+10
-50
+12/0

~61*
-43%
+28/+14%

+10%
-50%
+0 *

-70
-75
+220/+170

+53

-3
+19

to 1985, the second

to 1995. Where only a single value is shown, the percentage changes for 1985 and 1995 are the
same or differ only slightly.

Where no numerical value is given with the + or - signs, the changes are small.




Table 10-2. Annual Performance of Selected Space
Heating Systems in Philadelphia, PA

REDUCTION ENERGY
TOTAL ELECTRICAL IN PENALTY
ANNUAL DEMAND AT PEAK COMPARED
ELECTRICAL UTILITY COMPARED TO NO
ENERGY RESIDENTIAL TO OFF~PEAK
CONSUMPTION LOAD PEAK RESISTANCE STORAGE
SYSTEM (GI) (kW) (Z) ()
Resistance Heating 64 9.16 Base Base
Resistance w/0ff-Peak Storage 74 0.63 99 16
Conventional Solar 37 9.16 0 Base
Solar w/0ff-Peak in Solar
Storage Tank 77 0.63 99 108
Solar w/Separate Off-Peak
Storage (2 Tanks) 47 0.63 99 27
Conventional Air to Air
Heat Pump 27 7.19 23 Base
Heat Pump w/Off-Peak Storage 41 4,28 56 52
Solar Assisted Heat Pump 33 9.16 0 22
Solar Assisted Heat Pump
w/0ff-Peak in Solar Storage 40 3.92 61 48
Tank
Solar Assisted Dual Source
Heat Pump w/Direct Heating 20 7.19 23 Base
from Solar
Solar Assisted Dual Source
Heat Pump w/Direct Heating 24 4.27 56 20
and Off-Peak in Solar Storage
Tank
Solar Assisted Dual Source
Heat Pump w/Direct Heating 25 3.56 65 25
and Separate Off-Peak Tank
(2 Tanks)
3. The combination of solar space conditioning with utility load manage-

ment through thermal storage is beneficial in many cases. The best
method of accomplishing load management is through a separate stor-
age device which is electrically charged during off-peak hours.
Combining solar storage and off-peak storage in a single container
is practical in highly stratified storage devices only, such as

tall cylindrical water tanks or well-designed rock beds.

4, The air-to-air heat pump is the moét economical of all space heating and
cooling systems investigated. Although it was analyzed in one loca-
tion only, this conclusion is believed to be valiq throughout the
country. A different conclusion may be reached if heating-only

systems are compared. This was not done in the present study.
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The addition of off-peak storage to an electric water heating sys-
tem is justified when the cost differential between on-peak and
off-peak electric energy is greater than approximately 0.5 ¢/kWh.
It increases energy consumption by less than 10% but significantly

reduces the utility cost-to-serve. On the other hand, the homeowner

must install a larger water heater.

Adding off-peak (electrical) storage to a solar water heater de-
creases utility cost and decreases total cost. The addition of
off-peak storage in a separate tank requires a significant cost
increase, but the utility's cost to serve is also reduced con-
siderably. Although this analysis was performed for a single
utility only, cost and performance comparisons show that this con-

clusion may be generally valid.

The addition of off-peak storage to an electric resistance space
heating system increases total energy consumption on the order of
10% to 20%, it may cut the utility cost to serve by as much as one-
half, but it does not result in an overall cost saving at all loca-
tions investigated. At the most favorable location (Daytona Beach)
this system is less costly, at San Diego it is more costly until
shortly after 1995 when it begins to break even, and at Philadelphia

it has no effect on total costs.

The cost comparison between electric heating and solar heating
backed up by electric resistance heating is extremely climate de-
pendent and depends less on utility costs. At no location is solar
heating cost competitive with conventional heating, nor will it
become so through the end of the century, unless electric energy

costs change drastically.

Solar heating systems save 507 to 807% of electrical energy depend-
ing on design. The cost to serve such solar systems is less than
the cost to serve conventional resistance heating systems at all
locations studied. However, the high capital cost of the solar
systems makes their total cost higher than that of electric resist-

ance systems.
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10. The addition of off-peak storage to a solar space heating system
increases energy consumption between 9% and 277 at the locations
studied. The increase is higher at less favorable solar locationms.
The cost to serve those systems is reduced everywhere when off-peak
storage is added. However, the overall costs show an increase at
one location, a decrease at another, and no change at a third. The
advisability of adding off-peak storage to solar heating systems
nust, therefore, be investigated in each individual case, taking

proper account of climate and utility costs.

11. Solar assisted heat pumps have lower back-up energy consumption and

lower costs to serve but higher total costs than solar space heating

systems with electric resistance back-up.

12. The addition of off-peak storage to solar assisted or conventional

heat pumps does not result in an overall cost reduction.

13. Solar heating combined with solar absorption air conditioning is
not competitive with conventional electric heating and air condi-~
tioning anywhere in the country. While energy savings are achieved,
utility costs are higher everywhere, even for the winter peaking
utility studied. Total costs for solar heating/cooling systems
are approximately 3 to 4 times the costs of conventional systems
in 1985, and 2.5 to 3.5 times conventional costs in 1995. Unless
a different method of solar air conditioning can be develcped, solar
air conditioning with electric back-up is not likely to become com—

mercial in this century.

14. The addition of off-peak storage to solar heating/cooling systems
increases energy consumption by 20% to 357%, and decreases the cost
to serve considerably. Overall costs are decreased in unfavorable
solar climates ( 8% to 13% in Philadelphia) and are increased in

favorable climates (197 in San Diego).

15. Hot storage in solar air conditioning systems is somewhat more

favorable than cold storage.
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16.

10.3

The presence of a solar heating system on an electric utility net-
work decreases its fuel cost. Calculated on a marginal cost basis,
this annual cost avoidance amounts to $550 per solar heating cus-
tomer in Philadelphia for Philadelphia Electric Company in 1985, and
it increases with time. Under present tariffs, this cost avoidance
is beneficial to all customers of that utility, because it results
in a decrease in their fuel charges of less than 0.01 ¢/kWh.
However, the benefits of this cost avoidance do not accrue to the
homeowner who has made an investment in a solar system. This could

provide a rationale for so-called subsidies of solar systems.

RECOMMENDAT IONS

Investigate the accuracy of temperature predictions for the follow-
ing day based on the previous evening's weather forecast. The po-
tential savings that can be obtained from off-peak storage depend
to a large degree on good weather predictions. No comprehensive

data on the accuracy of those predictions appear to exist.

Investigate whether the use of gas as a back-up energy source could
be more advantageous than the use of electric energy investigated in

this report.

Continue the development of other than solar absorption air condi-

tioning systems that have a promise of lower first cost.

Perform an investigation to determine the interface between passive

solar heated and cooled buildings and electric utilities.

Determine the electric tariffs that will be required to induce home-
owners to install solar and off-peak storage systems in a manner

that is advantageous to both the homeowner and the electric utility.

Continue the investigations into methods of marginal cost pricing

for solar heating customers of electric utilities.
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7. Determine what subsidies or introductory tariffs electric utilities
could offer to homeowners willing to install solar and/or off-peak

storage systems.
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APPENDIX A

ENERGY CONSUMPTION OF A TYPICAL HOME

The typical home within the Philadelphia Electric Company (PECo)
service territory is a single-family dwelling located in the suburbs of
Philadelphia. Currently, 88% of residential construction with the PECo
service territory takes place outside of the city of Philadelphia. The
"typical" home used throughout this report is representative of the homes
now being built or planned to be built within the next five years. This
home was developed from discussions with the Philadelphia Home Builders

Association and five of the larger home builders in the area.

A.1 TYPICAL HOME

The typical home is a two-story frame structure with 148.6 square
meters (1600 ftz) of floor area, and unheated basement, and an attached
garage. The house is insulated with 22 cm (9 inches) of fiberglass in
the ceiling, 10 em (4 inches) of fiberglass in the floor, and 9 cm
(3-1/2 inches) of fiberglass plus 2.5 cm (1 inch) of styrofoam in the

walls.

This typical home (see Figures A-1 and A-2) has a south-facing
roof, four bedrooms, and is occupied by four people. The total floor
area does not include the area of the basement or attached garage. The
home has a floor to ceiling height of 2.44 m (8 ft), a total ceiling area
of 74.3 m2 (800 ftz) which does not include the ceiling over the garage,
and a net exposed wall area of 169 m2 (1824 ftz) of which 18.6 m2 (200 ftz)
are glass and 18.6 m2 (200 ft2) are interior wall adjoining the garage.
Wall glass, and door areas, and U valves are shown in Table A-1. The
total volume of the house, excluding the basement, garage, and unheated

attic, is 362 cubic meters (12,800 ft3). The thermal insulation meets
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EAST ELEVATION

CONSTRUCTION

Wall-Asbestos Siding Sheathing, 2.5 cm (1")
Styrofoam Board, 7.5 cm (3") Fiberglas Batts,
1.2 cm (1/2") Plaster Board

U=0.35 W/m2°C

Wall - 10 cm (4") Face Brick, Sheathing,

2.5 cm (1") Styrofoam Board, 7.5 cm (3")

Fiberglas, 1.2 cm (1/2") Plaster Board
U=0.36 W/m2°C

Wall - 1.2 cm (1/2") Plaster Board, 7.5 cm
(3") Fiberglas, 1.2 cm (1/2") Plaster Board
U=0.43 W/mc°C

Roof - Dark Shingles

Upper Ceiling - 22.5 cm (9") Fiberglas, 1.2 cm
(1/2") Plaster Board
U=0.18 W/m2°C

Floor - Hardwood, 10 cm (4") Fiberglas
U=0.074

WEST ELEVATION

WINDOW AND DOOR TYPES
Wood w/storm

Fixed Glass, Thermopane

Double-Hung Wood w/Storm
Double-Hung Wood w/Storm
Double-Hung Wood w/Storm

Double-Hung Wood w/Storm
Fixed Glass, Thermopane

S1iding Glass, Thermopane

Figure A-2. Typical Home, Elevations and Construction Data




the U.S. Department of Housing and Urban Development's '"Minimum Property
Standards". (Ref. A-1).

The indoor design conditions are 20°C (68°F) dry bulb in the winter,
and 22.2°C (73°F) dry bulb in the summer.

A.2 HEATING LOAD

The space heating requirements for the typical home are shown in
Table A-2. They were obtained using the TRNSYS computer program (Ref.
A—Z) .

The calculated annual heating energy requirement was 64 GJ
(60.9 x 106 Btu).

Table A-1. Typical Home Used for This Study

" w%11 Agea Glass érea D%or AEea
Wall m<_(ft4) mé (fté) mé (fte)
North 34.8 (374.5) 9.3 (100) 3.5 (37.5)
South 39.9 (430) 7.6 (82)
East 35.7 (384 1.5 (16)
West (exposed) 17.8 (192) 0.7 (8)
West (Adjoining
Garage) 18.6 (200)
U-Values w/m2 °C (Btu/hr'ft2 °F)
Wall .35 (.061)
Floor .32 (.056)
Ceiling .18 (.031)
Doors 3.5 (.62)
Window (double glass) 3.3 (.57)



Table A-2. Space Heating Requirements for Typical
Single-Family Home in the Philadelphia
Electric Company Service Area

Item kd/hreC (Btu/hr°F)
Roof 47.1 (24.8)
Wall 187.6 (98.8)
Windows 226.0 (119.0)
Door 44.3 (23.3)
Floor 85.5 (45.0)
Infiltration (@ 0.85 air exchange
per hour) 442.5 (233.0)
TOTAL 1035.0 (543.9)

A.3 COOLING LOAD CALCULATION

Cooling load and conventional cooling system energy usage calcula-
tions were performed for the "typical" house using TRNSYS. These calcu-
lations were also performed by the Philadelphia Electric Company using
procedures developed based on their experience in monitoring residential
cooling energy usage. While, during any given hour, the conventional
cooling system energy requirements as predicted by TRNSYS and the Phila-
delphia Electric Company's program might be significantly different, the
total energy use during the cooling season should be essentially the same.
To achieve this match, it was necessary to adjust the parameters in the
TRNSYS model somewhat.

Hourly cooling loads were calculated for the reference house using
1968 Philadelphia weather data. The procedure used was essentially the
same as the heating load calculations, except that in calculating cooling
loads, a daily internal heat generation profile was added to the TRNSYS
house model, the thermostat setting was changed and a factor for latent
cooling load was included. The intermal heat generation profile included

the contribution from people and appliances and is shown in Table A-3.



Table A-3. Internal Heat Gain for All-Electric Home
May - September

Base Electric Internal Load From Total Internal

Hour Load, kd/hr (kW) People, kd/hr (# People) Load, kd/hr
0-10 2172 (.603) 1688 (4) 3860
10-12 3278 (.911) 422 (1) 3700
12-4 3678 (1.022) 422 (1) 4100
4-5 3864 (1.073) 1266 (3) 5130
5-6 4472 (1.242) 1688 (4) 6160
6-8 5612 (1.559) 1688 (4) 7300
8-9 5152 (1.431) 1688 (4) 6840
9-11 4862 (1.351) 1688 (4) 6550
11-12 3592 (0.998) 1688 (4) 5280

A thermostat setting of 22.2°C (72°F) was used to determine the
sensible cooling load. Although this thermostat setting is somewhat low
with respect to conserving energy, the high humidity during the Philadel-
phia cooling season necessitates the use of a low setting with residential
cooling equipment to control the humidity in the conditioned space. The
total cooling load (sensible and latent load) was estimated by multiply-
ing the hourly sensible load by a factor of 1.3.



APPENDIX B
SYSTEM DESCRIPTIONS

B.1 INTRODUCTION

The space heating, water heating, and space cooling systems selected
for evaluation are described in this Section. Included for comparison
are both conventional, and. solar systems. Off-peak storage is incorporated

with both conventional and solar systems.

Electric resistance heating was chosen as the base system for per-
formance comparison with the various heating systems. A conventional
electric water heater was chosen as the base system for performance com-
parison. For the cooling systems, a conventional vapor compression air
conditioner was chosen as the base for performance comparison. A larger
number of systems were investigated. However, based on thermodynamic and
other considerations, the number of systems was reduced. Several of the
systems that were rejected are described along with those selected for

evaluation.

B.2 SPACE HEATING SYSTEMS

A forced warm air duct system is used to deliver thermal energy to
the conditioned space. The air stream in the duct is heated by either
hot water or electrical resistance coils located within the drct. An elec-
trically powered fan forces the warm air through the duct system so that
thermal energy is provided to the entire conditioned living space. The
electrical energy consumption of the delivery fan is not included in the
calculated valves of electrical energy consumption of the various energy
supply systems reported here. It is essentially the same for all systems,

and therefore does not affect the results of this analysis.

A conventional electrical resistance heating system was chosen as
the base heating system for this study. Resistance heating is assumed
to be 1007 efficient; therefore, the energy consumption of the house is
equal to its heat loss. Since the electric energy is required whenever

the house loses heat, electrical demand is closely coincident with low
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ambient temperatures. This causes the winter heating peak of electric
utilities. That peak will become more accentuated as electric heating

becomes more prevalent.

B.2.1 Resistance Heating With Off-Peak Storage

If a thermal energy storage (TES) device is added as shown in
Figure B-1, electric energy use can be shifted to the off-peak period.
The system shown uses an insulated water tank with an electric resist-
ance heating element to provide off-peak energy storage. During the
off-peak period the tank is heated to set temperatures based on the 11 pm

or 12 pm temperature as described in Section 3.

During the peak period, the hot water from the tank is circulated
through a heat exchange coil in the air duct where it heats the air being
delivered to the load. The only energy consumption during the peak period
is the small power demand of a pump or a fan used for heat transfer.

Solid thermal storage devices have recently become commercially available

in the U.S. They have been successfully used in Europe for many years.

+

TO HEATED
» SPACE

OFF PEAK TES
-+ ——

—+— HEATED
SPACE

7\ FROM
\/

PUMP

Figure B-1. Resistance Space Heating With Off-Peak Storage
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B.2.2 Conventional Solar System

The major components of this system are shown schematically in
Figure B-2. Water from an insulated storage tank is circulated through
the collectors by a pump controlled by a differential thermostat. The
pump circulates the water at a mass flow rate which corresponds to a
flow rate through the collectors of 50 kg/mzhr (1.22 gal/hr ft2).

The differential thermostat turns the pump on whenever the tempera-
ture of the collectors is 5°C (9°F) above the temperature of storage.
The pump will turn off when the temperature of the collectors is less

than 1°C (1.8°F) above the storage temperature.

Thermal energy storage (TES) is provided by an insulated water stor-
age tank. Hot water from the storage tank is circulated through a coil

located in the air duct of the house to meet the heating load.

An electrical resistance coil, located downstream of the hot water
coils in the duct provides auxiliary energy to the house whenever the

solar system cannot meet the heating load.

As compared to solar heating systems which store energy off-peak,
this system will use less auxiliary electrical energy because there are
no storage losses from an off-peak TES to contend with. That is, auxili-
ary energy is used only when it is actually needed. However, since this
auxiliary energy is most likely to be required during periods of cold

weather, this system can contribute to utility winter peaks (Ref. B-1).

B.2.3 Solar Heating System With Off-Peak Energy in the
Solar Storage Tank
A resistance heating coil is placed in the water storage tank of the
conventional solar system. During the off-peak period, the storage tank
temperature is raised to a level required to meet the anticipated peak
period heating load. The anticipated load is determined using the 12 mid-
night temperature as discussed in Section 3. A schematic representation

of this system is shown in Figure B-3.
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This solar system is identical to the conventional solar system,
with the addition of a resistance heating coil jin the storage tank, and

with the removal of the duct mounted electrical heating coil.

While this eliminates on-peak demand, it results in greatly increased
electrical energy consumption because:
1. the standby loss from storage is increased because of
the higher storage temperature

2. collector effiriency on the following day is decreased
because of the higher storage temperature.

B.2.4 Solar Heating System With a Separate Off-Peak Storage Tank

The system shown in Figure B-4 avoids the problems associated with
the system shown in Figure B-3. In this system a second water storage
tank is added to the conventional solar system for storage of off-peak
energy. The second tank, hereafter referred to as the off-peak tank, is
identical to the tank used in the resistance heating with off-peak stor-
age system discussed in Subsection B.2.1l. Charging of the off-peak tank
is based on the 12 midnight temperature as discussed in Section 3. Com-
ponents of the solar system (collectors, pumps, controller, and storage
tank) are identical to those used in the conventional solar system de-

scribed in Subsection B.2.2.

When there is a heating requirement, a choice between using hot water
from the solar storage tank or from the off-peak storage tank to meet the
load has to be made. Whenever the solar storage tank temperature is above
35°C (95°F) water from this tank is circulated through the hot water coil.
However, if the solar storage temperature is below 35°C or the solar stor-
age cannot meet the entire heating load, water from the off-peak storage
tank is circulated through the coil to meet the load. By giving first
use priority to the solar storage tank, its temperature is kept at a mini-
mum. This allows the collectors to operate at optimal efficiency and to

contribute as much energy as possible to the total heating load.
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Figure B-4. Solar Heating System With a
Separate Off-Peak Storage Tank

B.2.5 Solar System With a Separate Tank for Solar and Electrical
Backup Storage

During periods of excess solar availability when the solar storage
tank is fully charged, the addition of a second pump and several valves,
as seen in Figure B-5, enables the second storage tank to be used for
storage of solar as well as off-peak energy. However, it was felt that
the benefit of the increased solar storage would not equal the cost of
the additional pump and valving. Therefore, this system was not retained

for further evaluation.

