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ABSTRACT

The technical and economic attractiveness of combined photovoltaic/
thermal (PV/T) solar energy collectors was evaluated. The study was limited
to flat—plate collectors since concentrating photovoltaic collectors require
active cooling and thus are inherently PV/T collectors, the only decision
being whether to use the thermal energy or to dump it. It was also specified
at the outset that reduction in required roof area was not to be used as an
argument for combining the collection of thermal and electrical energy into
one module. Three tests of economic viability were identified, all of which
PV/T must pass if it is to be considered a promising alternative: PV/T must
prove to be competitive with photovoltaic-only, thermal-only, and side-by-side
photovoltaic-plus—thermal collectors and systems. These three tests were
applied to systems using low-temperature (unglazed) collectors and to systems
using medium-temperature (glazed) collectors in Los Angeles, New York, and
Tampa. For photovoltaics, the 1986 DOE cost goals were assumed to have been
realized, and for thermal energy collection two technologies were considered:
a current technology based on metal and glass, and a future technology based
on thin-film plastics. The study showed that for medium-temperature applica-
tions PV/T is not an attractive option in any of the locations studied. For

low-temperature applications, PV/T appears to be marginally attractive.
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FOREWORD

A major objective of this study was to obtain results which may be re-
flected upon intensively, with an understanding of the factors which caused
the results to turn out as they did. In particular, Sections IV, V, and VI
attempt to develop this intuition - with which, of course, the reader may dis-
agree. Sections I and ITI serve as introductory material, Section IITI develops
the calculation procedure, Sections VII and VIIL develop the results, and Sec-

tion IX takes a specific look at heat pump applicatons.

A critical premise of this report is that PV/T systems must be compared
not only with PV-only systems to which a thermal overlay may be conceptually
added, but also with thermal-only systems to which the addition of PV is con-
templated. The reasons for this can be illustrated by a reductio—ad—absurdam
example. Suppose a PV-only system delivered $1 worth of energy and cost
$1,000,000. Suppose the PV/T system delivered $1,000,000 worth of energy and
cost $1,000,001. Certainly PV/T would look attractive relative to the PV
only. But suppose further that a thermal only system delivered $999,999 worth
of energy and cost $1. Would anyone buy the PV/T system now? Of course,
these are ridiculous numbers but they illustrate the point that both compari~
sons must be made. Furthermore, PV/T must be compared with side-by-side pho-

tovoltaic and thermal collectors as an option.



I. INTRODUCTION

A. Study Definition

The Solar Technology Group at Brookhaven National Laboratory (BNL) was
requested by the Jet Propulsion Laboratory (JPL) Photovoltaic Lead Center to
undertake, during the period October 1980 to September 1981, a study to deter—
mine the potential economic viability of combined photovoltaic/thermal (PV/T)
solar energy systems utilizing flat-plate collectors. The study was carried
out during the first half of this period, and the results were presented to
JPL in April 1981. This report describes these results and the analysis which
led to them.

B. Scope

The objective of this study was laid down at the outset by its sponsor.
This was to answer the question, "Can the collection of thermal energy in a
PV/T system subsidize photovoltaics?” That is, we were asked to determine
whether an added thermal collection subsystem could be more marginally cost-
effective than the PV-only system to which it is added, so that it would

enhance the economic attractiveness of the combined system.

The study was limited to flat-plate collectors. In a flat-plate PV
array, passive cooling is generally considered to be adequate; therefore, the
decision whether to collect thermal energy is a design option. Concentrating
PV systems (above a very low concentration ratio) require active cooling of
the array and are therefore inherently PV/T, the only decision being whether

to use the heat or to dump it.

Finally, we were directed not to use limited roof area as a reason for
choosing the PV/T option. If PV/T could be shown to be desirable from other
considerations, then the ability of a combined PV/T system to collect a given
amount of electrical and thermal energy using a smaller array than a side-by-
side photovoltaic—-plus—thermal system could be brought in as the clinching
argument. But array area considerations could not be used as an essential
pillar in the argument. Under these ground rules, in which we fully

concurred, the study proceeded.



c. Background

The idea of utilizing a single solar collector to satisfy both the ther-
mal and electrical energy needs of a building is intuitively attractive,
whether approached from the standpoint of a photovoltaics engineer who
realizes that a considerable amount of thermal energy is available which could
be obtained in addition to the electrical energy produced by the photovoltaic
module, or from the standpoint of a thermal systems engineer who realizes that
a portion of the thermal emergy could be upgraded to higher-quality electrical

energy by the addition of photovoltaics into thermal collector design.

An extensive program of PV/T collector development and system performance
modeling has been carried out under the auspices of the United States Depart-
ment of Energy for several years. Work performed to date on PV/T collectors
and systems may be conveniently divided into the areas of (1) collector

theory, (2) collector design, and (3) PV/T system studies.

_ PV/T Collector Theory. The basic work in the area of PV/T collector

theory was by Florscheutz (1), who extended the standard Hottel-Whillier model
for thermal analysis of flat-plate collectors to include both the thermal and
electrical outputs of a PV/T collector. The approach was to obtain modified
forms of the usual collector thermal efficiency parameters which, together
with the PV electrical efficiency and its temperature dependence, provide a
predictive framework for use in PV/T system studies. This work was extended
by Raghuraman (2-4) to take into account specific details in air- and
liquid~based collector construction which caused the Florscheutz model to
overestimate PV/T thermal performance by as much as 15%4. Predictions from

these models were found to agree well with experiments (5).

PV/T Collector Design. In the area of collector design, approaches have

ranged from the simple mounting of PV cells onto the absorber plate of an
existing thermal collector to sophisticated approaches intended to overcome
thermal and/or electrical efficiency losses associated with the simple

approach.

The simple approach has produced degradations in thermal efficiency well

beyond what would be expected from the uptake of electrical energy by the



cells (6). Primarily, these efficiency degradations stem from such things as
relatively poor heat transfer through the cells to the absorber plate (2,
reflection of long-wavelength radiation by the metallized back surface of the
cell (7), and reduced selectivity of an absorber surface composed of photo-
voltaic cells relative to that obtainable in a good thermal-only selective
absorber (8). Advanced-design collectors have been proposed or developed
including such design features as absorption of heat at more than one surface
in air-heating (9) and liquid-heating (10) collectors, provision of means to
enhance heat transfer from a single surface (11), replacement of the
metallized back surface by a grid to allow passage of long-wavelength
radiation to an absorbing surface behind the cells (7), blackening of the
metallized surface (1l1), and promotion of selectivity through the use of
appropriately configured thin-film cells incorporating metal-semiconductor
junctions with anti-reflective coatings (8). The results of this work suggesf
that considerable collector development will be vrequired before a PV/T
collector can be made with performance parameters close to those which
obtainable in separate PV and thermal units. The cost of the advanced designs

has yet to be seriously addressed.

PV/T System Studies. Considerable work has been done on the analysis of

PV/T systems. Perhaps the largest number of papers has been published by the
group at the Lincoln Laboratory of the Massachusetts Institute of Techmnology.
In an early paper (12) it was concluded that a system employing a PV/T
collector feeding electrical and thermal energy to a heat pump would in
general be considerably more efficient than a stand-alone thermal-only solar
system. Another paper (13) indicated that, given a choice among PV-only,
thermal-only, and PV/T collectors, optimum system performance included some
PV/T in three out of four locations. Optimum system economics required PV/T
in only one location, Boston. The study assumed an electrical efficiency for
the PV/T collector of ~10% at 30°C collector temperature, and a thermal
efficiency of ~627% at ambient collector inlet temperature. Another paper (14)
held that "in general, for any system, annual system cost decreases as hybrid
collectors are replaced by photovoltaic modules because of the anticipated
lower cost of photovoltaic modules and the greater value of electrical energy

compared to thermal energy.” Two years later, the conclusion was drawn (15)



that "where the heating load is dominant, a PV/T collector is more economical
than an exclusively PV collector.” The optimal system in this analysis was a
parallel PV/T heat pump system, that is, a system in which the solar thermal
energy is used to heat the load directly (not via the heat pump) and the
electricity is used (among other things) to operate the heat pump, which uses

ambient air as its source.

