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CHAPTER 1 INTRODUCTION

1.1 Background

Within recent years, the world has become increasing-
ly aware of the delicate balance existing between the sup-
ply of fossil fuel energy and its rate of comsumption. In
the United States, this awareness has been prompted by
events such as the 1973 o0il embargo and the mnatural gas
curtailments in the winter of 1976-1977. 1In light of this
dilemma, government and industry are searching for alter-
native sources of the energy we consume, such as nuclear
fusion, solar, wind, and geothermal. The future of these
alternatives rests on overcoming the technical, environ-
mental, social, and economic barriers associated with any
young technology. When the task is to provide a nation
with a long=-term renewable supply of energy, these barri-
ers are very imposing. It has Dbeen variously estimated
that the combined contributions of nuclear fusion and so-
lar energy will probably not exceed 10% of the U.S5. energy
requirement until 2000-2010.

In the near future, though, low-temperature applica-
tions of solar energy could significantly reduce the na-
tional energy demand for conventional fuels [1]. In par-
ticular, water heating, space heating, and air condition-

ing comprise about 25% of the national energy demand. The



technology for applying solar energy to space and water
heating i1s well known and has been successfully demon-—
strated throughout most the U.S. Air conditioning with
solar energy, though not as developed as space heating,
has also been demonstrated.

The major barrier facing low temperature applications
of solar energy today is one of economic viability. There
are undoubtedly instances in which economic considerations
are unimportant. There are individuals who have very
uneconomical solar heated residences on the basis of eco-
logical or social appeal. However, in a free enterprise
society, solar energy will gain widespread acceptance only
if it can economically compete with conventional energy
sources.

There are many factors which influence this economic
comparison. One of the most important is the cost of con-
ventional fuel energy. This cost, and its inflation in
the future, is in turn determined by a host of other fac-
tors. General inflation, fossil fuel supply and supply
predictions, governmental directives, and the policies of
0il producing nations combine to make fuel price predic-
tions difficult. Since the economic viability of solar
energy depends so strongly on future fuel prices, the ac-
curacy of an economic analysis is limited by the accuracy

of these predictions.




Another important factor inm an economic comparison 1is
the cost of solar energy system components. These costs
will be determined largely by the success of the currently
struggling solar energy industry. Tmprovements in compo-
nent design, manufacturing techniques, and installation
methods could reduce current price levels and enhance the
economic attractiveness of solar energy systems.

The federal and state govermments can also influence
the economics of solar energy, e.g. 12,3]. As of 1976 al-
most half of ﬁbe states have enacted legislation providing
tax incentives for solar energy users, including sales and
property tax exemptions. Federal programs, such as income
tax credits and low interest loans can make an otherwise
uneconcmical solar heating system decidedly economical.

Widespread wutilization of solar energy will be real-
ized only if the overall economic scenario facilitates 1its
effective competition with conventional fuels. Since the
décisions governing this economic scenario are largely po-
litical, there is little that the individual citizen can
do to affect the economic viability of solar energy. How-
ever several groups have recently conducted analyses which
show that, in many circumstances, residential solar heat-
ing systems can be economically competitive with conven-
tional fuels, depending on the location and economic situ-

ation of the individual wuser, e.g. [4,5]. The overall de-



velopment of solar energy will be hampered unless there is
a straightforward method by which an individual can evalu-
ate the suitability of solar energy to his particular sit-

vwation. This thesis is meant to provide such a method.

1.2 Objectives

The main objectives of this thesis are:

1) To present a method by which the architect,
engineer, or homeowner can evaluate the ec-
onomic viability of a solar space and/or
domestic water heating system in terms of
the 1life cyvcle savings of the solar heating
system over the conventional Theating sys-
tem.

2) To develop a simple and straightforward
procedure for determining the optimum solar
system collector area and corresponding
load fraction supplied by solar emnergy.

Any type of economic analysis for solar heating sys-
tems requires knowledge of the long-term solar system per-
formance. The f-chart method as developed by Klein, et
al. [6,7,8,9,10] is capsulated in Chapter 2. This design
procedure uses monthly meteorological data, monmthly heat-
ing loads, and collector characteristics to estimate the

annual fraction of the heating load supplied by seclar en-




ergy. The general methods described in this thesis do not
rely specifically on the f-chart design method. However,
the method is used to generate the tables of Appendix C.

L.ife cycle cost analysis has grown to become a stan-
dard method for evaluation solar heating system economics.
The federal government has fostered and used many life cy-
cle cost analysis studies, and most solar energy system
computer design programs use it for economic assessment.
The explicit model presented in Chapter 3 is based on that
of Ruegg [11], and includes costs for system components,
loan amortization, operating expenses, and taxes. The re-
sult of this analysis is the 1ife cycle savings of a solar
heating system over a conventional system. The explicit
model is then collapsed into a compact and flexible form
by introducing two economic parameters, P; and Po.

Using the parameterized life cycle savings -equation,
and the f-chart design method, Chapter 4 develops a
non-iterative tabular method for optimizing the solar sys-
tem design to yield the maximum life cycle savings. This
optimum system design is a function of location, collector
type, and one economic parameter. As an extension of this
optimization procedure, the critical economic condition is
defined as the economic condition at which the life cycle
cost of the optimum solar system design equals that of the

conventional system. A similar tabular method for deter-




mining this critical condition is developed. Appendix C
presents a set of tables for domestic water heating sys-—
tems and combined space and domestic water heating systems
with both air and 1liquid transfer mediums. Tables for
each of these systems corvesponding to a typical omne cover
selective surface collector, two cover non-selective sur-
face collector, and two cover selective surface collector
are given for 19 U.S8. locations. A more complete set of
tables can be obtained by contacting the University of

Wisconsin Solar Energy Laboratory.




CHAPTER 2 Thermal Analysis

2.1 General Considerations

The purpose of any type of heating system is to meet
a heating load. The design of a conventional heating sys-
tem is determined by the maximum heating load that could
be encountered in a heating season. This heating load de-
‘pends only on the building envelope and the design weather
condition. Theoretically, a solar heating system could be
designed 1in the same manner by sizing the solar system to
meet the largest anticipated heating load. Unfortunately,
this would in general require a very large collector area
and dintroduce prohibitive costs. As a result, a solar
heating system will usually be designed to meet only a
fraction of the total load, with a backup heating svystem
providing the remainder.

The sizing of a solar heating system 1s then a matter
of economics. The economic analysis, in turn, will be
strongly influenced by the long-term thermal performance
of the solar heating system, which is a complicated func-
tion of the specific system design, metecrological condi-
tions, and the heating load (also dependent on meteorolog-
ical conditions). In general there are three sources of
the necessary system performance information: 1) experi-

mental data, 2) computer simulations, 3) simplified desigmn
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procedures. This section deals with the applicébility of
each of these sources of performance information for eco-
nomic analyses.

Accurate data from carefully monitored system instal-
lations 1s the best source of performance information.
This data reflects system response to actual weather and
load conditions without the assumptions, approximations,
or generalizatiocns of simulations or design procedures.
Unfortunately, there is very little data available, and
only a fraction of it is meaningful. There are currently
thousands of solar heating systems operating in the United
States, but most have been in operation a relatively short
period of time, and only a handful thave produced wuseful
data. Of the data that has been collected, much of it 1is
either obtained from mon-standard, experimental systems or
riddied with =errors, 1nconsistencies, and information
gaps.

With the striking lack of experimntal data, perform-
ance information can be obtained from computer simula-
tions. This method is based on mathematical modelling of
the solar heating system, the heating load, aad the inter-
action with meteocrological conditions. Using actual hour-
ly weather data, the algebraic and differential equations
can be solved as a function of time. There are currently

several such programs in general use, e.g. TRNSYS [12].



The method of computer simulation is a powerful re-
search tocl that facilitates detailed study of both short-
and long-term system performance. However, simulations
are impractical as a general design tool for several rea-
sons. First, the expertise required for modelling solar
heating systems exceeds that of the typical architect or
engineer in the Dbuilding industry. Second, simulation
programs generally require large computing facilities mnot
common to the building industry. Third, repeated simula-
tions necessary for optimal system design c¢an be expen-
sive.

Simplified design procedures, on the other hand, are
quick methods of estimating solar system performance.
These methods have been developed using the general knowl-
edge gained from computer simulations. The investigation
of many simulations often reveals that the long-term per-
formance of a solar system 1s insensitive to some parame-
ters, or simply related to others. By observing the
trends which result from extensive simulations, simple
methods <can be developed by taking advantage of
rule-of-thumb generalizations and semi-empirical correla-
tions. The results can often be presented as nomograms,
or simple algrebraic relations which can be solved cn a
hand~held calculator. These simplified methods are the

obvious choice for solar heating system economic analysis.
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2.2 The f-chart Method

Klein, et al. have developed a simple method for es-
timating the long-term thermal performance of standard so-
lar heating systems [6,7,8,9,10]. This procedure, re-
ferred to as the f-chart method, is applicable to the
standard domestic water heating system configuration shown
in TFigure 2-1, and the standard combined space and
domestic water heating systems shown in Figures 2-2 and
2-3. The method uses monthly average meteorological data,
average mwmonthly heating loads, and collector characteris-
tics to estimate the monthly load fraction supplied by so-
lar energy, f. The annual load fraction, F, can be calcu=~
lated from the monthly fractions and corresponding monthly
loads.

The f-chart method is based on hundreds of “thour by
hour «computer simulations of the standard system configu-
rations over a wide range of design variables. The re-
sults of these simulations were correlated to two
dimensionless parameters, X and Y, related to the ratio of
a reference collector loss to the load and the ratio of
the absorbed energy to the load, respectively. The spe-—
cific correlation, as well as the form of the
dimensionless parameters, depends on the type of solar

system.
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For space heating systems, the dimemsionless parame-

ters take the following form.

F'U_A(T -T YAt
X = R "L Zref A (2-1)

Fﬁ (T&)HAS (to)

Y= i (Toc)n (2-2)
where

A is the collector area

FR' is the «c¢ollector-heat exchanger efficiency
factor

[ is the monthly heating load

S is the monthly total radiation incident on
the collector surface per unit area

TA is the monthly average ambient temperature

Tref is a reference temperature chosen to be 100°C

At is the length of the month in appropriate
units (usually seconds or hours)

UL is the collector overall energy loss coeffi-

cient

(Ta%lis the transmittance-agbsorptance product of
the collector for radiation at nermal inci-
dence

(ta) is the ratio of the monthly average
(Tu)n transmittance—absorptance product to the
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transmittance—absorptance product at normal
incidence

The collector-heat exchanger efficiency factor, FR',
accounts for the performance penalty resulting from a heat

exchanger between the collector and the storage medium.

Tt is related to the collector heat removal factor, FR’
fo,12].
Fo A : -1
P/ o= 1+ — ‘(mfp)cmz" (2-3)
R R {the ) e (the )
p'e c p’m
where

(ﬁcp) is the collector fluid capacitance rate

(me ), is the minimum of the collector fluid
P capacitance rate and the storage £fluid
capacitance rate

€. is the heat exchanger effectiveness

For systems in which a heat exchanger is not required,
such as air based systems or drain down liquid based sysg-
tems, FR'/FR = 1.

The groupings FR(Tﬂ)n and FoU, are often called the
collector characteristics. The values of these parameters
can be obtained from standard collector performance tests
in which collector efficiency is plotted against
(Ti_TA)/IT“ (Ti is the collector fluid inlet temperature
and IT is the rate of total insaealation on the cellector

surface.) On these graphs, an example of which is shown
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in Figure 2-4, FR(Ta)n is the value of the collector effi-
ciency when (Ti_TA) = {, and FRUL is the absolute value of
the slope. While the data often exhibits some curvature,
it can usually be closely approximated by a straight line.

The ratio (?&)/(T@)n can be estimated by the methods
described im vref. [9,10]. In most cases though, for
months during the heating season, and for collectors ori-
anted directly towards the equator tilted at am angle
within 15° of the latitude, this vratio 1is approximately
0.94 for collectors with two covers, and 0.96 for one cov-
er.

The monthly load fraction, f, has been correlated to

¥ and Y by the feollowing algebraic expression.

2 2 3
= + + + + -
f ClY C2X C3Y C4X CSY {(2-4)

0<X<18

0£Y=<3.3

The constents for liquid and air based systems are

Liquid Alr
Cq 1.029 P.04
02 -0.065 -0.065
C3 -0.245 ~-0.159
C4 0.0018 0.00187
C5 0.0215 -0.,0095
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These correlations are shown graphically in Figures 2=5

and 2-6.

For domestic water heating systems, the collector loss

will be influenced by the water mains temperature, T , and

the delivered hot water temperature, Tm. This effect 1is
accomodated by redefining the abscissa coordinate as fol-

lows, with T and T in °C.
m W

1 —_
FR ULA(11‘6+1.18TW+3.86Tm 2.32TA)At

W = . 7 (2“5)

The correlation of f to XW and Y for domestic water heat-
ing systems 1is the same as that wused for liquid Tbased
space heating systems.

When wusing (2-4), care must be taken to respect the
range of the correlation. The upper bound on X corre-
sponds to the approximate value at which the slope of the
curves of constant f changes sign. The upper bound on Y
corresponds to the approximate value above which £ > 1.
Both of these bounds are approximate and further safe-
guards should be taken when using the algebraic correla-
tion to ensure meaningful results.

There are many solar heating system design <variables
which affectt the long-term system performance. The

f~chart correlations presented here account for the influ-
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FIGURE 2-5 F-CHART FOR AIR-BASED HEATING SYSTEMS.
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ernice of collector area and collector characteristics,
FR(TQ)H and FoU, . The general f-chart wethod presented in
ref. [9,10] also accounts for the effects of storage ca-
pacity, load heat exchanger size, and air «collector flow
rate, which will not be investigated here. The correla-
tions used in this analysis are wvalid for a storage capac-

ity of MCP/FP'A = 350 kJ—°Cn1m~2 for liquid based systems

and Mcp/FRA = 400 kJ—°C_1m—2 for air based systems, for
the ratio of 1load heat exchanger size to load size
SLCmin/UA = 2, and for an air <collector flow rate of
(ﬁcp)c/FRA = 58.7 kJuhrulm—2°le,' These have been shown
to be the approximate optimum values of the variables;
modest variations have littlie effect on the solar load
fraction.

It is also assumed throughout this thesis that the
collector azimuth angle is zero (i.e. facing due south),
and the coliector slope is equal to the latitude for water
heating systems and the latitude plus 15° for combined
space and domestic water Theating systems. (The annual

load fraction is not very sensitive to angles within 15°

of those cited.)

2.3 The Annual Solar Load Fraction
The economic analysis of Chapter 3 is performed on an

annual basis, and is strongly influenced by the annual so-
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lar load fraction. Similarly, the economic optimization
of a solar heating system is strongly influenced by its
partial derivatives with respect to the optimized varia-
bles. in this light, it is beneficial to examine the
functional form of the annual solar fraction.

For domestic water heating systems, the annual 1load
fraction supplied by solar enmergy, ¥, is calculated by the

following summation.

_ 12’ . _
Faz) £.0, (2-6)

For space heating systems, and combined space and domestic
water heating systems for which the water heating load 1is

small compared to the total load,

- 1
Fo= szsizi (2-7)

When considering combined systems for which the water
heating load is not small compared to the total load, the
annual solar load fraction will depend on both the water
heating and space heating correlaticons. It seems reasona-
ble to combine these two correlations using the following

method.
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_ 1 -
F o= LZ(fwilwi + fsizsi) (2-8)

When using the f-chart correlations for fwi and fsi’ the
parameters X, XW, and Y are calculated using the combined
monthly heating load, Zi= zwi+zsi' This c¢ombination 1is
adequate due to the strong similarity between the domestic
water heating and space heating correlations.

The annual solar load fractionm is a complicated func-
tion of meteorological conditions, collector characteris~
tics (FR(TQ)H and FRUL), collector orientation, collector
area, building latitude, annual leoad, and annual load dis-
tribution. It is often desirable to reduce this function-
al dependence for easy manipulation or compact presenta-
tion. Both manipulation and presentation could be simpli-
fied if a simple expression for the annual solar load
fraction could be found. Unfortunately, this could only
be done by beginning again with extensive computer simula-
tion. The functional dependence can be greatly reduced,
though, by noting that meteorological conditions, building
location, and annual load distribution can be expressed as
a general location dependence. Examination of the f-chart
correlations show that, for a fixed load distribution, F
can be expressed as a function of A/L rather than A and L
separately. The annual load fraction can then be present-

ed in graphical or tabular form as a function of location,

collector characteristics, and the ratio of collector area
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to annual load. Figure 2-7 shows F versus A/L for a typi-
cal solar heating system in Madison, WI.

The assumption that the annual load distribution de-
pends only on location, and not on the magnitude of the
annual load, is built into almost all methods for calcu-
lating domestic water Theating loads or space heating
loads. Domestic water heating loads are usually calculat-
ed assuming a constant average daily hot water demand, and
the difference between the delivered hot water temperature
and the water main supply temperature (location depend-
ent}. The annual water heating load is then distributed
according to the number of days in a month. Studies have
also shown that the average gnnual space heating load is
proportional to the long-term average degree days [l4].
The annual space heating load is then distributed accord-
ing to the long term average monthly degree days. The an-
nual domestic water and space heating load distributions
for Madison, WI are shown in Figure 2-8.

When considering c¢ombined space and domestic water
heating systems, the combined load distribution is affect-
ed by the individual load distributions according ¢to the
relative size of the individual loads. For example, the
load distribution when the space heating load is twice as
large as the water heating load will differ from the dis-

tribution when the water heating load is twice as large as
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the space heating load. The assumption that the combined
load distribution 1s a function only of location implies
that, in a given location, the ratio of the space heating
ioad to the domestic water heating load is a constant.
This assumption sSeems reasonable over a mwodest range of
home sizes. Most new home construction will conform to
building codes which specify minimum insulation require-
ments . The space heating load in a particular location
will then depend mainly on the size of the house. Most
larger residences will house more people with a corre-
sponding larger hot water usage.

In order to obtain a representative load division be-
tween space and dowmestic hot water heating, loads were es-
timated for each location using the degree day method [1l5]
for a residence insulated to ASHRAE 90-75 standards [16].
This typical residence is a single family, one story house
with 150 m2 floor area, 120 m2 wall area, and an
infiltration rate of one air change per hour. This re-
sults, for example, in an overall house UA of 294 W~°le
in Great Falls, MT, and 347 W—°C—l in Dallas, TX. The wa-
ter heating loads were calculated for a constant daily av-
erage hot water demand of 300 liters per day heated from
the water main temperature to 60°C. The annual average

water main temperatures, which vary from «c¢ity to city,

were obtained from ref. [17]. The information used to es-
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timate the load distributions are given in Appendix C, Ta-
ble C-1.

Strictly speaking, the annual solar load fraction
which is generated for a given load distribution will not
be wvalid for a different load distribution. Fortunately,
the annwal solar load fraction is not very sensitive to
the time distribution of the load [6,18]. Since location
has the strongest influence on the load distribution, this
analysis will give acceptable results for almost any

residential heating load.
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CHAPTER 3 ECONOMIC ANALYSIS

3.1 Life Cycle Cost Analysis

Life cycle cost analysis 1s a method of economic
evaluation which accounts for all pertinent and
quantifiable costs incurred during a given period of time.
Since the wvarious c¢osts will be realized at different
times during the analysis, all costs are discounted to
current dollar wvalues, reflecting the changing value of
money with time. In a comparative analysis Dbetween all
possible alternatives, the alternative with the least life
cyele cost 18 mwmost economical.

When considering energy related systems, life cycle
cost analysis is especially applicable. Most other meth-
ods of economic evaluation focus on short term expenses
and benefits. However, with ever-increasing energy costs,
the operating expenses of energy consuming processes be-
come very sigmnificant. Proper accounting of these future
costs 1s important in making effective economic decisions.

There are two variables which characterize the life
cycle cost method: the duration of the analysis, NE’ and
the discount rate, d. The duration of the life cycle cost
analysis for solar heating systems is often chosen to bhe
the expected operating life of the system. While this

variable has a strong influence on the life <cvecle cost
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evaluation, 1ts accurate estimation is virtually impossi-
ble in the face of so little long-term solar energy sysiem
data. Because of this uncertainty, the duration of the
analysis dis wusually wunderstood ¢to be no more than some
"reasonable" period of time over which the economic analy-
sis is made.

When considering a variety of costs incurred at dif-
ferent times in an analysis (as in the 1ife cycle cost
method), it is important to recognize the changing value
of money with time. This is acommodated by the discount
rate, defined as the rate of return which can be obtained
from the best alternative investment. As an example, con-
sider a man who has the cheoice of repaying a $1000 debt
either now or one year from now. The time value of money
dictates that it would be in his best interest to delay it
for a year. If he can, for example, obtain a rate of re-
turn of 87 from his best investment (i.e. d = 0.08), he
need only Thave $925.93 today to have $1000 one year from
now. In this case, $1000 one year in the future has a
"present value'" of 5$925.93. It is clear, though, that the
present value of money in the future depends on the in-
vestment opportunity of the individual. TIf the man could
obtain a 15% rate of return on investment, the $§1000 one
year in the future would have a present value of $869.57.

In 1life eycle cost analysis, the discount rate is used to
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reflect this time value of money, depending on the invest-
ment opportunity of the individual or business.

The discount rate can be expressed in either real or
nominal terms. A real discount rate is that rate of re-
turn above and beyond the general rate of inflation; a
nominal, or market, discount rate includes inflation.
Business investors tend to think in terms of real rates,
while the typical home owner is more likely to think in
terms of nominal rates. A more complete discussion of
discount rates can be found 1in engineering economics
texts, such as [19].

The life cycle cost model used in this solar Theating
system analysis is based on that of Ruegg [11]. It will
be developed for a comparison between two alternatives: a
solar heating system and a conventional Theating system.
The general! procedure consists of four steps: 1) identify
pertinent expenses which contribute to the life cycle cost
of Dboth a solar heating system and an altermative conven-
tional heating system, 2) evaluate each of these costs in
each vyear of the analysis, 3) discount all costs to cur-
rent dollar values, i.e. obtain the present worth of each
cost 4) subtract the solar emergy system present worth
from the conventional system present worth to obtain the
life cycle savings of the solar heating system over the

conventional heating system.
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3.2 Solar Energy System Life Cycle Costs
3.2.1 1Initial investment

The most obvious solar energy system cost is that re-
gquired to purchase and install system components. If this
initial investment, INV, is a cash payment at the begin-
ning of the analysis, it is already expressed in present
dollar value. On the other hand, the investment wmay be
paid with a loan, with payments to be made in the future.
For a loan amortized over NL years at an annual interest
rate, 1, the annual payment, PMT, is determined by multi-
plying the loan principle by the capital recovery factor.

(See, for example, [19].)

N
i(1+i) b

PMT = (l-D)(INV)
(1+i) L1

(3-1)

The contribution of loan payments to the solar heat-

ing system life cyecle cost will depend on the relationship

between the term of the loan, NL’ and the duration of the
analysis, NE" If Np sNE, all N, loan payments will con-
tribute. However, if NL>’NE, only NG loan payments will
be made during the analysis. The procedure used to ac-

count for the remaining loan payments depends on the ra-

tionale for <choosing the wvalue of NE. If Np is chosen

merely as a period over which to consider the discounted
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cash flow, with no concern for costs outside the period,

only NE payments should be discounted. TIf N is the ex-

pected operating life of the system, and loan payments

will continue to be made as scheduled, all NL loan pay-

ments will be made and the problem is identical to that

for which Ni;SNE' If Np is chosen as the period of build-

ing ownership, with the building to be sold after NE years
and the remaining loan principal paid in full at that

time, the 1life <c¢ycle loan cost will consist of NE loan

payments plus the principal remaining in year It

NE+1'

can easily be shown that the loan principal remaining in

year j is calculated by the following.

3=2
j-1 N 4
L, = (1-D) (INV) (1+1)° —PMTE (1+1) (3-2)
k=0
For the purposes of this analysis, define N as the

1

number of loan payments which contribute to the life cycle
cost analysis. The life cycle cost of these Nl payments

plus the loan down payment is

N

i 1+i)NL L 1
LOAN = (INV) D+(1—D)5£—————- ey {3=3)
(1+d) 4

N
+1 L.
(1+1) 1j=1
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The contribution of any remaining loan principal will be
recognized as a resale wvalue and considered in Section
3.2.4.
3.2.2 Operating Costs

The mechanical nature of a solar heating system will
usually require payments for maintemance at various times
during the system lifetime. In most cases, the home or
business owner will also wish to insure his investment
against potential damages. This analysis will combine
maintenance, insurance, and parasitic power (power for
pumps, fans, etc.) expenses in the form of annual miscel-
laneous costs, which are assumed to inflate at the general
inflation rate, g. The miscellaneous cost in the first
vear of the analysis is assumed proportional to the ini-
tial investment by the factor M. 1In year j, the miscella-

neous cost can be expressed by the following.

WISC, = M(INV) (1+g) 71

The 1ife <cycle miscellaneous <cost over a period of NE

years 1sg
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N
E o1
MISC = 2 M(INV)Liiﬁlj
ppe) (1+d)

Solar heating svstem costs include expenses for aux-
iliary (backup) system equipment, maintenance, and fuel.
The auxiliary system fuel expenges in any one year depend
on the solar system performance, the heating/hot water
load, and the unit cost of delivered conventional fuel en-
ergy. (This unit delivered fuel cost must account for
furnace efficiency.) For a given average annual load, L, a
first yvear unit auxiliary energy cost, CFS’ an annual load
fraction supplied by solar energy, F, and assuming a fixed

annual fuel price inflation vate, e; the auxiliary fuel

expense in year Jj is
FUELS, = G, L(1-F)(1+e)d !
i FS

If the solar system performance degrades at an annual

rate, k, the fuel expense in year j is
FUELS. = G L[1-F(1-k)3 11(14e)d™?
1 FS3

The 1ife cycle auxiliary fuel cost for N, vears is then
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N
B
-1
_ ey d=1.(1te)! _
FUELS = ggacFSL[l F(l-k) ](1+d)j {3-5)

The cost of auxiliary system components and their
maintenance is not quantified in this analysis. It is as-
sumed that these auxiliary system costs are identical to
those of the alternative conventional system components
and maintenance. While they contribute to the 1life «c¢yclea
cost of both solar and conventional heating systems, re-
spectively, the terms will negate each other in the final
comparative analysis.

3.2.3 Taxes

State and federal tax laws influence the life cycle

cost of solar heating systems. The impact of taxes varies

with local assessment practices, property and income tax

laws, the income tax bracket of the owner, and building
usage. If the building is sold, the owner may also be
subject to capital gains taxes. Depending on the owner's

situation, these tax influences could either increase of
decrease the solar energy system life cycle cost.

Property taxes are determined as a percentage of a
share of the market value of a building. Since a building
with a solar energy system would cost more to build than

an otherwise identical building with & conventional heat-
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ing system, the market value of the solar heated building
is increased. Although over one third of the states have
recently revised property tax laws regarding solar energy
systems, most require assessment based on the full market
value. 1Local variations are reflected in different as-
segsment rates and tax rates per assessed dollar value.
Sample census data for single family residences in a num-
ber of U.8. <cities show assessment values from 8% to 83%
of the market wvalue, and nominal tax rates from 17 to 25%
per assessed dollar. While these 1individual quantities
vary tremendously, the data also shows that the effective
property Lax rate (based on market value) ranges from only
1% to 4% [111].

The property tax model used in this analysis assumes
that the real wvalue of the solar heating system remains
fixed throughout the system lifetime, i.e. themarket value
increases at the general inflation rate, g. The wmarket
value in the first year of the analysis is assumed to be
equal to the original investment. For a local assessment

rate V, and property tax rate t, the property tax paid in

vear j 1s

PROF, = EV(INY) (14g)371
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The life cycle property tax cost over NE years 1s deter-

mined from the following.

N
E .
j=1
PROP = ZtV(INV)M. (3-6)
poe (1+d)1

Income tax deductions which alter solar energy system
life cycle <costs depend on the owner's federal and state
tax rates, state tax laws, and whether the system 1is in-
stalled 1in an owner-occupied rvesidence or a commercial
building. For either type of building, loan interest and
property tax payments are deductible from federal, and
most state, income taxes. If the building is not an owner
occupied residence, mest state and federal income tax laws
allow commercial deductions of operating expemses (fuel
and miscellaneous costs) and depreciation.

If the building is sold during, or at the end, of the
analysis the owner will probably be subject to tax on cap-
ital gains, which will in turn affect the life c¢ycle cost
of the solar system. The effect of capital gains depends
on the type of building, individual state tax laws, the
specifics of the sale, and whether the gain is reinvested.

Since the exact form of this contribution depends strongly
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on the specific situation of the sale and owner, capital
galn taxes are not quantified in this analysis., However,
if capital gain tax is encountered, it may strongly influ-
ence the economics of the solar heating system and should

not be ignored.

This analysis accommodates income tax deductions

through an effective income tax vate, t, which accounts
for both state and federal tax deductions. For example,
if both state and federal laws allow tax deductions and

state taxes are deductible from federal taxes; if the fed-

eral rtate 1is 30% and the state rate is 10Z, then the ef-

fective income tax rate is £ = .30+.10-(.10)(.30) = .,37.
The symbol C used in this analysis is a

commercial/mnon-commercial flag. For an owner-occupied

residence, ¢ = 0; for commercial buildings, ¢ = 1. The

symbol Uj denotes the amount depreciated in j, and L. is
the remaining loan principal in year j as given by (3-2).
The income tax contribution to the solar system cost in

yvear i 1is then
INCS, = -t(iL. + PROP) =~ Ct(MISC, + FUELS, + U.)
i j 3 i 3 j

The present value of the income tax contribution to

the solar heating system life cycle cost 1is
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Ng
INCS = - E ~—£~—.[iL,+PROP+C(MISC,+FUELs.+U.)] (3-7)
3 ] \ i i ]
: {(1+d)
j=1

This term i1s negative because income tax deductions reduce
the eolar system life cycle cost.

The amount depreciated in year j, U,, will depend on
the choice of depreciation schedule. The three most com-
monly used schedules are straight line, double declining
balance, and sum of digits. Straight line depreciation

calls for an equal amount to be depreciated annually over

the depreciation lifetime, ND' This annual amount 1s sim-

ply
Uj = (INV)/ND

The double declining balance method allows a certaian frac-
tion of the remaining undepreciated balance to be

depreciated each year until year N with the remaining

D!

balance deducted in the last year. Except for the vyear

ND’ the ameount depreciated in year j is

(INV)[l—z/ND]j'l
D

[
= | ro
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The sum of digits depreciation method allows a different
fraction of the original investment to be deducted each
year, such that the total depreciable amount is deducted

by the year ND. In vear j, the amount depreciated is

Z(ND—3+1)

U, = (INV)o—F— (3-10)
i ND(ND+1)

3.2.4 Salvage and Resale Value

Depending on the rationale behind the user's choice
of the period of economic analysis, the solar system will
probably have a salvage or resale value at the end of the
analysis. If the period of analysis, NE, is chosen as the
expected operating 1life of the system, the value of the
scrap metal and iInoperable equipment will correspond to
the salvage wvalue. If NE is chosen as the duration eof
building ownership, the resale value will .correspond - to
the market value of the solar heating system at that time.
As mentioned in Section 3.2.1, there may be some outstand-
ing loan principal remaining at the time of sale, as per

(3-2). This amount must be subtracted from any antici-

pated resale wvalue.
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If the net salvage or resale value at the end of the
analysis 1s proportional to the initial investment by the
factor ¢, the contribution to the solar energy system life

cycle cost is

_G(INV)

SR = (3-11)

(l+d)NE

Care must be taken to be consistent between the effects of
property taxes and salvage value. If the market value of
the solar heating system (and hence the property tax) are
assumed to inflate at the general inflation rate, the sal-
vage value will equal the market value in the final year

of the analysis.

3.3 Conventional System Costs

The 1life cycle costs of a conventional heating system
ceonsist of conventlonal system components, maintemance, and
fuel expense. Since the objective of this development is
to quantify costs which contribute to a comparison between
solar heating systems and conventional heating systems,
conventional system cbmponents and maintenance will not be
evaluated here. These costs are present in both alterna-

tives and cancel each other in a comparative analysis.
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The conventional system fuel cost in year j is evalu-
ated in the same manner as solar system fuel costs, except
the entire load must be met. Also, the cost of fuel for
the conventional heating system may differ from that of
the solar energy auxiliary system. If the wunit cost of
delivered energy for the conventional heating system in
the first year of the analysis is CFC’ the 1ife cycle con-

ventional fuel cost is

N, .
FUELC = E CFCLLliE)—j (3-12)
+
et PO (1)

Commercial tax deductions could influence conventional

system life cycle costs, as described in the previous sec-

tion. The following term can account for this contribu-
tion.
Ng
— j-1
INCC = wz CtCFCLLligl. (3-13)
(1+a)?
j=1

3.4 Life Cycle Cost Comparison

An economic comparison between a solar heating system
and a conventional Theating system <can be made by
subtracting the solar energy system life cycle cost from

the conventional system life cycle cost. If this life cy-
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cle savings is positive, the solar energy system can be

deemed more economical.

SAV = (FUELC+INCC) - (FUELA+LOAN+MISC+PROP+INCS+SAL)

Substituting from Sections 3.2 and 3.3, and rearranging,

the life cycle savings are

N
E .
SAV = (1-Ct)C (eI (1-CT)C ji:(1+e)3_l
rc" _1(1+d)J BE (1+d)J
F §-1
— (1l4+e-k-ek)
+ (1-Ct)C, LF : - D(INV)
EE EE: (1+d)3
. . ! | E,
= (1—D)(INV)1(1+1% :E: L. eRry —l—,
(1+i) L_q .l(1+d)J = (1+d)J

-1 s
= &1~ t)V(INViZ: (L+g) - (1- Ct)M(INViZ:(1+g}

(1+d) 3 (1+d)j
D
U.
+ Eﬁiﬁi% + Ct Lo, (3~14)
(1+d) E j=l(1+d)J

Equation (3-14) expresses the life cycle savings in terms
of several geometric series. These series can be

collapsed into a closed form by noting that
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x(l—xn)

2,.3,... ny _
(x+x"+x"+ +x ) (1-%)

For the purpose of this analysis, this equation can be ap-

plied by the following defimnition.

a ._l &
caFpyd 1 (1+b)
f(a,b,c) = E -t = 1- (3-15)
(l+c)J c-b l+c
j=1

The factor f(a,b,c) is defined as a discount-infla-

tion factor. When multiplied by a first period cost
(which is inflated at a rate b and discounted at
a rate ¢ over a periods), the resulting value is the life
cycle cost. When the inflation rate is zero, f(a,0,c) 1is

the familiar series-payment present-worth factor, and
[f(a,O,c)]_1 is the capital recovery factor. The dis-
count—-inflation factor 1s tabulated in Table B-1 of Appen-
dix B.

As a further extension of the discount-inflation fac-

tor, it can be shown that the present worth of the loan

interest can be expressed as
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Ny

E it Al i b OE(N,,i,d) |dmee—— (3-16)
aray) | ECRLL0,E) s F(N,0,1)

3=1

The present worth of depreciation deductions can also be
expressed in terms of the discount-inflation factor. For
straight line depreciation, the ratio of the 1life «cycle

depreciation costs to the initial investment is

0,d) (3-17)

For double declining balance depreciation,

fF(N_-1,-2/N_,0)
v=c +32% e 1,20 —2— 2 (3-18)
D D (1+d) D
For sum of digits depreciation,
_ 2 TN ND—l—f(ND—l,O,d) e
ND(ND+1) D’r? d

Tables of these functions are given in Appendix B.



47

Using these relationships, and the definition

€ = e-k-ek, in (3-14), the savings equation in closed form

is

SAV = (l“Ct)(CFCdCFS)I‘f(NE’e’d)

*+ (l—Ct)CFSIJF f(NE,E,d) - D(INV)

f(N,,0,d)
l —_—
_(l_D)(INV)f?ﬁ;TETET - (1-Ct)M(INV) f(NE,g,d)
| £y, 0,d) _ ' "
L: 3 L! 2

- t(l-t) V (INV) £E(N,g,d)

+lceu + ———fiqf— (INV) (3-20)
(1+d) E

_If it is assumed that the cost of energy for the con-
ventional system 1is the same as that for the auxiliary
& = & 1 i =

system, FS CFC CF’ it is seen that all costs are pro
portional to either the initial investment or the fuel

savings in the first year. The savings equation can then

be collapsed to the following simple form.

SAV = P C,LF - PZ(INV) (3-21)
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Equation (3-21) involves only one assumption: Al1l
costs which contribute to the life cycle savings of a so-
lar heating system over a conventional heating system are
proportional to either the first year fuel savings or the
initial solar system investment. If this requirement 1is
satisfied, P1 and P2 can be of any form. The formulation
of the 1life cycle cost model in the preceding sectioms 1is
merely one example consistent with one set of possible ec~-
onomic assumptions. The multiplying factors, Pl and Py,
facilitate the use of life cycle cost analysis in a com-
pact and flexible form. Depending on the desired economic
complexity, they can include any or all of the terms pre-
sented in Sections 3.2 and 3.3, with future costs varied
arbitrarily. The explicit functional form of P1 and P,
depend on the significance and applicability of each of

these costs, and the economic assumptions of the individu-

al analyst.

3.5 Economic Sensitivity

The life cycle cost comparison between a solar heat-
ing system and a conventional heating system will be a
function of many economic variables. Since some economic
senario can be formulated which will wmake solar heating
look economical for almost any location or system design,

the validity of the economic evaluation depends on the



values assigned to these variables. Judicious choice of
values will result in a powerful and reliable method for
assessing the economic wviability of solar energy. Poor
selection of the &economic variable walues can vyield
distorted and misleading results.

Unfortunately, there i1is an inherent uncertainty in
predicting future expenses and savings, especially for en-
ergy related processes. Even the most sophisticated eco-
nomic assumptions can not yield absolutely accurate re-
sults. If the results of any life cycle cost analysis are
to be viewed objectively, the possible uncertainty of the
economic variables and their effects on the analysis re-
sults must be recognized.

This section sketches the sensitivity of the life cy~-
cle cost analysis to the constituent economic variables.
In particular, the economic model of (3-20) is used to es-
timate the effects of economic variables on P1 and P2'
Since the sensitivity to any one variable will be strongly
influenced by other economic variable values, the discus-
sion will be qualitative in nature. A procedure for
quantitatively evaluating economic sensitivities is given
in Appendix A.

The values of some economic variables will be fixed

by the conditions surrounding the individual owner's situ-

ation. There is little uncertainty surrounding lecanm cost
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variables, since the down payment, interest rate, and term
of the mortgage are determined by the loan contract for
the entire building. However, knowledge of their effects
can still be useful.

The down payment has little effect on the value of
P2' The effect it does have is determined by the interest
rate, discount rate, mortgage term, and income tax rate.
If the discount rate is greater than the interest rate, an
increase in the down payment will increase the value of
P2. If the discount rate is less than the interest rate,
the effect on P2 will depend on the income tax rate.
Since the interest is deductidle from income taxes, it has
the effect of lowering the interest rate. In most <cases,
it remains beneficial to have a small down payment and
long mortgage term.

The loan interest rate can have a significant effect
on the value of P,. Clearly, a 5% loan interest rate will
make a noticable change in P2 over a 127% interest rate.
The effect of a small change in the interest rate, though,
is generally not very significant. This 1is especially
true 1f the discount rate is approximately equal to the
loan interest rate. If the difference between the inter-

est and discount rates is large, and the income tax rate

is large, the semsitivity te the interest rate increases.
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The operating costs of both a solar and conventional
heating system are among the most difficult costs to eval-
uate. Unfortunately, the results of a life cycle cost
analysis are strongly influenced by, and highly sensitive
to, the economic variables which determine these costs.
The rate of inflation of conventional and auxiliary heat-
ing system fuel costs will depend om a host of
uncontrollable and often unpredictable factors. An error
in estimating this fuel cost inflation rate as small as 17
can easily result in an 8-10% error in the value of P1 for
a 20 year analysis. This error can in turn cause errors
of over a thousand dollars in the 1life cycle savings. If
the results of a life cycle cost analysis are to viewed
objectively, this uncertainty wmust not be overlooked. It
must also be realized that the error caused by this
uncertainty will overshadow those caused by many other ec-
onomic variables. This situvation often makes results from
very sophisticated models no more accurate than those from
very simple models.

Miscellaneous costs are often deemed insignificant
when considering the error introduced by fuel inflation
uncertainty. This assumption c¢an be very misleading,
since the errors caused by this neglect can be as large as

those caused by fuel inflation uncertainties. For exam-

ple, consider a 20 year analysis with a 6% general
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inflation rate, an 8% discount rate, and an $8000 solar
system investment. The difference in life c¢ycle savings
between an analysis which neglects miscellaneous costs and
one which assumes a first vear miscellaneous cost of 17 of
the initial investment is $1248. This sensitivity is fur-
ther complicated by the uncomfortable ignorance about the
magnitude and future variations of the miscellaneous
costs. Clearly, these uncertainties must not be over-
looked.

Property tax life cycle cost contributions and their
uncertainty can also be significant, especially if the
property tax rate is high and the income tax rate is low.
If the building is leocated in a state which does tax solar
systems, the significance of this contribution will depend
largely on the specific situation. One of the main sourc-—
es of uncertainty is that many states that now tax solar
systems may exemplt them from property taxes in the near
future.

It has been assumed that miscellaneocus costs and
property taxes will increase with the general inflation
rate. This assumption is based more on its convenience
than its validity. Maintenance costs will probably by ir-
regular, and property taxes will eventually decrease near
the end. of the system lifetime. In light of these

uncertainties, increases at the general inflation rate
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seen the most reasonable choice. If this basic assumplion
is accepted, the general inflation rate becomes a rather
uncontroversial variable, since there is little uncertain-
ty in its value and little sensitivity te small errors in
its estimation.

Like property taxes, income taxes can also be signif-
icant, depending on the loan agreement. Both the sensi-
tivity and the significance of income taxes will greater
for loans with low down payments, high interest rates, and
long mortgage terms. However the main uncertainty is the
possible variation of the income tax rate, especially 1if
the owner 1s young and the duration of the analysis is
long.

In an effort to simplify the life cycle cost model,
miscellaneous costs and taxes are often omitted on grounds
that they will cancel each in the final analysis. In many
cases, this «can be a very good assumption. Depending on
the individual situation, though, it is often Dbetter to
assume that either property taxes or miscellaneous costs
will cancel income taxes, since 1t is wuswually unlikely
that income taxes will offset both.

When considering commercial buildings, the effect of
income taxes can be tremendous. This increased effect 1is
accompanied by a dramatic increase in life cycle cost sen-

sitivity to the value of the income tax rate (an increase
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in sensitivity by a factor of 5 is not uncommon), Fortu-
nately, it is usually known at the beginning of the analy-
sis whether the building will qualify for commercial tax
deductions. However, if this eligibility 1is <changed at
some time in the future, it can strongly influence the
analysis results.

The salvage value is another variable that is diffi-
cult to quantify. TFor short analyses, its value and sen-
sitivity can be significant and must be recognized. For
longer analyses, 1its value and sensitivity will probably
be small, due to discounting to present value, The sal-
vage value is often omitted from longer analyses to yield
a slightly conservative life cycle savings.

The discount rate has a major effect in tempering the
uncertainty of many economic variables. While costs in-
curred far in the future are the most uncertain, the
discounting of future costs will reduce the significance
of these uncertainties. However, the broad influence of
the discount rate makes the life cycle cost analysis re-
sults rather sensitive to its value. Similarly, the dura-
tion of the analysis has a strong and obvicus influence on
the life cycle cost analysis. Like the discount rate, the
magnitude of the sensitivity is determined by the value of

almost every ecomnomic variable. The best way to recognize
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these sensitivities 1s to use several values of the dis-
count rate and period of analysis.

In general, then, a life cycle cost analysis can not
be viewed objectively without recognizing the uncertainty

of the results.
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CHAPTER 4 ECONOMIC OPTIMIZATION

For a particular location and set of economic condi-
tions, the economic analysis presented in Chapter 3 can be
used to evaluate the economic viability of a particular
solar heating system design in terms of the life cycle
savings. A different system design will generally yield a
different life cycle savings through the influence of de-
sign on the annual solar load fraction or the solar system
investment cost, or both. It is clearly advantageous to
choose the system design which yields the greatest 1life
cycle savings.

The optimum design can be characterized in terms of
system design variables, such as collector area, storage
size, collector <characteristics, and collector orienta-
tion. Previous thermal and economic analyses have identi-
fied the optimum values of many design variables, which
have been incorporated into the f-chart design mgthod as
ci;ed in Section 2.2. Collector characteristics (FR(Tq)n'
éﬁd FRUL).are then the only design variables which explié-
itly appear 1in the f-chart correlations. The following
analysis focuses on optimization with respect to collector
area to yield the maximum life cycle savings for a given

location and pair of collector characteristics.
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The most obvious method of determining the optimum
collector area for given location and collector type is by
iteration. A value of the ccllector area is chosen as an
initial guess, for which the annuwal solar load fraction is
calculated. Using this load fraction and the solar system
investment corresponding to the chosen area in a life cy-
cle cost analysis, the life c¢cycle savings can be deter-
mined. The collector area is then varied and the process
repeated until the optimum area is found. While this pro-
cedure may Dbe simple for a computer, it can be very
painstaking when done by hand.

There have recently been several methods proposed for
simplifying this procedure. Ward [20] has developed a
method for direct computation of the optimum collector

from knowledge of the average radiation in the month of

January. However, this method 1s somewhat location de-
pendent. Barley and Winn [21] have also developed a
non-iterative method based on a location dependent

curve—fit of the annual load fraction to <collector area.
While the correlation accounts for the influence of col-
lector characteristics on the load fractiom, this influ-
ence is mnot present im the calculation of the optimum col-
lector area. The errors introduced by ignoring this ef-

fect can be large.
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4,1 Collector Area Optimization

In ocrder to economically optimize a solar theating
system with respect to collector area using (3-21), the
solar heating system investment cost must be expressed as
a function of collector area. While various factors such
as economies of scalewill generally result in a non—linear
relationship, this functional dependence can be approxi-

mated as a linear relationship by the following.

INV = C,A + G (4-1)

where

CA is the solar energy system investment cost
which is directly proportional to <collector
area

C_ is the solar energy system investment cost
E . A
which is independent of collector area

The area dependent cost, will consist mainly of

CA’

the cost of installed collectors, but can also include a

portion of the storage cost. The area independent <cost,
CE’ can include the cost of controls, ducting, etc., and
the remaining storage cost. (Generally, the storage vol-

ume will increase linearly with collector area, while the
cost of a storage container generally will not.) Rather
than evaluating the individual costs of solar system com-

ponents, the values of CA and CE can be obtained from so-




59

lar heating system equipment distributors in the form of
total system costs for different collector areas.

Using (4-1) to relate the investment ko ccllector ar-
ea, Figure 4-]1 shows an example of the life cycle savings
versus collector area for four different economic comndi-
tions. Curve A corresponds to an economic senario in
which solar energy obviously can not compete. Clearly,
the conventional heating system is the economic choice.
Curve B exhibits a non-zero optimum area, but the conven-
tional system is still the economic choice. Curve C cor-
respends to the "c¢ritical" condition, i.e. the optimum so~
lar system design can just compete with the conventional
system. Curve DI corresponds to an economic senarioco which
ig favorable to solar energy. In this case, the solar
heating system is the economic choice.

Bach curve of Figure 4-1 begins with a negative sav-
ings for zero collector area. The magnitude of this loss
is equal to P2CE’ and reflects the presence of solar ener-
gy system fixed costs in the absence of any fuel savings.
As collector area increases, all curves except curve A
show increased savings until reaching a2 maximum at some
optimum c¢ollector area. As the coellector area is further
increased, the fuel savings continue to increase, but the

excessive system costs force the net savings to decrease.
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The maximum life cycle savings, and hence the optimum
collector area, is characterized by the point at which the
derivative of the life cyvcle savings with respect to col-

lector area 1s zero.

=0 = P.C_ L - PG (4-2)

Rearranging, the maximum savings are rvealized when the re-
lationship between collector area and solar load fraction

satisfies the following.

P_C
aF 27A
L a5 = (4-3)
dA P1CF
(This relationship 1is shown in Figure 4-2.) Since the

load is constant throughout the optimization, it can be

incorporated into the derivative to give at the optimum:

3r  _ T2% ety

3(A/L) P Cp
At this point, we employ the load distribution as-
sumptions developed im Section 2.3. Recall that if the

annual load distribution 1s independent of the magnitude
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of the load, can be expressed as a function only of lo-
cation, <collector <characteristics, and the ratio A/L.
Equation (4-4) then implies that, for a given location and
collector type, the area to load ratio at which maximum
savings can be achieved is & unique function of one eco-
nomic parameter, chA/PICF'

The results of this analysis can be presented in a
tabular form for a given set of collector characteristics
and type of system (domestic water heating, combined space
and water heating with an air transfer medium, and com-
bined space and water heating with a liquid transfer medi-
um) . These tables, as presented in Appendix C, provide a
non-iterative method for determining the optimum system
design. The parameter P2CA/PICF and the optimum load
fraction supplied by solar energy have been tabulated for
19 .8, locations and differemt collector types as a func-
tion of the optimum collector area to annual load ratio.
A more complete set of tables can be obtained by
contacting the University of Wisconsin Solar Energy Labo-
ratory. Section 4.3 describes the use of these tables and
presents three illustrative examples.

It should be noted that the optimum collector area 1is
independent of any life cycle cost contribution that 1is
not a function of collector area. In particular, the op-

timum collector area obtained from this method does not
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depend on the cost of energy for the conventional heating
system, but it does depend on the cost of energy for the

solar system auxiliary heater.

4.2 Critical Economic Condition

The critical economic condition, sometimes called the
break-even condition, is defined by curve C of Figure 4-1
for a given location and collector type. It is the condi-
tion at which the life cycle cost of the optimized solar
heating system just equals that of the alternative conven-
tional system. This critical condition is defined analyt-

ically by the simultaneous solution of (4-2) and (4-5).

SAV = 0 = PICFLF - P2(CAA + CE) (4-5)
Rearranging, it is seen that
F2% - d (4—6)
P.C

1°F AJL + CE/CAL

Equating ({(4-4) and (4-6) the critical condition (denoted
by an asterisk) is realized when the area to leoad ratio

satisfies the following.
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*
F
ar %*
AT . - - 2 (4-7)
AT ar (/1) + (o /c,L)

For a given location and collector type, (4-7) shows the
critical condition te be a function of one parameter,

CE/CAL' Equating (4-6) and (4-7),

%*
= Z (location,collector,CE/CAL) (4-8)

Equation (4-8) can be presented in tabular form as in
Appendix (. In these tables, the value of the parameter
PZCA/PICF at the critical condition is given as a function
of location and CE/CAL for different values of collector
characteristics. The use of these tables are demonstrated
in Section 4.3.

The critical economic condition serves as a basis for
the a priori decision of whether solar heating is economi-
cally wviable. For a particular location and collector
type, tables of the critical condition specify the maximum
value of PZCA/PlcF for which selar energy can be economi-
cal. If PZCA/PICF’ as calculated by the individual for a
particular economic senario, is less than or equal to the

critical value, then the optimization method cited in the
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previous section can be used to determined the optimum
system design for the particular economic semnario.

For cases 1n which the wvalue of PZCA/PlcF is greater
than the critical value, the economic conditions prohibit
the economic feasibility of any system design. However,
economic conditions will probably evolve over time to per=
mit economical selar heating in the future. TIf PZCA/PICF
could be expressed as a function of time, it would be pos-
sible to predict when the critical condition will occur.
In particular, if Pl and P2 are assumed to be constant, if
the cost of fuel is assumed to increase at an annual rate
e, and the «cost of solar system components (both C, and

A

CE) are assumed to inflate at an annual rate g, then the

value of PQCA/PICF at a time J years in the future can dbe

calculated.

CFj

cF(1+e)J

C

i
Aj CA(l+g)

Folag _ Pola (14g)d
Filey  BiCp 1+ayd

If e> g, there will be some point in the future when

PZCAj/PICFj will egual the critical value. Dencting this

L
r

time as the year j ,




e
~d1

i = (4-9)

This analysis indicates that the solar heating system
will be just competitive with the conventional system j*
years in the future. Tf the vear j* is large, the assump-
tion that Pl and P2 are constant may not be valid. Howev-

er, this value will serve as a first approximation of the

time required for the critical value to occur.

4.3 Use of Optimization Tables

Appendix C contains a set of tables based on the op-
timization methods of Sections 4.1 and 4.2. These tables
allow the individual user to assess the economic viability
of solar space and/or domestic water heating, and to de-
termine the solar system design which yields the greatest
life cycle saving. The tables of Appendix € have been
limited to 19 locations and selected collector types. A
more complete set of tables can be obtained by contacting
the University of Wisconsin Solar Energy Laboratory.

The tables have been generated by differentiating the
algebraic form of the f-chart correlatioms. Special care

has been taken to respect the ranges of these correlations
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by requiring that £ $1 and 9£/9A20 for each month. If
these conditions are not satisfied, £ = 1 and DE£/0A = 0.
Solar insolation, long term average ambient temperatures,
and long term average degree days have been abstracted
from the FCHART computer program data. The domestic water
heating tables employ monthly heating loads annually dis-
tributed according to the days per month. Combined space
and domestic water heating loads are distributed according
to the load combinations of Table C-1.

To use the tables, it is first necessary to evaluate

Pl and P, from economic conditions. By consulting with a
solar system equipment supplier, the installed system
costs can be determined. Knowing the present cost of de-

livered fuel energy and the annual heating load, the val-
ues of P2CA/PICF and CE/CAL can be calculated. Entering
the tables at the appropriate collector type and location,

= *
the critical value of (PZCA/PICF) = Z can be determined

%

corresponding to the value of CE/CAL' If PZCA/PICF iz,
the solar heating system is economically competitive with
the conventional heating system. Using the same line of
the table, the user can interpolate to determine the opti-
mum area to load ratio and the corresponding load fraction

met by the optimized solar system. If PZCA/PlCF >Zx, the

solar heating system 1s not currently economical. Howev-
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er, {(4-9) can be used to determine the year im which it
will become competitive with the conventional system.

To 1illustrate this procedure, consider a howme owner
in Miami, FL, who 1s installing a solar domestic hot water
system with two cover non-selective collectors
(Fgp (ta), = 0.6, Fgp Up = 4.0 W-m~2-°C”!) having area de-
pendent costs of $150 m~? and fixed costs of $500. It 1is
estimated that the annual household hot water load is 16.3
GJ (300 liters per day heated from 25°C to 60°C). Assume
that water could be heated wusing conventional fuel for
$7.00 GJ-1l. The home owner has decided to pay cash for
the system (D = 1) and wants to consider only fuel <costs
and this cash initial payment in the economic analysis.
Assuming that the discount rate 1is 8%, the energy
inflation rate 1is 10%, and the economic period is 20

years, we have:

20
_ _ 1 _,1.10 )
Py = 2 end) = grogtoi10 M Tos? 22.169
Pog = 1
P,C
S22 = 0,967
17y

From Table €-2 it 1is seen that the ecritical wvalue of

ot
ri

PZCA/PlCF for CE/CAL = 0.204 is Z = 1.320,. Since

afe

PZCA/PICF < 7z, the solar water heating system is the eco-

nomic choice. To determine the optimum value of A/L, it
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is seen that for PoCu/PyCyp = 0.967, A/L = 0.40 and
F = 0.7%. With the assumed load of 16.3 GJ, the optimum
collector area is 6.5 m2. VUsing (3-21), the life cycle

savings are

SAV = (22.169)(7.00)(16.3)(0.79) -~ (150)(6.5) - 500 = 8523

As another exawmple, consider a home owner in Madison,
WI who is installing a solar air system with combined
space and domestic water heating capabilities. The system
has two cover non-selectfive collectors (FRI(TOL)n = 0.5,
FR'UL = 3.0 W-m~2-°¢~1) with area dependent costs of $200
m~2 and fixed costs of $1000. The water heating load is
estimated to be 23.4 ¢J. The long term average annual de-
gree days for Madison is 4294 °C-days. Using the typical
house described in Section 2.3, the building UA from Table
¢-1 is 294 W-°C~1 resulting in an annual space heating
load of 109.1 GJ. The total load is then 132.5 GJ. The
present cost of conventional energy is assumed to be $9.90
6J-1 (corresponding to electric resistance heating). The
home owner in this case has decided to include loan costs,
miscellaneous costs, and taxes, while mneglecting salvage

value. Assuming d = 04.08, e = 0.10, 1 = 0.09, ¢

3.06,

Ny = 20, Ny = 20, € = 0.30, t = 0.02, D = 0.10, M = 0.01,

I
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V=20.7, C=0 (residence), and ¢ = 0, Py and P, are cal-

culated from (3-20).

f(Vg,e,d) = £(20,0.10,0.08) = 22.169
f(Ny,0,d) = £(20,0.00,0.08) = 9.818
f(Wy,0,i) = £(20,0.00,0.09) = 9.129
f(Ny,i,d) = £(20,0.09,0.08) = 20.242
£(Ng,g,d) = £(20,0.06,0.08) = 15.596

P] = 22.169

Py, = .1 + (.9)(9.818)/(9.129) - .27{20.2421.09-1/(9.129)]
+ (9.818)/(9.129)} + (.01)(15.59%96) + (.0098)(15.596)

= 1.193
In this case, P,C,/P;Cp = 1.087. Using Table €-3 with
C./G,L = 0.038, it is seen that 7z = 1.395. Since

PZCA/PICF< Z*, the combined solar heating system is eco-
nomically viable. To determine the optimum ratie of A/L,
the user must interpolate from the values in the table.
For PZCA/PICF = 1.087, the interpolation yields the values
A/L = 0.244, and F = 0.37. With L = 132.5 G¢J, A = 32.3
mZ, the life cycle savings from (3-21) are $1860.

The home owner may also wish to <compare the solar
heating system with an o0il furnace for which the delivered

1

cost of energy (including efficiency) is $5.40 63 ~. In

this case, the value of PQCA/PICF is calculated to be
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Comparing +this value with the critical value of
Z° = 1.395, the solar heating system is not competitive
with the conventional o0il furnace. However the vyear at

which the solar system will become competitive can be cal-
culated from (4-9) by assuming that the collector compo-
nent costs will increase at the general inflation rate,

g = 0.06,

. 1n(1.395/1.993)

In(1.06/1.10)

That is, it will be 10 years before any system design with
these collector characteristics will be competitive with

o0il heating in Madison, WI.
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CHAPTER 5 SUMMARY AND DISCUSSION

The technical and environmental. feasibility of solar
energy for domestic water heating and space heating has
been well established. The question of economic viability
is the major barrier restricting its widespread usage. On
a general level, the current economic conditions suggest
that solar heating may be economically competitive with
conventional fuels, depending on the individual circum-
stances. This guarded position dictates the need for a
simple procedure by which the individual engineer, archi-
tect, or home owner can realistically evaluate the appli-
cability of solar heating for a particular situation. The
fact that, for any economic condition, there is an optimum
system design requires that there also be a simple proce-
dure for determining this design. The methods set forth
in this thesis provide such procedures.

Life «cycle <cost analysis has been shown to be the
most realistic method of economic evaluation for this pur-
pose. it accounts for all pertinent costs incurred
throughout the period of analysis and recognizes the time
value of money. The identificationm of these pertinent
costs and estimation of their future variations is, to a
large extent, determined by the situation of the solar en-

ergy user and the assumptions of the economic analyst. An
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explicit life cycle cost model has been developed based on
one such set of contributing costs and economic assump-
tions. Admittedly, the model in this form is somewhat re-
stricted by these assumptions and may not apply in all
cases. However, the procedure for developing this partic=-
ular model is generally applicable.

To eliminate the bulk of assumptions which restrict
the detailed model, two economic parameters have been de-
fined, Pl and PZ’ which relate all life cycle cost present
values to either the first yvear fuel savings or the ini-
tial solar theating system investment. The use of these
parameters requires one economic assumption: all «costs
which contribute to the 1life cyecle costs of the solar
heating system or the conventional heating system are di-
rectly proportional to either the first year fuel savings
or the initial sclar system investment. The introduction
of Pl and P2 not only eliminates many of the assumptions
of the explicit model, but presents the life cycle savings
equation in a compact and managable form. This form
accomodates straightforward manipulation of the savings
equation to determine the optimum system design. The op-
timization method presented here uses the parameterized
savings equation and the f-chart design correlations to
develop a tabular method for estimating the optimum col-

lector area and evaluating its economic effectiveness.
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The annual load fraction supplied by solar energy, #,
assumes a paramount role in the optimization precedure.
While it is a complicated function of many variables, the
functional dependence has been reduced to three key fac-
tors: the building location, the type of collector, and
the ratio of the collecotr area to annual load, A/L. This
has been accomplished by making several assumptions, most=-
1y concerning the optimum values of many other design var-
ijables as determined from previous thermal and economic
analyses. The one assumption employed here which is not
standard practice is that the combined annual load distri-
bution is independent of the magnitude of the annual load.
The rationale behind this assumption has been given in
Section 2.3. The annual solar load fractionm is then a
function of the ratio A/L, rather thanm A and L independ-
ently.

The consequence of invoking this assumption is that,
for a particular location and collector type, the optimum
system design is characterized by the value of A/L at
which the derivative of F with respect to A/L is egual to
the economic parameter, PZCA/PlcF. This information, tab-
ulated 1im Appendix €, provides the user with a simple
method for determining the optimum system design for any
set of economic conditions, in 1% U.5. locations, for sev-

eral collector types.
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While this optimization method is applicable for any
set of economic conditions which fulfill the basic assump-
tion of cost propoertionality, it is intuitive that there
should be some set of economic con