B.3 HEAT PUMP SPACE HEATING SYSTEMS

A conventional air-to-air heat pump system is shown in Figure B-6.
It reduces total electrical energy consumption as compared to electric
resistance heating, because the coefficient of performance (COP) of the
heat pump is greater than one (1.0). The COP of electric resistance heat-
ing is at most one (1.0). But this system still contributes to the
utility peak demand. As a matter of fact, during extremely cold periods,
there is only a small difference in the electrical demand of resistance

heating systems and heat pump systems.
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An outdoor evaporator coil extracts energy from the ambient air
and an indoor condensing coil, located in the hot air duct, supplying
energy to the heated space. For backup energy, a resistance heating
coil is placed in the hot air duct downstream of the condenser coil to

make up any portion of the heating load not met by the heat pump.

Performance data for a commerciaily available air-to-air heat pump
(Ref. B-1) are shown in Figure B-7.

B.3.1 Heat Pump With 0ff-Peak Storage

The system shown in Figure B-8 contains a heat pump with off-peak
hot water storage that can be used to reduce peak power demands. This
is a so-called "dual source' heat pump because it has two evaporators;
one extracts heat from ambient air, the other from hot water in storage.
At least one U.S. manufacturer sells such a heat pump, and others are

developing such types.

The water source evaporator is located in an insulated water storage
tank. During every off-peak period of the heating season, the water tank
is heated to 35°C (95°F), the maximum operating temperature for the water

source evaporator.

Performance data for an air source heat pump (Ref. B-1) and a water
source heat pump (Ref. B-2) are used to model the performance of the
dual source heat pump. ' The air source evaporator has an operating range
of -20°C to 20°C (-3°F to 67°F), and the water source evaporator has an
operating range of 13°C to 34°C (55°F to 93°F). A performance graph in-
dicating heating capacity and coefficient of performance (COP) versus

evaporation temperature is shown in Figure B-9,

To minimize electrical energy input to the water storage tank, the
air source evaporator is operated preferentially to the water source
evaporator. Only when the air source evaporator cannot meet the full
heating load is the water source evaporator used to make up the

difference.
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B.3.2 Solar Assisted Heat Pump

A solar assisted water-to-air heat pump is shown in Figure B-10.
Because of its ability to utilize solar heated water at a relatively
low temperature, a low storage temperature can be maintained. This
increases the solar collector efficiency. However, this system can also

cause high peak electrical demands.

A solar energy system is used to provide energy to a water-to-air
heat pump (in series between the solar system and the load), which pro-
vides the required energy to meet the heating load to the hot air duct.
Water from the storage tank of the solar system is circulated through
the evaporator of the heat pump. A resistance heating coil, located
downstream of the heat pump condensing coil, provides backup energy

should the heat pump be unable to meet the entire heating load.

Performance data (Ref. B-2) for the water-to-air heat pump are
shown in Figure B-11l. The operating range of the water source evapora-
tor is 13°C to 35°C (53°F to 95°F).

B.3.3 Solar Assisted Heat Pump With Off-Peak Storage in the
Solar Storage Tank

To reduce the peak load power demand, an electric resistance heater
is added to the water storage tank of the solar assisted heat pump. Dur-
ing off-peak hours, resistance heating coil is used to raise the storage
tank temperature to 35°C (95°F) (the maximum operating temperature of
the heat pump evaporator). A schematic representation of this system
is shown in Figure B-12. Because of the low set temperature for the
off-peak electric heating element, the use of a single tank for solar
and off-peak storage does not affect collector efficiency significantly.

The impact on storage losses is also minimal.

B.3.4 Solar Assisted Dual Source Heat Pump With Direct
Heating from Solar

In this system (refer to Figure B-13), a dual source heat pump is

used in conjunction with a solar collection system to provide energy for

UU Franklin Research Center
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space heating. The water source evaporator is connected to the solar
storage tank from which it draws its energy during the water-to-water
mode operation of the heat pump. The second evaporator is an outdoor
air coil used in the heat pump's air-to-air mode. In addition, a water
coil located in the hot air duct is connected to the solar storage tank
to provide energy from the tank directly to the load. Backup energy is

provided by a resistance heating coil in the hot air duct.

To maximize the utilization of solar energy the following control
strategy is used. When the storage tank temperature is above 35°C (95°F),
water from the tamk is circulated through the water coil in the hot air
duct providing solar energy directly to the load. When the storage tank
temperature is between 13°C (55°F) and 35°C (95°F), the heat pump is
operated in the water to air mode. Should the storage tank temperature
drop below 13°C (55°F), the heat pump is operated in the air to air mode
to meet the heating load. When the heating load cannot be met by either
of these methods, the resistance heating coil is used to satisfy the
demand. These control rules are listed in Table B-1.

Table B-1. Control Rules for Solar Assisted Dual
Source Heat Pump with Direct Heating

Storage Temperature Qperating Mode
TES > 35°C Direct Solar Heating

13°C < TES < 35°C Water to Air Heat Pump
TES < 13°C Air to Air Heat Pump With

Resistance Back-up

B-17
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B.3.5 Solar Assisted Dual Source Heat Pump With Direct Heating
and 0ff-Peak Energy Storage in the Solar Storage Tank
This system is identical to the solar assisted dual source heat
pump with direct heating with the addition of off-peak storage in the
solar storage tank. A resistance heating coil is used to heat the stor-
age tank to 35°C (95°C) during every off-peak period of the heating

season. Figure B-14 shows the configuration of tnis system.

Details of the components used in this system are described in
Section B.3.4. The control strategy used to operate this system is
identical to that described in Section B.3.4 with the addition of
charging of the off-peak storage to 35°C during the off-peak period.

Table B-2 lists the control rules for this system.

Table B-2.Control Rules for Solar Assisted Dual Source
Heat Pump with Direct Heating and Off-Peak
Storage In-Tank

Storage Temperature Operating Mode
TES > 35°C Direct Solar Heating
13°C < TES < 35°C Water to Air Heat Pump
TES < 13°C Air to Air Heat Pump
TES < 35°C Charge TES

Off-Peak Hours

B.3.6 Solar Assisted Dual Source Heat Pump With Direct
Heating and a Separate 0ff-Peak Storage Tank

In this system a separate off-peak storage tank is added to the solar
assisted dual source heat pump system of Section B.3.4. The off-peak
storage tank is heated to 35°C (95°F) during every off-peak period of
the heating season. The remaining components of this system are identi-
cal to those of the solar assisted dual source heat pump with direct heat-
ing from solar described in Section B.3.4. A schematic representation of

this system is shown in Figure B-15.
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0ff-Peak Energy Storage in the Solar Storage Tank
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In order to achieve maximum utilization of the solar system, the
following control strategy is employed. When the solar storage tank
temperature is above 35°C (95°F), water from the tank is circulated
through the water coil in the hot air duct providing solar energy directly
to the load. When the solar storage tank temperature is between 35°C
(95°F) and 19°C (66°F), water from the solar tank is used to operate the
heat pump in the water to air mode. Although the minimum useful source
temperature of the heat pump in this mode is 13°C (55°F), the heat pump
cannot meet the design heating load at that temperature. Therefore,
when the solar storage tank temperature drops below 19°C (66°F) and the
off-peak tank tumperature is betwzem 35°C (95°F) and 13°C (55°F), water
from the off-peak tank is used to operate the heat pump in the water to
air mode. Should the off-peak tank temperature drop below 13°C (55°F),
the heat pump is operated in the air to air mode. During each off-peak
period, the off-peak storage tank is heated to 35°C (95°F). This tank
is sufficiently large to satisfy the house heating demand in the water to
air heat pump mode during the following on-peak period. Thus, no back-up
electrical resistance coil is required in this system. The control rules
are listed in Table B-3.

Table B-3. Control Rules for Solar Dual Source Heat
Pump with Direct Heating and a Separate
0ff-Peak Storage Tank

Storage Temperature Operating Mode
TES > 35°C Direct Solar Heating
19°C < TES < 35°C Water to Air Heat Pump
13°C < TES(e) < 35°C Water to Air Heat Pump
TES(e) < 13°C Air to Air Heat Pump
TES(e) < 35°C Charge TES

0ff-Peak Hours
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Domestic hot water is supplied to the house faucets through a stand-
ard plumbing system inciluding a mixing (or tempering) valve, connected
between hot and cold water lines, to provide scald protection. Heat
losses from the hot water lines between the mixing valve and the faucets
were not included in this study. These losses would be the same for all

systems and therefore do not effect the results of this comparative study.

A standard insulated water heater with two electric heating elements
was chosen as the base water heating system for this study. This system
is shown schematically in Figure B~16. The temperature in the water
heater is maintained at a constant set temperature of 60°C (140°F). When-
ever the water temperature drops below this set temperature, the heating

elements are energized until the set temperature is reached.

COLD WATER » HOT WATER
FROM MAINS TO FAUCETS

AN

Figure B-16. Resistance Water Heater

B.4.1 Off-Peak Resistance Water Heating

For off-peak resistance water heating a slightly larger water heater
is used in conjunction with an off-peak timer. During the off-peak period
the heating elements heat the water up to 70°C (158°F) and maintain it at
that temperature. During the on-peak period the off-peak timer disables
the heating elements so that no energy is used. When hot water is required,

water from the heater is mixed with cold water using the mixing (tempering)
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valve so that 60°C (140°F) water is supplied to the faucets. The larger
water heater and higher water set temperature allow the entire hot water
load to be met without the use of any auxiliary energy during the on-peak

period.

B.4.2 Conventional Solar Water Heating

The major components of this system are shown schematically in
Figure B-17. Water from an insulated storage tank is circulated through
the collectors by a pump controlled by a differential thermostat. The
pump circulates the water at a mass flow rate corresponding to a flow
rate through the collectors of 50 kg/mzhr (1.22 gal/hr ftz).

The differential thermostat turns the pump on whenever the tempera-
ture of the collectors is 5°C (9°F) above the temperature of storage.
The pump will turn off when the temperature of the collectors is less

than 1°C (1.8°F) above the storage temperature.

Thermal energy storage (TES) is provided by an insulated water stor-
age tank. Cold water from the city mains is drawn into the bottom of the
storage tank as warm solar heated water is drawn from the top of the tank.
This solar heated water is then fed to a conventional electric water
heater where the water is heated, if necessary, to 60°C (140°F). By
providing solar heated water to the conventional water heater rather
than cold water directly from the city mains the auxiliary energy require-

ments of the water heater are substantially reduced.

B.4.3 Solar Water Heating With Off-Peak Storage

This system is identical to the Conventional Solar Water Heating
System shown in Figure B-17 with a slightly larger water heater used and
the addition of an off-peak timer which disables the heating elements in
the water heater during the on-peak period. During the off-peak period
the water heater temperature is raised to and maintained at 70°C (158°F).

When hot water is required, solar heated water is drawn from the top of
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Figure B-17. Conventional Solar Water Heating System

the solar tank into the bottom of the water heater which in turn delivers
water at the desired temperature of 60°C (140°F) to the faucets via the

mixing tempering valve.

Since the heating elements in the water heater are disabled duirng
the on-peak period the only energy consumption throughout this time period

is from the pump used to circulate water through the solar collectors.

B.4.4 Conventional Solar Space and Water Heating System

Figure B~18 shows the major components of this combined space and
water heating system. This system is identical to the Conventional Solar
Space Heating System described in Section B.2.2 with addition of an elec-
tric water heater and a heat exchange coil in the solar thermal energy
storage (TES) tank. When hot water is required, cold water from the
city mains is drawn through the heat exchange coil, where it picks up
heat from the solar storage tank. This solar pre-heated water is sub-
sequently drawn into the conventional electric water heater where the
water temperature is maintained at 60°C (140°F) to supply hot water to

the faucets.
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Figure B-18. Conventional Solar Space and Water Heating System

Operation of the solar space heating portion of this system is iden-
tical to that described in Section B.2.2.

B.4.5 Solar Space and Water Heating With Off-Peak Storage

The major components of this system are shown schematically in
Figure B-19. This system is identical to that of the Conventional Solar
Space and Water System with the addition of an off-peak storage tank for
space heating, a larger electric water heater replacing the water heater
in the conventional system, and an off-peak timer added to disable all of

the heating elements during the on-peak period.

Operation of the water heating portion of this system is similar
to that described in the preceding section except that the heating elements
in the water heater are disabled at all times except the off-peak period
when the water is heated to 70°C (158°F). The space heating portion is

operated in the manner described in Section B.2.5.
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Figure B-19. Solar Space and Water Heating With Qff-Peak Storage

Since all heating elements are disabled during the on-peak period,
the only energy consumption during that time is from the solar collec-

tor pump and the pump which circulates hot water from the storage tanks
to the space heating load.
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B.5 SPACE COOLING SYSTEMS

The ever increasing use of space cooling systems contributes to the
continual increase in the summer peak loads of many utilities. Solar
powered cooling systems have the potential to provide utility customers
with air conditioning and simultaneously reducing the contribution of
air conditioning to utilities' summer peaks by utilizing solar energy
instead of electricity. 1In this study, solar powered lithium bromide
absorption chillers with auxiliary electric firing were evaluated as

possible alternatives to the use of vapor compression air conditioners.

Four different solar powered absorption cooling systems were con-
sidered. These systems are shown schematically in Figures B-20 through
B-23. Note that the cooling towers which are required by absorption
chillers are not shown in Figures B-20 through B-23. In all cases, the
storage medium is hot or chilled water. For each of the four systems,
the operation of the solar collector subsystem is independent of the
operation of the cooling system. A differential thermostat compares
the temperature at the outlet of the solar collectors to the temperature
at the bottom of the solar storage tank. The collector loop pump is
started when the temperature at the collector outlet is 5°C (9°F)
greater than the temperature at the bottom of the solar storage tank.
The pump continues to run until the temperature at the collector outlet
decreases to within 1°C 91.8°F) of the temperature at the bottom of the

solar storage tank.

The system shown schematically in Figure B-20 represents a conven-
tional solar absorption air conditioning (A/C) system. The absorption
chiller is activated whenever there is a demand for cooling as indicated
by a space thermostat. The preferred mode of operation is for hot water
from solar storage to be pumped through the absorption chiller's generator
heat exchanger and power the machine. This will occur if the temperature
of solar storage is greater than or equal to 77°C (170.6°F), the machine's
capacity is greater than 60% of its rated capacity as determined by the
generator inlet and cooling tower return temperatures, and the capacity

is sufficient to meet the load. If all three of these conditions do not
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exist, valve V-1 bypasses solar storage and thermal energy is supplied

to the generator by means of an auxiliary electric heater. Chilled

water is pumped through the evaporator of the absorption chiller and
circulated through a duct mounted heat exchanger. If the chiller's
capacity at any given time is greater than the cooling load, the chiller's
capacity is assumed to be modulated by an internal generator bypass cir-
cuit so that cycling of the machine is minimized. When the auxiliary
electric heater is in operation, the chiller's full capacity is available,

if necessary, to meet the load.

The system shown in Figure B~21 is similar to that in Figure B-20,
however, there is now a chilled water storage tank to act as a buffer
between the absorption chiller and the load. The rationale for supplying
either solar or electrically heated hot water to the absorption chiller
is the same as for the system shown in Figure B-20. 1In this case, however,
the operation of the absorption chiller is controlled based on the tem-
perature in the chilled water tank rather than by the space thermostat.
The space thermostat activates the pump which circulates chilled water
from the chilled water storage tank through the duct mounted heat ex-
changer. If the temperature in the chilled water tank is between 8°C
and 15.6°C (46.4°F and 60°F) the chiller is only activated when the tem-
perature of solar storage is greater than 77°C (170.6°F). If the tem—
perature in the chilled water tank reaches 15.6°C (60°F), the absorption
chiller is fired by the auxiliary electric heater if the temperature of
solar storage is less than 77°C (170.6°F). The use of chilled water
storage can minimize short term cycling of the chiller and thus reduce
system losses associated with the startup transients that affect absorp-
tion units and can also result in a decrease in the chiller capacity

required (Ref. 4-2).

The system shown in Figure B~22 is similar to the one in Figure B-20
with the exception that auxiliary energy for the solar A/C is supplied
in the form of hot water heated electrically during an offpeak period
(typically 12AM - 8AM). The usable temperature range for the offpeak
hot water storage is 77°C to 104°C (170.6°F to 220°F). The solar air
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conditioner operates in response to a signal from the space thermostat.

As with the system shown in Figure B-20, the preferred mode of operation
is to use hot water from solar storage if possible. This will occur if
the solar storage temperature is greater than or equal to 77°C (170.6°F),
the chiller's capacity is greater than 60% of its rated capacity as deter-
mined by the generator inlet and cooling tower return temperatures, and
the capacity is sufficient to meet the load. Otherwise, valve V-1 by-
passes the solar storage and auxiliary energy is obtained from the off-
peak hot water storage. Offpeak storage is sized so that no electric
energy except that required by pumps and fans is used during the on-peak

period.

The system shown in Figure B-23 utilized offpeak chilled water storage
to minimize the use of electricity during on-peak periods. The minimum
allowable inlet temperature to the absorption chiller's evaporator is
8°C (46.4°F). The maximum usable chilled water temperature is 15.6°C
(60°F). These temperatures define the usable temperature range for the
chilled water storage. As with the system shown in Figure B-21, the
operation of the absorption chiller is controlled based on the tempera-
ture in the chilled water storage tank. If the temperature in the solar
storage tank is greater than 77°C (170.6°F) and the temperature in the
chilled water tank is greater than 8°C (46.4°F), the solar air conditioner
uses thermal energy from solar storage to reduce the temperature in the
chilled water storage. The chilled water storage tank is sized so that
at half capacity the entire load for an on-peak period can be met. That
is, if the temperature in the chilled water storage tank is less than
11.8°C (53.2°F) at the start of an on-peak period, the auxiliary electric
heater will not be required during the period. Consequenfly,'during each
offpeak period valve V-1 bypasses solar storage and the auxiliary electric
heater is used to fire the absorption chiller when the chilled water tem-
perature is greater than 11.8°C (53.2°F). The chiller runs until the
chilled water temperature is decreased below this temperature. Chilled
water is pumped through the duct mounted cooling coil whenever the space

thermostat calls for cooling.
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APPENDIX C
ABSORPTION CHILLER MODEL

C.1 INTRODUCTION

An absorption chiller model was developed for the performance simu-
lation of solar air conditioning systems. The model was developed to be
compatible with the TRNSYS computer program and to simulate the perform-
ance of machines with either air or liquid cooled evaporators. The effect
of transient delays associated with the startup of absorption machines
was included in the model. For chillers with either an air cooled or
liquid cooled evaporator the model calculates performance using empirical

relationships developed from manufacturers' data.

When the analyses of solar absorption air conditioning systems were
performed, the latest version of TRNSYS (Version 9.2) had a simple ab-
sorption chiller model. For the purposes of this study, a more versatile
model was created. A new version of TRNSYS (10.0) is now available which
contains a more sophisticated absorption chiller model which includes a

detailed treatment of startup transients and their effect on performance.

C.2 ABSORPTION CHILLER WITH AIR COOLED EVAPORATOR

This model is a modified version of the absorption air conditioner

model described in Reference C-1 and included in TRNSYS up to version 10.0.

It approximates the performance of an Arkla DUCS-2 lithium-bromide machine.

The cooling capacity of the chiller is determined as a function of
the generator hot water inlet temperature and the return water temperature
from the cooling tower within the limits of 0.6 to 1.1 times the rated
capacity. It is assumed that the cooling tower can reduce the temperature
of the warm water from the condenser to the ambient wet bulb temperature
plus 5.6°C (10.1°F), but not less than 10°C (18°F). The minimum allowable
generator temperature is 77°C (170.6°F). The capacity of the machine can
be specified. When the specified capacity is different from that of the

Arkla unit on which the model is based (i.e., 37,970 kJ/hr or 3 toms),
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generator, condenser and evaporator rlow rates are adjusted by the ratio
of the specified capacity to that of the Arkla unit. When the cooling
load is less than the machine's capacity as determined by the generator
and condenser inlet temperatures, the model assumes that the unit is
modulated so that the cooling load is just met. This capability to
modulate capacity to meet the load was not available with the DUCS-2
machine. However, Arkla's new Solaite 36P air conditioner includes a
generator by-pass valve for load matching to minimize cycling and improve
performance (Ref. C-2). The TRNSYS model assumes that if the temperature
of the water from solar storage is too low for the air conditioner to meet
the load, that the thermal input to the generator is supplied entirely by
an auxiliary system. The TRNSYS model was modified so that the auxiliary

system could be disabled when desired.

The steady state coefficient of performance (COP) of the absorption
unit is 0.68 and the thermal input to the generator is calculated as the

cooling load divided by the COP.

An absorption chiller requires several pumps and fans including hot
and chilled water pumps, a condenser water pump and a cooling tower fan.
The electricity usage by these auxiliary devices can be large enough to
have a significant effect on system feasibility. The auxiliary electric
energy requirements for a 3 ton chiller were estimated to be 0.75 kW
based on equipment data presented in Reference C-2. The capability of

calculating electricity usage by pumps and fans was included in the model.

C.3 ABSORPTION CHILLER WITH A LIQUID COOLED EVAPORATOR

The Arkla DUCS-2 absorption chiller has, in fact, a liquid cooled
evaporator. However, the empirical relationships used to model its per-
formance were developed assuming the evaporator was connected to a fan
coil unit by means of a water transfer loop. Thus, in effect this model
assumes that the evaporator is air cooled. A new model was developed

for the simulation of absorption cooling systems with chilled water
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storage. In this model, the absorption chiller's performance is evalua-
ted as a function of the evaporator inlet temperature in addition to the

inlet temperatures to the generator and condenser.

The empirical relationships used in the model were derived from per-
formance data for the Yazaki Corporation Model No. WFC-600S lithium-
bromide absorption chiller as presented in Reference B-5.. This machine is
rated at 2,100 kJ/hr (2.2 tons). The steady state COP is calculated as
a function of the generator inlet temperature (Tg) and the evaporator

inlet temperature (Te) as shown in the followimg equation:

COP = A (M) + Al(M) X Tg + A2(M) X Te

and:

=
I

1 when 8 < T, = 10.5
2 when 10.5 < T, = 13.5
3 when 13.5 < Te_j 16.5
4 when Te > 16.5

]

For each interval of evaporator inlet temperature, AO’ A1 and A2 are

constants. The maximum COP is 0.68. In a similar manner, the ratio

of actual to rated capacity (CAPr) is calculated as follows:

CAP_ = [BO(M) + Bl(M) x Tg + BZ(M) x Te] xD, xD

1 2

1.1469 + 0.002966 T - 0.0221129 T

where: Dl g wh

D2 = 0.001532 Exp[0.0747 Tg]
wa = ambient wet bulb temperature
BO’Bl’BZ = constants for each interval of evaporator inlet

temperature

The values of constants AO-A2 and B0—32 are listed in Table C-1
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Table C-1. Chiller Parameters

M=1 M= 2 M=3 M=4
A, -2.19197 -1.8493 -0.9347 0.68
A1 0.0325 0.021 0.01104 0.0
A2 0.0699 0.055 0.04525 0.0
-3.918 -3.4787 -1.979 -0.54
0.04773 0.04427 0.0304 0.0186
0.082 0.068 0.039 0.00Y

The minimum allowable generator inlet and evaporator inlet temperatures
are 77°C (170.6°F) and 8°C (46.4°F), respectively. At the Yazaki unit's
rated capacity the generator flow rate is 1682 kg/hr (3700 1b/hr) and
the condenser flow rate is 1205 kg/hr (2650 1lb/hr). The capacity can
range between 0.2 and 1.35 times the rated capacity. When a machine
capacity different from that of the Yazaki unit is specified, the model
adjusts the generator and evaporator flow rates accordingly. As with
the model described previously, the electricity usage by auxiliary pumps

and fans is calculated.

C.4 ABSORPTION CHILLER STARTUP TRANSIENTS

The coefficient of performance (COP) of an absorption chiller under
steady-state operating conditions is in the range of 0.6 to 0.7. How-
ever, it has been found that the seasonal COP may be much lower. This
is due in part to the startup transients of absorption chillers. When
an absorption chiller is started, there is a delay between the time
startup is initiated and cooling begins. Once cooling begins, the machine
may require an hour or more to reach its steady-state COP. The startup
transients are due to the complex nature of the absorption cooling
machine. Time is required for the generator to come up to operating

temperature and for the refrigerant and absorbent fluids to become heated
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and begin circulating. There are also transients associated with the
cooling tower and the heating up of pipes and other fluids that may be
included in the system. If the cooling load is such that the machine
cycles on and off with any regularity, the steady-state COP may never
be reached and performance will suffer. Since the steady-state COP of
absorption chillers is much lower than vapor compression chillers

(0.6 vs. 2.5-3.5) it is important that cycling of the absorption machine
be minimized. One of the objectives of :his study was to investigate
methods by which cycling of solar absorption cooling systems could be
reduced by use of hot and/or cold storage to match the operating char-
acteristics of the absorption chiller to the load and the availability
of solar energy. Consequently, the effects of startup transients were

incorporated in the computer model.

The effect of startup transients on absorption chiller performance
is shown in Figure C-1 (Ref. B-5). 1Initially, as the length of the opera-
ting period increases, the average COP increases rapidly. For operating
periods greater than 30 minutes, the COP increases less rapidly and

gradually approaches the steady-state COP.

The TRNSYS computer program employs hourly weather data but gener-
ally in system simulations, calculations are performed at intervals of
time (time steps) which are less than one hour (i.e., one-quarter or one-
~eighth of an hour). The length of the time step is chosen based on a com-
promise between the required accuracy of the results and computer time.

A further consideration is that the time step must be sufficiently small
that the stability conditions for the TRNSYS numerical integration algo-
rithm be satisfied. For systems considered in this study, it was found
that a time step of one-quarter or one-eighth of an hour were sufficient.
Generally, it was found that if a system had one storage tank, a time
step of one-quarter hour was acceptable. When two tank systems were

simulated, it was necessary to use a time step of one-eighth hour.

The approach used to incorporate the effect of startup transients

into the absorption chiller model is shown in Figure C~2. The smooth
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curve in Figure C-Z is repeated trom rigure C-L. 1he Stepped curve 1n
Figure C-2 represents the COP for each 15 minutes (one-quarter of an
hour) that the absorption chiller operates. For example, if the chiller
has been inoperative, for the first 15 minutes the COP would be 0.16,
for the next 15 minutes it would be 0.39 and after two hours of opera-
tion the COP would equal the steady-state value of 0.68. The model
monitors the length of time the chiller has been operating and increases
the COP for each succeeding time step until the steady-state COP is
reached. A similar stepped curve was developed for systems which re-

quired the use of a one-eighth hour time step in TRNSYS simulationms.

In the cooling system simulations performed, a standard set of
hourly cooling loads were used. These loads were calculated once and
then used for each simulation. This approach conserves computational
effort but the simulation system-load interaction is less realis-
tic. In the approach used, a constant cooling load is assumed to exist
for an entire hour, whereas it's possible that the load may have fluc-
tuated or existed for only part of the hour and caused the absorption
chiller to cycle. However, this deficiency in the use of standardized
cooling loads is mitigated to some extent when the absorption chiller
has a means of modulating capacity (i.e., a generator bypass) as was

assumed for this study.

C.5 PRELIMINARY ANALYSES

Initial studies were performed to determine the effect of various
system and simulation model variables om calculated system performance.
An important consideration for a proposed solar air conditioning system
is the type of solar collector to be used. Three types of flat plate
solar collectors were evaluated: a double-glazed collector with a flat
black absorber surface, and single and double-glazed collectors with a
black chrome selective absorber surface. Performance curves for these
collectors were derived from performance data for Revere Copper and

Brass Inc. "SUN-AID" modular solar energy collectors (Ref. C-3). The
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performance curves are as follows:

Double-Glazed Flat Black n=0.686 - 20.478 Ty = T)
I
Single-Glazed Selective Black n = 0.694 - 18.360 (Ti - Ta)
I
Double-Glazed Selective Black n = 0.622 - 13.319 (Tg = Tp)
I
where: n = collector efficiency
Ti = collector inlet temperature (°C)
Ta = ambient temperature (°C)
I = incident radiation (kJ/hr—m2-°C)

The performance of a conventional solar air conditioning system (refer
to Figure B-A) employing each of these collectors was simulated using
Philadelphia weather data. For these, and all other solar air condi-
tioning system analyses the collectors were assumed to face due South
and be tilted at an angle equal to the latitude minus 15°. The collec-
tor area was 37.2 m2 (400 ftz) and the size of solar storage was equi-
valent to 81.5 kg/m2 (2 gallons/ftz) of collector area. The significant

simulation results are shown in Table C-2.

Table C-2. Effect of Collector Type on the Performance
of a Conventional Solar Air Conditioner

Solar Collector

Collector Type Fraction Efficiency SPF EEEE
Double-glazed, flat black 0.524 0.167 0.677 1.436
Single~glazed, selective 0.627 0.197 0.677 1.815
Double~-glazed, selective 0.711 0.224 0.677 2.347

The solar fractions as shown in Table C-2 are defined as follows:

Solar Fraction = 1 - taux1llary energy use)
;

absorption chiller's
thermal energy deman
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The collector efficiency is the ratio of the usable output from the col-
lectors to the total incident solar radiation. The seasonal performance
factor (SPF) is the ratio of the seasonal cooling load to the total
thermal input to the absorption chiller's generator. The factor SPFe

is the ratio of the seasonal cooling load to the total electric energy
usage and indicates the extent to which solar energy replaces purchased
energy. By comparison, a vapor compression air conditiomer would have
an SPFe in the range of 2.2 to 3.0. While the double-glazed collector
with a selective absorber surface is shown in Table C-2 as having the
best performance in this application, for most of the solar air condi-
tioning system simulations performed in this study, a single-glazed,
selective collector was used. The use of double-glazed, selective col-
lectors in solar space and/or domestic water heating applications is
rare. Since combination solar heating and cooling systems were being
studied in addition to systems capable of only heating or cooling, it
was decided to use a single collector type which was compatible with all

systems to facilitate a comparison of results.

It can be seen in Table C-2 that the seasonal performance factor (SPF)
in all cases is 0.677 which is essentially the same as the absorption
chiller's steady-state COP. This occurred because,as described in Sub-
sections C.2 and C.3, the model assumes that the chiller capacity is
modulated so that the load can be met without on/off cycling of the chiller.
As described in Subsection C.4, hourly cooling loads were calculated on an
hourly basis such that a constant load was assumed to exist for each hour.
This method of calculating loads in combination with the assumption that
chiller capacity can be effectively modulated minimizes the time that the
chiller is inoperative. Thus, startup transients as treated by the chiller

model do not have a significant impact on the SPF.

The TRNSYS computer program is capable of treating water storage as
a fully mixed or as thermally stratified. Thermal stratification is
modelled by assuming that the tank consists of several fully-mixed equal
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volume segments. Thermal stratification may be particularly effective

in solar air conditioning system solar or offpeak hot storage where the
minimum usable temperature is 77°C (170.6°F). However, simulating strati-
fied thermal storage as compared to fully-mixed storage using TRNSYS in~
creases the computational effort because an additional differential equa-
tion must be solved for each degree of stratification (i.e., the number
of fully-mixed segments into which the storage tank is divi&ed). The
effect of thermal stratification versus the use of a fully-mixed storage
on the performance of a conventional solar air conditioner was tested.
The results are shown in Table C-3 for two types of collectors. In each
case, the collector area was 37.2 m2 (400 ftz), the storage size was
equivalent to 81.5 Kg/m2 (2 gallons/ftz) of collector area, the storage
tanks were assumed to have a height to diameter ratio of 4, and the

stratified storage was divided into three equal volume segments.

Table C-3. Effect of Storage Thermal Stratification on
Solar Air Conditioning System Performance

Stratified Storage Fully Mixed Storage
Collector Solar Collector COP Solar Collector COP
Type Fraction Efficiency COP ~"_e Fraction Efficiency COP e
Single-Glazed, 0.627 0.197 0.677 1.814 0.605 0.191 0.677 1.716
Selective
Double-Glazed, 0.711 0.224 0.677 2.347 0.696 0.219 0.677 2.225
Selective

It can be seen that thermal stratification of storage results in a modest
improvement in system performance, mainly because the average inlet tem-
perature to the solar collectors is reduced slightly. The type of collec-
tor used has a more significant effect. Consequently, it was decided

that the increase in performance resulting from thermal stratification
did not justify the additional simulation time and cost. All future

simulations were performed assuming storage was fully mixed.
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The conventional solar air conditioner uses electricity on demand
when the temperature in the thermal storage tank is too low. This may
occur during on or offpeak periods. Assuming a rated capacity of 25,310
kJ/hr (2 tons), an electrically fired absorption chiller operating at
full capacity and at its steady-state COP (0.68)~wou1d have a demand of
10.3 kW excluding pump and fan power requirements. By comparison, a
vapor compression air conditioner would have a demand of 2.4 kW assum-
ing a COP of 2.9. Obviously, the use of electricity to fire an absorp-
tion chiller, particularly during on-peak periods, could have a major
impact on a utility's peak demand. Generally, however, the chiller will
be operating at less than its rated capacity and the impact on the
utility will be less severe. The effect of collector area on peak elec—-
tric demands for a conventional solar air conditioner as compared to
the peak demands for a conventional vapor compression air conditioner
was investigated. It was assumed that as collector area was increased
for a given capacity of absorption chiller that the solar fraction would
increase and therefore the probability of occurrence and the magnitude
of on-peak electric demands would be reduced. Systems were simulated
using Philadelphia weather data for 1968. Collector areas of 37.2 m2
(400 £t2), 55.8 m> (600 £t2) and 74.3 m> (800 ft2) were considered. In
each case storage was assumed to be fully mixed and to be sized equiva-
lent to 81.5 kg/m2 (2 gallons/ftz) of collector area. The results are
shown in Table C-4. It can be seen, that as collector area is increased
the solar absorptionvsystem's overall coefficient of performance (COP)
and the coefficient of performance relative to electric energy use (COPe)
increase and that the maximum on~peak electric demand and seasonal elec-
tric usage decrease. The collector efficiency also decreases. The
largest solar system has both a lower peak demand and seasonal electric
use than the vapor compression system. The 0.46 kW demand for the largest
solar system represents the power requirements by pumps and fans. For
this system, the absorption chiller never used the electric auxiliary

system during the on~peak period.
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Table C-4. Comparison of the Performance of Conventional
Solar and Vapor Compression Air Conditioners

Seasonal
On-Peak Seasonal
Collector Electric Electric
Area* Collector COP Demand Energy Use
System m2 *ft?)  Efficiency COP e (kW) (kWh)
Solar A/C 37.2(400) 0.196 0.647 1.386 4.89 3422
55.8(600) 0.172 0.666 2.266 4.50 2093
74.3(800) 0.150 0.672 3.644 0.46 1301
Vapor Compression - - - 2.9 1.9 1578

A/C

*Single-Glazed, Selective

Based on the results shown in Table C-4, it would appear that the
largest system would be of significant benefit in decreasing utility peak
loads. However, from a practical standpoint, the collector area is too
large to mount on the roof of the house for which the cooling loads were
calculated. This house has a usable roof area of 40.9 m2 (440 ftz) as
compared to the collector area of 74.3 m2 (800 ft2) of the largest solar
system in Table C-4. It has been assumed in this study that a method
could be found to mount up to 55.8 m2 (600 ft2) of collector area on
this house but the installation of a system with 74.3 m2 (800 ftz) would
be impractical.
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APPENDIX D
INSTALLED SYSTEM CAPITAL COSTS

D-1. INFORMATION SOURCES

Installed costs were estimated for all systems that were submitted
to the electric utilities for analysis. These costs reflect estimated
equipment and labor costs for December 1979. 1In certain instances,
prices which were obtained prior to December 1979 were adjusted to

account for inflation up until that date.

Most of the equipment and labor costs were obtained from the 1979
Dodge Manual (Ref.D-1). Solar collector costs were obtained from a
national manufacturer (Ref. D-10). Installed costs for conventional
air-to—-air and water-to-air heat pumps were obtained from Christian
(Refs. D-2, D-3) while estimated costs for dual source heat pumps and
absorption air conditioners were obtained from several commercial sources
(Refs. D-4, D-5, D-6). Installed costs for conventional ccoling and hot
water heating equipment were also obtained from commercial sources (Refs.
D-7, D-8). A local manufacturer (Ref. D-9) supplied the cost of immer-

sion heating coils for off-peak energy storage.

All of the systems in this study, both conventional and solar, were
assumed to use air ducts to supply hot or cold air throughout the resi-
dence. Therefore the cost of this ducting system was not included in

any of the total system costs presented here.

D-2. HEATING SYSTEMS FOR PHILADELPHIA AND COLUMBUS

Base System - Forced Air with a Resistance Space Heating Coil in the Duct

A1l systems have duct work and this cost is not included in any
of the systems.

Material Labor
Electric Duct Heater - 10 kW $ 362.50 $ 67.80

Air Conditioner, Vapor Compression, 2-Ton 1200.00 300.00
$1562.50 $367.80

Total Cost $1930
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Resistance Space Heating with Off-Peak Storage

Material Labor
Electric Duct Heater, 10 kW $ 362.50 $ 67.80
Duct Hot Water Coil 217.00 352.35
Insulated Hot Water Tank 2.77 m> (750 gal) 2300.00  300.00
Electric Water Heating Coil, 36 kW 900.00 300.00
Water Pump, 1/6 hp 255.00 126.80
Copper Pipe - 20 ft - 1-1/2" 57.80 89.20
Pipe Insulation - 20 ft 24.80 39.00
Pressure Relief Valve - 1-1/2" 15.47 10.57
Isolation Valves (Gate) - 1-1/2" (2) 53.92 26.32
Air Conditioner, Vapor Compression, 2-Ton 1200.00 300.00
Offpeak Timer 25.00 15.00

$5415.00 $1682.00

Total Cost $7097

Conventional Solar Space Heating System

Material Labor
Solar Collectors, 41.8 m’ (450 ft2) $6050.15  $ 999.02
Pump (collector) 1/5 hp 343.70 142.70
Differential Controller 88.00 40.14
Sensors (2) 18.00 32.10
Isolation Valves (4) 63.16 35.08
Balancing Valves - 1" (2) 34.74 17.54
Balancing Valves - 3/4" (2) 26.36 16.62
Pressure Relief Valve 15.50 10.57
Vacuum Breaker 17.50 15.79
Strainer 11.34 15.85
Expansion Tank 215.25 190.27
Check Valve 13.44 8.77
Storage Tank, 3.35 m3 (900 gal) Insulated 1933.00 400.00
Copper Pipe - 1" (120 ft) 219.60 472.80
Pipe Insulation (120 ft) 124.80 223.20
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Conventional Solar Space Heating System (Cont'd)

Material Labor
Mounting Hardware $ 832.00 $ 684.32
Pump (load) 255.00 126.80
Duct Hot Water Coil 217.00 352.35
Start up + Balancing 157.92
Copper Pipe, 1-1/2" - 20 ft 57.80 84.20
Pipe Insulation - 20 ft 24.80 39.00
Insolation Valves (2) 53.92 26.32

$10,915.00 $4391.00

Total Cost $15,306

Total Costs for the Conventional Solar System include cost of the back-
up resistance heating coil in the hot air duct.

Material Labor
Solar System, 41.8 m2 (450) collectors,
3.35 m3 (900 gal) storage $10,915.00 $4391.00
Electric Duct Heater, 10 kW 362.50 68.70
Air Conditioner, Vapor Compression, 2-Ton 1200.00 300.00
$12,477.50 $4759.70
Total Cost $17,237

Solar System with Separate 0ff-Peak Storage

Solar System cost is identical to conventional solar system.

Material Labor
Solar System, 41.8 m2 (450 ft2) collectors,
3.35 m> (900 gal) storage $10,915.00  $4391.00
Storage Tank (0ff-Peak 2.77 m
(750 gal) insulated 2300.00 360.00
Solenoid Valves (2) 508.00 128.44
Immersion Heater, 36 kW 900.00 300.00
0ff-Peak Timer 25.00 15.00
Thermostat (for choosing proper tank) 77.00 26.40
Air Conditioner, Vapor Compression, 2-Ton 1200.00 300.00
$15,925.00 $5521.00
Tmmng Total Cost $21,446
Franklin Research Center
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Conventional Heat Pump, Air to Air Unitary, 2 ton

Material Labor
Cost $1150 $1272
This includes two 4.8 kW resistance heaters,
and total installation -
Total Cost $2422
Heat Pump w/0ff-Peak Storage
Material Labor
Heat Pump, Dual Source, 2-Ton $1800.00 $1280.00
O0ff-Peak Timer 25.00 15.00
Storage Tank (0ff-Peak), 7.43 m (200 gal) 4335.00 1000.00
36 kW Immersion Heater 900.00 300.00
$7060.00 $2595.00
Total Cost $9655
Solar Assisted Heat Pump
Material Labor
Solar System, 41.8 m® (450 ft%) collector $10,915.00  $4391.00
3.35 m3 (900 gal) storage,
and excluding duct hot water
coil
Heat Pump, Water-to-Air, 2-Ton 1000.00 852.00
‘ $11,915.00 $5243.00
Total Cost $17,158

Solar Assisted Heat Pump with Off-Peak Storage in the Solar Storage Tank

Material Labor
Solar Assisted Heat Pump System Minus $11,905.00 $5,034.00
the Electric Duct Heater
Off-Peak Timer 25.00 15.00
Immersion Heater, 36 kW : 900.00 300.00
$12,830.00 $5,349.00
Total Cost $18,179
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Solar Assisted Dual Source Heat Pump with Direct Heating from Solar

Material Labor
Conventional Solar Energy System, 41.8 m2 $10,915.00 $4391.00
(450 ftz) collector, 3.35 m3 (900 gal)
storage
Heat Pump, Dual Source, 2-Ton 1800.00 1280.00
Solenoid Valves, 1-1/2" (2) 508.00 124.44
Controls 200.00 100.00
$13,423.00 $5895.44
Total Cost $19,318

Solar Assisted Dual Source Heat Pump with Direct Heating and Off-Peak
Storage in the Solar Storage Tank

Material Labor

2 $11,298.00  $4427.00

Conventional Solar Energy System, 41.8 m
(450 ftZ) collector, 3.35 m (900 gal)
storage, minus 10 kW electric duct heater

Heat Pump, Dual Source, 2-Ton 4000.00 2000.00
0ff-Peak Timer 25.00 15.00
Immersion Heater, 36 kW 900.00 300.00
$16,223.00 $6742.00

Total Cost $22,865

Solar Assisted Dual Source Heat Pump with Direct Heating and a Separate
0ff-Peak Storage Tank

Material Labor
Solar Heating System, 41.8 m2 (450 ftz) $11,298.00 $4427.00
collectors, 3.35 m (900 gal) storage,
minus 10 kW electric duct heaters
Heat Pump, Dual Source, 2-Ton 4000.00 2000.00
Storage Tank, 0ff-Peak, 3.35 m3 (900 gal) 2943.00 846.00
Insulated
Immersion Heater, 36 kW 900.00 300.00
$19,141.00 $7,573.00
Total Cost $26,714
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Solar Air Conditioning with 55.7 m“ (600 ft°) Collection System

Solar Heating System, 55.7 m® (600 ft%) collectors,
4.46 m> (1200 gal) storage, @ $361.15/m>($34.01/Ft%)
Air Conditioner, Absorption, 2-Ton Package with
all Necessary Hardware
Total Cost

Solar Air Conditioning with Off-Peak Cold Storage and Hot

Installed Cost

Storage for Heating

Solar Heating System, 55.7 m2 (600 ftz) collectors,

4.46 m° (1200 gal) storage, @ $361.15/m>($34.01/ft?)
Storage Tank (0ff-Peak), 2.77 m3 (750 gal), Insulated
Immersion Heater, 36 kW
Storage Tank (0ff-Peak), 6.32 m> (750 gal)
0ff-Peak Timer and Thermostat
Air Conditioner, Absorption, 2-Ton Package with all

Necessary Hardware

Total Cost

Solar Air Conditioning with Off-Peak Hot Storage, (2 Tanks)

$20,408.00
7000.00

$27,408.

Installed Cost

and 0ff-Peak Hot Storage for Heating

Solar Heating System, 55.7 m2 (600 ftz) collectors,

7.44 m® (1200 gal) storage, @ $361.15/m>($34.01/Ft%)
Storage Tank, (Off-Peak) 2.77-‘m3 (750 gal), Insulated
Immersion Heater, 36 kW
Air Conditioner, Absorption, 2-Ton Package with all

Necessary Hardware

Total Cost
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$20,408.00

2660.00
1200.00
3240.00
150.00
___7000.00

$34,650.

Installed Cost

$20,408.00
2660.00
1200.00
7000.00

$31,420



D-3. HEATING SYSTEMS FOR DAYTONA BEACH

Resistance Space Heating

Electric Duct Heater, 75 kW
2-1/2 Ton Air Conditioner

Total Cost

Resistance Water Heating

Water Heater, 0.22 m3 (60 gal), 2-element
Mixing Valve

Total Cost

Resistance Water Heating with Off-Peak Storage

Water Heater, 0.45 m3 (120 gal) 2-element
0ff-Peak Timer
Mixing Valve

Total Cost

Conventional Solar Space Heating

Solar Collector, 9.66 m® (104 ft°)
Collector Pump, (1/12 hp)
Differential Controller

Sensors (2)

Isolation Valves, 3/4"

Pressure Relief Valve, 3/4"
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Material

$ 330.00

1500.00

$1830.00
$2269.

Material

$ 203.80

14.95

$ 218.75
$360.

Material
$ 310.60
25.00
14.95
$ 350.55
$573.

Material
$1400.00
97.00
88.00
18.00
25.20
15.50

Labor
$ 64.20

375.00
$439.20

Labor
$126.30
15.00
$141.30

Labor
$192.50
15.00
15.00
$222.50

Labor
$256.60
52.64
40.14
32.10
16.62
10.57



Lonventional >dolar >pace Heating (Lont aj

Vacuum Breaker
Strainer

Expansion Tank 0.06 m
Check Valve

Storage Tank 0.77 m3 (206 gal) Insulated
Copper Tubing, 3/4", 80 ft

Pipe Insulation, 3/4", 80 ft

Mounting Hardware

Load Pump, 1/12 hp

Duct Hot Water Coil

Copper Tubing, 1/2", 20 ft

Tubing Insulation, 1/2", 20 ft

Start-up and Balancing

2-1/2-Ton Air Conditioner

Electric Duct Heater, 7.5 kW

3 (15 gallon)

Total Cost

Conventional Solar Water Heating

Solar Collectors, 3.88 m> (41.8 ft%)
Collector Pump, 1/60 hp
Differential Controller
Sensors (2)

Vacuum Breaker

Strainer

Isolation Valves
Pressure Relief Valve
Check Valve

Copper Tubing

Tube Insulation
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Material Labor
$ 11.23 $ 15.79
9.40 13.21
215.25 190.27
10.16 8.31
730.00 250.00
112.80 252.00
80.00 140.00
160.00 131.60
97.00 52.64
170.00 264.26
24.00 52.60
18.00 35.00
- 157.92
1500.00 375.00
330.00 64.20
$5111.54 $2411.47
$7523.
Material Labor
$ 562.70 $ 103.10
74.00 36.00
88.00 40.14
18.00 32.10
11.23 15.79
9.40 13.21
17.60 11.60
10.85 7.50
10.16 8.31
96.50 209.75
71.76 133.70



Conventional Solar Water Heating (Cont'd)

Material Labor
Mounting Hardware $ 64.30 $ 52.90
Storage Tank, 0.22 m> (60 gal), Insulated 174.15 107.70
Water Heater, 0.28 m3 (75 gal), 2-element 276.80 171.70
Mixing Valve 14.95 15.00
$1500.40 $958.£0

Total Cost $2459,

Solar Water Heating with Off-Peak Storage

Cost identical to conventional solar watar heating system with the
addition of an off-peak timer.

Material Labor
Solar Water Heating System $1500.40 $958.50
0ff-Peak Timer 25.00 15.00
$1525.40 $973.50
Total Cost $2499.

Resistance Space Heating with Qff-Peak Storage
Material Labor
Electric Duct Heater 7.5 kW $ 330.00 $ 64.20
Duct Hot Water Coil 170.00 264.26
Insulated Hot Water Tank (350 gal) 1150.00 429.00
Immersion Heater, 25 kW 660.00 225.00
Pump (collector), 1/12 hp 95.00 52.64
Copper Pipe, 20 ft, 1/2" 24.00 52.60
Pipe Insulation, 20 ft, 1/2" 18.00 35.00
Isolation Valve 10,32 15.78
Off-Peak Timer 25.00 15.00
Pressure Relief Valve 6.60 10.57
2-1/2 Ton Air Conditioner 1500.00 375.00
$3988.92 $1539.05

Total Cost $5528.
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Solar Air Conditioning with 55.7 m~ (600 ft~) Collection Area

Solar Heating System, 55.7 m2 (600 ftz) of collectors
4.5 m> (1200 gal) storage, @ $366.12/m’ ($34.01/ft%)

2-1/2 Ton Absorption Air Conditioning Package

Total Cost

Solar Air Conditioning with Off-Peak Hot Storage

Solar Heating System, 55.7 m2 (600 ftz) of collectors
4.5 m> (1200 gal) storage, @ $366.12/m>($34.01/Ft%)

2-1/2 Ton Absorption Air Conditioning Package

Storage Tank (0ff-Peak), 3.5 m3 (950 gal) Insulated

Immersion Heater, 17.5 kW
0ff-Peak Timer

D-4. HEATING SYSTEMS FOR SAN DIEGO

Resistance Space Heating

Electric Duct Heater, 5-kW
2-Ton Air Conditioner

Total Cost

Resistance Space and Hot Water Heating

Electric Duct Heater, 5-kW

Water Heater, 0.22 m3 (60 gal), 2-element
Mixing Valve

2-Ton Air Conditioner

Total Cost

Tires o
[”] Franklin Research Center

A Division of The Frankdin Institute

Installed Cost

$20,408.00

8,500.00

$28,908.

Installed Cost

$20,406.00
8,500.00
3,700.00
650.00
40.00
Total Cost $33,296.
Material Labor
$ 268.00 $ 53.50
1200.00 300.00
$1468.00 $353.50
$1822.
Material Labor
$ 268.00 $ 53.50
203.80 126.30
14.95 15.00
1200.00 300.00
$1686.75 $ 494.80
$2182.



Resistance Space Heating with 0ff-Peak Storage

Electric Duct Heater, 5-kW

Duct Hot Water Coil

Storage Tank (Off-Peak) 0.929 m> (250 gal)
Insulated

Immersion Heater, 15 kW

Pump, 1/12 hp

Copper Pipe, 1/2", 20 ft

Pipe Insulation, 1/2", 20 ft

Pressure Relief Valve, 1/2"

Isolation Valves, 1/2"

0ff-Peak Timer

2-Ton Air Conditioner

Total Cost

Conventional Solar Space and Water Heating

Solar Collectors, 9.66 m> (104 ftZ)

Collector Pump, 1/12 hp

Differential Controller

Sensors (2)

Isolation Valves, 3/4"

Pressure Relief Valve, 3/4"

Vacuum Breaker

Strainer

Expansion Tank, 15 gallon

Check Valve

Storage Tank, 0.77 m3 (206 gal) Insulated
with pre-heat coil

Copper Tubing, 3/4", 80 ft

Pipe Insulation, 3/4", 80 ft

Mounting Hardware
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Material

$ 268.00
170.00
885.00

440.00
95.00
24.00
18.00

6.60
10.32
25.00

1200.00

$3142.00
$4391.

Material

$1400.00
97.00
88.00
18.00
25.20
15.50
11.23
9.40
215.25
10.16
1190.00

112.80
80.00
160.00

Labor

$ 53.
264.
300.

150.
52.
52.
35.
10.
15.
15.

52
26
00

00
64
60
00
57
78
00

300.00

$1249.

00

.abor

$ 256.
52.
40.
32.
16.
10.
15.
13.

190.

400.

252.
140.

131

60
64

10
62
57
79
21
27
.31
00

00
00
.60



Conventional Solar Space and Water Heating (Cont'd)

Material Labor
Load Pump, 1/12 hp $ 97.00 $ 52.64
Duct Hot Water Coil 170.00 264.26
Copper Tubing, 1/2", 20 ft 24.00 52.60
Tubing Insulation, 1/2", 20 ft 18.00 35.00
Start-up and Balancing - 157.92
Water Heater, 0.22 m° (60 gal) 2-element 203.80 126.30
Electric Duct Heater, 5-kW 268.00 53.50
2-Ton Air Conditioner 1200.00 300. 00

$5413.34 $2602.07

Total Cost $8015.

Solar Space and Water Heating with Separate Off-Peak Storage

Cost is the same as conventional solar space and water heating system
with a separate 0.929 m3 (250 gal) off-peak storage tank for_space heat-
ing and an 0.3 m3 (80 gal) water heater replacing the 0.22 m3 (60 gal)
tank and a clock timer

Material Labor
Conventional solar space and water heating $5209.50 $2476.77
system minus 0.22 m3 water heater
Water Heater, 0.3 m3 /80 gal) 2-element 295.25 183.15
Storage Tank (Off-Peak) 0.929 m3 (250 gal) 885.00 300.00
Insulated
Immersion Heater, 15 kW 440.00 150.00
Off-Peak Timer 25.00 15.00
$6854.75 $3124.92
Total Cost $9980.

Solar Air Conditioning with 27.9 m> (300 ft2) Collection Area

Installed Cost

Solar Heating System, 27.9 m® (300 ft) collectors, $10,203
2.25 m3 (600 gal) Storage @$366.11/m2($34.01/ft2)
2-Ton Absorption Air Conditiong Package with all 7,000

Necessary Hardware
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Solar Air Conditioning with Off-Peak Hot Storage

Installed Cost

Solar System, 27.9 m> (300 ft°) of collectors, 2.25 m3 $10,203

(600 gal) storage @$366.12/m2 ($34.01/ft2)
2-Ton Absorption Air Conditioning Packagé 7,000
0ff-Peak Storage Tank, 2.25 m3 (600 gal), Insulated 2,600
Immersion Heater, 15 kW 590
O0ff-Peak Timer 40
Total Cost $20,433

Solar Air Conditioning System with 55.7 m2 (600 ftz) Collection Area

Installed Cost

Solar Heating System with 55.7 m? (600 ft2) $20,408

@ $366.15/m> ($34.01/ft%)
2-Ton Absorption Air Conditioning Package 7,000
Total Cost $27,408.
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D-1. Dodge Manual for Building Construction Pricing and Scheduling,
McGraw-Hill Inc., New York, 1979.

D-2. Christian, J.E., "Unitary Air-to-Air Heat Pumps," ANL/CES/TE77-10,
Argonne National Laboratory, Argonne, IL.

.D-3. Christian, J.E., "Unitary Water-to-Air Heat Pumps," ANL/CES/TE77-9,
Argonne National Laboratory, Argonne, IL, October 1977. Cost based
on 1976 dollars plus two years at 4% inflation to get 1978 dollars.

D-4. Personnel communication with Eric Matson, Carrier Corporation,
Syracuse, N.Y. (they sell a 15-ton dual heat pump for ~ $40,000
installed, ~ $18-20,000 cost to the contractor), May 1979.

D-5. Personal communication with Fred Parker, Friedrich Air Conditioning
and Refrigerating Co., San Antonio, Texas (he estimates their cost
for producing a 2-3 ton dual source heat pump was about $4000),
March 1979.

D-6. Personal communication with Jay Picking, Arkla Industries, Evansville,
Indiana, December 1979.
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D-7. Personal communication with Larry Murray, Philadelphia Electric
Company, Philadelphia, Pennsylvania, December 1979.

D-8. Personal communication with Mr. Stott, R.L. Stott, Inc., Rockledge,
Pennsylvania, December 1979.

D-9. Personal communication with John Lerro, Device Engineering Company,
Media, Pennsylvania, March 1979.

D-10. Personal communication with Ron Miller, Revere Solar and Archi-
tectural Products, Inc., Rome, New York, May 1979.
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