PV/T system studies carried out by the solar energy group at the Univer-—
sity of Maryland (16) have concentrated on system performance sensitivity to

variations in collector and storage parameters.

A study by Westinghouse Electric Corporation (17) concluded that PV/T
systems would.be viable with high-volume production. Installed array costs of
$45/m?2 for the PV array and $65/m% for the combined PV/T array were assumed
(1975 dollars) for the high-volume scenario (1l7a). Battery storage was deemed

essential for high market penétration.

A companion study (18) by the General Electric Corporation arrived at a
negative conclusion concerning PV/T, because "transmission losses and degraded
PV output due to higher operating temperatures in the collector are apparently
too severe to make this approach attractive, and it thus received a low

ranking.” (18a).

Finally, an in-house study performed at Sandia Laboratories (19) con-
cluded that side~by~side photovoltaic and thermal collector arrays are more
cost effective than combined PV/T collectors. Major points cited in this
study were that the side-by-side system did not in fact require much more
collector area (~25%) than an equivalent PV/T system, that the combined PV/T
collector did not provide significant savings in materials cost, that the
combined PV/T collector needs some kind of active heat dump to prevent over—
heating of the cells under stagnation, that improving the selectivity of the
cell surfaces results in decreased electrical output at the same time thermal
output is increased, that the allowed incremental cost of adding PV to a
thermal collector turns out to be lower than projected cell costs, and that in
the side-by-side system the PV and thermal subsystems can be sized indepen-

dently.

To summarize, considerable theoretical and experimental work has been

done on PV/T collectors and systems. Two major schools of thought have



developed. One denigrates the potential of PV/T because of technical problems:
and poor benefit-to-cost ratios, while the other maintains that, at least in
cold climates, the benefits of PV/T will exceed the cost once the inevitable

engineering problems associated with any new technology are solved.
D. Approach

The approach taken in this study was designed to conform to two major

guidelines:

1. It should be relatively simple and transparent in its methodology, so
that the path from assumptions to conclusions could be readily followed. A
degree of complexity in the mathematical development could not be avoided,

however.

2. Tt should consider PV/T relative to each of the other three solar
options: PV-only, thermal-only, and side-by-side PV and thermal (PV+T). That
is, PV/T must be justified separately against each, and only if it satisfies

all three criteria can it be said to be justified overall.
The methodology comprised the following steps:

1. Assess the thermal flat-plate collector market. This step provides a
framework for estimating the possible energy contribution from PV/T systems,
and it indicates the most promising regions of the United States to choose for

the study.

2. Develop an economic criterion of merit. Solar energy economics have
been studied in many ways with many different assumptions, leading to widely
varying conclusions. The economic criterion derived in this study is based on
considerations of payback, cash flow, and life-cycle costing judged most
applicable to the residential user. The criterion developed is found to be

compatible with the DOE photovoltaic residential 1986 cost goals.

3. Address the technology issues inherent in PV/T. These issues
comprise considerations which may lead to different (generally poorer) basic
parameters (eq. absorptivity, emissivity, heat transfer) in combined PV/T
collectors than in thermal-only or PV-only ones. How to account for these

potential differences is resolved at this stage.

4. Determine incremental system costs. The cost of adding thermal

collection to a basic PV system and the cost of adding PV to a basic thermal



system are (separately) determined. - The ratio between the cost of a

side-by-side PV+T system and that of a combined PV/T system is determined.

5. Determine incremental energy values. Here the differences and ratios
in collected energy between the same system pairs as in Step 4 are

determined.

6. Apply the economic criterion. Here it is determined whether the
benefit calculated in Step 5 is sufficient to justify the cost calculated in
Step 4. The ratio X between the value of thermal energy and that of
electrical energy is allowed to vary as a parameter in the study. The
question is asked, "Are there any values of X for which PV/T simultaneously
passes the three tests (against PV, against thermal, against PV+T), and, if

so, do these values fall in the range which is likely to be seen in practice?”

The remainder of this report follows this plan for some generic PV/T
applications. At the end, specific applications involving heat pumps are

taken up and related to the conclusions obtained in the foregoing sections.



I1. THE FLAT-PLATE SOLAR COLLECTOR MARKET

In order to assess the potential of flat-plate PV/T systems for displac-
ing primary energy savings, a three—-step process was undertaken. (1) Informa-
tion on past sales of thermal-only flat~-plate collectors was obtained. (2)
Future projections by recognized authors were collected. (3) A likely
scenario of solar installations was generated. This information was obtained
separately for two generic types of collectors, (a) unglazed, low-tempera-—
ture collectors used largely for swimming pool heating, and (b) glazed,
medium—-temperature collectors used mostly for space and water heating.

In the swimming pool case, the size and growth rate of the total residential

pool market was also obtained to serve as a gross upper bound.
A. Low-Temperature Collectors

Recorded manufacturing activity for unglazed collectors used to heat
swimming pools (20) is shown in Table 1. This represents a 287% annual growth
rate from 1975 to 1980. The largest market areas for solar swimming pool
heaters are California, Florida, and the northeastern United States. For
example, for the six-month period January-June 1978, 57% of solar pool heaters
were sold in California, 21% in Florida, and 13% in New York and New Jersey

(21). In the six years from 1974 to 1980, the total number of pools grew at a

Table 1
Solar Collector Manufacturing Activity, 1974-1980,
- Millions of Square Feet

Collector Type

Low Temperature Medium~-Temperature
Year (Unglazed) (Glazed)
1974 1.2 0.2
1975 3.0 0.6
1976 3.8 1.9
1977 4.8 5.4
1978 5.8 4.8
1979 8.3 5.9
1980(est.) 11.4 7.0
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6% annual rate (22). Figure 1 shows the primary energy displaced via the

electricity produced by PV/T swimming pool heaters under two conditions.

1. Assume that all swimming pools have PV/T solar systems. This is
clearly an unrealistic condition intended only to establish a gross upper

limit.

2. Assume that all'solar—heated swimming pools are PV/T and that their
numbers increase at the current rate. This again is unrealistic (a) because
there are no PV/T pools at present, and (b) because the 28% growth rate of
thermal-only solar pools cannot be sustained indefinitely in the face of a 6%
growth rate for all pools. The crossover of the two curves around the turn of

the century reflects this.

In order to obtain a more realistic estimate, two further steps were
taken. First an attempt was made to estimate the actual level of solar pool
installations, but assuming all of them to be PV/T; a second estimate
recognized that only a portion of them will be PV/T. Although these curves
(dotted 1lines in Figure 1) are little more than guesses, they do give a
rough indication the energy displacement obtainable from PV/T swimming pool
heaters. These estimates are predicated on PV/T being a good idea. If it is
not, the curves will likely remain near the zero level indefinitely. The
conclusion is that the potential primary energy displacement due to the
electricity produced in PV/T swimming pool heaters is ~ 0.1 quad/yr. This
includes a factor of 3 to account for power plant and transmission losses
which would be saved as primary energy in addition to the electric energy

produced. It does not include the thermal energy produced by the collectors.
B. Medium—Temperature Collectors

The manufacturing activity for medium—temperature collectors shown in
Table 1 has involved mostly hot water heaters. A forecast of future
installations was generated by using a projection of installed collector area
up to 1992 (23) and extrapolating linearly beyond 1992. On.the basis of this
projection, which includes residential hot water and space heating/hot water
systems, the primary energy displacement from the electrical energy produced
by PV/T medium-temperature flat~plate collectors was estimated, as shown in

Figure 2. For the solid curve it is assumed that all medium—temperature solar

10



actual situation, assuming PV/T is a good idea for these systems. As in the
swimming pool case, a factor of 3 is included to account for power plant and
transmission losses, and thermal energy production is not included. A
potential primary energy savings of ~ 0.1 quad/yr. is found for the electrical

component of PV/T at the end of the century.

Since the primary market areas for both low- and medium-temperature
collectors have till now been California, Florida, and the Northeast, the
localities chosen for study were Los Angeles, Tampa, and New York. The
potential contributions of low— and medium—temperature PV/T were judged to be
about equal with regard to electrical energy, and therefore, both types of

systems were included in the analysis.
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IIT. CALCULATION OF THERMAL AND ELECTRICAL OUTPUTS

A. Calculation Tools

The calculations of thermal and electrical output from flat-plate PV/T
collectors made use of two distinct formalisms. The first is that of
Florscheutz (1) who modified the well-known Hottel-Whillier equations for
flat-plate thermal-only collectors to include both the thermal and electrical
outputs of PV/T collectors. These equations give output rates under specified
operating conditions. The second formalism (24,25) uses a specific insolation
probability distribution to obtain integrated values of the energy outputs
over specified time periods (months in this report). These monthly values are
then summed over the year in order to make system comparisons. Each system
type 1is characterized in the analysis by characteristic thermal operating
temperatures, which are used in the calculation of thermal and electrical

outputs.
B. Summary of the Florscheutz Approach to PV/T

Because of the use made in this report of Florscheutz's work, its major
aspects are first summarized. Essentially, in this work, the well-known
Hottel-Whillier equations for flat-plate thermal-only collectors are modified
to take into account the effects of adding PV cells to the absorber plate of a

thermal collector. The modifications generally take the form of modified

values of the parameters which characterize a flat plate collector. These
modified values are indicated by a tilde. Thus, the overall heat loss
coefficient Uj, becomes ﬁL' The collector efficiency factor F' and the

heat removal factor FRp become F’ and Fp. Other quantities, such as the
sunlight S striking the absorber and the useful thermal energy collection rate

Qu are modified to S and Q,, respectively.

Although there are indications that the method of Florscheutz may over—
estimate the amount of thermal energy collected, it was considered that this
discrepancy, due largely to relatively poor heat transfer through the cells
and the cell-absorber plate interface, may not be inherent, and that PV/T
should not be disqualified on the basis of possibly correctable deficiencies.
The results obtained, then, can be viewed as a limit which may be approached

by PV/T insofar as thermal energy production is concerned.
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C. Implications for the Thermal Efficiency Curve in PV/T’
In addition to these variables defined by Florscheutz, it is convenient

to define a modified absorptivity a such that
&=oa-n (L

where o 1is the collector absorptivity and n is the efficiency of the PV
array. Since n is a function of temperature, & is not a constant. The
percentage variation of a over a reasonable range of collector temperatures is
small. TFor a PV array whose efficiency varies by 0.5%/°C, the variation in a

over a 509C temperature range is 2.5%.

In terms of a, the collector efficiency curve for the collection of

thermal energy can be expressed as

Qy AcFpls - Uy (T & - T)]
n, = = ’
€ By A,
1]
= a
) AcFRIS(L - =)= (U = wHyn, B ) (Tg ; = T))] (2)
Actp

< . - (Tg ;. = T,)
3 N 17 Ta
= FRTOL FRUL HT

where A. is the collector area, Hyp is the insolation rate on the collector
surface, T¢ j and T, are the collector fluid inlet temperature and ambient
temperature, respectively, N; and N, are the PV array efficiencies at ambient
and reference temperatures, respectively, B, is the temperature coefficient of
cell efficiency, T is the glazing transmissivity, and the other quantities are

as defined above. In deriving the third line of Eq. (2) the relation

S = ToHyp (3

has been used. The relation (2) is identical to the standard Hottel-Whillier

efficiency curve except for the substitution of Fp and a for Fp and a.

Figure 3 shows a schematic comparison of the thermal performance of PV/T
with that of thermal-only collectors. The differences in the curves can arise

from the following sources:

1. The electrical energy extracted by the PV array is mostly subtracted

from the thermal energy produced.
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dependence due to the variation of PV cell efficiency with
temperature.
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2. A value of ﬁR different from Fyp.

3. A value of o for the PV/T collector different from that for the

thermal-only collector.

4. A value of Uj, for the PV/T collector different from that for the

thermal-only collector.

Difference 1 represents a gain of useful energy in a higher quality form
(electrical) than what is given up (thermal) and so represents a net gain for
PV/T. Differences 2, 3, and 4 may or may not be significant. In 2, the value
of fk would almost certainly be less than Fp if there is a difference,
since the cells could represent an additional thermal impedence, but it is
hard to imagine that their presence could improve heat transfer. 1In 3, the
value of o for the PV/T case may be significantly less than that for the
thermal~only case because of possible difficulties in blackening the current-
carrying grid on the cell surfaces and because the absorptance of the active
cell area may be less than that obtainable with black paint. In 4, the value
of U, may be higher in the PV/T than in the thermal-only case if the
thermal-only collector has a selective coéting; the potential for obtaining
good selectivity in a practical PV/T collector remains in doubt. The differ-
ences in 2, 3, and 4 represent mnet losses for PV/T relative to thermal-only
collectors which are uncompensated by any corresponding electrical energy
gain. The sources and possible remedies for differences 2, 3, and 4 are

discussed in Section VI.
D. Total Monthly Collected Energy

An approach applied previously for combined solar heat pump systems (24,
25) to calculate the monthly collected solar thermal energy is applied here.
The basis of this method is the assumption of a constant probability density
for insolation intensity, given that the sun is above the horizon, from zero
up to some maximum value-—usually around 3410 kJ/m2-hr (300 Btu/ft2-hr). That
is, for any hour with sunshine, it is just as likely that the insolation rate
has one value as any other within the prescribed range. 1In fact this distri-
bution does not hold exactly. Many locations have a tendency for excess hours
at low insolation values, together with a gradual falloff near the top of the

range, so that for any reasonable cutoff thefe will be hours with insolation
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values above the top of the range. The sunlight received at low rates will be
less effective than average, and indeed the thermal component may be complete-
ly uncollectable. On the other hand, sunlight at insolation rates above the
cutoff will be more effective than average. The two effects thus tend to
cancel out. Comparisons of collected insolation calculated by the above
method with a standard thermal collector design tool, F-Chart, gave good
agreement (see Section VIII). The advantage of this method is that it allows
the Florscheutz equations to be integrated to give closed-form expressions for

the monthly collected thermal and electrical PV/T output.

If hg is the number of hours with sun in the month, and Hp,, is the maxi-
mum insolation rate, then under the above assumptions the number of hours
having an insolation rate between Hy and Hp + dHp is (hg/Hp,y)dHy.
The amount of solar thermal energy collected for these values of insolation

rate is then

dE, = —— Q (4)

max
where Qu’ the useful thermal energy collection rate, is a function of HT and
the operating parameters of the collector. The total thermal energy collected

is then

hS Hmax
E = H fQudHT . (%)

max
0

Similarly, the total electrical energy collected is
hs Hmax
Jc i erdHT (6)
max
0

where Qe is the useful electrical output of the collector. In addition, the
total imsolation I received during the month at the collector aperture is
Hmax h hH
I = /H s dH, S max

TH T=—2— . (7
0 max

Equations (5), (6), and (7) are used in the following sections to obtain the

total collected thermal and electrical energy values.
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E. Collected Thermal Energy

Equation (9) of Florscheutz (1) displays the calculated thermal output

of the PV/T collector under specified operating conditions as

Q, = AFI8 - Tp(rg | - 1)) (8)
where S.= s(1 - na/a), ?L = UL - THanBr; and, following the discussion by
Florscheutz on p. 364, FR & FR. S, the solar radiation per unit area absorbed
at the absorber surface, is here taken to equal the incident radiation HT attenu~
ated by the glazing transmissivity and absorber absorptivity, or S = HTTa.

Use of the previously derived result

hs

dEc = q dHT Qu (9)

max

and substitution of éu for Qu as the appropriate value in a PV/T collector

gives

hs UL(T - Ta)
| - - - T 10

i dHy JA HoFo [w(l nOL/oa) i + m B (T a)] (10)

dE_ =
c

where the subscript £,i has been dropped from the collector inlet tempera-
ture T. The minimum utilizable insolation is that for which the quantity in
brackets on the right side of Eq. (8) is zero. If Hpijp is the value of Hrp
for which this holds, then

UL(T - Ta) UL(T - Ta)

H, = = — (1)
min Tta(l - na/u + anBr(T - Ta) T8

where by definition & = o - n, + anr(T - Ta). The quantity & is the resid-

ual thermal absorptivity after the PV energy is taken off.

The total collected thermal energy is then

B

max

E = f ar

a4 C
5 .
min
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Achs max Achs max
=g FRT [a - n, + anr(T - Ta)]HTdHT - ﬁ:n—a—; FRUL(T - Ta) dHT

H . : H .
min min
2 2
Ah g U (T - T )2 Ah U. (T - T.)
- S8 5 .y max L a __c's FU(T - T )1 _ L "a’
H R 2 2.2 H RL a max 0
max 278 ] “max
~ 2¢m 2 2¢7 _ 2
) AchSFRnﬂ%aX AthFRUL (T Ta) A RTU(T-T) 4 AchSFRUL (T Ta)
2 - 20 18 ¢ s RL a ' H T8
max v max
A h F, TOH AhF U.2(T - T )2
_ c'sTR Tmax c s RL a
= 2 A FRU (T = T)) + 2H__ 18 . (12)

The total received insolation during the time period is, from Eq. (7)

I = thmax/z . (13)
Then

[ 22U (T -T U.2(T - T )2

E = TIA F.7d |1 - A a) + = ( a)

c ¢ R TGH 2 2.2
max H T O
- max
U (T - T,) 2
= IACFRTa 1 - q e

| max

it
&
(¢
tj
=
~
o
P N
I
=
=
i
f
3
=3
o
\—/N"

LU
m T, (14)

i}
&
[¢]
=i
P
=
(@]
NN
=1 T
i
=3
N

where Tm is the maximum stagnation temperature, Ta + Hm XT&/UL. This formula

a
is the same as a formula derived for thermal-only collectors (25) except that a is

replaced by & in the last line of Eq. (14) and in the definition of T .
F. Collected Electrical Energy

Equation 14 of Florscheutz (1) displays the calculated electrical output

of the PV/T collector under specified operating conditions as
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A_Sn n.B 3
__C a rr | S =
Q = {l - [FR(Tf,i - Ta) +-§— (L - FR)] . (15)

e o
a L

With substitutions for the tilde quantities as in Eq. (8), this becomes

H,ota(l - n_ /a)(1 - F)
T a R ]] . (16)

n.B
F(rT-T) +
R a ) U, - TIanr

rr

Q

e

a

= A H_1n 1 -
¢ T 'a { L

A relationship similar to Eq. (9) can be shown to hold for electrical

quantities, under the same assumptions upon which Eq. (9) was derived:

hs
dJc T dHT Qe
max

Ah H,t(a - n)(1 - F)

_ _¢'s ‘ T a R

=g HTdHT {Tna - anBr [FR(T - Ta) + TR . an
max L Tr'r

For the thermal energy case, the integral was computed from Hmin to
Hmax' However, electrical energy can be collected at all insolation levels.
For Hp < H_, the operating temperature will not be T but rather will be the

T min’
collector stagnation temperature, which will be less than T. Remember that

Hmin is that value of incident insolation for which T equals the stagnation

temperature. Under stagnation

T-T "
a_ T8 _ T
=-—==— [a-n_ +nB8(T-"T)]. (18)
Hrp UL UL a rr a
Then
H_tn_ B H.T
T T
(T-1) (1-—")=5— (a-n) (19)
L L
and
Hot(a -~ 1)
T a
(T-T) = —————> (20)
a UL - HTanBr
Then for He <H .0 the quantity in brackets in Eq. (17) simplifies:
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H, (o - na)(l - FR)

F(T-T) +—
R a UL THanBr

) FRHTT(a - na) . HTT(u - na)(l - FR) ) HTT(m - na) o
UL - THanBr UL - THanBr UL - THanBr
Then
H . H
min _~Tax
J o= ./rdJ + J/~dJ
c c c
0 v,
min
Hﬂin
Achs = Hot (o - na)
T H Hpdiy | ™M, - B g T T
max 0 L T v r

B
Ah max H (o - 1 1-F
€8 fyam, |wm - BF, (T-T)+ ety )¢ 3
H T T a rrR a U, - tH.n B
max L T'rr
b S
min
B .
max 2 min 9
A h 17 Ahtne (o -n) H_“dH
cs a (-] rr a T T
- —_——mm— H dH _
T T B U. - tH.n B
max max o0 L Trr

max
Ah mB8F (T ~-T) Jr
cs rrR a

H HpdHy =
max H .
min
2 max 2
AchsT anr(a - na)(l - FR) Jﬂ HT dHT (22)
Hmax i UL —THanBr
min

With the use of the relationship (13) linking total received insolation to

maximum insolation rate, these terms reduce to
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J = TIA tn -~
c c a

H
max
2TA 21 8. (o = n) 5 2dn
(o} T r a T T _
H2 UL - THanBr
max 0
Hmax
2TA TN B.F (T - T)
cC T IrR a H dH. +
2 T T
B
max
H .
min
H
2 max 2
21A 0 B (o - na)FR~/~ H“dH, o)
2 Up, = THpn B
max
H .
min

The last three terms are generally small compared with the first because

of the small factor anr which is typically ~0.0005. Furthermore, THanBr is

3

generally not more than 20% as large as UL' We therefore make the approximation

Cil!-—‘

1 1 1
N . 2 x G + TH. B /U (24)
UL B THanBr UL <’ - THanBr/UI) L Trr L

and the indefinite integral

2
H_4dH

T T ! 2
f% N ~ 5 [HT a + THanBr/UL)dHT

r L
3 4 3
Hy®  tn B Hp Ho 3t B Ay
= 35 + > + C = KOl 11 +-——Zﬁ~——— +C . (25)
L 4u, L L

Then, to a good degree of approximation,

2 3
IA n, B F U (T - T)
crrRL a
Jc = IACTna-IACanBrFR(T - Ta) + 5 " -
H T
max
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3
H 3tn_B H
2TA 2 max r r max
T anr(a - na)(l - FR) 3UL <; + 4UL >
max

2 3
2TA B (o - F UL (T - Ta) 1+ 3nr8r(T - Ta) (26)
2 Ny Py Mg/ ¥r 23 48
H 318
max

where the second and third terms of Eq. (26) are the integral of the third term
of Eq. (23), and the Fo in the fourth term of Eq. (26) is contributed by the
upper limit of the integral of the fourth term Eq. (23).

We now make the following final approximations in the terms of Eq. (26)

other than the first.

a-mn %8, (27)
3tn B H
ZUr max . , (28)
L
3n_B (T - T))
Tt a’ .
W 20, (29)
We then may write
2 3
IA n B F U “(T - T)
3 _TATn - TA tn BF (T -T) +——EEREL a’_ .
c® Tca c rrr a 2 2
3H T8
max
2 "
ZIACT anra(l - FR)Hmax
3UL
= IA [n S B F(T - T)(L - e2/3) -
c a r'rR a
(2/3)n 8 (1 - Fp) (A 73/U)] (30)
(T - T)/H oy
where & = Ta/u . The physical interpretation of e is the fractional
L
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distance (in AT/I terms) of the collector operating point from ambient to
stagnation under maximum insolation. Under most conditions the value of ¢

will be < 0.5.

Some consistency checks can be performed on this formula, based on the
notion that if the cell temperature is T everywhere then the energy collected
from the PV array will be

JC = IAcTn = IACT [na - anr(T - Ta)] . (31)

The first condition to check is FR =1 and & << 1, such that the cell
temperature is equal to the collector inlet temperature everywhere (since
FR = 1) and the collector temperature always equals T (82/3 ® 0 means that
T is close enough to Ta that the low-insolation stagnation can be ignored).

Substituting FR =1 and € = 0 into Eq. (30) yields Eq. (31) as hoped for.

Other consistency checks depend on the fact that under stagnation conditions
the average collector temperature weighted for solar input is 2/3 as far above

ambient as the maximum stagnation temperature. That is,

H H
nax max
_ 2 Td
T )dH, _O[ H du

9 HT(Tstagnation T UL T
H B H
fmax max
HTdHT HTdHT
0 o]
1. 18 3
5 Uy Tmax 2 Td 2
ST 2 T3 Tpax T3 (T, = T - (32)
D Hax L

If FR = 0, no thermal energy is collected and the collector is always

stagnating. Substitution of FR = 0 into Eq. (30) gives

e

2 "
IACT[na - E-anr(Hmax Tu/UL)]

I

2
IACT [na - § anr(T - T )] (33)
m a
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as expected. This condition (with 7 = 1) will be used to calculate the energy

output of a stand-alone PV array, with a suitable value of U, reflecting passive

L
cooling.

The third test condition is that for which T - Ta = HmaXT&/UL, meaning that
the operating temperature is so high that the collector is always stagnating
regardless of the value of FR. Under this condition € = 1. Substitution of

these values into Eq. (30) yields

_ 2 5 2 N
Jc - IACT[na -3 anr Fp Hhax TOL/UL ) anr(l - FR)HmaxTu/UL]
= IA tln. - 2 n_B.(T - T)] (34)
c a 3 'rv'r a

as it should.
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IV. ASSESSMENT PROCEDURE

After calculation of the electrical and thermal outputs from a PV/T sys-—
tem, the system still had to be assessed. The philosophy underlying this
study demanded that PV/T be compared with three alternatives: PV-only,
thermal-only, and side-by-side PV and thermal collectors (PV+T), with no

credit for reduction in roof area (as explained in the Introduction).

In order to make these comparisons, it was necessary to calculate the
electrical or thermal output of PV and thermal collectors in the same loca-
tions in which PV/T was studied. For PV only, the PV/T formalism was used
with FR = O (no heat removal), T = 1.0 (no glazing), and a high value of
Uy, appropriate for an unglazed collector with no back insulation (passive
cooling). For thermal-only, the PV efficiency in the PV/T model was set equal

to zero.

Using these numbers, each of the following quantities was calculated as a
function of the ratio of the price (value) of thermal energy to the price

(value) of electrical energy taken as a parameter:
1. Allowable PV/T system cost over that of PV-only.
2. Allowable PV/T system cost over that of thermal-only.

3. The ratio of the allowed PV/T system cost to the allowed cost for
side-by-side PV+T.

In a later section these quantities are examined in detail. Figure 4 is
a typical graph showing how these comparisons are made. This graph is for a
medium-temperature application (glazed collector) in Los Angeles. The solid
lines are discussed here; the dashed lines are an elaboration which will be
discussed later. The vertical axis on the left shows the equivalent
electrical emergy gain, Eequijy from PV/T over PV-only or thermal-only, which

is defined as

Eequiv = Be T E¢X (35)

where E, is the gain (or loss if negative) in electrical energy output of PV/T
compared with PV-only or thermal-only, Ey is the thermal energy gain (or loss)
in the same comparison, and X is the thermal to electrical energy price ratio,

plotted on the horizontal axis.
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The most significant results of this report are.implicit in these curves;
therefore, it is important to understand them. The curve marked "T ADD-ON,
AGAINST PV-ONLY" shows the equivalent electrical energy gain from PV/T as
against PV-only. If X = 0, thermal energy is worthless and the only effect of
going to PV/T from PV is a small loss in the amount of useful electricity
produced. This is because the glazing cuts off about 8% of the incident
radiation and because the higher operating temperature of the glazed collector
reduces cell efficiency. As X increases above zero, the thermal energy
collected by the PV/T becomes increasingly important, and for high enough
values of X the incremental value of adding thermal energy collection to a
basic PV system becomes significant. Economics has not yet been discussed,
but it can be seen that at high values of X the allowed incremental cost of
adding thermal to PV to make PV/T goes to the $300 to 400/m?2 range. It is
plausible that thermal energy collection could be added to PV for a price in

this vicinity.

If one starts with a thermal energy collector, what is the value of
adding PV? The line labeled "PV ADD-ON, AGAINST T ONLY" addresses this.
Again, suppose first that X = 0. Then the equivalent electric energy gain
from PV/T over thermal-only will be just the electicity produced by the PV/T,
since the thermal energy is worthless at X = O. This is less electricity than
would be produced by PV only, as discussed above, and the gap between PV/T
(over thermal-only) at X = O and the electricity produced by PV-only (the
arrow in Figure 4) is the same as the gap between PV/T (over PV-only) and

zero, also at X = 0 in Figure 4.

The critical attribute of this curve is that its slope is negative. As X
increases, the equivalent electrical energy gain from PV/T over thermal-only
decreases. This happens because, to a first approximation, electrical energy
produced by a PV/T collector correspondingly reduces the thermal energy
produced. The more valuable thermal energy becomes, the less attractive this
tradeoff is. If this tradeoff were exact, the curve would have a zero inter-—

cept at X = 1; since it is not exact, the X = 1 intercept is positive.

These two curves may indicate a double-bind situation. If thermal energy
is cheap relative to electricity, it may be attractive to add PV to a

thermal-only system, but not to add thermal to a PV-only system. If thermal
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energy gets almost as expensive as electricity, the reverse may be true. It
may become attractive to add thermal collection to PV, but not to add PV to
thermal. The requirement that both be attractive in order for PV/T to be a
winner presents a problem. There is still the possibility, however, that both
are attractive in some range of intermediate values of X; this is examined in

detail below.

The PV/T vs. PV+T comparison, which theoretically could negate the
attractiveness of PV/T even if the above two comparisons were favorable, also

will be taken up later.
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V. ECONOMIC CRITERIA

The economics of solar energy systems has been analyzed in a variety of
ways. Widely differing results have been obtained, ranging from broad state-
ments that solar energy is extremely cost effective to equally broad state-
ments that solar energy will never make it in the marketplace. The discussion

below is intended to elucidate some aspects of these analyses.

To begin with, one divergence in outlook between the heating, ventil-
ating, and air-conditioning (HVAC) industry and the solar industry needs to be
pointed out. Generally, the HVAC industry requires a 3- to 5-~year payback
before it will consider marketing a more expensive but cheaper-to-operate
heating or cooling unit. In contrast, the solar industry has typically used
20-year life-cycle costing to evaluate the economic viability of solar sys-
tems. These two criteria yield quite different results. Possibly one or the
other is "right,” or perhaps some number in between is right, as determined by
the response of the marketplace. To investigate this further, the following
approaches have been taken: (1) simple payback, (2) positive cash flow, and

(3) life-cycle costing.
A. Simple Payback

Simple payback time is the period required for cumulative fuel savings to
equal the extra initial outlay if a customer spends more for a novel system
than for a conventional alternative. As stated above, the HVAC industry
thinks in terms of 3- to 5-year payback, but the solar industry in terms of 20
years or longer. A period of 7 or 8 years has been suggested as a reasonable
compromise which allows for increasing energy consciousness on the part of the
public but does not diverge widely from current practice. With no allowance
made for the increasing cost of energy, this would mean that the incremental
solar system cost (the difference between the first cost of the solar system
and that of the conventional alternative) should be no more than 8 times the
first year's fuel savings. With both fuel cost escalation and the time value
of money taken into account, this limiting factor might rise to about 10. The
required payback time is a matter of judgement, and this judgement can
determine the entire direction of a development program; therefore, it is of

interest to consider some other ways of reaching it.
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B. Postive Cash Flow

The basis of this approach to solar economics is the idea that a customer
will buy a solar system if the total payments for mortgage, maintenance, and
energy are less for the solar system than for the conventional one. Depending
on the interest rate, this criterion could be compatible with relatively long
payback periods. In order to assess this criterion, the capital recovery
factors (CRF) were calculated for nine mortgages: for 10, 20, and 30 years
at interest rates of 6, 10, and 14%. The CRF is the ratio of the annual
mortgage payment (interest plus principal) to the face amount of the loan.
The loan amount is taken as the incremental solar system cost, that is, the
difference between the first cost of the solar system and that of the conven-—
tional one. This is then modified by subtracting the tax savings due to the
deductibility of the interest and by adding the incremental maintenance and
miscellaneous costs, where these are assumed to equal 27 of the incremental
system cost. The net capital recovery factor represents the amount of fuel
savings required, per dollar of incremental system cost, to achieve zero
initial cash flow relative to the competing conventional system. The inverse
of the CRF is the ratio of incremental solar system cost to first—year fuel
savings needed to achieve zero relative cash flow in the first year. Values
of this cost-to—savings ratio are shown in Table 2. A cost/savings ratio of

10 is consistent with a 20-year 107 loan and a marginal tax rate of 37%.
C. Life-Cycle Costing

Life-cycle costing is a method of taking into account all the various
costs and benefits which occur in the course of achieving an objective over
time. A cost incurred in the future is not as great a liability as the same
cost incurred now, even in the absence of inflation. Qualitatively it is
human nature to defer pain as long as possible. Quantitatively, if a cost is
deferred, the money set aside to pay it can earn interest in the meantime, and
the longer the deferment, the more interest is earned. It may happen, how-
ever, that the further in the future a cost is deferred, the greater it will
be. In an era of rising energy prices, the cost of a given amount of fuel
will increase over time. A way is needed to.put costs incurred at different
times on an equal footing. This is accomplished by means of the present value

function (PVF), which is defined (26) as the amount of money that must be set
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Table 2
Ratios of Incremental Solar System Cost to First-Year
Fuel Savings Consistent with Zero Relative Cash Flow for the
First Year, for Two Tax Brackets.

Cost/Savings Ratio

Term of Interest  30% Marginal 507 Marginal
Loan (yr) Rate (%) Tax Rate Tax Rate
10 14 5.9 7.0

10 6.5 7.5
6 7.2 7.9
20 14 7.8 9.9
10 9.3 11.5
6 11.2 13.0
30 14 8.3 10.8
10 10.4 13.2
6 13.3 15.9

aside now, at an annual rate of return d, to cover over the next N years an
annually occurring expense now costing one dollar but expected to escalate at

an annual rate e:

N
PVF(d, e, M) = o L _ [1 —(i :3) ] if dfe
N o

In evaluating the relative merits of a solar and a conventional HVAC
system the present values of the various costs (or benefits) of each system
are added (or subtracted) to obtaiﬁ a total present value (TPV) of the life-
cycle costs of each. The system having the lower TPV is the more cost

effective under the given assumptions.
In the discussion below the following costs and benefits are considered:
1. System first cost.
2. Maintenance and miscellaneous costs.
3. Energy costs.
4. Tax benefits due to deductibility of interest payments.

These are the main items of concern to the residential user. In the

commercial area other factors, mostly related to the tax consequences of doing
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business, must be considered. If tax subsidies (such as the solar tax credit)
are available, then the solar system first cost would be taken

aftersubtracting the credit.
In the calculations below, the following assumptions are made:

1. The three measures related to time value of money (discount rate,
interest rate, and inflation rate) are set equal to one another. In the

numerical examples this common value is taken as 107%.

2. The system is assumed to be financed by a loan covering most of its

cost. The down payment is taken as a nominal 207.
3. The loan term equals the life of the system.

Under these assumptions the present value of the system cost (PVSYS) is

equal to the system cost C:
PVSYS = C. (37)

The present value of the maintenance and miscellaneous costs (PVMISC) is

given (26a) by:

N

PVMISC = mC e

(38)

where mC is the annual maintenance and miscellaneous expense (assumed to
increase with inflation), d is the discount rate, and N is the number of years

in the analysis.
The present value of the energy costs (PVENER) is given (26a) by:
PVENER = F'PVF(d, e, N), (39)

where F is the energy cost incurred in the first year of operation and e is

the energy cost escalation rate.

The present value of the tax reduction due to deductibility of mortgage
interest is (26b) equal to the marginal tax rate multiplied by the present

value of the interest (PVINT):

Nd ' 1 :
[~————1+d”1—1_ - N]+]}, (40)

1+d

t.PVINT = 0.8Ct
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where t is the marginal income tax rate of the purchaser (federal + state -

state ° federal).
The total present value is obtained by combining the four terms:
TPV = PVSYS + PVMISC + PVENER — t °* PVINT. (41)

The values of t * PVINT and PVMISC for d = 0.1 are given in Table 3 for

periods of 10 to 20 years.

Table 3
Present Value of Interest Tax Deductions and of Maintenance
and Miscellaneous Expenses for Various Periods of Analysis

Period of Analysis (yr) t * PVINT PVMISC
10 - 0.343cCt 9.1 mC
15 0.457Ct 13.6 mC
20 0.546Ct 18.2 mC

It is then possible to calculate the value of m for which the second and
fourth terms in Eq. (41) just cancel, for marginal tax rates of 30% and 50%.

These are shown in Table 4.

Table 4
First-Year Maintenance Cost (as a Fraction m of System First Cost) for Which
Effects of Interest Tax Deduction Cancel Incremental Maintenance Costs.

Period of Analysis (yr)

Marginal Tax Rate 10 15 20
30% 0.011 0.010 0.009
50% 0.019 0.017 0.015

The m value is just the fraction of system first cost which is required
for maintenance and miscellaneous expenses during the first year. Values of
1.5% (26c) and 2.0% (27) have been advanced as reasonable. This suggests that
the combination PVMISC - t * PVINT tends to cancel, or at least that zero is
well within the range of plausible values. With this assumption, the

expression for total present value becomes

TPV = PVSYS + PVENER

Il

C+F * PVF(d, e, N). (42)
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The TPV for solar (TIPVg) is next compared with that for the conventional
system (TPV.). The threshold of solar cost effectiveness occurs when this

difference equals zero:
0 =TPVg — TPV, = Cg — C. + (Fg — Fo)* PVF(d, e, N). (43)
This leads to

Cs — Cc

To- T, Dr(d e M- (44)

In other words, the ratio of incremental solar system cost to fuel
savings at the threshold of cost effectiveness is given by the present value
function as shown in Eq. (36), which can easily. be calculated and is shown in
Table 5. The PVF is mostly a function of the difference between e and d; that
is, adding or subtracting a small amount to both e and d does not alter the

PVF so greatly as changing e or d independently.

Table 5
Values of the Present Value Function for Various
Fuel Escalation Rates and Periods of Analysis

Present Value Function
(Calculated for d = 0.1)

Fuel Escalation Fuel Period of Analysis (yr)
Minus Cost
Discount Rate Escalation 5 10 15 20 25
-0.05 0.05 4.2 7.4 10.0 12.1 13.8
0 0.10 4.5 9.1 13.6 18.2 22.7
0.05 0.15 5.0 11.2 19.0 28.7 40.1
0.10 0.20 5.5 13.9 26 .9 47 .0 78.0
0.20 0.30 6.5 21.6 56.3 136.2 320.6

The larger the PVF, of course, the more the solar system can cost. For
high fuel cost escalation rates and long terms of analysis one obtains very
high ratios indeed. The use of long system lifetimes such as 25 years and
large fuel escalation rates such as 30% results in very high values for PVF
and therefore high allowable prices for solar systems. This extremé case
appears to suggest that one should rationally be willing to pay 320 times the

first year's energy savings for a solar system. In addition to noting that
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this assumption means that oil would cost ~ $700 per gallon in 2005, one may
observe as well that this apparent price freedom is limited by certain

additional constraints:

1. The period of analysis should not exceed the system life. Indeed, it
should probably be shorter by a sufficient period to induce purchases with the
expectation of a profit. Since experience with solar systems is limited, the
use of system lifetimes as long as 20 years is probably not warranted. Even

15 years may be too long.

2. The expectation of high fuel cost escalation rates will probably not
be borne out as much for electricity as for fossil fuels. Fuel costs comprise
only a portion of the total cost of electric power generation, and cheaper
solid fuels are, in any case, expected to displace o0il in electric power

generation.

3. Insofar as fuel costs do escalate at a rapid rate, this will likely
lead to relatively rapid innovation in photovoltaics, solar heating, and other
forms of energy conservation. Thus a long-life high-cost solar system may be

rendered obsolete well before the end of its service life.
D. Selection of Target Cost/Savings Ratio

The numbers in Table 5 represent a variety of possibie cost goals for
solar systems. Which goal is most appropriate is a matter of judgment, but,
for the reasons advanced above, a wvalue of 10 has been selected for the ratio
incremental-system—cost/first—-year—energy~savings, consistent with a fuel

escalation rate 5% above inflation and a breakeven time of < 10 years.
E. Estimation of 1986 Energy Prices

In order to estimate 1986 prices for both electricity and fossil fuel, a
survey was taken of 1980-81 prices in the three market areas being studied.
For Southern California, electricity and gas prices quoted by Southern
California Edison were taken as representative (28). For Florida, Tampa
Electric Co. prices were used (29). These two utilities serve the Los Angeles
and Tampa areas, respectively, which were used in the study. For the
Northeast, Long Island Lighting Co. electricity prices were used (30) rather

than Consolidated Edison, even though New York City weather data were used,
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because LILCO prices, although above the national average, were not as extreme
as those prevailing in New York City and hence were more representative of
prices generally over the Northeast. O0il was used as the fossil fuel in this

case, although both oil and gas are widely used.

To translate 1981 to 1986, electricity prices were escalated at a rate 5%
above inflation. The allowed cost/savings ratio of 10 was then applied to
obtain an allowable incremental system cost per GJ, annual electricity

savings.

The results of this process are given in Table 6. In order to compare
these results with other standard measures of system economic viability, these
criteria were applied to a PV-only system in each of the three areas studied.
The electricity collected per square meter was calculated by the formalism
developed in the preceding section. This number was then multiplied by the
allowed cost in dollars per gigajoule-electric ($/GJ.) to obtain an allowed

cost in dollars per square meter ($/m2). With use of a peak insolation rate

Table 6
Calculation of Allowed System Incremental Costs
Los Angeles New York Tampa
1981 electricity price
(¢/kwWh) : 8.0 9.6 5.9
1986 electricity price (1981 %)
(¢/kwWh) 10.2 12.3 7.5
(8/63¢) 28.38 34.06 20.93
1986 allowed incremental system cost (1981 $)
($/GJe) 284 340 209
Electricity collected by PV-only
(GIo/m2-yr) 0.643 0.480 0.671
Affordable PV-only price
($/m2) 183 170 140
($/Wp) 1.83 1.70 1.40

All three locations were adjusted to reflect $1.60/Wp allowable price for a
PV-only system.

of 1000 W/m2, these prices can be translated to dollars per peak watt ($/Wp).
The results of these calculations are also given in Table 6. The resulting

allowed costs of $1.83/Wp, $1.70/Wp, and $1.40/Wp are all very close to the
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1986 PV program goal (31) of $1.60/Wp for residential systems. Because the
uncertainties in the 1986 electricity prices as calculated are larger than the
differences between the above cost goals and $1.60/Wp, the value $1.60/Wp for
the PV-only system was used as the criterion in all three cities. This

criterion was used to scale all systems, as will be seen in a later section.

For fossil fuel, the 1981 prices were 48¢/therm for gas in Los Angeles
(28), $1.20/gal for oil in New York (32), and 47¢/therm for gas in Tampa
(29). In the analysis below, fossil energy prices were taken as a parameter.
Specifically, the parameter was defined as the ratio of the price of fossil
energy (delivered to the point of use) to the price of electricity. In order
to estimate the most likely value of this ratio, 1981 fossil energy prices
were escalated at a rate 8% above inflation. An 807 conversion efficiéncy was
assumed. The results of these calculations are shown in Table 7. It appears

that the most likely values of this ratio will fall in the range 0.25 to 0.50.

Table 7
Fossil Energy Price Estimates
Los Angeles New York Tampa

1981 fossil fuel price

gas, ¢/therm* 48 47

oil, ¢/gallon#** 120
1981 fossil energy price, 80% conversion efficiency

($/GJ¢) 5.68 10.71 5.56
1986 fossil energy price (1981 $)

($/GIp) 8.35 15.74 8.17
Ratio fossil energy price/electricity price in 1986

(dimensionless) 0.29 0.46 0.39

#1 therm = 100,000 Btu.
%%] gallon #2 fuel oil = 140,000 Btu.
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VI. TECHNOLOGY ISSUES

Technology issues include aspects of either PV or thermal collector tech-
nology which contribute to the viability or non—viability of PV/T as against
PV-only, thermal-only, or side-by-side PV+T. These issues are discussed in

the following sections.
A. Glazing Transmissivity

For medium-temperature thermal applications such as space heating or hot
water, it is necessary to use glazed collectors. .(Systems which employ a heat
pump may be an exception; these will be considered in Section IX.) The inter-
position of a glazing between the incident radiation and the cells (located on
the absorber plate) reduces the amount of radiation striking the cells and
thus reduces the electrical energy produced by PV/T compared with PV-only.
For low-temperature thermal applications where unglazed collectors can be

used, this consideration does not apply.
B. Operating Temperature

For medium—temperature applications the average collector operating tem-
perature is expected to be higher for PV/T than that for a PV—only_system.
This will result in lowered electrical output for the PV/T collector because
cell efficiency declines with increasing temperature. In addition, unless
some active means of heat dumping is employed, the stagnation temperature of
the PV/T collector will be much higher than that of the PV-only collector.
"Cooking” the cells in this way may severely limit cell 1life, and this problem
must be addressed even though it may have no impact on simulations of
collector performance. The effect of elevated operating temperatures is thus
very similar to that of glazing. For the low-temperature unglazed collector
this effect is less serious, and indeed in some applications the cells may be
cooled below their otherwise normal operating temperature, which improves

efficiency.
C. Thermal Absorptivity

It is tempting to assume in simulations that the absorptivity to incident
solar radiation will be the same in a PV/T collector as in a thermal-only

collector. It is quite posible, however, that the PV/T collector will suffer
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from reduced absorptivity. In the thermal collector, an optimal coating
(selective or nonselective) can be used. In a PV/T collector, the cells are’
necessary and one cannot just paint over them or deposit black chrome onto
their surface. Absorptivity problems involve (a) the cell surface itself, and
(b) the grid connections, which represent a small fraction of the cell area.
Presumably any area not covered by cells could be coated in the same way as a
thermal-only collector, though at higher cost per unit area. The grid
connections, in principle, could be blackened or selectively coated (11), but
the cost is likely to be high because the coating must be pinpointed onto the
grid and kept off the cell. Still, it is»possible that a process such as
rotogravure printing could be used cost effectively. The major problem
concerns the active cell surface itself. In order to maximize electrical
efficiency, the back of a cell is normally highly reflective. This high
reflectivity does not affect photons with energy above the absorption edge,
since they are essentially all absorbed in the silicon. Long-wavelength
photons are reflected by the metallized back and mostly pass back out of the
cell. In PV-only applications this is desirable because it reduces the
operating temperature of the cell, but in a PV/T collector this represents a
net loss of energy. Some means of capturing these photons is desirable,
either by making most of the back surface nonreflective in a manner consistent
with maintaining conductance of electrons away from the cell, or by replacing
the metallized back with a grid similar to that on the front, and providing an

auxiliary absorbing surface to absorb the photons which pass through (7).
D. Collector Heat Loss Factor

The collector heat loss factor or Uy value of a PV/T collector may be
higher than that of a selectively coated thermal-only collector of the same
geometry and with the same amount of insulation because the speétral response
of the cell may not provide optimum selectivity. That is, in addition to
reduced absorptivity in the visible region of the spectrum, discussed above,
emissivity in the iqfrared may be higher than that in a selective-surface
thermal-only collector. This can be due, for example, to high emissivity of
the encapsulant. In this case, the collector heat loss factor will revert to
a value appropriate to a nonselective collector, and thermal energy collection

will be impaired. This effect will Dbe most pronounced for the
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higher-temperature applications and relatively unimportant for low-temperature
collectors. It may be possible to isolate the interior of the collector
sufficiently that no additional encapsulant is needed; alternatively a very
thin material (~1/4 wavelength at the blackbody peak at the temperature of
operation) may be found which can be used for this purpose. In any case, both

this and the previous issue represent problems to be solved.
E. Electrical-Thermal Tradeoff

This issue was discussed above and is a consequence of heat transfer laws
and conservation of energy. The impact here is that the more valuable thermal
energy is, the less incrementally valuable is electrical energy, and hence the
less one can spend to add a device which "trades in" thermal for electrical
energy. It is this tradeoff which resulted in the downward slope in Figure 4

of the line representing the incremental value of PV/T over thermal-only.
F. Lifetime Match/Mismatch

It is quite possible, indeed likely, that the optimum lifetime of the
thermal portion of a PV/T collector will be different from that of the PV
portion, if each is considered separately. However, in a composite unit such
as this it is desirable that the system be designed, like the "one hoss shay,"”
so that all its major components will break down at once. A 20-year solar
cell in a 10-year thermal collector is clearly suboptimal, whereas it may well
be possible that in a cost vs. 1life tradeoff the optimum life of a
thermal-only collector would be 10 years. This represents a potential
difficulty for PV/T systems which may or may not be a problem in practice. A
related difficulty which almost certainly will be a problem is that, even if
the design lifetimes of the thermal and PV portions are the same, in a given
installation they may be quite different. The breakdown of the shorter-lived
subsystem may cause the other to fail; at the very least the performance of

the remaining subsystem will probably be impaired.
G. Collector Area Match/Mismatch

The optimum thermal collector area may well be different from the optimum
PV area. 1In this event, suboptimal area of one or the other would have to be
used, or else a mixture of PV/T and single-purpose collectors would be

needed. At the very least this would result in system complications which
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would eliminate the "only one kind of collector” simplicity sometimes claimed

for PV/T.
H. Market Area Match/Mismatch

The economics of solar electricity may not always follow that of solar
thermal energy, although the two are no doubt correlated. Thus marﬁeters may
be faced with situations where the need for one type of energy from solar is
much less than the need for the other. With side-by-side collectors, the area
of one kind or another can be easily set to zero, but this is not possible

with PV/T.

These three issues need not, of course, be fatal to PV/T, which could
have a sizable market niche in spite of them. In evaluating any PV/T program,
however, they must be taken into account. At the very least, they tend to

fortify the final issue, below.
I. Limited Program Resources

Regardless of the merits of PV/T, it is clear that an extensive engineer-—
ing development program would be required to bring PV/T to a state of commer-—
cial readiness. 1In order to justify the necessary expenditure of resources,
it must be shown not merely that PV/T is "competitive" with other solar

options, but that it is clearly superior to them in enough applications to

justify the cost of a development program.
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VII. INCREMENTAL SYSTEM COSTS

In this section estimates are made of the incremental costs of adding
thermal energy collection capability to a PV-only system and, alternétively,
those of agding electric energy collection capability to a thermal-only
system, to make a PV/T system. In addition, estimates are made of the costs
of a PV/T system relative to a side-by-side PV+T system of the same PV and
thermal collector area. These incremental (or relative) system costs are then
compared with the incremental (or relative) energy collection capability, as
determined in the next section, in order to assess the economic viability of

PV/T.

Each system 1is broken down into two subsystems, collector and balance-
of-system (BOS). The collector includes the device used to collect solar
energy, any internal wiring or piping, and materials and labor involved in
affixing it to the building roof. BOS includes everything else needed to
interface the collector to the point of delivery of the energy to the load.
Thus, a thermal-only system is assumed to include a thermal collector and a
thermal BOS; a PV-only system includes a PV collector and a PV BOS; and a PV/T
system includes a PV/T collector, a PV B0OS, and a thermal BOS. '

The incremental cost Cp of PV/T over PV only is thus estimated as
Cy = PV/T coll + PV bos + T bos - PV coll - PV bos (45)

where the various terms represent the costs of collector and BOS for equal-

area PV/T, PV, and thermal systems. This simplifies to
Cy = PV/T coll + T bos — PV coll . (46)
Similarly, the incremental cost Cy of PV/T over thermal only is estimated as

Cy = PV/T coll + PV bos + T bos - T coll - T bos

PV/T coll + PV bos — T coll . (47)

It is recognized that the thermal BOS cost associated with a given area of
PV/T collector may vary from that associated with the same area of thermal-
only collector, but this is considered to be a second-order effect which will

not greatly alter the result.
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The ratio of PV/T system cost to that of a side-~by-side PV+T system is

defined as

R = PV/T coll + PV bos + T bos 48
" PV coll + T coll ¥+ PV bos + T bos (48)

The cost of each of these subsystems is now estimated for each of the two
thermal energy temperature ranges considered, that is, medium—temperature
glazed collectors (>40°C) and low-temperature unglazed collectors (<30°C).
For the medium—-temperature applications, two technologies are considered. The
first is the current state-of-the-art technology comprising metal-and-glass
collectors operated under pressure and freeze-protected with glycol or other
antifreeze solution. The second is a proposed future technology comprising
thin-film plastic collectors operated at atmospheric pressure and using
ordinary water as the heat transfer fluid in a drainback mode of operation.
These collectors are currently under development at Brookhaven National
Laboratory, and it is of interest whether their successful development would

have any effect on the economic attractiveness of PV/T.
A. Thermal Collector (Medium Temperature, Current Technology)

The installed cost of thermal collectors varies widely. Important vari-
ables are heat transport fluid (liquid or air), number of glazings, and
whether the absorber is selectively coéted. For this analysis, a single-
glazed, selective-surface copper—and-glass liquid-heating collector was used,
because it is the most popular type ‘and provides adequate performance for
space heat and hot water without the use of double glazing. Two separate
reports, one prepared by Zweigel for Continental Group, Inc. (33) and the
other by Booz Allen u Hamilton (34), were used in assessing collector costs.
These were used because they delved into the inner workings of the manufac-
turing and distribution chain, thus providing insights which proved useful in
evaluating projected costs of advanced collector technologies and of balance-

of-system.

The assessment methodology used in both reports was to begin with mater-
ials costs and then to consider added costs introduced at the factory and in
the distribution and installation process to arrive at a final cost to the
consumer. The collector materials costs as determined in these studies are

tabulated below:
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Collector Materials Costs ($/ft2)

Continental (33) Booz Allen (34)

Glazing 0.63 0.50
Selective coating 1.00 N/A
Absorber 2.81 2.13
Frame and backing plate 1.13 2.14
Gaskets and insulation 0.62 0.72
Total » 6.19 5.49
The Continental collector is selectively coated. It 1is not clear from

their report whether or not the Booz Allen collector is selectively coated,
but, since the absorber cost given does not appear high enough to admit the
current cost of a selective surface (black chrome), which is ~$l/ft2, it is
assumed to be nonselective. In this case the two totals are in quite good
agreement (exact if $0.70 'is taken as the difference in cost between a
selective and nonselective surface). