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ABSTRACT

Solar/electric and so]ar/gés residentia1 water heating were found to
be preferred investments to electric and gas water heaters, respectively,
in 44 of 69 and 5 of 69 U.S. cities in the study. This'finding uses net
present value financial criteria and linked engineering dhd finance mddels.
The base case findings aﬁe strongly influenced by regional and state vari-
ations in tax credits and:deductions, fuel prices, and climate. Solar eco-
nomics are more widely favorable where homes have large volumes of water
use, when real interest rates are much 1ess than 6% per year, if the real
price bf 0il increases in the near term, if operation and maintenance costs
are less than projected, if initial costs fall, or if fuels are priced in
accordance with the marginai cost of new supplies. They will be less favor-
able if tax credits are eliminated, énd for households not in high marginal
fax brackets. The outlook for the rest of the century is not very different
from that today. |

The eng1neer1ng model uses average monthly climate data and operates
iteratively each half hour on the fifteenth day of each month, to appr0x1~
mate operation over the year. Optimum solar/electric and solar/gas water
heating systems were estimated for each location, using net present value
criteria, choosing among four sizes and six types of collectors. Use of a
preheat/solar storage tank with a standard water heater, plus a low thermo-
stat set temperature (116°F), was found to yield far superior performance
in most locations, |

The financial modé] estimates costs of capital, operatioh, and main-
tenance and repair, fuel savings, tax savings, and net savings over a 20-

year time span. Capital costs and operating energy vary with system type



and size. Maintenance and repair costs vary also with cold stress, heat
stress, and years in service. In the first year or two, maintenance costs
are high and fuel displaced is Tow, reflecting expected problems. The
present value of tax savings és a fraction of initial investment'varies by
state, from 57% to 94% of installed system cost.

Electric savings exceed capital costs only in San Diego, and only in
Honolulu are gas savings even haif of capital costs. .In some cities, esti-
mated operation and maintenance costs exceed gas savings. Climate differ-
ences; influencing water supply temperatures, result in more fuel displaced
in 17 cities than a conventional heater uses in Miami. A measure of the
relative importance of tax savings, fuel prices, and climate is.that a solar
investment makes far more financial sense in Duluth than in Las Vegas.

Base case assumptions include 230 liters/day of hot water use, $45,000
taxable income, relative regional fuel price differences declining over
time, financing by a 20-year Toan at 13% interest, 7% per year general infla-
tion, real gas price inflation of 9% per year for three years and 2% there-
after, and 1.5% per year real electric price inflation.

The presence of tax credits probably inflates thé prices of solar hot
water systems. Without tax credits, solar syétems would be economically
viable investments only in Hawaii, on the California coast, and perhaps a
few other places. However, if fuel prices were then based on the marginal
cost of new supplies, solar systems would be almost as competitive as they
are now: with tax credits but with rolled-in average cost priéing. Where
solar water heat is chosen, 1) the household uses lots of hot water, 2) the
place is on the south Pacific coast, 3) the place is far fromlnaturai gas

mains, or 4) non-economic criteria are quite important to the solar buyer.

ii
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I. INTRODUCTION

Background for the Study

In 1984, ten years after the first explosive oil price increases, the
solar energy industry in the United States is small and concentrated in a |
few areas. It may be cheaper for society to use solar energy for many appli-
cations than to develop new deposits of oil and natural gdas, including new
gas deposits whose extraction costs may be double or triple the current aver-
age wellhead price. 1In addition, solar enhergy may cut our reliance on un-
certain energy imports. In response to these and other reasons, the federal
government and many state governments have provided tax credits to encourage
the use of solar energy and other renewable resources. Debate is under way
in Congress about whether to extend federal tax credits due to expire in
1985, 7

Among important questions in this debate are 1) Where is solar heating
now cost competitive against natural gas and electricity? 2) How do_varied
assumptions about use 1éve1s, financing arrangements, and future price in-
creases-affect the cost competition? 3) What is the role of tax credits
and other tax savings in this picture? 4) Are tax credits justified to aid
the solar industry? If so, why and how much?

This study addresses these questions, with emphasis on taxes and geo-
graphy. It looks only at.water heating in homes by flat plate solar collec-
tors, using a natural gas or electric resistance backup, as probably the
most cost competitive application now. The criterion, the measure of cost
effectiveness, is net present value (NPV), and its variant, annualized costs.

Solar/gas* domestic hot water (DHW) systems are assumed to compete with gas

*Solar DHW system with conventional gas water heater for a backup .
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TABLE 1, Examples of Present Values and Annualized Costs
(PY = Present Value)

Present Values '

[, Present Yalues-------- -=
Lost of Cost of - Solar Net Cost of Cost of Solar Net

Year Solar nQVSo]ar Saving So]ar no Solar Saving

0 $1000 § 0 $-1000 $1000.00 § 0.00  $-1000.00

1 30 300 + 270 27,27 272.73 + 245,45

2 40 400 +360 - 33.06 330.58  + 297.52

3 50 500 + 450 37.57 375.66  + 338.09

4 60 600 + 500 41,07 410.68 _+ 369.6]
1138.97 1389.65  + 250.67

Annua?jzed Costs

Py of  Annualized PV of
_ Fuei Fuel Fuel Annualized
Year Cost - Cost - Cost Fuel Cost
T $300  $272.73 $438. 39 $398. 54
2. 400 - 330.58 438.39 - 362.31
3 500 375.66 438.39 329.37
4 600 410. 68 438.39 299.43
1389.65 o 1389.65
'Annua1ized‘$avin953
. | PV of . Annualized PY of
‘ - Net Net Net Annualized
Year ~Saving = Saving Saving =~ Net Saving
0 $-1000 - $-1000.00  §+ 60.11  §+ 60.11
1 + 270 + 245,45  + 60,11 + 54,65
2 +360 .+ 297.52 46011 + 49.68
3 -+ 450 ¥.338.09  +60.11 + 45,16
4 -+ 540 + 369.61 + 60.17 + 41.06

+ 250,67 +250.66



- $272.73 now, since a loan of $272.73 would have to be repaid with $272.73%
(1.10) = $300.00 in one year. Similarly, the present value of $400 in two
years is $400/{1.102)= $330.58. The net present value of the investment
can be found in two ways: by adding the present values of the differences
between ihvesting or.not each year (Tast column}, or'by'adding thé present
values of each strategy and subtracting one total from the other. The
result is the same: $1389¢65 - $1138.97 = $250.67 with rounding error. The
net present value, $250.67, is positive, so the investment is recommended.

Table 1 also illustrates the concepts of annualized costs and annual-
ized savings, which are derived from present value. Note that some columns
of the bottom tables come from the top table. By definition, if the net
present value of an investment is positive, the annualized cost of the in-
vestment is less than the annualized cost of not investing. The annualized
fuel cost is the sum of the present values of fuel costs, divided by an
annualizing factor:

1 1 1 1

$1389.65 + + . Similarly,

$438,39 = ,» where 3.1699 = +
3. 1699 111102 13 1%
4
the annualized net saving is $60.11 = $250.67 , where 4,1699 = J d
%, 7699 Lo T

In general, the annualized cost is the sum of the present values of the costs,
1 . -1
divided by izl (14r)"} = lZL%itl—— , where r is the discount rate, i is the
period, and I is the total of periods in which the cost occurs, beginning in
period 1.
This study measures net costs, the difference in costs between invest-
ing in a conventional DHW system and a solar system with conventional back-

up for periods when solar energy is insufficient. Cole (5) suggests that



soTaF/gas systems_probab]y do not compete against eTectric heat. Since
_e]eétric'heat is far more expensive than gas, those who use electric heat
~ probably do not'have a gas alternative available. This study measures fuel
lSavings from a solar/gas system at the price of natural gas displaced and
édTar/eTéctrié fuel savings at electric prices. Since a backup conventional
water heater is assumed with or without a solar DHW system, the difference
in capital costs is treated as zero and ignored. A gas water heater is
assumed to have a pilot light in a solar/gas system and its alternative, or
to have a pilotless ignition in both Systems, so that tﬁere is no difference
in pilot fuel use. So pilot use is also generally ignored.

The American Gas Association {(2) reports in their Table 11-9 that 41%
of new homes completed during 1980-82 use gas for heating, 50% use electri-
- city, 2;6%'u$e 0it, and 6.5% use other sources. Therefore, this study does

not examine solar/oil, so]ar/heat pump, and solar/other systems.

Previous Studies in the Field

Mpst'previous simulation studies of solar finances pub1ished from 1970
t6 1983 include the -economics of solar water heating and solar space heating,
- using linked engineering énd economic models. Each studies several locations,
Ffinding §o1ar/e1ectric systems econohic in many plaées, but solar/gas systems
cost effective in few places or none. Each study assumes particular real
diséount rates, real fuel inflation rates, and a set of installed prices for
.systems of various.sizes. The studies differ in types of systems examined,
the dEC1510n=griter1a they use, backup fuels considered, and geographical
- scope of the review., They a]so_différ in their treatment of taxes and assump-
tions ab0ut-storage and. levels of use. Contrary to expectations by many, |

estimated system prices in the studies have not shown a downward trend over



time.

The major studies are by Tybout and Lof (11), Schulze et al. (9),
Bezdek et al. (3), TRU/ERDA (10), and Cohen et al. (4). In addition,
Albright (1) of Public Service Company of New Mexico (PSNM) and Hooks (7)
of Long Island Lighting Compahy (LILCO) have reported onrpilot field studies
by electric utilities.

A comparison of important parameters for the four studies sfnce 1974
is presented in Table 2. The results show the number of cities or states
in that study where a solar DHW investment is warranted, under the given
assumptions;

Several decision criteria are used to 1) find the optimal solar system
and 2) determine if that is preferred to a conventional system. Discounted'
Life Cycle Cost (LCC) is equivalent to Net Present Value for decision making.
LCC adds to NPV the costs common to both alternatives. For example, in
Table 1 the discounted LCC of the solar investment is $1138.97 over four
years, while the discounted LCC of not making the investment is $1389.65.
Years to positive annual saving is the number of years until fuel and other
savings that year outweigh capital plus 0&M costs that year. Payback period
is the time until accumulated savings exceed initial investment. Years to
down payment is the number of years until accumulated savings exceed the
~ down payment. The discount rate that makes NPY = 0 is the {internal) rate
of return.

The studies generally found solar DHW systems cost competitive against
e]ectricity more often than not} But only Schulze for future years and TRW
for systems costing $10/ft2 of collector found solar systems competitive
against gas.

The real discount rates used show a rising trend over time, the fuel
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price escalation rates show a mixed trend, and capifal costs adjﬁsted fér <
inflation follow an upward trend. The rising discount rates used ref1ec£
the objective situation of rising real interest rates over the last decade,
to rates as high as 9% in 1983, near an historic higﬁ. Mény anaiysts pfev
dict continued very high real discount rates as_]ong as massive federal:
budget. deficits continue. Real fuel price escalation rates have varied (8),
With steadily rising electricity prices through the period (263%/year com-.
pdund average since 1973), a big jump in 0il prices in 19?9 followed by
decline since (up 5,9%/year average 1973-1983), and a ste&dy large rise in
natural gas prices (7.6%/year), now targeted to track the higher price of
0il ever more closely under the Natural Gas Policy Act of 1978.

Contrary to expectations of Tybout and Lof in 1970 and most interested.
parties since then, real inétal}ed solar capital costs have not shown a
declining trend over time. See Tabie 3. 1In fact, actual costs in the
1980's have been substantially higher than any of the coSts projected in
the 1970's, of which only Bezdek's is réported to be based on field exper-
ience. It appears there may have been a major'jump'infprices about 1380,
Prices show substantial scale economies in system purchase. The PSNM study
found prices for direct systems half those for indirect systems. Higher
prices may reflect higher freeze protection ability and greater reliability,
misjudgment of future system price decredses, effects of taxes or credits,
and/or other effects. Tybout and Lof may have biased estimates in the
1970's. They found that collectors in the U.S. in 1970 -sold for $6—9/ft2,
but believed costs could fali to as low as $2/ft? by manufacturing improve-
ments without design changes. They projected a future price of a fixed
cost plus $1.30/f£2, with design changes. |

There are many important differences among thé‘éiudies. Only PSNM and
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TABLE 3. Installed Costs of Solar DHW Systems, from Previous Studies

Study

Tybout & Lof
TRW

Schulze
“Bezdek

pshiP

LILCOC

L1Lcod

Cohen®

Notes:

a

Year

1970
1976
1977
1979
1979
1978
19817

1983

Current $

375 + . 7/ft?
20/ 2
375 + 13.50/ft2
400 + 22/ft=
35.88/Ft2
1750 (34 ft2)
2499 (42 ft2)
1600 + 30/ft2

These figures are researched 1970 prices.
future prices are $2.00/ftZ or lower,

1983 §

930 + 17.40/ft2

34,00/ Ft2
600 + 21.60/t2
531 + 29,20/ ft2
47,62/ Ft2
76.15/Ft2
64.17/F2
1600 + 30.00/ft2

1983 § for
48 ft? system

1765
1632
1637
1933
2286
3655
3080
3040

Their projections of

b - Public Service of New Mexico: 19 systems in study, averagiﬁg 59 fi2.

Three of the systems were self-installed.

for an average installed cost of $35.88/ft2,

¢ -~ Long Island Lighting Company: 632 systems in the study.

The other 16 averaged 59 ft2,

"As the

program progressed, the systems were priced from $1750 to $2499,"
In January 1979 the 34 ft2 collectors were replaced by the 42 ft2

~ coliectors.

d - It is not clear when the $2499 price prevai]ed;

e - The price varies, depending on the type of system.
~indirect system with internal heat exchanger.
cost $56.25/Ft2, projected $2700 for 48 T2,
- nal heat exchanger would cost $3440. .

$3040 is for an
A thermosyphon system
A system with an exter-
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Cohen have dealt with several different types of systems in the same study,
The other repérts assume homogenous types, presumably direct water systems
or indirect ones with.g1y¢bl/water anti-freeze mixture,' The TRW study and
'especia11y Bezdek and Hooks use different decisicn criteria from this Study.' '
Hooks makes no decisions, but only examines fuel savings. Bezdek emphasizes
criteria that consumers might use instead of business criteria. He points
out that homeowners move every five years on average, so they demand quicker
and more certain payoffs than a business might require. Some of the studies
treat oil as a backup fuel and some don't. Schulze examines solar feasi-
bility in ever& state, TRW in thirteen cities, Tybout and Lof in eight
cities, and both Bezdek and Cohen in four cities. |

The TRW and Schulze studies were done before tax credits were in p1ace,
but Schulze, in the study for Congress, ignores the r01e of income tax deduc-
tions for interest paid in financing the purchase. Cohen omits tax consid-
erations entire]y,.citing the pkobab1e phase-out of tax credits.

The studies éhow a declining trend in modelled daily average water use,
capped by LILCO's finding that water use among their 632 homes* declined
from an average of 59 gallons/day of hot water to 55 two years later.
Modelled storage temperatures vary substantially by study, 120°F to 140°F,
and from house to house (as reported by PSNM), in a way that can affect
results in a major way.

The current study follows the geographical scope of Schulze, Cohen's
scope in system types, the tax treatment of PSNM, Bezdek, and TRW, several
| studies in choice of decision criteria, and LILCO in levels of watef use.
It chooses a storage temperature below 120°F. This study optimizes a

system by size and type according to the NPV criterion, equivalent to life

*2-5 persons per home, 4 the most common number.
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cycle costing.

The Schulze study is one of the two most detailed, The engineering
and price increase models are detailed outside the report. The accuracy

of the price model is good {12). The authors recommended several policies:
| 1) deregulation of energy prices, 2} a windfall profits tax, 3) subsidized
solar loans if fuel prices remain regulated, 4) consumer education about -
1ife cycle costs, 5) graduated mortgages, and 6) tax subsidies as a last
resort, They project .24 or .40 Q* of energy savings from solar DHW by
1990, depending on real interest rates. Market penetration in 1984 is
substantially less than they projected. Reasons may be 1) higher real in-
stalled costs, 2) higher real interest rates, 3) annual 0&M costs based on
only 1% of installed costs, and 4) consumer use of more stringent financial
criteria suggested by Bezdek. These outweigh very substantial tax benefits
not treated in the study.

The other quite detailed study is by Cohen et al. for the Gas
Research Institute. It checks storage tank temperature stratification, the
heat transfer from gas flame to water, the amount of pilot usage and effects
of e]imihating a gas pilot in various ways, and.the effects of water use
patterns concentrated at different times of day. It finds temperature
stratified tanks, especially in thermosyphon systems without preventive
measures. Stand-by flue losses can equa]lpi1ot use if a pilot is elimi-
hated. There is a small detrimental effect on solar fractibn+ if water use

is concentrated at a few times mostly in the morning., Cohen uses a more

*1 Q = 1015 Btu,

#Solar fraction can be defined in various ways. In Cohen and in this study,
' fuel use with solar
fuel use without

it means 1 -
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sophisticated treatment of maintenance éosts than other studies,-adding to
1% of instal]ed_cost each year the costs from a.replacement schedule for
anti-freeze, pumps., and controtler. Operating energy is a function of the
type of system modelled and the amount of energy colliected. -Gas water
heater seascnal efficiencies* range from 52% to 59%, compared to the 60%
Schulze assumes. |

The study reports four results of interest. 1)} The installed cost of
every solar system examined exceeds the 1ife cycle cost of a gas heater.
2) The thermosyphon system has by far the lowest solar LCC, followed in
order by a direct system; one with internal heat exchanger, and cne with
external heat exchanger. - 3) Solar/gas systems are cheﬁper than electric
water heaters in Glof 16 cases, and in all cases with a good pi1qt1ess'
ignition. 4) A so1ar/éiectric system has a lower LCC than an electric
heater in Miami and Santa Maria, but not Washington or Madison.

.'Hodges (6) of Dow Corning reports effects of_co11ector fluid choice on
corrqsion, rupture, pump failure, and fluid replacement intervals. He finds
silicone to yield the lowest maintenance.and repair costs, closely followed
by hydrocarbon 0il, with glycols much higher, and ordinary wéter notoeven
tested. He reports a life cycle cost (not discounted) of $700 more fqr
glycol than for silicone.

Finally, Bezdek observed that solar energy competes with average cost
"rolled-in" pricing by electric and gas utilities, insulating consumers
from the true marginal cost of fuel supplies. The implication is that the

price competition in the market may not be the economically correct one.

*Seasonal efficiency is the heat {above supply temperature) in hot water
for end use, over the year, divided by the energy in the fuel used during
the year. See Table 4 for an example.



IT. THE ENGINEERING MODEL

i:'Oriéntation to Solar Heat Collection Systems

| A'systém consists of a collector, hot water storage, pipes connecting
them, a backup source to heat water when solar input is not sufficient, and
_ usually some controls and a pump. In many cases, there is also a heat ex-
 changer between anti-freeze fluid flowing through the collector and the bot*
able water in the storage tank. |

A typical collector is portrayed in Figure 2.
FIGURE - 2.  Typical Collector: Cutaway Side View

- glass cover

dead air space
(>

nsiilation:

tubes for fluid

Almost all co11ectofs made in the U.S. today have a singlé glass cover.

The seaI maintains a dead air space to minimize heat Tosses by convection
and prevent water from leaking into- the collector. Visible light passes
throuéh the collector cover and strikes the absorber plate, which is black-
ened to maximize Tight absorption. The plate heats up. It emits infrared
'_'ra41afion, most of which is absorbed by the glass., So the_p]ate and the

: g1ass will be hotter.than_thé.surrounding air. Some absorbers have selec-
tive surfaces, whfch emitrlittle radiation after sunlight strikes them;

thus more heat is retained in the plate and less in the glass, cutting down

16
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lTosses to the environment, The absorber p1ate is most often made of
copper, but ‘s sometimes:made of aluminum or another material. The pTate
can be painted.b1ack; or given a se1e¢tive surface with a coating of car-.
| bon black or n1cke1 or chr0m1um 0x1de. T o

- A heat transfer f1u1d moves through the tubes, p1ck1ng up heat from
the absorber pEate Such co11ector f1u1ds 1nc1ude ord1nary water, wh1ch
carries the most heat per unit volume, de1on1zed water, anti- freeze solu-
tions containing water and ethylene or propylene g]ycol, and fluids which
ne1ther freeze nor b011 under foreseen operat1ng temperatures hydrocarbon
0ils.and silicones. The tubes have thin walls and are usua11y copper

Two or move collectors are.common]y joined to form an array. Usually
a pair of larger tubes ~ headers - one at the top and one at the bottom of .
the array, carry thé fluid to and from the individua] tubes running through
the absorber piate. -

Figure 3 shows a typical system, which includes a heat exchanger and a
single storage tank containing the backup heater, an electric heating
element. Most systems have a controller (not shown) that turns on the pump
when the collector is hotter than the water in the storage tank. At other
times, the fluid drains from the collector and, in most systems, back into
a holding tank.

In the figure, the collector fluid is separated from the water supply
by the walls of a heat exchanger, where heat moves from the heated fluid to
the cooler water in storage. No exchanger is more than 70% efficient. 1If
the collector fluid is 50° warmer than the water in stofage when it enters
the heat exchanger and is 18° warmer when it Jeaves, the exchanger is about
64% efficient. A counterflow heat exchanger, usually mounted OUfside the

tank and using a second pump, is the most_efficient. Simpler exchangers,
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Typical Solar Hot Water System

FIGURE 3.
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like the one pictured, would probably have an efficiency of 30 or 35%. Use
of such a heat exchanger means the collector would operate at a higher
temperature and, therefore, supply vroughly 10% less heat to the stored
water, compared to using no heat exchanger. |

Systems can be classified in several ways: by whether the regular water
supply passes through the collector, by characteristics of heat exchangers,
by the fluid in the collector loop, by the scurce of backup heat, by the
.presence or absence of & pump and/or drainback tank.

In direct systems, the regular water supply system passes through the
collector. There is no heat exchanger and there is usually no drainback

tank. Thermosyphon is a type of direct system which has no pump; the stor-

age tank is above the collecteor. Hot water rises through the collector to
the tank, while cold water falls from the bottom of the tank to the bottom
of the collector. The more common draindown system uses a pump, and storage
below the collector.

There are many types of indirect systems, all using a pump, drainback
tank, and heat exchanger. The heat exchanger may have one or two walls,
and may be the more efficient counterflow type or a less efficient type like
crossflow. Possible collector loop fluids include deionized water, g]ybo%-
water mixtures, hydrocarbon oils, and silicones. The most common backup
fuel is electricity, followed by natural gas and wocd.

Another possibility is the presence of a second storage tank, so that
one is a preheat tank and the other incorporates the backup heat source.
Such an arrangement should collect more heat in less sunny parts of the
year. Suppose the thermostat on the backup heater is set to 130°F, but the
water temperature in the preheat tank is 100°. The system will be on for

the time it takes to heat all the water in the preheat tank up to 130°, when
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it would not be on in a single tank arrangement.

Orientation to Interaction of Sun and Collector

Two elements determine the power of the sun's insolation on the
collector. One is the angle between the sun's rays and the plane of the
collector. The other is how much of the sun's radiation comes in direct
(beam} form and how much comes in diffuse or reflected form.

The angle the sun makes with the horizontal, o , is a function of

the time of day, time of year, and latitude of the site. See Figure 4,
(1) sina = sin L * sin §+cos . * cos§ * cos w

L is the latitude, § is the sun's declination (-23.5° at winter solstice),
and w is the time in angular form (6 AM = +90° and 2 PM = -30°).

The insolation on a horizontal surface, Ih, is found from
(2) Ih = IO * sina * Kt .

where IO is the solar constant adjusted for the elliptical shape of Earth's
orbit and Kt is the "clearness” of the atmosphere (1 - albedo). The clear-
ness accounts for scattering off into space by air molecules, clouds, and
dust particies. In practice, instruments measure Ih and IO as welil as o;
one deduces values of Kt' The Weather Service compiles hourly readings of
clearness in a few locations and monthly averages in many more.

The insolation on a tilted collector is given by

(3) -IC = Ib*Rb + Id*Rd + Ir*Rr

where Ib’ Id’ and Ir are beam, diffuse, and reflected insolation. Rb’ Rd’
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and Rr are tilt factors, to yield the interaction of the collector tilt
with the sun angle and mix of radiation types at any moment. Diffuse and
reflected radiation are assumed to be isotropic. The reflection tilt
factor depends on the reflectivity of the surfaces around the collector.

(4) a.= A*Fp* (Xt ¥ - UXT, - T.1)

The heat collected by the collector at a moment in time is e A is
the net (glass) area of the collector. FR is called the heat removal fac-
tor, that part of the heat gain which heats up the fluid rather than the
collector hardware itself. t_ is the fraction of incident sunlight trans-
mitted by the cover and o, is the fraction of incident sunlight absorbed by
the black plate. (Values near .9 for all three are the rule, a little high-
er for absorbance.) IC is the insolation on the coilector, from £q. 3. UC
is the collector’s conductance of heat to its surroundings. T. and Ta are

3
the temperatures of the fluid entering the collector and of the air around
the collector, respectively.

Due to storage and transport losses, and less than perfect heat trans-
fer from the backup water heater to storage, fuel savings only roughly
equal heat collected. Fuel savings (fuel displaced) is the best economic

measure of a system's effectiveness. Other interesting measures include

solar fraction (percent of fuel displaced) and instantaneous efficiency

T T

n = FR*(@C*TC) - FR*UC * . {Compare Eq. 4.) A system might col-

c
lect 12 MBtu of heat, displace 10 MBtu of fuel, for a solar fraction of

T,- T
40%, have instantaneous efficiency of .75 - 7.2 * 11 a EE};S , and

C

have an annual average efficiency of 50%.
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The Simulation Model Used for This Study

The model approximates continuous operation by use of iterations each
half hour, on the fifteenth day of the month, for each month of the year,
for 69 cities. A complete and detailed description of the model in equa-
tion form can be found as Appendix D. The following discussion highlights
the working of the model using a diagram and commentary.

In Figure 5, beginning at the collector, insolation IC héats up the
collector at temperature TC. The coliector Toses heat LC to the surroun-
ding air, changes its own temperature a little, and passes on the rest of
the heat, q. > to the fluid flowing through the tubes in the collector.
The Toss Lc is proportional to the temperature difference between the
collector and the air, TC - Ty
Enroute from the collector to the storage tanks in the basement, and

again returning to the coliector, the system Toses heat L_ from the pipes

P
to the cooler house. In the heat exchanger in the preheat tank, most of
the heat 9 is transferred to the water in storage, decreasing the fluid
temperature from just below TC to just above Ti . In the process, TStl s
the temperature of the water in storage, increases a little.

Whenever hot water is used - for showers, cooking, and so forth -
water containing heat Ay is drawn from the backup water tank. If the water
is too hot, it is tempered with cold water at temperature Tg to achieve the
desired "set" temperature Tss Tg is the reference temperature, defined as
zero, so that d, is still the amount of heat transferred to end use.

To replace a volume of water drawn from the backup tank, an equal vol-
ume of water is drawn from the preheat tank, which.in turn draws an equal

volume from the city water supply. The water at temperature TStl flowing to

the backup tank contains heat 9y - That flowing into the preheat tank, by
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FIGURE 5. Heat Flows in a Collector-Storage System

°

pump

basement @ Tb

city cold water supply at T

g

q = usefuil heat flow Al = drainback tank
T = temperature E = splar preheat storage tank
L = heat Toss ] = conventional backup water heater
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convention, has zero heat.

If the temperature in the backup water tank is now too cold rather
than too hot, heat s is added by the backup heater, increasing temperature
Tstz toward or up to the desired temperature Ts’

Meanwhile, both storage tanks are losing heat to the cooler basement
where they sit. Heat Toss Ll from the preheat tank is proportional to the
temperature difference Tstl" Tb’ as well as to the surface area of the tank
and its insulation level. The heat loss L, from the backup tank is similar

but based on a smaller surface area and proportional to Tstz' Tb.

Choices of Parameters in the Systems Modelled

Important choices in a solar hot water system include 1) direct or
indirect system, 2) type of collector fluid, 3) one or two storage tanks of
some size, 4) type and efficiency of heat exchanger, 5) tilt of collector
array, 6) array area, 7) use of a selective surface on the absorber p]éte
to cut down heat loss, 8) desired hot water temperature, and 9) insulation
levels fof pipes, collector, and storage. Certainly the choices of manu-
facturer, dealer, and installer are important, but they are beyond the
scope of this study.

The cost effectiveness of a chosen system depends not 0n1§ on these
factors and system reliability, but on the amount of fuel used. This is a
function of the volume of hot water used, the water supply temperature, the
hot water temperature, the efficiency of heat transfer from conventional
heater to the water, and the daily time pattern of hot water use.

- This study makes a single choice for collector tiit, levels of insula-
tion, water set temperature, and number of tanks. To diminish the number of

variables, a single type of heat exchanger is used for indirect systems.



26

A selective surface is assumed for silicone systems, assumed absent in
water systems, and an option for glycol systems. Fluid choice and area are
optimized by location and fuel type, using financial criteria. The optimum
system for a city is actually less than certain, due to Timited knowledge
of performance over time of systems of various types installed by different
contractors.

The collector tilt is set equal to latitude, to the nearest 5°.
Computer runs for tilts from latitude to latitude plus 23° showed differences
of only 1-5% in fuel displaced, confirming findings by Tybout and Lof (13).
Assuming that we deal with new homes and wish to keep roofs from being un-
sightly steep, a ti1t is chosen slightly Tess steep than the engineering
optimum.

Now substantial amounts of insulation are almost always cost effective.
Insulation levels chosen here are higher than those in most existing homes,
resulting in lower storage and transport losses, Insulation levels used
are R-9 on the preheat tank, an average of R-10 on the smaller backup tank
(R-12 on 85%, uninsulated at the flue and below the gas flame), R-3 on the
1-inch diameter pipes connecting the collector with storage, and R-8 on the
back and sides of the coliector.

The higher the desired hot water temperature, especially in a one-tank
system, the less heat will tend to be collected, since the system will
operate'oniy when the collector, with fluid flowing through it, 1s hotter
than the water in storage. Therefore, the set temperature TS is chosen to
he 320°K (116.3°F), hot enough for all uses but automatic dishwashing, for
which an auxiliary heater is recommended. Use of 140Y water instead would
require almost 40% more fuel, at an annual cost of about $60 ﬁn Table 4.

The choice of hot water temperature desired has major effects on the solar
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TABLE 4. Energy Effects of Water Set Temperature Choice

Assumpticns: 1} 80 gallons/day of hot water use
2} R-g insulation on 30-gallon gas water heater
3) 68 F average basement temperature
4) 60°F average water supply temperature
€ 116.3°F @ 140°F
Description of Use Amount (MBtu) Amount (MBtu)
Heating for End Use 13.70 19.47
Storage Loss 2.42 3.62
Subtotal 16.12 23.09
+ 70% efficient heat transfer 23.03 32.99
+ pilot consumption 3.33 3.33
Total Use 26,36 36.32

Seasonal Efficiency 52.0% 53.6%
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fraction one could expect to achieve. A higher set temperature would yield
a lower solar fraction and, in cooler climates, would yield less fuel dis-
placed. (See Table 5.)

Two-tank systems were chosen for all locations, basad on fuel displaced
and capital cost. A pilot study by the Public Service Company of New Mexico
(PSNM} (T) reports for April-July 1980 that their two-tank systems averaged
2.7 kWh consumption per weekday, while one-tank systems averaged 4.2 kiWh.
Computer runs with this model yielded similar systematic differences, but
less pronounced. {See Table 6.) The PSNM study reports an average in-
stalled cost, omitting self-installed systems, of $37.59 per square foot of
coliector for six one-tank systems and $35.72 per square foot for ten two-
tank systems. Cohen's (3) report for the Gas Research Institute uses the
same cost for one- and two-tank systems. This study also estimates those
capital costs to be the same, In judging this cost assum;ﬁtions the reader
should bear in mind a comparison between two simple tanks and one more com-
plex tank. |

Indirect systems wers assumed to use a simple cross-flow heat exchanger,
consisting basically of a copper tube coiled inside the preheat tank. The
efficiency was assumed to be 35%. Capital costs are lower than with a
counterflow exchanger, but higher than in a direct system, Danger of damage
from freezing may be considerably less than in a direct system,

Collectors come in discrete sizes. The most common are 4' x 8', 4' x 10',
3" x 7', and 3' x 8'. These can form arrays with areas of 21, 24, 32, 40,
42, 48, 63, 64, and so forth square feet. This study examined chiefly
four sizes to determine the optimum for each location: 3.0, 3.8, 4.5, and
6.0 m? (32, 41, 48, and 64 ft2). A 2.3 m2 collector was also examined for

thermosyphon systems,
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Six types of collectors were examined to find the ohtimum for each
city. Collectors using oil (not examined) should be similar to collectors
using siticone.

A very important determinant of fuel displaced is fuel normally used,

which is a function of heat transfer efficiency, tank insulation, average
water supply temperature, and especially average quantity of hot water used
per day. Long Island Lighting's study (7} of 632 solar/electric water
heaters in their program found an average of 59 gallons/day of hot water
use per home at the start of the program and 55.4 two years fater. However,
the amount used by households of the same size varied by a faqtor as large
as four. Among previous simulation studies of solar hot water heating,
TRW (12) assumed 85 gal/day, Schulze (11) and Bezdek {2) assumed 80 gal/day,
and Cohen (3) assumed 75 gal/day. In light of the LILCO data, these appear
to be toward the high end of the spectrum. Accordingly, this study assumes
a steady use of 230 liters/day, correspending to 61 gallons/day.

Of more modest importance is the timing of the use during a day.
Schulze (11) assumed a use profile based on personal experience and estima-
tion. Cohen (3) selected the MED profile used by the Southern California
Gas Co. in preference to the standard RAND profile. The PSNM study in
“New Mexico (1) noted that owners adjusted their hot water use patterns to
get better performance from their systems. In 1light of that information
and the three published profiles, and noting that use is Tumpy - showers,
dishwashing, laundry - this study uses the profile in Table 7.

An initial heat transfer efficiency from gas flame to water in storage
was chosen to be 75%. This is based partly on industry specifications (14)
for new gas heaters, and partly on lab tests by Cohen (3} for the Daystar

(70-72%) and Reliance (79-81%) gas water heaters. Efficiency should decline
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over the years, but probably more slowly than a solar collector's efficiency.
The collectors modelied all have a single glass cover, copper absorber

plates, and copper tubes. The tubes are 2 cm in diamefer, 5 wm thick, and

‘spaced 15 cm between centers. See Table 8 and Appendix B-3 for system

specifications.

Constraints and Assumptions

The model is based on the use of average monthly weather data, rather
day to day, hour-by-hour date for the 6% cities in the study. Therefore,
the mode] is run for one day a month, the fifteenth. The temperature varia-
tion over the course of a day s estimated to follow an average pattern.
Since the average change in storage temperature over one day is very small
when compared to actual daily changes, the model constrains change in
storage temperature in the simulation to be very small. The model assumes
a constant clearness over the day, roughly comparable to constant cloud
cover. It assumes a constant wind speed of 4.0 m/sac (9.0 mph}. It further
assumes storage tanks at a single temperature, easier fo model than strati-
fied tanks.

Due to these limitations, an adjustment is made to the output of the
model to yield a more accurate estimate of how much fuel a sotar system
would save. The adjustment is based on McCumber's {9} comparison of actual
and predicted performance, Frissora's {6} analysis of reasons for findings
like McCumber's, and field resulis from the studies by LILCO (7) and PSNM
(1).

Temperatures of water supply change during the course of a year, con-

siderably when a small reservoir is the water source. Small variations in
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the basement temperature around storage tanks are also to be expected over
the year. Expected repair and maintenance costs in a system ;hould increase
with frequent freezing temperatures and also with very high operating tem-
peratures, as pressures build and corrosion proceeds more swiftly. The
model computes measures of temperature-stress.

The average pattern for temperature variation over the course of a day
is based on hourly newspaper reports for 45 days each during 1974 in Denver,
Minneapolis, and 5t. Louis (4). At least twelve days each come from July,
April, and 2 winter month. Tge average pattern is a smooth one with the
low temperature at dawn and the high temperature £5-70% of the way from
dawn to sunset, depending on the time of year. The functional form is
sinusoidal from low temperature to high, and mostly Tinear as temperatures
fall again till dawn.

The model is run for one day each month; the results are multiplied by
the number of days in the month to represent the month. The model constrains
the change in preheat storage temperature over 24 hours to be Tess than .2°c,
by repeating the iteration with a new initial storage temperature until a
match occurs. Since heat collection, storage Tosses and fuel dispiaced
depend on the temperature of the storad water entering the coliector, this
procedure improves the accurécy of the model. Without this procedure, & 4°
storage temperature change in one day would be multiplied by 30 for a month,
suggesting a boiling or frozen storage unit.

Though the model assumes constant clearness over 2 day, the worid is
not that way. As the sun gets higher in the sky, it traverses less atmos-
phere, and so less light is scattered back into space. More important,
cloud cover changes. The model, at each half hour, assumes constant sub-

stantial fractions of both direct and diffuse radiation. But Frissora
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observes (6): "A more probable occurrence is that the direct beam light,
plus some of the diffuse, usually impinges on the collector for a portion
of the hour, and only diffuse Tight at much lower intensity strikes the
coliector for the rest of the hour., ... Under these latter conditions ...
fiat plate collectors usually shut down and cool off."

Wind speeds are not constant, but do not show systematic variation
over the course of a day (10). A brief check of average monthly wind
speeds over three years in five scattered cities suggested small systematic
seasonal variations, similar in size to the variation in average annual wind
speed among the cities: 7.7 mph to 10.4 mph, Duffie (5} gives a formula
for conductance of a collector, used in simpiified form by this model, as a
function of temperatures of the air and collector and of the wind speed.
The differences in heat loss from 8 mph and 10 mph winds is on the order of
4%, but between 8 mph and 0 mph it is near 50%. This model assumes a con-
stant wind speed of 9 mph, for a minor error in output.

The model estimates water supply temperature, which varies each month
in the 69 cities, based on their average monthly and annual temperatures
and using a Tag structure. Cohen (3) reports monthly water supply tempera-
tures ranging, for example, from 38°F to 57° in Madison and from 68 to 83
in Miami. Similarly, this study's model estimates supply temperatures
ranging from 36°F to 55° in Madison and from 72° to 78° in Miami, with
corresponding ranges in 67 other cities. Since it takes twice as much
energy to heat water from 36% to 116 as it does from 76 to 116, one certain-
1y expects the demand for energy to heat hot water to be much higher in
Madison than in Miami, as the model indeed projects.

Both hot and cold temperature stress indices are computed. The cold

stress index is based on how much time is spent below freezing and how far
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below, using average monthly low temperatures in a city. The heat stress
index is a function of collector choice as well as climate. It is designed
to indicate the increased pace of corrosive chemical reactions at higher
temperatures, and the stresses of vapor pressure and unequal expansion of
different materials. The index is baséd on how long and how far above an
arbitrary threshold of 340°K {152°F) the collector temperature stays.

The results from the engineering model are adjusted downward before
they are used elsewhere; estimated fuel displaced is 85% of that given by
the engineering model. The numbers in Tables 5 and 6 have already been so
adjusted. The most important reason for the adjustment, alternating clouds
and sunshine, was already cited from Frissovra. McCumber (9) compares pre-
dicted and actual energy gain for seven collectors in comercial installa-
tions, six of them flat plate collectors. He found they produced 5, 10, 27,
28, 31, and 46% less energy during August than predicted by using Eq. 4
above. He says that standard equation is inadequate for modelling dynamic
effects, echoing some of Frissora's concerns., Frissora (6) draws attention
to the neglect by many programs of transient effects of alternating sun and
cloud, cooling effects of rain, convection heat losses due to winds, heat
losses from pipes connecting coliector with storage, heat losses from
storage tanks, losses due to a heat exchanger, the dependence of heat trans-
fer coefficients (Uc) on the ambient air temperature, and the questionable
practice of using a daily water use profile having substantial loads each
hour of the day. This model deals effectively with the last five or six
problems mentioned. |

LILCO (7) reports a 44% average solar fraction on Long Island with a
40 ft2 collector, one tank, and 140% set temperature. PSNM (1) reports a

557 solar fraction the first year and just over 70% average {8) thereafter
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around A1buquérque. In Tight of McCumber's findings, the resu}ts of LILCO
and PSNM, and tﬁe many reasons cited by Frissora, of which this model short-
changes only the most important single one, multiplications by .85 yields
solar fractions pretty consistent with actual field results. Compare 44%

in New York and 70% in Albuquergue with the numbers in Tables 5 and 6:
33-53% and 66-74% respectively, where the LILCO data are for single-tank

systems only, most with 140° storage temperature.



III. THE FINANCE MODEL

Features of the Model

Many features of the model herit discussion. Some involve data inputs.
The model concentrates on present value of costs and savings each year. It
includes tax savings from interest deductions and from both federal and
state tax credits. A uniform rate is used for general inflation, but pro-
vision is made for a change in the real inflation rate for the fuel dis-
placed. Initial gas and electric prices come from a survey of more than
115 utilities in 69 cities in 46 states. Investment costs for types of
solar domestic hot water (DHW) systems are based chiefly on a telephone
survey of 12 retail dealers/installers in 9 states.

Some features involve treatment of estimated costs over time. Real
price growth for electricity and gas begins from a local base and rises
toward an escalating national average; that is,relative regional differ-
ences diminish over time. Operating energy, initially given by the engi-
neering model, increases very slowly over time. Fuel displaced, after the
first two years, also decreases slowly over time, as the solar system is
expected to decrease in efficiency more guickly than a conventional heater
does. As explained in the previous section, initial gross fuel displaced
is estimated to be 85% of the cutput projected from the engineering model.
The treatment of expected maintenance and repair costs is the most complex
and the most uncertain.

The model uses a positive net present value criterion for a decision
whether to invest in solar DHW, with a 20-year horizon. The investment 1is
assumed financed by a loan. The model considers costs of capital, operation,

and maintenance and repairs, as well as savings on fuel and taxes.

39



40

Tax considerations are crucial., The present value of tax savings can
be more than 90% of the initial investment costt Five types of tax effects
are considered. Most obvious are federal and state tax credits. 1In early
1984, there are credits of varying sizes in 27 states and a 40% federal tax
credit. Next in importance is the value of itemized interest deductions on
tax returns, stemming from the loan used to buy the system. Marginal tax
rates are used. Use of savings would be equivalent to using a Toan with a
very long term. Some states charge sales tax on solar DHW system sales and
some do not. A tax similar to a sales tax is levied on fuel sales in almost
all places. Finally, most places exempt solar DHW systems from property

tax; it is assumed here that all do. See Appendix B-2 for a complete 1ist

- of numerical tax data used,

Since natural gas prices are undergoing decontrol, this study expects
residential gas prices to reach parity with home heating oil prices not Tong
after decontrol is "complete." Then projected price increases are slower.

A similar, but less pronounced, effect is projected for electric prices, as
major rate increases now occur for some utilities engaged in large building
programs initiated in the early 1970's. With demand for electricity now
growing quite slowly due to high prices, little new plans to build are ex-
pected, so that the cost of electricity should rise quite slowly in the
1990's as current plant is depreciated. So the model allows For fuel prices
to increase at one rate for a few years, and at a different rate thereafter,

Gas and electric price data were gathered chiefly by letter and also by
telephone, from mid-November 1983 to mid-February 1984, A11 responding
utilities supplied rate schedules for residential customers, and most gave
average use figures and applicable tax rates. A few supplied other very

helpful information. Average and marginal {customer standpoint) price data
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were prepared from these for a customer with average use levels. In addi-
tion, the marginal price was calculated for an all-electric customer using
twice the company average. See Appendix B-1 for a complete 1ist of fuel
price data by city.

Gas is soid both by volume and by heat content. At low altitudes,

1.0 MBtu = 1.0 mcf, but at higher elevations 1 mcf contains less than 1 MBtu
of heat. In mountain states, prices in §/mcf were converted to $/MBtu based
on conversion factors supplied by two meuhtain state utilities. Gas utili-
ties generally employ seasonal rates and a customer charge with a flat rate.
Declining rate block structures are the most common type among electric
utilities, with seasonal structures the general rule. Seasonal structures
were converted to single prices by assuming constant electric use over the
year and some increased gas use in the winter,

A survey of twelve solar dealers is the basis for estimated costs of
systems used in this study. See the hibiiography for a list of the dealers.
Costs for a system of given collector area vary depending on the size and
quality of the system, including any use of anti-freeze fluid, efficiency of
the heat exchanger, use of a selective surface; and other features. But
almost as significant is geographic variation. The same system sells for
16% more in Boston than it does in Reno. A third city, with intermediate
economic prospects according to the results of this study, selis it for an
intermediate price. A rough rule of thumb is that an installed system costs
$1000-1500 plus $25-45 per square foct. Costs used in this study reflect
prices probably available in a high yolume solar installation area, and
understate those in a low volume area. i acquired no data for thermosyphon
systems, but relied on the numbers used by Cohen (1}. Extrapolations and

interpolations were also necessary. About half the dealers called from 1982
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yellow page listings in 16 cities had disconnected phones, which suggests
that dealer warranties are less valuable than manufacturer ones.

Regional fuel price differences are projected to diminish over time.
In natural gas, this means an assumption that consumer price increases will
be due primarily to increases in wellhead price, and only slightly to
distribution and administrative real cost growth, In electricity, for
example, an area with fully developed cheap hydro power may build expensive
nuclear plants to meet growing demand, while areas using expensive o011 will
build no new plants and switch to cheaper fuels. The mechanism for raising
fuel price is to raise the real price locally each year by the increase of
the geometric mean of initial Tocal and national average prices,

The very slow increase in operating energy over time reflects partly
that a pump must work harder to push fluid through fouled pipes. More
important, a lower average storage temperature over the years, as enerqgy
collected declines, means the pump will come on earlier and shut off later,

In the first year or two, fuel displaced should be significantly less,
as equipment and installation problems are discovered and correctad. One
result is down time and less fuel dispiaced. In New Mexico, systems which
averaged a 55% solar fraction the first year now average near 70% (2).
Later, problems such as fading black paint on the absorber, a pitted glass
cover on the collector, worn insulation on pipes and storage, and fouled
and corroded pipes, should result in less energy collected and more of what
is collected being lost. Fouled pipes and perhaps graying surfaces can be
affected by initial choices. Worn insulation and old fiuid can be replaced,
at a cost. The model's computations reflect these considerations.

Expected maintenance and repair costs reflect the following thoughts.

1) Costs should be higher in the first year or two, as "bugs" are eliminated.
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2) Costs should rise siowly over time, as wear and corrosion proceed.

3) Parts such as pumps, fluids, and sensors may need to be replaced at
regular interva1s, 4) Costs should be higher in areas with frequent sub-
f%eezing temperatures and 5} in systems with frequent very high operating
temperatures and more stagnation time. 6) The choice of a collector fluid
can have a large bearing on these costs.

The computational mechanism uses indices of heat and cold stress, and
estimated responses of fluids to these effects. Responses are uncertain
but the result should be more accurate than assuming no such effect. The
origin of the heat and cold stress indices for each place and system is
discussed in the "Constrainis and Assumptions® section of the engineering
model description. Appendix B-3 gives the estimated fluid responses. The
reader should consult Hodges (3) for results of Jab tests on giycol, oil,
and silicone fluids with respect to high and low temperatures, solvent pro-

perties, fluid change intervals, and differences in investment cost.

Experience has shown a fairly high incidence of system failures. Freez-
ing generally requires replacing the collectors, roughly $1,000. Hooks (4)
reports six of twenty drainback units froze the first winter and 6 more the
following winter in a pilot study on Long Island. This led to a change in
design by the manufacturer, which seems to have solved the problem. Albright
(5) reports 20 of 29 systems in a New Mexico study experienced problems lead-
ing to down time during the first year, including 10 leaks and 6 freezeup$.
Chopra (6) reports freezing in a third of 45 systems studied through June
1978 and a fifth of 65 systems the following year. The reports by Albright
and Chopra include freezing frequencies over 159 for glycol systems. Over

half the freezeups reported were due to installation errov. On the other
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side are Januafy 1984 reports from two Denver solar dealers (7) that, with -
the coldest December on record there, only O of 70 and 10 of 2,500 water
drainback (1) systems froze that month, among ones that they installed.

I draw the conclusions 1) that freezing is a substantial risk, which
can be reduced 2} by fluid choice, 3) by a better designed {or redesigned)
system, and 4) by one which is installed by an experienced contractor. My
algorithms assume a risk of freeze damage lower than suggested by the three
cited reports based on "first in the town" installations in the late 1970's,
but higher than suggested by reports of dealers who sell a reliable field-
tested product they install correctly every time in the 1980's. They also
reflect a better than even chance that damage due to "bugs" will be repaired
under warranty at 1ittle or no cost to the homeowner. Costs may be higher
than projected in a low volume area and lower in a high volume area, due to

the experienced installer effect.

Formal Description of the Model

The financial program operates in three stages: initial, annual, and
final. Comparing a solar domestic hot water (DHW) system with a gas or
electric backup to a non-solar DHW system, it calculates six types of sav-
ings or costs: capital costs., operating costs, maintenance and repair costs,
tax savings, fuel savings, and nef savings. To simplify this exposition, I
assume here 1) state and federal income taxes due are large enough so the
full tax credits can be used the first year, 2) the investment in the system
is financed by a Toan with 0% down payment, and 3) deductions claimed for
interest paid do net change the taxpayer's marginal tax brackets.

Initially the program calculates an annual Tean payment and the federal.
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and state tax credits available.

.13
= r ) 13
(1) ¢ o 1*1-(1+r)“T Ex. $341.65 = $2400(77 ¢ 73720)

where I is the initial investment, r the intekest rate on the loan, T the

loan's term in years, and Ck 0 the annual loan payment.

——
[ ]
g
Lew )
2]

de * I = .40 1 Ex. $960 = .40 ($2400)

f

(3) D_=4d_*1 Ex. $360

< ¢ .15 ($2400) (New York)

i

where df and ds are the federal and state tax cyedit rates, I the invest-

ment, and Df and Ds the tax credits.

(4} C,.y = Cp g if t ¢ T; otherwise C = $0.,

2 kgt

Each year's capital cost Ck,t equals the annual Toan payment {sum of
principal and interest payments), unless the term T of the loan is already
finished.

Real maintenance and repair costs foilow a U-shaped curve over time.
Costs are higher (and energy collected Tower) in the first vear as "bugs"
are eliminated from the system, These costs also depend on heat and cold

stress, and the coliector fluid's susceptibility to them.

(Sa)‘ for t=1, C%,t =.,02*1*(1+ .,006L* HC + .00035 M * FC)

Ex. $77.24 = .02 ($2400) (1 + .005 [2*7.9] + .00035 [1*1515] )
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(5b) for t>1, Cx = .01 * I * (L +.0025 L * H_+ .00015 M * £ ) * e02t
EX. $35.68 = .01%$2400%(1 + .0025 [2%7.9] + .00015 [1%15156]) * o-02*8

C;,t is the expected real maintenance cost in year t, I is the initial
investment, and t fs the year. HC and FC are indices of heat stress and
cold stress for a particular place. L and M are indices of a fluid's
resistance to heat effects and to freezing damage respectively.

)tw,5

(6) ¢ £ (1 + ] Ex. $59.27 = $35.68 * (1.07)587+°

= *
m,t Cm,t

Cm,t is the current dollar cost of expected mainteance and repairs, Cﬁ,t
is the constant dollar cost, i is the general inflation rate, and t is
the year.

Operating cost depends on the energy needed to operate pumps part of
the time and controls all of the time, and on the price of that energy.
Pump energy needed comes from the engineering model. The price of electri-
city to operate rises at a rate based on general inflation, projected real
electric price inflation, and local and national prices for electricity.

- P P

*
e,0,¢ P

NI R Lt

e,0,n S e,O,n

Ex.( —2— ) 71.85 = (39.90 - 19.56) + (39.90%19.56)°> * (1.07+.015)8"+5

T FBtu
Pe t.c is the projected price of electricity in year t 1in city c.
3wy
Pe,O,c and Pe,O,n are the initial local and nat10na1 prices of electricity.

The general inflation rate is i , the electric real price inflation rate is
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ie , and t 1is the year. Twc notes: 1) The exampie is for New York. 2) If

P is Tess than pe,O

e,t,c , then Pe,

is used for Pe c that year.

s C G,c t

Ex. 1.004 MBtu = .972 figty * e004*8

E is the expected operating energy used in year t, and EOp 0 is the

op,t
operating energy computed from the engineering model, for the particular

collector design and location.

- * = *
(9} Cop,t Eop,t Pest,c * (1 + ve) Ex. $82.49 = 1.004 * $71.85 * 1.1435
Cop ¢ is the current dollar cost of expected operating energy in year t in
a given place. E and P come from Eqs. 8 and 7. The tax rate on

op,t e,t,C
electricity sales is v, (14.35% in New York City).

Fuel savings are similarly calculated in three steps. The amount of
fuel saved is calculated, the current price of fuel is computed, and their

product plus sales tax is the fuel saving.
Examples {in MBtu)

(10a) if t=1, then Eg 4 = E¢ g% (.9 - .03*[L+M])  9.82= 12.12(.9-.03[2+11)
(10b) if t=2, then Ef,t = Ef,O*(‘gg « O1*[L+M]) 11.51=12.12(.98-.01[2+1])}
(10) if t2, Ep = £ o+ e 00 F(LH0L L) p 5721p,12 o -04(1-158)

Ef,t is year t's expected amount of fuel disp]aced and Ef,U is the adjusted

(multiplied by .85) initial fuel displacement from the engineering program.
L and M index fluid susceptibility to heat and cold stress. HC is the heat

stress for a particular collector and place (New York in Example 10c).
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. . _ . t-.5 .b
(11a) 1f t<t*, then Pf,t,c = pf,O,c+ (-1 +[1+1+1f1] )*(Pf,O,c*Pf,Osn)

gi,(-:i—n ) 8.73=7.12 + (m1+[1+307+,09}2”°5) * (7.12 * 5,82)'5
MBtu

. N -
(11b} if t>t*, then pf,tsc

* wtk.
P P )% % (14 [ I8 % [l 1505 )

*
£,0,¢ ¥ Pro,c*PeLoun

Ex-( =) 11,98 = 7.12 + (7.12%6.82)°5 * (-1 + 1.16% * 1.098°3""5 )
MBtu
Real fuel prices may rise at rate ifl for t* years and at rate 1f2
thereafter. pf,t,c is the projected Tecal current dollar price of the fuel
displaced in year t. 'Pf,O,c is the Tocal fuel price in the winter 1983-84.
Pf,O,n is the average fuel price for the 69 cities found in the survey

that winter. The general inflation rate is 1 .

(12} Sf,t = Efst * pf,t,c * (1 + vf) Ex. $158.50 = 11.57*$11.98*1,1435
Sf,t is the projected value of the fuel displaced in year t, reckoned in
currént dollars. Ef,t and Pf,t,c are the amount and price of the fuel dis-
placed in year t in location ¢ , from Egs. 10 and 11. The tax rate on
fuel sales is Ve

The tax saving has four components: vaides of state and federal income
tax deductions for interest paid, and the values of federal and state‘tax
credits. Most states exempt solar water heating systems from property
taxes, so no property taxes are deducted from the sum of the other four.
In some states, a sales tax is charged on solar equipment purchases.

First interest paid is calculated.
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(13) Jy = Kt * E Ex. $271.83=$2001(.13) (t=8, I=$2400)

Jy is the interest paid in year t, K, (see Eq. 22) is the remaining princi-
pal at the start of year t, and r is the interest rate on the Yoan.

Then the value of the tax deductions is calculated.

1]
Ca

*
>

(14} Ser.t Ex. $38.06 = $272 (.14) {sti11 NYC)

k
it

(15) S p =y *xp ¥ (1o %)) Ex. $77.15 = $272 (.33) (1-.14)

The marginal federal and state tax rates for the solar owner/taxpayer are
Xe and x.. dy (Eq. 13) is the interest paid that year. Sfr,t and ssr,t
are the tax savings at the federal and state levels, respectively, for the
interest deductions in year t.

Next comes figuring the tax credits.

(16) S

sd.t DS if t=1, but = $0 otherwise. EX. D5 = $360

(17) S

1}

D. if t=1, but = $0 otherwise. EX. Df = $960

fdst f ——

Ssd,t and Sfd,t are the savings from state and federal tax credits re-

spectively. DS and Df are the available credits (Egs. 2 and 3).

The total tax savings S is computed.
tx,t

(18) Siy g = Ssp,t ¥ Seryt ¥ Ssd,t T SfdLt
Ex. $115.21 = § 38.06.+ $77.15 + $ 0 +§ 0

Some states charge a sales tax on the sale of a solar DHW system. In

them, in the first year, the tax saving is reduced by the sales tax, at
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rate Voo ON the purchase of a system costing I.

(18a) ) =5

tx, 1 AR

tx.t 5

The net saving Sn " is the sum of five components: costs for capital,
3
maintenance and repairs, and operation, and savings in fuel displaced and

on taxes,

- C - C

=5 m,t op,t

{19) St

f,t tx,t kot

Ex. -$209.70 = $(158.50 + 115.21 - 341,65 - 59.27 - 82.49)

The terms for fuel saving, tax saving, capital cost, maintenance cost, and

operating cost come from respectively Eqs. 12, 18 (18a), 4 (1), 6, and 9.
Each year the present value of net saving, fuel saving, tax saving,

capital cost, maintenance and repair cost, and operating cost are calculated,

using the present value factor Vt for year t, using discount rate r.

(20) v, = (1+r)7" Ex, .376 = 1,13-8

(21) W =V, %S

n.t EXx. ~-$78.88 = ,376(-$209.70)

n,t

Nn,t is the present value of net saving in year t, Sn,t {(Eg. 19) is the net
saving then, and Vt is the presént value factor for year t. Other w..’t
are similarly defined.

The program keeps a running total of the W's: present values of the
éavings and costs,

The last step in the program is to compute the loan's remaining princi-

pal for the coming year.
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= K

(22) K ¢

+ Jt - if t<T, but = $0 otherwise.

t+1 k.0

Ex. $2021.18 = $ 2091 + § 271.83 ~ $341.65

The principal at the start of the year, th the interest th and the annual
payment Ck come from Egs. 22, 13, and 1. Of course, if t=1, then Kt=I.

At the end of the 20 year simulation period, the totals for energy
delivered and for each kind of saving or cost are printed. Annualized costs

and savings can then be computed. The annualized cost factor is

(23} m = T-—(T{_TFW E)_(_. L1423 = Tj:—-.:’%—_z'g

where r is the discount (loan) rate and m is the annualizing factor. Then

the annualized net saving Ln can be found.

29 ‘
(24) L o=m* TW . Ex. -$83.53 = ,1423(-$587) (NYC)
t=1

where wn t is the present value of net savings in year t, from Eq. 21. Lk’

Lm,Lop,Lf’ and th can be similarly defined.

Risk considerations aside, a positive net present value, equivalent to
a positive Ln’ indicates the investment in a solar DHW system should be

undertaken,

Base Case Fconomic Assumptions

Some important financial parameters are givens, some are fixed at the
time of purchase, and some involve crystal ball gazing. The federal and
state tax structures, inciuding tax credits, are fixed now and are expected

to continue as is, except perhaps for solar tax credits, for the forseeable
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future. Tax effects of a solar decision depend on a purchaser's income.

The value of ﬁhe credits depends only on the next one to four years' income;
but the value of deductions depends on income farther in the future. The
cost of the system, the method of finance, any down payment, and the rate

of interest or discount are decided at the time of purchase. Predicting
future performance involves some crystal ball gazing. Predicting fuel price
increases has a history of confounding the experts, but well-informed pro-
jections are better than pure guesswork. Predicting inflation is in the
same category. Predicting maintenance and repair costs over twenty years for
systems, none of which has been in use over ten years, is guesswork where
information has some value.

This study assumes constant marginal tax rates, perhaps indexed for
inflation, and the continued deductibility of interest expenses over twenty
years. Tax data were gathered for incomes of $45,000, $24,000 and $16,000.
The base case considers a moderately rich person with $45,000 in taxable in-
come. The study considers two cases for tax credits. FEither they continue

as is for ten years, or they expire within five yedrs.

The installed cost of a system depends on size and type of system, and
on locale, installer, warranties, and new or retrofit instailation, which
four are beyond the scope of this study. This study assumes the installa-
tion is in a new home, but an analysis for retroffts would be only a little
different, chiefly in the terms of a2 loan and orientation of a collector.
Table 9 gives the estimated installation costs for the systems used in this
study. | |

The base case assumes that the system is financed by a loan at 13% in-
terest, with no down payment, over a 20-year period, as part of a new-home

mortgage. The period is close to both the expected system 1ife and the
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TABLE 9. Installed System Costs

~~~~~~~~~~~~~~~~~~ Aregeemnmmecume o
System Type 2. 3m? 3. 0m> 3. 8m? 4. 5m2 6.0m2
thermosyphon $2000  $2150  $2300  $2450  $2750
draindown water 2300 2550 2800 3300
drainback water 2600 2800 3000 3400
drainback water/glycol:
regular surface 2650 2850 3050 3450
drainback water/glycol:
selective surface 2806 3000 3200 3600

drainback silicone 3000 3250 3550 4200
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typical term bf a mortgage. The real interest rate is extremely high by
historical staﬁdardsg but is typical of mortage rates and good terms on
home improvement Toans in early 1984,

The behavior of fuel displacement, operating energy, and maintenance
and repair‘costs has been discussed at length in a preceding section. The
first two interact with fuel price increases to yield costs and savings.
This study uses a general inflation rate of 7% per year for 20 years, Very
stightly above the average compound inflation rate over the previous 20
years. This leaves a projected 6% real interest rate in the base case,

Within the framework discussed in the previous section, the base case
assumes the residential price of natural gas will rise to meet that of home
heating oil in three years. The real price of heating oil is assumed un-
changed after 3 years. The estimated heating oil price is $8.26/MBtu (8) in
March 1984 and the average gas price is $6.37/MBtu in February 1984, The
rounded result is 9% a year real marginal price increase for natural gas for
three years. The rate should slow ceonsiderably then., A rate of real price
increase of 2% a vear is assumed thereafter, based on a continued decline in
reserves. These rates are slightly greater than the American Gas Associa-
tion's projections for the increase in wellhead prices over this period (9).

The price of electricity should rise at very different rates in differ-
ent places in the next several years, depending on growth in demand relative
to plant under construction. But this study will not attempt to discriminate
between different rates of local price increésesq It assumes real electric
price inflation of 3% a year for three years and 1.2% a year thereafter, or
simply 1.5% a year for electricity as an operating fuel.

The choice of which gas or electric price to use is significant: average

or marginal, general or all-electric. Since the customer must pay the



TABLE 10.

General Inflation

Real Price Inflation
Natural Gas

Electricity

Solar DHW Systems Purch
Maintenance and Repair

Financing Arrangement
Loan

Taxes
Taxabhle Income

U.S. Tax Credit Rate
State Tax Credit Rate
U.S. Marginal Tax Rate
State Marginal Tax Rate

Prices
Solar DHW System

Natural Gas Initial
69 city average
Tocal

Electric Initial
Regular
69 city average
local

Al1-Electric
63 city average
local
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Base Case Economic Assumptions

ase

7% / year

9% / year for 3 years,
2%/ year thereafter

3% / year for 3 years,

1.2%/ year thereafter
0% / year
0% / year

13% interest .
0% down payment
annual payments
20 year term

$45,000/year for 20 years
40% of purchase

varies; see Appendix B
33%

varies: see Appendix B

_varies; see Tahle @

marginal
$5.82/MBtu
varies; see Appendix B

marginal

$19.56/MBtu
varies; see Appendix B

$17.90/MBtu
varies; see Appendix B
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customer charge whether or not s/he has a éoTar system, it seems that the
customer's marginal cost is the more Togical one to use. Fuel saved is
priced at the customer's marginal cost, and operating electricity is
charged at a customer's marginal cost. Complications arise when the
customer has more than one marginal cost, as with time-of-day pricing or
controltied water heaters. A customer's marginal cost depends on the cur-
rent rate structure, but at present there 9s.-some movement to revise
rate siructures from the dectining block to the flat rate or inverted
structure.  Still, the base case uses marginal cost as the fuel price.

Recalling the discussion in the introduction, in the electric/solar
comparison, the comparison is probably made for an all-electric home, for
which a special rate may be available, reflecting the favorable effect of
such homes on an electric utility's load factor. Therefore, such a rate,
if available, is used for the marginal fuel price in solar/electric com-
parisons. Finally, I note that the customer's marginal cost May be very
different from the company's, and the company may have quite different
short run and long run marginal costs.

Projection of maintenance costs is detailed 4n previous sections.

Following the discussion in the introduction, the installed cost(of
a solar DHW system is projected in the base case to neither increase nor

decrease over time. See the concluding chapter for further discussion.

Typical Model Output

Table 11 which follows is for an optimum solar/gas water heating
system in New York City, having & 3.8 m2 collector with selective surface
and using glycol/water fluid. Assumptions are given in Tables 7-10 and

in Appendix B.
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IV. RESULTS

Choosing an Optimum System for a Location

An optimum size and type of system was estimated for each city, giving
two optima, one solar/electric and one solar/gas. Throughout the process,
the base engineering and economic assumptions specified previously were
used, with a single exception, Constraints were placed on the types of
systems considared in a.1ocation, depending on the expected frequency of
freezing temperatures there. The system with the highest net present value
for a ¢ity was chosen the optimum, a choice very sensitive to expected
maintenance and repair costs for that type (and size) in that location.
Considerable uncertainty exists about what these costs will be; the optimal
type of system is correspondingly less than certain.

The assumptions and inputs are in Tables 7-10 and in Appendix B. The
income tax rates and water use levels are assumed constant over 20 years.
The exception mentioned above is that the optimizing process assumed fuel
displaced was 75% of that projected by the engineering medel, a figure
later raised to 85% to better approximate actual results in New Mexico and
on Long Island.

Three constraints were made in the systems considered. First, thermow
syphon systems were examined only in those eleven cities where freezing
temperatures are rare, deduced from a lowest monthly average minimum
temperature of 4°C or higherg. Second, direct systems were considered only
where nighttime freezing temperatures in winter are not the norm, based on
a lowest monthly average minimum temperature of -1°C or higher. This
criterion vields thirty cities, but excludes Albuguerque, Denver, Renb, and

Tucson. Third, capital intensive anti-freeze systems were not examined
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where thermosyphon systems were examined.

Where they were examined, thérmosyphon systems were always the most
cost effective. However, they may not be chosen for aesthetic or other
reasons. (1) Direct draindown water systems were the choice almost every-
where they were considered but thermosyphons were not. Silicone systems
were chosen more freguently than glycol systems in the remaining cities,
especially in very cold places and very hot ones. Glycol systems were the
choice mainly in Appalachia, the Atlantic seaboard states, and the "border
states." Indirect drainback water systems were not the first choice in any
location.

Tax benefits repaid 57-94% of capital cosis, depending on location, so
the results for choice of system type are sensitive to the model's assump-
tions about maintenance and repair costs. Oversized systems gdather too much
heat, with high operating temperatures and heat stress. Thus maintenance
costs, as an annualized percent of investment cost, tend to be lower for
smaller sized systems. As a result of using the choice criterion of highest
expected NPV, the expected annualized maintenance cost for an optimum system
ranged from 2.1 to 3.4% of investment everywhere but E1 Paso and Las Vegas,
where it was under 4.4%. (For reference, an assumption that maintenance
costs annually are 2% of investment, escalated at the general inflation rate,
yields an annualized cost of 3.4% of investment.) Expected maintenance and
repair costs for non-optimum systems were in many cases far higher. (2)

The analysis here outlined can certainly benefit from modification as main-
tenance and repair expense experience over long pericds accumulates for
spolar DHW systems.

By far the most common optimum collector size for soiar/e]ectric systems

was 41 ft?, but 32 ft2 systems were equally well represented among optimum
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solar/gas systems. A 64 ft? collector was optimum for solar/electric systems
in only fourrcities, and optimum for solar/gas systems nowhere. Of course,
with above average hot water use per day, a larger size collector would be
recommended. Noting that each additional ft2 of coilector gathers less heat
than the one before it as the gross solar fraction approaches 100%, the
greater cost of a Targer collector can be justified as the value of the fuel
displaced rises. In general, a larger size is optimum with electricity than
with gas, since electricity is much more expensive than gas in the cities

surveyed.

Factors Affecting Solar Domestic Hot Water Feasibility

- Both gecgraphic and non-geographic factors influence the economics of
solar DHW heating. The level of real interest rates is quite important.
Se is the initial cost of a system, for a given quality. Which fuel solar
energy is seen to compete against is crucial to decisions, Operation and
maintenance costs are also quite significant.

Three geographies are important. Cbviocusly, the geography of climate
- sunshine and temperature - largely determines the amount of fuel dis-
placed. The gecgraphy of fuel prices is also important. But most fmpor-
tant, in view of "high" capital costs, is the geography of taxes., Tax
benefits repay about 57% of capital costs in Connecticut, but 94% in neigh-
boring Massachusetts, for the base.case income.

Real interest rates in spring 1984 for home investments are about 8%,
far above normal historical rates near 3%, The result can he viewed as a
strong discounting of future costs and savings, especially discounting
future fuel savings. Real interest rates in the study are projected to be

6%, due to an increase in inflation. Real interest rates of only 3% would
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double the number of places where solar DHW is projected to compete success-
fully against natural gas, and make it compeie successfully against electri-
city in a third of the places it now does not.

As was obsered in previocus sections, capital costs for solar systems
have apparently not declined in the last decade. Cohen (3) finds that in
all four places they examined, the instalied cost of every solar/gas system
was higher than the projected 1ife-cycle cost of a gas-only system. With
recent gas price increases, this is no Tonger true for the thermosyphon
systems in that analysis, but remains true for other types and locations in
the country. Cohen (4) advocates a "thrust shouid be to reduce the system
installed cost as opposed to reducing the energy consumption,” a statement
with which this author agrees.

This study repeats findings by earlier studies that solar water heating
is far more competitive against electricity than against gas.

This study finds projected annualized maintenance costs to be 15-30%
of annualized capital costs, averaging 18%. Operating costs average 7% of
capital costs, ranging from 1-3% for thermosyphons, to 17%.__0perating
energy averages 9% of gross electyric energy displaced and 7% of gross gas
energy displaced.

The effects of sunshine differences due to different latitudes and
degrees of cloud cover are much as one would expect. But the role of tem--
perature differences often runs counter to intuition. Though heat loss from
a collector is greater in cold climates, this can be cut greatly by using a
selective surface on the absorber (for a somewhat greater installed cost).
More important, the heat needed to raise very cold water to 116°F is far
more than that needed to raise warm water to that temperature. A result is

that a 64 ft2 collector in Duluth gathers more than enough energy to supply
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¢a11 of Miami's hot water heat need. See Figure é fﬁr:a comparison of a
warm and sunny city with a cool and cloudy one. Fuel disp]aced in Bakers-
field in the warmer months is limited to 85% of the fuel needed. In
New York {in this example using sub-optimal storage), the amount of fuel
displaced is not thus limited in even a single month., Note also that the
collectors are different sizes; that is why insolation on the two collectors
in winter is about the same. Comparisens of fuel displaced in two different
cities are influenced by the size of the coliector used in each. and the
optimal size is in turn influenced by fuel prices and tax considerations.
Electric prices in New York are triple those in Seattle, and gas prices
in Washington are double those in Tulsa and nearby cities. Other things
equal, solar energy will be more viable in New York, where gas prices are
high and electric prices very high, than they will be in Evansville, which
has a fairly similar climate and almost identical tax benefits, but very Tow
gas and electric prices. Gas prices are low throughout the Midwest, while
electric pfices are low near cheap hydropower and in coal country.

} Tax benefits, which repay 57-94% of investment for someone in a 33% tax
bracket, come in many forms. The federal tax credit of 40% of investment,
assumed collected as a refund a year after the system is installed, vepays
35.3% of the capital invested, on a present vaiue basis., Federal tax deduc-
tions can be quite valuable for someone in the 33% marginal tax bracket.
They repay from 25.8% of investment costs in states which have no income
taxes to 21.7% in Minnesota, which has the highest marginal state tax rate
for a $45,000 taxable income. State tax deductions repay O to 12.5% of
ﬁnvestment cost, giving a combined range of 25 8% to 34.2% for state and
federaT tax deductions. These deduction benefits may be under 10%, however,

for moderate income households. State tax credits. several of which change



TABLE 12. Present Value of Tax Savings on Solar Systemsr
as Proportion of Investment Costs

Highest

Massachusetts
Arizona
Kansas
Oktlahoma
Colorado
Oregon
Vermont
Virginia
North Carolina
Nebraska
Minnesota

New Mexico
Indiana

New York
North Dakota
California

(for taxable income of $45,000, 13% interest rate)

94%
94
91
90
89
87
86
85
85
85
84
83
82
80
77
76
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Lowest

Connecticut
Tennessee
Pennsylvania
Washington
Nevada

South Dakota
I[1Tinois

New Jersey
Mississippi
Wyoming
Texas
Florida
Louisiana
Kentucky
Maryland
Missouri
West Virginia

57%
58
59
59
59
59
60
60
60
60
61
61
61
61
61
62



65

from year to year, currently range from 0% to 359, being worth 0% to 31.0%
of investment cost. Dealers in three of nine states surveyed reported that
no sales tax was charged on their systems, including two of the three
states among the nine which have no income tax. Table 12 shows the total

proportion of investment paid for through taxes in many states.

Energy and Cost Projections

The model projects energy savings. Conventional fuel use for water
heating varies considerably, being 77% more in Duluth than in Honolulu.
Variation in fuel displaced by a solar DHW system is influenced by the size
of the optimum collector. Tables 13 and 14 show the large range of conven-
tional fuel use, net fuel displaced, and fuel displacement fraction.

The model also projects cost savings. Two maps present net savings
across the country. Tables 16 and 17 show the range of component costs and
savings. Table 15 gives rough costs for conventional water heaters.

Tables 13 and 14 present fuel displacement data for 16 cities. Appen-
dices C-1 and C-2 present the same data for all 69 cities. Conventional
fuel use includes end use, storage losses, and heat which goes up a gas
flue,but excludes gas pilot use. Cohen (5) notes the possibility of combin-
ing a pilotless ignition on a gas water heater with a flue damper. for use
when there is no flame. That $125 investment can save 3.2-3.5 MBtu a year.
This study assumes 1) a pilot in a regular water heater and in the solar/
gas backup, or 2) a pilot in neither - yielding the same fuel saving and
capital cost in either case, that is, no net cost or saving. Net fuel
displaced is gross fuel displaced - 85% of engineering model projections -
Jess operating energy. Solar fraction is the net fraction of conventional

fuel use displaced by the solar DHW system.
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In both Tables 13 and 14, note that a quarter of the cities have DHW
systems displacing more energy than Miami DHW uses. Again, fuel displace-
ment fractions can be far higher than one could expect with a single sto-
rage tank and a high hot water temperature. Duluth, using a collector 58%
larger than one in New York, gathers 20% more energy. In Seattle the solar
fraction increases 33% by increasing the collector size 100%. Denver, Reno,
and Los Angeles displace the most gas {net). Pittsburgh, Seattle, and
Portiand are all very cloudy, and so have consistently Tow solar fractions.
But the smallest net gas displacement is in Amarillol Gas is very cheap
there and Texas has no state tax benefits, so a small cheap system there
minimizes net losses.

The two maps in Figures 7 and 8 show estimated areas where solar DHW
systems are economically feasible, according to the NPV criterion and the
projections from the base case. The first map shows solar/electric systems
praferable to electric water heaters in 44 of the 69 cities. A glance at
the map emphasizes the importance of tax benefits; compare Indiana, South
‘Dakota, and Connecticut with their neighbors. In twelve cities the annual-
ized net saving is projected to be over $100: Albuguergue, Boston, Denver;
Honolulu, Los Angeles, Miami, New York, Oakland, San Diego, Tucson, Tulsa,
and Wichita. The map is based on the use of customer marginal prices for
all-electric homes. Use of company average residential electric prices
results in viability in seven more cities net: Baltimore, Casper, Dallas,
ET Paso, Jackson, Little Rock, Madison, and Shreveport, but not Detroit.

The solar/gas map (Figure 8) is a great contrast, due to the much
lower price of natural gas. Only in parts of Arizona is a non-thermosyphon
system economical. Using average instead of marginal residential gas prices

vields projected viability also near Roanoke, Norfolk, and Denver.
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NPV > 0
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Table 15 below gives rough approximations of the annualized costs of
owning and operating a cunventfonaT electric or gas water heater in a few
selected cities. These can be used to put the numbers from Tables 16 and
17 into perspective, as in whether a soiar system might be expected to cost
3% less or 30% less, 5% more or 50% more. Table 15 uses base case assump-
tions, including a 13% interest rate for 20 years. Hence the annualizing
factor is .1423, about 1/7. So the discounted life cycle cost is about
7 times the numbers listed below. A further assumption is that non-pilot

energy use increases annually, at the rate of A ¥ o-01t

, where A 1is the
initial conventional fuel use from Tables 13 and 14 and t is the year.
In other words, gas heater efficiency declines smoothly over 20 years, from
759 to 60%, excluding pilot use. Electric efficiency is treated similariy.
The costs are almost entirely fuel costs; the others account for only
about $20 annualized. A conventional water heater can be purchased for a
1ittle over $150, or ébout $20-25 annualized. Tax credits are not availa-
ble, but interest deductions on income taxes can rebate $5-8 annualized

this investment cost. Operation and maintenance costs are quite minimal,

projected about $1 a year annualized. Gas pilot use is part of fuel cost.

TABLE 15. Approximate Annualized Costs for Conventional Water Heaters

City Electric Gas City Electric Gas
Augusta ME § 760 $ 570 Los Angeles CA § 530 $ 320
Boston MA 620 350 Miami FL 470 240
Denver CO 540 310 New York NY G670 410
Detroit MI 920 360 Pittsburgh PA 550 340
Duluth MN 590 410 Reno NV 700 380

Honolulu HI 530 400 Seattle WA 330 310
Houston TX 490 220 '
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Tables 16 and 17 show cost and savings breakdowns for 16 selected
cities, covering the range from high to low in most categories. Appendices
C-3 and C-4 present this data for all 69 cities. In only one city, for one
fuel, electricity in San Diego, are projected fuel savings greater than
capital costs. Only in Henolulu are gas fuel savings even half of capital
costs. Tax savings outweigh electric fuel savings in two thirds of the
cities and gas fuel savings everywhere. For eleven cities, projected fuel
savings in a solar/gas system are less than projected operation and mainte-
nance costs, including Boston, Chicago, Detroit, Hartford, and Pittshurgh.
In several other cities, gas fuel savings are barely larger. But for solar/
e]eétric systems, projected fuel savings are always at Teast 54% greater,
and at Teast 81% more except in Las Vegas and Pittsburgh. Note the highest

gas savings are in Augusta and Honolulu, where natural gas is unavailable.

Varjations on the Base Case and Future Years

Changes in several parameters from the base case assumptions affect
substantially solar DHW economic feasibility. Among these are initial year
of investment, presence or absence of tax credits, actual average fuel dis-
placed, volume of hot water use, real interest rates, real fuel price
inflation, and marginal tax brackets (via taxable income). Fiqures 9-12
show areas where solar DHH systems will have positive NPV's, using base
case assumptions, but in future years and/or without tax credits. Substan-
tial changes in any other of the parameters could lead to a change of about
t $30 in annualized net saving.

Figures 9-10 show feasible solar areas assuming present tax credits
are extended for five years. Figures 11-12 show the few areas where a

solar/electric investment is recommended if tax credits are subtracted.
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If tax credits expire and high equipment costs do not fall, solar/gas
DHW systems ave economically viable nowhere in the U.S. this century.

Figure 9 is for solar/electric systems in 1989, when projected real
eiectric prices are 12% higher. It is almost the same as a map for 1984
based on customer average prices. Solar/electric DHW systems would be via-
ble where more than 75% of Americans live and 85% of new housing is built.
Figure 10 is for solar/gas DHW systems in 1989, when projected real gas
prices are 35% higher. It closely resembles a 1984 map based on average
prices, except that Mobile is added. The maps in Figures 11 and 12 show a
very limited area favorable to solar/electric DHW systems when no tax
credits are allowed. A1l four maps assume no real price change in the
installed cost of solar DHW systems of given size and quality, either over
time or when tax credits are eliminated. See next chapter for discussion.

A favorable change in one of the other parameters, yielding a $30
greater annualized saving for solar DHN systems, increases by ten cities
each {electric or gas) the number of places with positive NPV's. For anh
average city, among such changes are 80 gallons/day of hot water use, a 3%
real interest rate {sunny areas only (6)), real gas prices rising 3i% per
year after 1986 or real electric prices rising 2i% a year, Or Vvery few
initial system "bugs" and corrosion which proceeds quite slowly. Then to
Figure 7 for solar/electric systems, one would add areas around Boise,
Casper, Columbus, Dallas, E1 Paso, Jackson, Little Rock, Madison, Memphis,
and Shreveport. For solar/gas DHW systems, one would then add to Figure 8
the areas around Charlotte, Denver, Durango, Medford, Mobile, Norfoik,
Portland, Raleigh, Roanoke, and Tulsa.

An unfavorable change of the same magnitude leaves ten fewer cities

where solar/electric DHW systems are recommended, and only Honolulu where &
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solar thermosyphon/gas system is viable. Such changes include 45-50 gallons
a day of hot water use, a taxable income of $20-25,000 (marginal tax rates
two thirds as great), a 20% reduction in gas displaced or real gas prices
rising only 1% a year after 1986, or a 10% reduction in electricity dis-
placed or steady real electric prices over the next 20 years. Solar/elect-
ric systems (compare Figure 7) would then not be viable in Atlanta, Augusta,
Bismarck, Columbia, Evansville, Fort Wayne, Helena, Newark, Syracuse, and

Washington.



V.  CONCLUSIONS

summary

Solar domestic hot water heating is price competitive today with
electric water heating in two thirds of the country, and with natural gas
water heating in Hawaii, on the California coast, and in parts of Arizona
and Colorado. The economic viability of solaP_DHw systems depends on three
types of geographic factors: climate, variations in fuel prices, and dif-
ferences in tax credits and tax rates. Higher fuel price escalation rates,
higher incomes and marginal tax rates, higher volumes of hot water use, and
lower real interest rates all create more favorable situations for solar
investments. Solar capital costs are consistently greater than fuel sav-
ings and have not decreased over time.

Using an optimal storage arrangement, solar/electric DHW systems have
posifive annualized net savings in 44 of 69 cities in the study, using the
base case economic assumptions, and ih 51 of 69 if average customer prices
are used. But solar water heating competes successfully with gas water
heat in only 5 or 7 cities today, depending on whether marginal or average
customer gas prices are used. If tax credits are abolished and there is no
decline in the installed costs of solar DHW systems, the picture is very
different. Solar systems then compete successfully with electric resis-
tance water heating only in Hawaii and on the California coast, and with
gas nowhere. In contrast, if tax credits are retained and pricing is
adopted based on the cost of new gas supplies, solar DHW systems could
compete successfully with gas in about 20 cities. (See below.)

Three geographies are important in regional variation of solar econo-

mics. Cold places need considerably more heat than warm ones, and so may

81
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collect more solar heat with an optimum system, even if a smaller fraction
of the need. Other things equal, places with clear skies are much better
for solar systems than_ones with cloudy skies. Fuel prices show a more
than two to one variation from place to place, with corresponding impiica-
tions for fuel savings and solar economics. Most important is the geogra-
phy of taxes. Tax savings repay 57-94% of capital costs and usually out-
weigh fuel savings. Tax credits are the most important, but the value of
tax deductions is also considerable for people in high tax brackets. A
measure of the relative importance of the three factors is that a solar/
electric system is a far better investment in Duluth than in Las Vegas.

The base case assumes 61 gallons/day of hot water use, a $45,000
taxable income, 6% real interest rates, and gas and electric real price
escalation rates averaging 3.0% and 1.5% pef year. A large family using
100 gallons a day of hot water would find a Targer system worthwhile, for
perhaps 70% greater fuel savings with a 15% larger investment. A lower
taxable income, perhaps with a marginal tax rate of 14%, might yield total
‘tax savings 15-20% less, making & solar investment less attractive. Higher
fuel price escalation rates certainly make soTar investments more attréc~
tive, but far faster gas price increases would be needed to make a solar/
"gas investment attractive many places where freezing temperatures are ex-
pected. Current real interest rates near 8% are at historic highs, which
discourages solar investments severely, as they do other investments.. A
fall in home rates to near 3% could make a significant difference in annu-
alized savings fn sunny places, where future fuel savings would be

discounted much less.
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Issues Qutstanding

The existence of tax credits probably keep capital costs substantially
higher than they would be otherwise. Tax credits decrease the price of
solar energy, just as the practice of average cost pricing (instead of
prices based on the marginal cost of new sources) 10wefs the price of fuels
against which solar energy competes. Although solar energy is cheaper than
efectric energy for water heating in the larger part of the country, the
circumstances where it would be installed in preference to gas water heat
are more limited.

Two reasons come to mind why solar capital costs have not fallen over
time. One is that quality {reliability,low repair costs, and larger energy
gain) has increased markedly, and prices reflect this. The other is that
tax credits may elevate the selling price of a solar system,as in Figure 13.

Figure 13 assumes that solar water heating systems have an upward sio-
ping supply curve, characteristic of most goods. S shows how many water
heating systems the industry will supply for a given price. D is the
aggregate consumer demand curve, without tax credits. D' is the demand
curve with a tax subsidy. With téx credits, an equilibrium occurs at C,
where the subsidized demand curve intersects the supply curve S. Gy DHW
systems are sold at price Py The consumer receives tax credit pw"pw,net'
So the consumer pays only Py.net after the tax credits. Without tax cre-
dits, the equilibrium is at B. This yields a smaller quantity qwo'and a
lower price Puo The net price to the consumer, however, is higher than
the price pw,net which s/he can achieve with tax credits.

The maps in Figures 11-12 have neglected this effect.

Determining the sizes {by state) of the effect is a very complex

undertaking and beyond the scope of this study. But simple assumptions
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FIGURE 13. Possible Effect of Tax Credits on Price of Solar DHW System
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will permit an indication of the size of the effect. Suppose the industry
supply curve S for solar DHW systems is given by p = ng. Suppose demand
elasticity is the same, so that D is p = a -~ ng. Demand D' induced by a
67% tax subsidy then is p = 3{(a -~ ng). In this case the elimination of
tax credits would decrease the selling price of solar systems by one third
{1). Indeed, the dealer price survey found the same 64 ft? system selling
for $3550 in Reno but $4150 in Boston (2). The present value of tax cre-
dits repays 66.4% of a system's capital cost in Boston, but only 35.4% in
Reno. Assuming the difference is due only to tax credits, an extrapolation
suggests that a system might sell for $2865 without tax credits, a reduc-
tion of 31% from the Boston figure (3). So it seems quite possiblie that
prices are now substantially higher than they would be without tax credits
and that elasticities of supply and demand are comparable.

Bezdek (4) observed that solar energy competes with natural gas whose
residential price is based on average wellhead price, using "rolled-in"
prices, instead of on the cost of new supplies which solar energy effec-
tively displaces. The average wellhead price of natural gas in September
1983 was about $2.66/mcf (5), but wellhead prices in January 1983 ranged
from $.29/mcf to $9/mcf (6). If 1) the wellhead price of new supplies is
$5/mcf, 2) marginal residential prices were baséd on wellhead prices of new
supplies plus current distribution and overhead costs, and 3) consumer
prices increased 2%/year from this base, then gas fuel savings would be
about 16% greater per city in present value terms (7), making solar/gas
systems cost competitive with gas in 9 cities. Similarly, if the price of
new suppiies at the wellhead is triple the average price and assumptions 2
and 3 hold, fuel savings would be 58% greater and soclar/gas systems would

be competitive 1n°32 cities. If there were no tax credits, solar/gas
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systems would be competitive only in Hawaii in the first case, and in four
cities in the second case (8). This suggests that tax credits at current
levels may offset the ]ack of marginal cost pricing in the gas market.
Solar/electric DH systems are cheaper than electric DHW systems in
the Targer part of the country, but why should anyone buy a solar system
when a gas water heater is available? Recalling the introduction, half the
new homes in the country are equipped with expensive electric resistance
water heating. Chapman and Cole (9) suggest a reason: "The system with the
Towest initial cost - electric - has the highest annual customer cost." A
builder/contractor who depends on a low initial sale price to sell a home
has an incentive to Tower the initial cost of heating and water heating,
unless buyers lock closely at life cycle costs. But if buyers examine 1ife
cycle costs, in almost all places they would choose gas over solar for
water heating. Thus at present, for homes using average velumes of hot
water, it appears solar water heating would be confined to rural and other
areas far from natural gas lines -- except in Hawaii, the California coast,
and perhaps a few other areas. To the extent this is not the case, reasons

other than economic ones are important to the buyers.
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and Colorado to Alabama and Kentucky. It also correctly projected twe
of the five states with slowest price growth, including Tennessee, in
the middie of the “fast" belt. Average actual annual real price in-
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Notes for Chapter III.

Cohen, op. cit., p. 315.

55% in the first year is from Albright of PSNM, op. cit., p. 3-4.

70% thereafter is from a telephone conversation with Pamela McKeever
of PSNM in March 1884,

Hodges, op. cit.

Hooks, op. cit., pp. 4-5.

Albright, op. cit., pp. 6-1 to 6-3.

P. S. Chopra; Reliability and Materials Performance of Solar Heating
and Cooling Systems; (U.S. DOE/Argonne National Laboratory; NTIS

{SOLAR/0906-79/70), Springfield, Virginia, June 1979}; pp. 8-10.

February 1984 telephone conversations with Frank Luck of Sunland
Solar and Bruce DuCharme of Capital Sclar, both of Denver, Colorado.

$8.26/MBtu is based on telephone quotes in March 1984 from two Ithaca
NY heating oil distributors - Andree and Townsend - of $1.189/gal.,
with 5¢ cash discount,and $1.185/gallon. An average is

(1892 1139 4 4 185)/2 = $1.1745/gallon. Ithaca is in DOE Region 2,

where in December 1982 residential heating oil prices were 4.3¢/gallon
higher than the national average. (Monthly Energy Review, December
1983; US DOE/EIA-0035(83/12); pp. 94-95). So §$1.315/gallon is the
current estimated national heating oil price. At .137 MBtu/gallon,

this is $8.26/MBtu. (8.26/6.37)1/3 = 1,090.

Leon Tucker, Nelson Hay, and Michael German; "Historical and Projected
Natural Gas Prices"; Energy Analysis 1982 (September 10, 1982);page 2
of reprint by American Gas Association of Arlington, Virginia.

Notes for Chapter IV.

Despite their cost advantage, thermosyphon systems may well not be
chosen. Since storage must be above the collector, a roof mounted
collector is probably ruled out. But the storage tank may need to be
on the roof, which might be viewed as ugly.

The modelling process assumes tanks at uniform temperatures. But in
thermosyphon systems, tanks are much hotter at the top than at the
bottom. The flow rate, a product of heat-induced convection, should
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vary as temperatures change over a day, in contrast to éonstant flow
rates with a pump. So the model's projections of fuel displaced are to
be trusted Tess than those for other types of solar DHW systems.

In all 1l cities where thermosyphons were considered, draindown systems
are optimum if a homeowner chooses not to have a thermosyphon. With base
case assumptions, a 3.8 m® collector is optimum in all 11 for solar/elec-
tric DHW systems. A 3.0 m* collector is optimum in 9 of the 11 for solar/
gas systems. The annualized saving for all 11 cities then is positive
for solar/electric systems but negative for the 11 solar/gas systems.

2. Thermosyphon systems are projected to have Tow annualized maintenance and
repair costs (2.1-2.4% of initial cost), due to almost no moving parts,
Tittle danger of freezing, and eguable climate so that high operating
temperatures leading to speedy corrasion are uncommon.

Silicone systems also have low annualized maintenance costs, 2.1-2.7% of
initial cost. They have more moving parts and some tendency to leak, but
they are quite insensitive to temperature stress.

Draindown systems show more variation in costs, from 2.1 to 7.3% of ini-
tial cost, with highest costs found for large systems in the desert.

Drainback systems operate at higher temperatures than draindown ones, due
to a heat exchanger, so they have much higher heat stress. They show
variation in maintenance costs from 3.4 to 15.7%. The large costs are in
cold places 1ike Duluth, where draindown systems were not even examined.

Glycol system costs vary from 2.2% of investment in many cities to 9.1%
in very cold places. In deserts, collector temperatures often reach boi-
Ting; then expected annualized maintenance costs exceed annual capital
costs.,

See Appendix C-5 for the cold stress indices for the 69 cities and for
the heat stress indices for the two optimum systems in each city.

3.Cohen et al., op. cit., p. 333.
4,1bid., p. 23.
5,Ibid., pp. 320-323, 337-346.

6. A drop in the real discount rate not only increases the discounted fuel
savings, but also increases the discounted costs of operation and mainte-
nance. If the drop is caused by a lower nominal interest rate, interest
charges will be less and so will the discounted tax savings. In cities
like Seattle, Boston, and Chicago, a lower real discount rate can actuyal-
1y make solar economics Took slightly worse.
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Notes for Chapter V.

S: p = ng D: p = a-ngq D's p =3(a-ngq)
By setting supply equal to demand (S =D), p=p or ng=a - nq.
This implies an equilibrium at point B, where Qo = a/2n and Puo = a/z.

Solving for a similar equilibrium, but using tax credits, we have S = D'
at point C. Substituting, ng = 3(a - nq). Solving, q, = 3a/4n and

Pu = 3a/4. The ratio of selling price without tax credits and with
: a/2 . . . ..
them is pwo/pw = §§7ﬁ = 2/3 . The reduction in price from elimina-

ting tax credits is 1/3 of the price with credits, about 33%.

The prices given are the midpoints of narrow price ranges (e.g., $3500-
$3600) for a 64 ft? Grumman system with a selective surface, glycol,
and 80 gallons of storage. The quotes are from Bursaw 0il Corporation
of Boston and from P&S Solar & Hardware of Reno.

Both places have a 40% federal tax credit. Boston has a 35% state
credit but Reno has none. The present value of these in each state
(after one year) is .664 and .354 of the sale price. The price should

fall by x when credits are removed. $4150 ; $3560 6664684-354

Solving for x, x = $1285. So the extrapolated price without tax
credits is $4150 - $1285 = $2865, a 31% reduction from the price in
Boston, where there is a 66% tax credit subsidy.

Roger H. Bezdek, Alan S. Hirshberg, and William H. Babcock; "“E£conomic

Feasibility of Solar Hot Water and Space Heating"; Science {March 23,
1979); pp. 1219-1220.

Monthly Energy Review {December 1983); U.S. Department of Energy
EDOE/EIA—OO35%83/12iS, Washington.

public Affairs News (February 1983); Cities Service Company, Public
Affairs Division, Tulsa.

A wellhead marginal price of $5 is $2.34 more than the $2.66 average
wellhead price. Adding $2.34 to the $5.82 customer average marginal
price from our survey yields $8.16, an increase of 40.2%. Under mar-
ginal cost pricing, with 2%/year real price growth and 6% real discount
rate, fuel savings will be '
20 i
1.402 * ) (1.02/1.06)1 = 1.402 * 13.685 = 19.159 times $5.82/mcf.
i=l
Under the current average cost pricing regime, fuel savings are
3 . 17 .
(01 d:093 5§ (1057 - 30172 + 13.309 = 16.482 x $5.82.

i&y '1.06 T.06' & ‘1.06

[am)
™o



The ratioc of fuel savings is 19.159/16.482 = 1.1624, a 16% increase in
average fuel savings using wellhead marginal cost of $5/mcf. . 16% of
the fuel saving for each city in Appendix C-4 is added to the net sav-
ing there to determine whether a solar/gas system is now competitive.

This assumes that capital costs in Appendix C-4 are 25% lower, that
Tuel savings there are 16% or 58% higher, and that tax savings there
for each city are decreased by the combined state and federal tax
credits on the original capital cost. The other three cities are
San Diego, Los Angeles, and Oakland. :

Duane Chapman, Kathleen Cole, and Michael Slott; Energy Production,
and Residential Heating: Taxation, Subsidies, and Comparative Costs;
Cornell University, Department of Agricultural Economics: ithaca, NY;
March 1980; p. 32.
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APPENDIX  B-1. Fuel Price Data®
Average Gas Prices Average Electricity Prices b
Gas Use ($/MBtu) Electric ($/MBtu) All-
City (MBtu) Average Marginal Use (kWh) Average Marginal Flectric .
Atbuquerque NM 93 5.46 4.69 475 21.89 20.81 20.81
Amarilio TX 120 4.12 3.86 600 22.52 20.73 13.92
Atlanta GA 86 5.90 5.22 856 18.02 18.01 18.01
Augusta ME 50c 13.02 11.256 565 23.57 21.66 21.66
Bakersfield CA 79 5.61 6.80 490 21.65 25.67 21.56
Baltimore - MD 94 7.47 6.86 565 22.16 18.05 18.05
Birmingham AL 110 6.03 5.02 885 19.89 15.59 15.59
Bismarck ND 136 6.29 5.85 664 19.86 18.31 17.64
Boise I 71 7.35 6.71 1242 11.67 11.67 11.67
Boston MA 92 7.38 6.68 432 33.09 32.58 22.58
Burlington VT 107 6.39 5.79 749 16.56 18.97 18.97
Casper WY 129 6.55 6.55 489 14.23 11.84 11.84
Charleston WV 120 6.37 6.11 840 15.67 13.46 13.11
Charlotte NC 93 6.48 5.95 1000 19.04 16.26 15.17
Chicago IL 151 4,37 4.16 524 25.49 24.40 20.22
Columbia sC 70 6.61 6.10 912 20.18 17.31 17.31
Columbus OH 118 6.77 6.33 310 22.75 21.30 17.84
Dallas ™" 75 6.89 6.09 1054 18.97 17.32 15.22
Denver co 110 5.22 4.91 471 18.50 16.41 16.41
Des Moines 1A 125 5.70 5.22 666 26.76 25.00 14.04
Detroit MI 150 6.59 5.99 520 19.27 29.16 29.16
Duluth MN 140 5.86 5.73 617 15.51 17.11 14,66
Durango Co 103 4.60 3.98 600 22.51 18.41 18.41
E1 Paso X 70 4,62 4.43 487 21.50 17.29 17.29
Evansville IN 128 4.57 4.25 340 17.27 14.93 12.88
Ft Wayne IN 140 5.10 4.39 560 18.46 13.15 13.15
Fresno CA 58 5.15 5.37 760 21.06 25.60 12.75
Hartford CT a8 8.24 6.66 623 29.27 25.81 23.17
Helena MT 116 4.79 5.08 707 18.561 16.67 156.67
Honolulu HI 23¢ 17.62 14.46 584 35.82 32.81 32.81
Houston TX 65 5.99 4,92 980 23.21 21.79 21.79
Jackson MS 81 6.21 4.94 923 20.54 15.67 15.67
Jacksonville FL 34 6.95 5.71 897 21.31 19.84 19.84
Knoxville TN 95 5.92 5.65 1000 13.74 12.86 13.34
Las Vegas NY 98 5.18 4,50 1211 13.76 12.91 12.86
Lexington KY 120 6.11 5.81 660 16.65 14.39 13.37
Little Rock AR 96 4.24 3.79 764 21.70 19.11 14,33
tos Angeles CA 79 5.61 6.80 387 19.73 156,73 19.73
Madison WI 120 6.71 6.49 496 20.29 18.37 14.11
Medford QR 78 7.18 6.72 1200 12.24 14.47 14.47
Memphis TN 94 4.74 4.57 1000 13.97 13.00 13.65
Miami FL. 34 6.95 5.71 888 21.45 22.22 22.22
Mobile AL 63 7.46 6.32 885 19.89 15.59 15,59



Average Gas Prices Average Electricity Prices
Gas Use ($/MBtu) Electric ($/MBtu) A1~

City (MBtu) Average Marginal Use (kWh) Average Marginal Electric
New Orleans LA 72 7.54 7.13 1149 17.34 17.00 15.90
New York NY 75 8.26 7.12 275 44,66 39.90 32.33
Newark NJ 90 7.11 6.31 438 29.16 25.156 26.72
Norfolk VA 95 7.06 6.33 912 20.60 17.28 13.15
Qakland CA 80 5.35 5.37 760 21.06 25.60 19,75
Omaha NE 130 5.11 4.87 798 16.55 14.17 14.17
Oriandc FL 34 6.895 5.71 970 20.48 - 19.47 19.47
Philadelphia PA 100 6.72 6.30 500 27.73 26.69 22.13
Pittsburgh PA 149 5.84 5,53 475 26,39 23.34 16.34
Portland R 71 6.81 6.39 1061 13.94 14.08 14.08
Raleigh NC 92 6.50 5.91 952 20.88 18.14 18.14
Rapid City 5D 123 6.82 £.43 576 20.70 17.56 12.74
Reno NY &7 7.13 6.55 674 25.19 23.90 23.90
Roanoke VA 107 7.01 6.55 889 18.31 16.57 16.57
St Louis MO 124 6.13 5.58 750 16.91 15.67 15.67
Salt Lake City 115 4.81 4,15 542 23.53 23.53 21,17
San Antonio TX 74 5.34 4,89 799 20.78 20.32 20.32
San Diego CA 80 6.60 6.91 425 36.92 40.97 27.69
Seattle WA 9l 6.37 5.37 1407 9.83 11.40 11.40
Shreveport LA 90 4.85 4,64 880 17.54 16.65 15.39
Springfield MO 98 4.92 4,68 650 16.30 16.55 14.29
Syracuse NY 96 6.02 .24 500 18.06 15.20 15.20
Tucson AZ 58 6.39 5.15 653 20.71 16.41 16.41
Tulsa OK 103 4,47 3.90 852 17.03 13.88 14.69
Washington DC 99 8.70 8.00 733 19.36 22.99 25.80
Wichita KS 135 4.56 4,16 7836 20.74 19.17 17.98
simple average 6.37 5.82 20.74 19.56 17.90
NOTES:

a - Sources: 1) Utility rate schedules, including monthly fuel adjustments,
from correspondence with and telephone calls to the utilities in the
cities named, between mid-November 1983 and mid-February 1984. See the
Bibliography for a list of the utilities. ' :

2} Average use figures were estimated in about half the cases,
where utilities did not supply the information. Estimates are based on
i) Statistics of Privately Owned Electric Utilities in the United
States 1981 (USDOE/EIA)
i1)Statistics of Publicly Owned Electric Utilities in the United States
1981 (USDOE/EIAY.

b - The "all-electric” price is the customer's marginal price at a use
level twice the company average, for all-electric homes.

¢ - Natural gas is unavailable in the area. Price is for LP gas or for
synthetic gas.
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APPENDIX  B~2. State Tax Data Used

Tax Credits® Tax Rate on Sales ~ Marginal Income Taxd
City ' % Expires DHW-b Gas-c-Elect. $45000 $24000 $16000
Albuguerque NM 25 12/85 3.5 4.5% 4.5% 5.3% 5.3% 5.3%
Amarillo TX == e -0 8.5 0 0 0 0
Atlanta GA 0 ==cwm 2.0 3.0 3.0 5.0 6.0 6.0
Augusta ME 0 12/83 3.3 0 5.0 10.0 9.2 9.2
Bakersfield CA 15 e 4.7 0 .5 11.0 11.0 8.0
Baltimore MD 0 ceeww 3.3 0 0 5.0 5.0 5.0
Birmingham AL  15f 12/85 2.7 2.2 2.2 5.0 5.0 5.0
Bismarck ND 15 none 2.0 4.0 4.0 7.5 5.0 5.0
Boise 1D 79 none 1.0 3.0 1.0 7.5 7.5 7.5
Boston MA 35 12/85 5.0 0 0 13.0 12.8 12.5
Burlington VT 25 e 2.0 0 0 7.9 5.3 3.8
Casper WY  —= e 2.0 3.0 3.0 0 0 0
Charleston WY 0 ==wea 3.3 7.57 7.57 7.5 6.1 4.9
Charlotte NC 25 none 3.0 0 0 7.0 7.0 7.0
Chicago IL 0 =wcw- 2.7 5.0 5.0 2.5 2.5 2.5
Columbia SC 0 -eme- 2.7 1.0 1.0 7.0 7.0° 7.0
Columbus OH 10 12/85 3.3 0 .75 3.5 3.0 2.5
Dallas TX 0 mewe- 0 2.0 2.0 0 0 0
Denver CO 30 12/85 3.0 3.5 3.5 2.0 8.0 8.0
Des Moines 1A 0 ~rmeew 2.0 6.0 6.0 11.5 9.0 8.0
Detroit MI 8 e 2.7 9.0 9.0 4.6 4.6 4.6
Duluth MN 20 12/85 3.3 8.0 8.0 16.0 14.0 12.8
Durango coO 30 12/85 3.0 10.5 9.0 8.0 8.0 8.0
E1 Paso T =~ mmae- 0 5.0 5.0 0 0 0
Evansville IN 25 12/84 2.7 5.0 5.0 1.9 1.9 1.9
Ft Wayne IN 25 12/84 2.7 5.0 5.0 1.9 1.9 1.9
Fresno CA 15 e 4.7 5.0 5.0 11.0 11.0 8.0
Hartford CT 0 «nee- 5.0 5.0 0 1.0 1.0 1.0
Helena MT 0 wruwea 0 4.0 4.0 11.0 10.0 9.0
Honolulu: HI 10 12/85 2.7 0 6.0 10.5 g.5 8.5
Houston T == —mee- 0 2.0 4.0 0 ) 0
Jackson MS 0 evame 3.3 0 0 4.0 4.0 4.0
Jacksonville FL  «~ ~ewwa 0 10.0  10.0 0 0 0
Knoxville TN 0 ---e- 3.0 1.5 1.5 6.0 6.0 6.0
Las Vegas L A s 2.3 5.0 5.0 0 0 0
Lexington KY 0 -oee- 3.3 5.0 4.4 6.0 6.0 6.0
Little Rock AR 6g 12/84 z.0 9.2 9.2 6.0 6.0 6.0
L.os Angeles CA 15 e 4,7 10.0  10.0 11.0 11.0 8.0
Madison WI ah 1/87 3.3 5.0 5.0 9.5 9.1 8.7
Medford OR 25 12/85 0 2.0 2.0 6.0 6.0 6.0
Memphis ™ 0 -w-w- 3.0, 3.0 4.5 6.0 6.0 6.0
Miami FL == e 0 10.0 15.0 0 0 0
Mobile AL 15f 12/85 2.7 2.2 2.2 5.0 5.0 5.0
New Orleans LA 0 ----- 2.0 3.0 3.0 4.0 4.0 4.0
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Tax Credits Tax Rate on Sales Marginal Income Tax

City % Expires DHW Gas Elect. $45000 $24000 $16000
New York NY 15 12/886 4.0 14.35 14.3% 14,0 14.0 10.0
Newark NJ 0 ~oee- 3.3 5.0 5.0 2.5 2.5 2.0
Morfolk VA 25f 12/87 2.0 2.7 7.0 5.75 5.75 .75
Dakland CA 15 e 4.7 10.0 10.0 11.0 11.0 8.0
Omaha ME 25 12/86 z2.0 0 5.5 5.6 3.7 2.7
Orlando FL me e 0 10.0 4.9 0 0 0
Philadelphia PA 0 =wee- 4,0 0 5.5 2.2 2.2 2.2
Pittsburgh  PA 0 ==--- 4.0 4.9 5.0 2.2 2.2 2.2
Portland QR 25 12/85 & 0 3.73 6.0 6.0 6.0
Rateigh NC 25 none 2.0 6.0 0 7.0 7.0 7.0
Rapid City SO == —cme- 2.7 0 5.5 ¢ 0 ¢
Reno Ny e wem—— 3.5 2.0 2.0 0 0 0
Roanoke YA 25 12/87 2.0 10.0 10.0 5.75 5,75 5.75
St Louis MO 0 —--ue 3.13 4.0 4,0 6.0 6.0 6.0
Salt Lake City 10 6/85 2.7 4.9 8.7% 7.7% 7.7% 7.75
San Antonic TX == «ccsw 0 2.0 2.0 0 0 0
San Diego CA 15 e 4,7 1.0 1.9 11.0  11.0 8.0
Seattla WA wm memen 3.0 2.0 2.0 0 0 0
Shreveport LA L 2.0 2.0 0 4.0 4.0 4.0
Springfield MO 0 -eow- 3.13 1.0 1.0 6.0 6.0 6.0
Syracuse NY 15 12/86 4.0 4.7 4.75 14,0 14.0 10.0
Tucson AZ  35f 12/87 2.7 g.2 9.2 3.0 8.0 8.0
Tulsa OK 35 12/90 1.3 3.0 3.0 6.0 6.0 6.0
Washington  DC 0 -vewa 4.0 5.0 5.0 11.0 10.0 9.0
Wichita KS 3¢ 1/86 2.0 5.0 5.0 9.0 8.5 7.5
NOTES:

a - Source is Solar Age magazine, May 1983. States with credits schedyled

to expire in 1983 were called for updates.

b - Solar dealers in nine states reported sales tax rates on their equip-
ment; six of those reported some tax. The State Tax Guide 1982 by the
Commerce Clearing House was consulted for applTicable rates in other
states. In many cases the rate was not clear; in those, 6/9 of the
regular sales tax rate was used.

¢ - In most places, the source is a written or telephone response from one
or two utilities in a city. When neither utility supplied a tax rate,
rates were used from the State Tax Guide 1982, or from another utility
in the same state.

d - These are marginal tax rates on taxable incomes of $45000 and so on,
from the World Almanac 1983.

e - Credits were renewed in 1983. No expiration date was ascertained.
f - Tax credit rate is scheduled to change from year to year,

g - State gives 100% deductionf The number is estimated equivalent credit.

h - Rate applies to new houses; a different one applies to retrofits. The

rate also changes from year to year.
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APPENDIX  C-1. Energy Data for Optimum Solar/Electric Systems

Conventional Net Fuel %
a Size Fuel Use Displaced Solar
City Type (sq m) (kWh) {kWh) Fraction
Albuguerque NM S 3.8 3752 2767 74
Amarillo TX S 3.8 3720 2703 73
Atlanta GA W 3.8 3533 2182 62
Augusta ME S 4.5 4500 2504 56
Bakersfield CA W 3.0 3211 2137 67
Baltimore MD (s 3.8 3849 2388 62
Birmingham Al W 3.8 3445 2188 64
Bismarck ND S 4.5 4582 2802 61
Boise 1D 5 3.8 4071 2570 63
Boston MA S 6.0 4049 2573 64
Burlington VT S 6.0 4423 2553 58
Casper WY S 3.8 4362 2960 68
Charieston WY Gs 3.8 4013 2267 56
Charlotte NC W 3.8 3551 2257 64
Chicago L 5 3.8 4084 2305 56
Columbia SC W 3.8 3387 2247 66
Columbus OH Gs 3.8 4036 2220 55
Dallas TX W 3.8 3241 2213 68
Denver Co S 3.8 4112 2916 71
Des Moines 1A S 4,5 4170 2669 64
Detroit MI Gs 3.8 4125 2229 54
Duluth MN S 6.0 4734 2824 60
Durango co S 3.8 3862 2741 71
E1 Pasc TX W 3.0 3295 2397 73
Evansville IN S 3.8 3795 2231 59
Ft Wayne IN S 4.5 4124 2344 57
Fresno - CA W 3.0 3355 2149 64
Hartford CT S 4.5 4161 2352 57
Helena MT S 3.8 4489 2564 57
Honolulu HI T 3.8 2680 2134 80
Houston TX T 3.8 3093 2049 66
Jackson MS W 3.8 3307 2045 62
Jacksonville FL T 3.8 3117 2195 70
Knoxville N W 3.8 3504 2109 ~5¢
Las Vegas NY W 3.8 3260 2462 76
Lexington KY Gs 3.8 3835 2297 60
Little Rock AR W 3.0 3424 1972 58
Los Angeles CA T 3.8 3485 2515 72
Madiscn WI S 4.5 4392 £596 59
Medford OR 5 4.5 3958 2363 60
Memphis ™ W 3.8 3488 2168 62
Miami Fi. T 3.8 2739 2118 77
Mobile AL T 3.8 3177 2118 67

100
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Conventional Net Fuel %

3 Size Fuel Use Displaced Solar
City Type”  {sq m) {kWh) (kWh) Fraction
New Orleans LA T 3.8 3126 2123 68
New York NY as 3.8 3886 2353 Bl
Newark NJ Gs 3.8 3908 2346 60
Norfotlk VA W 3.8 3613 2223 62
Qakland CA T 3.8 3721 2397 64
Omaha NE -5 4.5 4151 2684 65
Orlando FL T 3.8 2939 2172 74
Philadeiphia  PA Gs 3.8 3870 2340 60
Pittsburgh PA Gs 3.8 4096 2147 52
Portland OR Gs 3.8 3977 2045 51
Raleigh NC Gs 3.8 3625 2423 67
Rapid City SD S 3.8 4301 2649 62
Reno NY S 3.8 4154 2945 71
Roanoke VA Gs 3.8 3797 2454 65
St Louis MO S 3.0 3698 2055 - 56
Salt Lake City UT S 3.8 4062 2701 66
San Antonio TX T 3.8 3098 2198 71
San Diego CA T 3.8 3423 2514 73
Seattle WA W 6.0 4061 2139 53
Shreveport LA W 3.8 3255 2156 66
Springfield MO ) 3.0 3687 2004 57
Syracuse NY S 4.5 4220 2182 52
Tucson Az S 3.8 3152 2322 74
Tulisa 114 Gs 3.0 3468 2179 63
Washington DC Gs 3.8 3916 2372 61
Wichita KS S 4.5 3759 2656 71
NOTE:

a- D - drainback

Gr- glycol, regular surface
Gs- glycol, selective surface
S - silicone

T - thermosyphon

W - draindown
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APPENDIX C-2. Energy Data for Optimum Solar/Gas Systems

Conventionaib Net Fuel % b

3 Size Fuel Use Displaced Solar
City Type {sq m) {(MBtu) (MBtu) Fraction
Albugquerque NM S 3.0 - 17.07 12.15 71
Amarillo TX Gr 3.0 16.92 6.94 41
Atlanta GA W 3.0 16.07 9.18 57
Augusta ME S 3.8 20.47 11.21 .55
Bakersfield CA W 3.0 14.61 10.10 69
Baltimore MD Gr 4.5 17.51 10.64 61
Birmingham AL W 3.8 15.67 10.55 67
Bismarck ND S 3.8 20.85 12.32 59
Boise 1D S 3.8 18.52 12.03 65
Boston MA Gs 4.5 - 18.42 11.48 62
Burlington VT S 4.5 20.12 10.76 53
Casper WY S 3.0 19.84 12.55 63
CharTeston Wy Gs 3.8 18.26 10.60 58
Charlotte NC W 3.8 16.15 10.91 68
Chicago IL S 3.0 18.58 g.55 51
Columbia SC W 3.0 15.41 9.48 62
Columbus OH S 3.0 18.36 8.68 47
Dallas TX W 3.0 14.74 9.47 64
Denver co S 3.8 18.71 13.63 73
Des Moines TA S 3.0 18.97 10.55 56
Detroit MI Gs 3.8 18.77 10.77 57
Dututh MN S 4.5 21.54 11.78 55
Durango Co S 3.8 17.57 12.80 73
E1 Paso - TX W 3.0 14.99 11.25 75
Evansville IN Gr 4.5 17.26 10.39 60
Ft Wayne 1IN S 3.8 18.76 10.32 55
Fresno CA W 3.0 15.26 10,18 67
Hartford cT S - 3.0 18.93 8.59 45
Helena MT S 3.0 20.42 16.52 52
Henolulu HI T 3.8 12,19 10.15 83
Houston X T - 3.0 14,07 9.20 65
Jackson MS W 3.0 15.04 9,32 62
Jacksonville FL T 3.8 14.18 10.91 77
Knoxville N W 3.0 16.35 8.87 54
Las Vegas NV W 3.0 14.83 10.73 72
Lexington KY Gr 4.5 17.45 10.27 59
Little Rock AR W 3.0 15.58 9.65 62
Los Angeles CA T 3.8 15.85 12.63 80
Madison WI S 3.8 19.98 11.90 60
Medford OR Gr 4.5 18.01 10.49 58
Memphis TN W 3.0 15.87 9.27 58
Miami FL T 3.0 12.46 9.44 76
Mobile AL T 3.8 14.45 10.73 74
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Conventional Net Fuel %
Size Fuel Use Displaced Solar
City Type {(sq m) {MBtu) (MBtu) Fraction
New Orleans LA T 3.8 14.22 10.61 75
New York NY Gs 3.8 17.68 11.22 63
Newark NJ Gr 4.5 17.78 10.33 58
Norfolk VA W 3.8 16.44 10.74 65
Oakland CA T 3.8 16.93 12.36 73
Omaha NE S 3.0 18.88 10.58 56
Orlando FL T 3.0 13.37 9.76 73
Philadelphia PA Gr 3.8 17.61 9.56 54
Pittsburgh PA Gr 3.8 18.63 8.83 47
Portland OR W 3.8 18.09 8.88 49
Raleigh NC Gs 3.8 16.49 11.43 69
Rapid City SD S . 3.0 19.57 11.00 56
Reno Ny S 3.0 18.90 12.73 67
Roanoke YA GS 3.8 17.27 11.69 68
St Louis MO Gr 3.8 16.82 10.31 61
Salt Lake City UT S 3.0 18.48 11.64 63
San Antonio X T 2.3 14.09 8.95 64
San Diego CA T 3.8 15.57 12.50 80
Seattle WA W 3.0 18.47 7.36 40
Shreveport LA W 3.8 14.81 10.33 70
Springfield MO Gr 3.8 16.77 10.50 63
Syracuse NY S 3.8 19.20 9.47 49
Tucson AZ W 3.0 14.34 10.61 74
Tulsa 0K Gr 3.8 16.22 10.32 63
Washington DeC Gs 3.8 17.82 11.22 63
Wichita KS S 3.8 17.10 11.89 70
NOTES:
a - D - drainback
Gr- glycol, regular surface
Gs- glycol, selective surface
S - silicone
T - thermosyphon
W - draindown

b - excluding pilot light use:

3.1 - 3.5 MBtu/year
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Annualized Costs and Savings for Solar/Etectric Systems

e ———— CostSmmmmmmmmmmmn e Savings-mme=—mn
City Operation Maintenance Capital Fuel Taxes Net
Albuquerque NM $57 $76 $462 $336 $384 $ 125
Amarillo TX 54 73 462 257 283 - &0
Atlanta GA 22 67 363 239 227 15
Augusta ME 59 84 505 334 3721 7
Bakersfield CA 33 62 3z7 235 249 62
Baltimore MD 31 88 427 255 260 - 3
Birmingham AL 18 64 363 218 271 44
Bismarck ND 50 89 505 267 387 i0
Boise ID 28 73 462 230 328 - 6
Boston MA 8z 91 598 320 565 114
Burlington YT 51 99 598 288 - 512 53
Casper WY 30 77 462 268 275 - 26
Charleston Wy 24 84 427 220 266 - 49
Chariotte NC 21 76 363 217 306 64
Chicago IL 69 72 462 288 278 - 38
Cotumbia SC 20 66 363 232 227 10
Columbus OH 38 100 427 250 294 - 21
Dallas X 20 58 363 213 222 - 6
Denver co 44 74 462 311 413 143
Des Moines IA 68 82 505 272 331 - 53
Detroit MI 54 101 427 352 291 62
Duluth MN 49 105 598 298 504 51
Durango €0 52 73 467 328 413 153
E1 Pasc X 24 89 327 240 200 - 1
Evansville IN 41 70 462 223 379 28
Ft Wayne IN 34 79 505 234 414 30
Fresno CA 36 63 327 238 249 61
Hartford CT 68 80 505 303 789 - B1
Helena MT 45 77 462 282 310 6
Honeclulu HI 10 50 327 321 239 173
Houston TX 7 48 327 248 200 67
Jackson MS 18 57 263 212 215 - 7
Jacksonviile FL 6 48 327 264 200 83
Knoxville ™ 14 73 363 197 214 - 39
Las Vegas NV 14 112 363 195 215 ~ 80
Lexington KY 25 87 427 221 262 - 56
Little Rock AR 2h 78 327 202 222 - 2
Los Angeles CA 6 48 327 304 249 171
Madison Wl 50 83 505 265 1) - 18
Medford OR 37 77 505 238 437 56
Memphis ™ 15 72 363 208 214 - 28
Miami FL 7 48 327 276 200 129a
Mobile AL 4 48 327 213 244 77
New Orleans LA 5 48 327 214 201 35
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------------ Costsmmmmwmmnnan- mmmmee = e SAYINGS m e e
City Operation Maintenance Capital Fuel Taxes Net
New York NY $77 $88 $455 $409 $362 $ 151
Newark NJ 46 92 455 331 271 . 8
Norfolk VA 21 73 363 214 307 64
Oakland . CA 8 48 327 298 249 164
Omaha NE 38 82 505 274 427 75
Orlando FL 6 48 327 245 200 64
Philadelphia PA 49 92 455 295 268 - 33
Pittsburgh PA 42 104 455 236 268 - 97
Portland OR 24 73 455 203 394 44
Raleigh NC 31 83 455 256 388 75
Rapid City SD 50 76 462 258 272 - 58
Reno . NV 63 77 462 379 269 44
Roanoke VA 31 87 455 275 385 87
St Louis MO 43 65 427 226 263 - 46
Salt Lake City UT 67 75 462 349 332 76
San Antonio TX 6 51 327 243 200 5%
San Diego CA 12 49 327 340 249 202
Seattle WA 12 87 470 183 275 - 110
Shreveport LA 19 54 363 208 223 - 5
Springfield MO 45 65 427 214 263 - 6l
Syracuse NY 40 80 505 236 401 11
Tucson AZ 46 77 462 261 435 110
Tulsa 0K 24 81 398 258 375 130
Washington DC 42 99 455 326 289 18
Wichita KS 52 80 505 302 458 123

NOTE:
a - includes rebate by electric utility, about 12% of investment
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APPENDIX  C-4. Annualized Costs and Savings for Solar/Gas Systems
~~~~~~~~~~ Costsmmmmmmmmnmm m»m---~-Savihgs——~~~«-—
City Operation Maintenance Capital Fuel Taxes Net
Albuquerque  NM $52 $67 $427 $140 $354 § - 52
Amariilo TX 35 93 377 120 231 - 1h4
Atlanta GA 22 60 327 104 205 -~ 101
Augusta ME 61 76 462 196 264 - 110
Bakersfield CA 33 62 327 119 249 - 5§
Baltimore MD 29 86 434 135 264 - 150
Birmingham AL 18 64 363 116 271 - B9
Bismarck ND 50 81 462 157 354 - 83
Boise 1D 28 73 462 161 328 - 75
Boston MA 54 96 455 143 430 - 32
Burlington VT 50 83 505 133 433 - 72
Casper WY 28 70 427 165 254 - 106
Charleston Wy 24 34 427 138 266 - 131
Charlotte NC 21 76 363 125 306 - 28
Chicago IL 64 67 427 109 257 - 192
Columbia SC 21 60 327 112 204 - 91
Columbus OH 56 66 427 114 294 - 140
Dallas TX 21 51 327 112 200 - 87
Denver Co 44 74 462 159 413 - 10
Des Moines IA 66 68 427 132 276 - 150
Detroit MI 54 101 427 140 291 ~ 150
Duluth MN 48 88 505 155 426 - 60
Durango Co 52 73 462 147 413 - 28
E1 Pasc TX 24 89 327 115 200 - 126
Evansvilie IN 24 87 434 113 355 - 77
Ft Wayne IN 35 72 462 120 379 - 70
Fresno CA 36 63 327 114 249 - 63
Hartford CT 65 67 427 122 244 - 193
Helena MT 43 71 a27 128 286 - 127
Honolulu HI 10 50 327 182 239 + 34
Houston TX 7 45 306 96 187 - 74
Jackson MS 18 52 327 100 198 - 100
Jacksonville FL 6 48 327 130 200 - 51
Knoxvilie N 15 66 327 102 202 - 104
Las Vegas NV 16 88 327 105 194 - 132
Lexington KY 23 86 434 127 267 - 149
Little Rock AR 24 78 327 104 222 - 104
Los Angeles CA 6 48 327 162 248 + 29
Madison Wl 52 76 462 154 325 - 111
Medford R 23 81 434 133 375 - 29
Memphis TN 15 65 327 99 189 - 119
Miami FL 7 45 306 113 187 - 58
Mobile AL 4 48 327 124 244 - 11
New Orieans LA 5 48 327 131 201 - 48
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------------ Costgmrmmmmmnnnn= mmmm = SAViNGS s

City Operation Maintenance Capital Fuel Taxes Net
New York NY $77 $83 $427 $165 $339 § - 82
Newark NJ 42 86 434 133 259 - - 171
Norfolk VA 21 73 363 130 - 307 - 20
Oakiand CA 8 43 327 143 249 + 9
Omaha NE 36 69 427 121 361 - 50
Orlando FL 6 45 306 116 187 - 53
Philadelphia PA . 45 80 406 118 238 - 175
Pittsburgh PA 39 92 406 108 238 - 190
Portland 0R 16 68 363 107 314 - 27
Raleigh NC 31 77 427 142 364 - 30
Rapid City sD 46 70 427 141 251 - 150
Reno NV 63 70 427 166 248 - 146
Roanoke VA 31 82 427 159 361 - 20
St Louis MO 26 33 406 124 250 ~ 140
Salt Lake City 62 68 427 129 306 - 122
San Antonio TX & 42 285 93 174 - 65
San Diego CA 12 49 327 149 249 + 10
Seattle WA 13 60 327 85 192 - 124
Shreveport LA 19 54 363 109 223 - 103
Springfield MO 27 83 406 114 250 - 152
Syracuse NY 42 73 462 120 367 - 90
Tucson AZ 22 71 327 116 308 + 4
Tulsa 0K 22 75 406 107 382 - 14
Washington DC 42 83 427 161 271 - 130
419 - 35

Wichita ~ K§ 53 72 462 133
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APPENDRIX  (C-5, Measures of Temperature Stress, by City

Cold Heat-Stress Cold Heat~Stress
City Stress  Elec. . Gas City Stress Flec. Gas
Albuquerque 2356 255,5 139.1 Little Rock 911 0 0
Amarillo 2695 121.2  39.6 Los Angeles 0 .9 .9
Atlanta 368 0 0 Madison 7096 4.5 1.0
Augusta 7490 a 0 Medford 1317 57.1 9.5
Bakersfield 29 25.5 25.5 Memphis 518 .1 0
Baltimore 2053 .1 4 Miami G 1.1 1
Birmingham 294 0 0 Mobile 0 a 0
Bismarck 11163 27.7  24.2 New Orleans 0 .2 .2
Boise 2720 104.6 104.6 New York 1515 10.3 10.3
Boston 2380 14.5 4.5 Newark 2045 3.4 .2
Burlington 7264 8.1 .3 Norfolk 543 0 0
Casper 6770 65.7 30.8 Qakland 0 0 0
Charleston 1891 2.2 2.2 Omaha 5538 44,1 6.0
Chariotte 605 0 0 Orlando 0 .b 0
Chicago 3775 4.9 6 Philadelphia 2037 3.6 0
CoTumbia 354 0 0 Pittsburgh 3179 .6 0
CoTumbus 3308 3.1 0 Portiand 408 2.3 0
Dalias 77 2.9 1.0 Raleigh 945 13.4 13.4
Denver 5073 46.3  46.3 Rapid City 7125 12.8 3.9
Des Moines 5472 40.6 4.5 Reno 5142  163.3 86.5
Detroit 3432 2.4 2.4 Roanoke 1566 6.2 6.2
Dututh 11068 6.7 .6 St Louis 2171 4.4 2.1
Durango 3114 102.9 102.9 Salt Lake City 3762  140.0 74.0
E1 Paso 769 29.3 29.3 San Antonio 0 7.9 0
Evansyille 2091 6.1 1.9 San Diego 0 1.2 1.2
Ft Wayne 3845 6.5 1.8 Seattile 370 .7 0
Fresno ‘ 107 21.4  21.4 Shreveport 15 .6 .6
Hartford 4432 .5 0 Springfield 2236 63.7 1.9
Helena 7870 12.5 4.1 Syracuse 4492 .7 .1
Honoluly 0 3.6 3.6 Tulsa 1302 12.6 5.7
Houston 0 4 0 Tucson 8 478.4 42.4
Jackson 111 0 0 Washington 2600 6.0 6.0
Jacksonville 0 3 3 Wichita 2598 115.2 67.6
Knoxvilie 550 0 0
Las Vegas 380 77.9  50.1
Lexington 1979 6.8 4.5

Note: See Equations 45 and 46 in Appendix D for a formal derivation of the
cold and heat stress indices. See pages 36-37 and 42-44 for a discussion
of the reasons for their use. '



APPENDIX D. Formal Description of the Engineering Model

The engineering model operates for a chosen collector-storage system,
in each city, each month, for a representative déy that month. It operates
every hour or half hour during 24 hours to model 1) sun angle, 2) insola-
tion on the collector --- beam, diffuse, and reflected, 3) heat collected,
and lost in transport, 4) changes in stored heat energy, 5) fuel use for
heat, 6) operating energy, and 7) measures of temperature stress.

The model uses average climate data for a month. Therefore the net
change in stored energy over 24 hours is constrained to be negligible. The
calculation of useful solar energy begins with computing fuel needed to
heat hot water each month in a conventional water heater. The useful solar
energy collected, or fuel displaced, is the fuel used in a conventional
water heater, less that used in the solar/backup system.

The engineering model can be described in 46 equations comprising
seven sections. As written, these describe a system containing a solar
storage preheat tank and a (smaller) conventional fuel hot water heater.

A single tank system can be described without Equations 32-35 and by chan-

ging some subscripts referring to a second tank. The seven sections are

1) Engineering parameters constant over time #1~ 5,p. 110
2} Initial calculations for city and monthly loops 6 - 13 111
3) Insolation and air temperature at time t 14 - 20 113
4) Solar heat collection and.so1ar heat storage 21 - 31 116
5) Backup conventional heater and storage 32 - 41 121
6) Important monthly summaries 42 - 44 124
7) Temperature stress indices 45 - 46 125

109
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1. Engineering Parameters Constant over Time

The chief objective of this section is to determine FR’ the fraction
of heat induced by the solar radiation which is removed in the collector

1
fluid. Equation 1 is used in Equation 2, which is used in Equation 3.

(1) n = tagh M where M= L d [0/ (kt)

Ne is the fin efficiency, for heat transfer from the black absorber plate

(fins) to the tubes embedded in the plate. g%%—g- is the maximum distance

on the plate from a tube, where d is a tube's outside diameter and £ s
the center-to-center spacing between paraliel tubes. Uc is the weighted
(by heat collected) mean thermal conductance of the collector to its
surroundings, per unit collector area (see Egs. 27). The absorber plate's

thermal conductivity is k and its thickness is ¢ .

1/ (UC* L)
1/ A0 *(d + ng*[2-dD)} + 1/{n * h * d}

(2) F' =

F' is called the collector efficiency factor, the ratio of two thermal
resistances: that between the collector surface and the air, and that
between the fluid and its immediate surroundings. Again, UC is the col-
lector’s average thermal conductance, & is the tube spacing, and d s
the tube diameter. Ne is the fin efficiency from Eq. 1. The average film

heat transfer coefficient for convection by water in turbulent flow is h.

G*c -F '+
(3) Fp = -—[_;Ji w*=[1-»exp(n—c_g----;rféi)]

C
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FR is called the heat removal factor, and adjusts for the fact that the
absorber plate is not uniform in temperature. G is the fluid's flow rate

per unit of net {glass) collector area, c_ is the fluid's specific heat,

p
UC again is the coliector's mean conductance, and F' is the collector

efficiency factor from Eq. 2.

(4) U = m* d * 2 *H

Up is the thermal conductance of the pipes connecting the collector with
storage, measured in Watts/°K. The diameter of those pipes is dp, the

length of the pipes is Rp, and Hp is the thermal conductance of the pipes

plus their insulation, per unit area of pipe.

(6) U.=H_ *(A+2A + AS) /A

b b

Ub is the thermal conductance of the collector’s back and sides. Hb is the
average thermal conductance of the insulation there. A is the (net) area
of the glass on top, Ab is the area of the top border around the glass,

and As is the surface area of the Tour sides.
2. Initial Calculations for City and Monthly Loops

The objectives of this section are to determine 1} temperatures of the
cold water supply and the space surrounding the storage tanks, 2) fuel use
in a conventional water heater, and 3) numbers used often in the hourly
loop.

360°*n

(6) 1o = 1353 M2LLE s (14 .os4rcos [ T 1)
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Watts
sq m

Earth's orbit. The day of the year is n . (February 15 = 46 )

The sclar constant, 1353

» 1s adjusted for the elliptical shape of

(7) Ry = cos® {8/2)

The diffuse ti1t factor Rd is a function of the collector's tilt from the

horizontal, angle B . The equation assumes diffuse radiation is isotropic.

The month's average cold water supply temperature _Tg is assumed about

1_ = . -~
equal to the ground temperature a few feet down. Ta s Ta , and Ta,mo—l are
the respective mean temperatures for the year, the month, and the previous

month, for a particular city.

(9) Tb = 291°K + fa— Ta)/4

The (basement) temperature surrounding the storage tank(s) averages 64°F
and varies by several degrees over the year.

(Te- T

. gmo* g) + (24 hr)* Fl*(Ts" T
(10) Qd -

b)

W-hr
* 1.1628 ~——
Neg Cal

A day's fuel use in a conventiona] water heater is Qé. The heat transfer
efficiency from conventional fuel to stored water is Nep 3 heat not trans-
ferred to the water goes up the flue or heats the metal tank. Ts s Tg, and
Tb are the respective temperaturés of hot tap wéter, the cold water supply,

and the basement surrounding the storage tank(s). Fy is a heat loss factor
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for the hot water tank, based on its surface area and insulation. The

quantity of hot tap water used in a day that month is 9o

(11) R = p

2
r .m0 * cos?(R/2)

mo

Rr o is the reflection tilt factor. The estimated® average reflectance of

the collector’s surroundings that month is , and B is the collector's

Pmo
tilt angle from the horizontal.

(12) R = 3% ¢

Mo 1353 T

The average clearness over a month in a place, compiled by Knapp et al.®,
is adjusted as they suggest to compensate for an erroneous previous esti-
mate of the solar constant. RT is the compiled value and Rmo is the true
value.
-1

(

(13) SR = -SS = cos -tan L * tan 6m0)

The angles (east = 90° and south = 0°} at which the sun rises and sets are a

function of the latitude L and the sun's current declination amo‘“
3. Insolation and Air Temperature at Time t

The chief objectives of this section are to estimate the power of
insolation on the collector at a particular moment and the ambient air
temperature at that moment. First, the angle of the sun and the sky's
estimated clearness are used to compute the sun's estimated power on a

Tevel surface (Ih t). Then the three components of radiation --- beam or
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direct, diffuse or refracted, and reflected --- are multiplied by tilt

factors and summed to yield the sun's power on a tilted collector surface.

. = . & : + ¥ o
(14) sin « sin §,, * sinl Cos &, * cos L * cos w

t t

The angle the sun makes with a horizontal surface at some moment is at.5

The solar declination for the day is 6m0’ the city's latitude is L, and

the time in angular form is Wy o (10 AM = 30° and 1 PM = -15°)

(15) R _ sin 6m0 * sin{L-8) + cos 6m0 * cos(L-B) * cos wy
b, t sin o,

Rb t is the beam tilt factor at a given moment. The sun's declination for
]
the month is 6m0, the city's tatitude is L, the collector tilt is B, the

time in anguiar form is We s and Oy is the sun angle from Eq. 14.

(16) I, . = max (0, Ig * K * sina

) mo t)

Insolation at time t on a horizontal surface at ground level is a func-
tion of the solar "constant" IO’ the "clearness" (approximated by the mean

menthly clearness Rmo)’ and the sun angle Oy

- 2 - 3
(17) Id,t = Ih,t * (1,390 - 4.027 Ko + 5531 Rmo - 3.108 Kmo)
Diffuse insolation Id ¢ ona horizontal surface is given by the Liu-

Jordan regression.® Total inzolation I, ¢ is from Eq. 16 and Rmo is the

average monthly clearness from Eq. 12.
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(18) Ib,t = Ih,t - Id,t

Beam insolation 1 is total insolation Ih i less diffuse insolation.
1)

b,t

*.R

(19) 1 h,t r.mo

I + 1

*
bt Rb,t at Rg 1

c,t = d

Ic t is the total power of insolation on the collector per unit area.

Ib,t s Id,t , and Ih,t come from £qs. 18, 17, and 16 respectively. Rb,t .

Rd , and Rr mo 2re the respective tilt factors from Egs. 15, 7, and 11.
, _
Rr,mo contains Pog * which adjusts total insolation Ih,t to get reflected
insolation Ir,t'
(20) T, ¢ = Toin * (Tpax = Tpin) * sT0 (X ISR - w, J/[SR - SS]) by day,
_ _ SR - We

= - * 3 * 3

(ZQa) Tmin + (Tmax Tmin) sin M (SR 55T 360°) ti11 dawn,
_ _ _ SR - wy - 360°

= - * i

{(20b) Tmin + (Tmax Tmin) sin M * (SR S T 3E0° ) after sunset.
where M = 18007

13 + sin {(n°/2)}

Ta t in Egs. 20, 20a, and 20b is the estimated? ambient air temperature at
]

time t. Eq. 20 estimates the temperature between sunrise and sunset, fol-
Towed by Eq. 20b from sunset to midnight and Eq. 20a from midnight to dawn.

Thus, estimated temperature follows a sinusoidal form by day, but drops

linearly during the night. T and Tma are the month's average daily low

min %

and high temperatures. SR and $S, from Eg. 13, are the angles at which the

sun rises and sets. The time in angular form is Wy and n is the day of
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the year. Note the low temperature is at sunrise.
4. Solar Heat Collection and Solar Heat Storage

Since the model uses average weather data for ome day a month, on
average the change in heat stored over a day should be small. Also, heat
collection and storage temperatures determine each other interactively. So
a set of iterations continues for 24 hours until the change in storage tem-
perature over 24 hours is less than .2°K. (See Eq. 41.) The loop begins by
assuming the temperature in the solar storage tank is the same as the base-
ment's, the temperature in the backup tank is at the thermostat set point,
the temperatures of the air and the collector are the same, and the sun was

not up at midnight. The usual iteration period is half an hour.

L

1 pst-1
(21) T @ = 10K+ Ty oo+ ATe o % {5~ - .5) + )
c.t stl,t=1 fot-1 N, A* G * At * 4186 J/Cal
. At -
(21a) B TCst“l ¥ C ¢ (“C*Tc * Ic,t Uﬁ,tnl* [Tcst'1 Tast] )

Equation 21 describes the collector absorber plate temperature Tc,t while
the system pump is on. Equation 2la describes the temperature while it is
off, when qcst = 0 (see Egs. 28.) The plate is 1°K hotter than the fluid
flowing through it. Tstlgtml is the temperature in the preheat tank last
iteration, from Eg. 31. ATf,t-l (Eq. 30) 1is an approximation for the
fluid's rise in temperature as it flows through the collector. The effici-
ency of the heat exchanger is n.. L

X pyt-
the pipes connecting the collector with storage. A is the collector's net

1 {Eq. 23} is the heat loss from

area, G is tne fluid flow rate per unit area, and At 1is the time interval

of the simutation. In Eg. 2la, To -1 is the collector temperature at the
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FIGURE 14. Heat Exchangers

A B
Efficiency 1/3 : 2/3
Average Plate Temperature 66° 61°
60° = 4 70° 50° = € 70°
50° < 4 40° 40° ¥ = 60°
Heat Exchanger A Heat Exchanger B

last iteration, o, is the absorbance of the plate, T, is the transmit-

tance of the glass cover, Ic t is the insolation on the collector (from

Eq. 19), Uc -1 is the collector's thermal conductance per unit area (Eq.

27), T, 4 1s the outside air temperature (Egqs. 20), At is the iteration

time interval, and C is the thermal capacity of the collector per unit of
net collector area. Most of the time that the system is not on, the sun is

not up, so IC . 0 and Eg. 2la simplifies.

(22) v_,= (T

bt - 1°K) - (3 Ty * Ta,t)/4

Vp & is the average temperature gradient from the pipes connecting storage

with collector, to the surroundings of those pipes. The first term is the
average fluid temperature and the second is the average temperature around

the pipes. T Tb , and Ta ¢ are the temperatures respectively. of

c.,t ?
the collector's absorber plate (Eq. 21), of the basement (Eq. 9), and of

the outside air (Eq. 20).

=y * * At
(23) Lot = U™ oy
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Lp ¢ 15 the heat loss from the pipes. Up (Eq. 4) is the thermal conduc-
tance of the pipes per degree. Vp t (Eq. 22) is the average temperature
gradient around the pipes and At is the simulation time interval.

(24) F

b= P (g peg - Ty) * 4t

L1 t is the heat loss from the sclar storage tank. F1 is a loss factor,
proportional to the surface area and level of insulation. Tstl -1 {Eq.31)
and Tb (Eq. 9) are the respective temperatures of the tank and the base-

ment surroundings. At is the simulation time interval.

T ) W-hr

(28) Qqpp,pp = L1628 A)* (Toy vg - Tg) mar

The heat Qstl -1 stored in the solar tank's hot water is a function of
the volume of water stored Al and the temperature difference between the

stored water and the cold water supply. Cold Tg is the base temperature.

T.-T

T ) * e 4 * 1.1628

hr
(26) ¢ = g *g,* (T, - -
1,t mo t stl,t-1 g Tst23t—1 Tg

W
Cal

ql,t is the heat transferred from the preheat storage tank to the conven-
tional water heater tank, to compensate the latter for the water drawn for
end use. The fraction is the volume of hot water sent from the backup tank
compared to what would be sent, if the actual backup tank temperature were
the same as the set temperature Ts” The daily volume of hot water use is
Ino * and ¢ is the fraction of that volume used in this time interval.

T o Tg s Tstl,t=1 » and Tst2,t=1 are the temperatures of hot tap water,

cold water supply, water in the solar preheat tank, and water in the backup
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conventional water heater tank.

. 2 .2
(27a) U_ .= Ub + 310. . 3°44(Tc,t+ Ta,t)(Tc,t* Ta,t)
c,t 31 g
14.8 + TC,t*(Tc,t“ Ta,t) 10 |
| 2 ?
(275) = 2.72 % (To o+ Ta ) Te ¢t To )
c,t,27a 108

Fquation 27a is for a collector with a normal black absorber surface, while
27b is for a collector with a selective absorber surface {a low infrared
emissivity of about .10). The equation is a simplification from Duffie®,

assuming one ordinary glass cover, a constant wind speed of 4 meters/second

and a plate emissivity of .95 (Eq. 27a) or .10 (Eq. 27b). U 4 must be
measured in %%%%% and T's must be in °K. Ue ¢ is the collector's heat

conductance to the outside air. Ub (Eq. 5) is the conductance of the

collector's non-glass surface. T and Ta are the temperatures of the

t
absorber plate and of the surrounding air, from Egs. 21 and 20. U

c,t

c,t,27a
is the cht of Eq. 27a.

- * * -
(28) max { 0, A FR*(aC*TC 1 u

c,t *[Tc,t - Ta,t]) Poroat

qC,t Cit

9.t is the heat energy collected and transferred by the solar collector to
the fluid flowing through it during the simulation time interval At. As
long as the system operates properly, it does not heat the great outdoors
(0‘15 a minimum). A is the net collector area. FR {Eg. 3) is the fraction
of the absorbed heat carried away by the fluid. (The rest heats up the col-
lector.) T, is the fraction of incident Tight transmitted by the glass
cover tb the absorber plate®, and o is the fraction of that absorbed by

the plate. I Eq. 19) is the insolation on the collector per unit of

c,t (
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collector area. UC & (Eg. 27) is the collector's total conduc-

tance of heat to its surroundings. Tc " and Ta ¢ are the temperatures

3

of the absorber plate and of the ambient air.

(28a) If T then = 0.

c.t 3 Tstl,t-1 %%, t

This means that the pump turns on to operate the system only when the

collector is hotter than the water in solar storage.

(29) L L

Ut1,t ™ se1,e-1 % 9%,e " bp,e ~ 91,6~ bt

Qstl,t and Qstl,twl are the heat (usihg cold water supply temperature Tg
as a base} stored in the preheat tank, now and one iteration ago. Ac,t
(Eq. 28) 1is the solar energy collected and Lp,t is the heat energy lost
from pipes betweern collector and storage (Eq. 23). q15t (Eg. 26) is the
heat in the water sent from the preheat tank to the backup tank, and Ll,t

(Eg. 24) is the heat lost from the solar storage tank to its surroundings.

9.t~ Lp,t

{30) ATf,t T RFGC ¥ AL R 4186 J/Cal

ATth is the temperature decrease in the collector fluid from passing
through the heat exchanger. e, t (Eg. 28) is the heat collected and Lp,t
is the heat lost from pipes between collector and storage (Eq. 23). A is
net collector area, G the fluid flow rate per unit area, and At the time

interval of iteraticn.

0
- sti,t
(Bl) Tet1,6 ° Tg * T-Te28 % R, WeRv/CaT
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o

Tstl N is the_updated storage temperature in the preheat tank and Tg is
the base temperature,of the cold water supply. Qstl ¢ (Eq. 29) is the heat
4

in storage there and Al is the quantity of water stored there.
5. Conventional Backup Water Heater and Storage

The equations are similar to those in the preceding section, with two
main differences. Heat is added from the solar tank, not the collector.
Heat can also be added from the backup fuel, if the backup tank's tempera-
ture falls below the thermostat set temperature, modelled by Egs. 36-39.
(32) L = F2 * (T * At

2.t st2,t-1 = Tb)

Lz‘t is the heat loss from the conventional backup tank and the pipes
connecting it to the preheat tank. F2 is a heat loss factor, a function of
the surface area of the tank (and pipes)} and the insulation level(s). The

water temperature in the backup heater is T {Eq. 35 or 39} and the

stZ2,t-1
basement temperature is Tb‘ At is the iteration time interval.

-T) W-hr

(33) = 1.1628 * 9o * g . o) cal

%,t = *

t
9 ¢ is the heat drawn from the backup tank, to be used for showers and so
forth. 90 and g, are the average daily volume of water use and the frac-
tion used during this iteration. TS and Tg are the hot and cold tap water
temperatures {thermostat set and water supply temperatures). Implicit in
the eqqation is a corresponding reduction in quantity drawn for any in-

crease in backup water temperature above the set point, by use of a mixing

valve between the water heater and the hot tap water supply.
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L

B34 Qa6 = Qpz,ee1 * 91,0 = 9,¢ ~ Ly

QStzst and Qstz,t—l are the heat energy stored in the backup water heater,
now and one iteration ago. The heat received from the preheat tank is 9.t
(Eq. 26), the heat sent to end use is Gy 4 (Eq. 33), and the storage loss

for the backup water heater is L, . (Eq. 32).

- W-hr
(35) Tst22t - Tg * QstZ,t / (1.1628 * Ay Ca1 )

Tstz ¢ is the temperature of the water stored in the conventional backup
water heater and Tg is the water supply temperature. Qst2 t is the heat
stored in the water (Eq. 34) and AZ 1s the volume of water in the backup

tank.

1f Tstz,t

the backup tank 1s already hot enough, do not go through the heat add loop.

> TS then go to Equation 40. That is, if the water in

W~hr

(36) g, , = min {A, * (T~ T ) * 1.1628 3oy, R * At

S stZ,t

Ga.t is the quantity of heat added by the backup energy source. Az is the

amount of water in the backup tank. TS and TSt2 ¢ are the temperatures of
@

hot tap water (set by the thermostat) and the water currently in the backup

(conventional) tank. At is the iteration time interval and Rf is the rate

at which the fuel supplies heat to the water in the tank.

(37) Qt2,¢ = %2t (o1d) * Yat
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Heat Oa.t (Eq. 36) is now added to the heat already in the tank
(Eq. 34). |

QstZ,t

(38) Ee ¢ = Ga,¢/ Nef
P is the fuel energy expended by the backup heater. q_ 4 (Eq. 36) is
the heat added by the burner or coil to the stored water and Nep is the

net heat transfer efficiency, after flue losses and heating the tank metal.

W-hr )

(39) T T > TaT~

/ (1.1628 * A

st2,t = g Tt Qstot

This repeats Eg. 35 for backup storage temperature, after heat is added.

From here on, control operations in the computing loop are important.
The heat add loop (Eqs. 36-39) is finished, so these operations apply to
all iterations, whether or not the backup water was already hot enough.

(40) E = Pp *M* AL + y E

il 1+

Ep,n is the electrical energy to operate the system's pump(s). Pp is the
pump's power consumption and At is the iteration time interval. M =1
when the pump is on; M = 0 otherwise. The pump is on when 9e,t > 0.
(See Egs. 28a and 28.)

Here ends the loop which began at Egation 21. One of three things hap-
pens. 1) If t < t,+ thhr s
control returns to Eq. 21. But if 24 hours have been completed, one of two

then time is incremented by At and

things happens. 2) If TS“’0 # Tstl,t + ,2°K ,  then the loop begins
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again at Equation 21, with sums set to zero, tine t = tO’ and

(41) T T T

st1,0 (new) = 'st1,0 (o1d) ¥ 14 ¥ [Toen ¢~ Toe1,0 (014

where Tstl,o (new) s the new beginning storage temperature for this Toop,
based on the previous initial storage temperature Tstl,O (01d) for the
solar storage tank, and on the solar storage tank temperature at the end of
the Toop just completed, Tstl,t (Eq. 31).

3) If Tstl,O = Tstl,t t .2°K, then the iterations for the typical

day in a month are finished, and monthly summaries are computed.
6. Important Monthly Summaries

Several monthly summaries are computed, two of which are output for
the.use of the economic model. Only one other, excess solar energy, is
presented here. The model also calculates several efficiency measures,
such as solar fraction.

tot24/At
(42) E = Ecq * ) Eon
n=t0
Eop,d is the operating energy for the day. The first term is the day's
oberating energy for the controller and sensors. The second, the sum, is

the energy used for pumping during the day. (See Fq. 40.)

t0+24/At
() 0 4= 0 - I .,
n=t0
Fossil fuel displaced - Qs 4 - is the fuel needed for a conventional

water heater (Eq. 10), less that expended by the solar backup water heater
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in a day {see Eq. 38).

t0+24/At

(44) X, 4= 7

S,d qC,t QS,d

n=t0

Xs q is the excess solar energy collected. 9t is the solar energy
collected over 24 hours (see Eq. 28) and Qs d is gross conventional fuel

displaced (Eq. 43).
7. Temperature Stress Indices

Subfreezing temperatures can cause burst pipes and broken coilectors.
High operating temperatures can cause a variety of problems, by speeding up
corrosive chemical reactions and by differential expansion of materials.

The hot and cold stress indices below give a rough measure of the stresses.
12 277°K - T
(45) F = 3 * (max {0 , To%

. min,mo ) )1.5
mo=1

n
mo

FC is the index of cold stress and o is the number of days in a particu-

lar month. T is the average daily low temperature for the month in a

min,mo
place. 277°K = 38.9°F = 3.84°C. Fo is the index for a particular city c.

12 t0+24/At ( 2

(46) H. = mozlnmo ¥
n=t

max {340°K, TC n} - 340°K)

(1°K)2 * (12 * 30 * 24/At )
0

HC is the index of heat stress and N is the number of days in a month.

0

Teon is the temperature of the collector's absorber plate at time n, from

Eq. 21. At is the jteration time interval. 340°K = 152.3°F = 66.84°C.

HC is the heat stress index for a particular size and design, in a parti-

cular city.
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Notes for Appendix D

1. See Frank Kreith and Jan Kreider, Principles of Solar Engineering
{Hemisphere Publishing, Washington, 19787, pages 203-217 for derivations
of Equations 1, 2, 3, and 28. See also pages 61, 77, and 78 for deriva-
tions of Equations 6, 7, 11, and 15.

2. Estimated reflectances for each city for each month are based on this
author’s estimate of the proportions of greenery, snow, sand, and so
forth in the vicinity of homes by time of year. They are based also on
the reported reflectances of materials in Table A2.7 in Principles of
Solar Engineering. Estimates range from .18 for SeattTe in July with
abundant dark conifers to .51 for snowbound Duluth in January. Esti-
mates for southern cities show 1ittle variation over the year. Desert
cities generally have a higher estimated albedo than places rich in
vegetation.

3. Data on average monthly clearness, K. , as well as average daily Tow
and high temperature each month in about 200 cities, are compiled by
Connje L. Knapp, Thomas L. Stoffel, and Stephen D. Whittaker in the
Insolation Data Manual {Solar Energy Research Institute, Golden Colorado
- available from U.S. G.P.0. in Washington DC (SERI/SP-755-789), 1988).
The Manual also includes insolation and other data.

4. See Kreith and Kreider, op. cit., page 60 for derivation.
5. See Kreith and Kreider, pages 45-50 for derivation.

6. See Kreith and Kreider, pages 76 ff. for a summary of Liu and Jordan's
findings.

7. The estimated daily temperature profile, particularly during hours when
the sun is up, is the best graphical fit to hourly temperature reports
averaged over at Teast a twelve day period, in three different months
each in 1974, in three different cities. Reporting newspapers were the
Denver Pgst, the Minneapolis Tribune, and the St. Louis Post-Dispatch.

8. See J. A. Duffie and W. A. Beckman, Solar Energy Thermal Processes
(dJohn Wiley & Sons, New York, 1974), pages 125-135 and page 83. With
large variations in wind speed as well as temperature, UC ¢ can vary

$

by a factor of two during daylight hours. This formulation captures
much of that variation.

9. The fraction of Tight transmitted by glass is virtually constant for
angles of incidence less than 45°, which characterizes most beam insola-
tion which affects the collector much, and most diffuse insolation.
Together these usually account for over 90% of collector insolation.

See Duffie and Beckman, op. cit., pages 112-117 for further details.
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Grumman Energy Systems

Solar Energics of Ca]iforhia

{Noe Sa1inas)_

Electric and Gas Utilities with Price Data

NM

TX

GA

ME

CA

MD

AL

ND
1D

MA

VT

WY

WY

NC

Pubiic Service Co of New Mexico

Gas Company of New Mexico

Southwestern Public Service
Energas

Georgia Power
Atlanta Gas Light

Central Maine Power

Petrolane Northeast Gas Service

Southern California Edison
Southern Catifornia Gas
RBaltimore Gas & Electric

Alabama Power
Alabama Gas

Montana Dakota Utilities
Idaho Power

Intermountain Gas

Boston Edison
Boston Gas
Commonwealth Gas

Green Mountain Power
Vermont Gas System

Pacific Power
Northern Utilities

Appalachian Power
Columbia Gas of West Virginia

Duke Power
Piedmont Natural Gas

{T Michael Lechner &
Pamela S McKeever)
(Marchele Hise)

{Gerald J Diller)
(Robert F Stephens)

{Bruce W Holcombe)
(T W Bradley)

{Frederick E
Anderson)

(Warren Ferguson:
Rosemead )
( Los Angeles)

{Oscar E Walker)
(Martin A E1f)

(R L Jacobsen)

(L F Spencer)

(Susan Koehler
Kennedy)

{Dena Lehman)

(Lloyd F Pomykata)
{J W Kennedy)

(Barbara G Yarbrough)
(Paul C Gibson)



Chicago

Columbia

Columbus
Dallas

Denver
Des Moines

Detroit

Duluth

Durango
E1 Paso

Evansville

Fort Wayne

Fresno

Hartford

Helena

Honoluiy
Houston

Jackson

Jacksonvilie

IL

SC
OH

X

co
IA
MI

MN

co

TX

IN

CA
cT

MT

HI

X

MS

FL
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Commonwealth Edison
Northern I11incis Gas

Seuth Carolina Electric & Gas

Columbus & Southern Ohio Electric
Columbiea Gas of Ohip

Texas Power & Light
Lone Star Gas

Public Service of Colorado
Iowa Power & Light

Detroit Edison
Michigan Consolidated Gas

Minnescta Power
Minnegasco
La Plata Elsctric

People's Natural Gas

ET Paso Electric
Southern Union Gas

Southern Indiana Gas & Electric

Indfana Michigan Electric
Northern Indiana Public Service

Pacific Gas & Electric

Northeast Utilities
Connecticut Natural Gas

Montana Power
Great Falls Gas

Hawaiian Electric
Gasco, Inc,

Houston Lighting & Power
Entex

Mississippi Power & Light
Mississippi Yalley Gas

Jacksonville Electric Authority
People’s Gas System

(R E Elyea)
(Bruce W Gilbert)

(R E Gordon)

{William R Forrester)
{Norman R Millard)

(E F Lewis)
( Duncanville)

(Jim Jordan)

Sharon D Grider)
W T Strang)

(
(
{Joseph Klenken)
{ Minneapolis)

(Carolyn B Chacon)

(J Parker)

Charles J Roncaioli)
Harry Kraiza, Jr)

{Cecil A Orr &
William J Valach)

(Sheila Rice)

{Tom Kobashigawa)

(Candace Martin)

{Lee W Hendrick)

{Gail Blackburn)

{Dan R Poutney)
( Tampa)



Knoxville

lL.as Vegas

Lexington

Los Angeles

Little Rock

Madison

Medford

Memphis

Miami

Mobile

New Orleans

New York
Newark

Norfolk
Oakland

Omaha

Orlando

Phiiadelphia

TN
NV

KY
CA
AR
W1
OR
™
FL

AL

LA

NY
NJ
YA
CA

NE

FL

PA

133

Knoxviile Utilities Board

Nevada Power
Southwest Gas

Kentucky Utilities
Columbia Gas of Kentucky

Department of Water and Power
Southern California Gas

Arkansas Power & Light
Arkansas Louisiana Gas

Madison Gas'and Electric
Wisconsin Power & Light

Pacific Power & Light
CP National

Memphis Light, Gas & Water Division
Florida Power & Light

Peopie's Gas System

Alabama Power
Mobile Gas Service

Louisiana Power & Light

New Orleans Public Service
Consolidated Edison Co of New York
Public Service Electric & Gas
Virginia Electric & Power

Pacific Gas & Electric

Omaha Public Power District
Metropolitan Utilities District
Orlando Utilities Commission

People's Gas System

Philadelphia Electric
Phitadelphia Gas

(J R Carpenter)

{(Bob Rasins)

{$ A Omer)
(Robert J Colin)

(Ralph E Carlson)
{Alan C Hardy)

{(Richard A Ziegler)
{Chuck Cleary)

(D E Derthick)
{Dan Poutney)
Tampa )

(
% Birmingham)

Frederick R.
Crawford)

(Polly S Mayfield)
(Nelson J Daigle Jr)

{Harry T Bowman)

(J Parker)
{ Fresno)

{(F W Woolstrum)

(George M Standridge)
{Dan Poutney)
{ Tampa)

(Walter D Germand)
(Joseph J Hopkins 5r)



Pittsburgh

Portland

Raleigh

Rapid City

Reno

Roancke

St. Louis

Salt Lake City

San Antonio
San Diego

Seattle
Shreveport

Springfield
Syracuse

Tulsa

Tucson .

Washington

Wichita

PA

OR

NC

SD

NY
VA

MO

MO

NY

0K

A7

e

KS
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Duguesne Light
Equitable Gas
Peoples Natural Gas

Portland General Electric
Pacific Power & Light
Northwest Natural Gas

Carolina Power & Light
Public Service Co of North Carolina

Black Hills Power & Light
Montana Dakota Utilities

Sierra Pacific Power

Appalachian Power
Reanocke Gas

Union Electric
Laclede Gas

LUtah Power
Mountain Fuel Supply

City Public Service
San Diego Gas & Electric

Seattle City Light
Washington Natural Gas

Scuthwestern Electric Power
Arkansas Louisiana Gas

City Utilities of Springfield
Niagara Mohawk

Pubiic Service Co. of Oklahoma
Oklahoma MNatural Gas Co.

Tucson Electric Power
Southwest Gas

Potomac Electric Power
Washington Gas Light

Kansas Gas & Electric
Arkansas Louisiana Gas
The Gas Service Lo.

{Mike O'Keefe)
{Diane S Meyer)

(Mark R Starrett)

(Gregory A Cagle)
{Neison Britt)

(Sharyl Milegich)
(DaTe L Stoepker)
{Doug Harju}
(Terrence C McMahon)

(Alan Cooper)
{Gaynor E Pearson)

{Yern Lange)
(James E Frank)

{Jane Soder)
{Woody Wheeler)

(Walton Lynn)
{A A Warwick)

(Glenn Fenner)

(Claire D Cummings)

{Bob Dempster)
(Karen Taylor)

{Bob Rasins)
{ Las Vegas)

{Terry L Stang)
{Jack M Cline)



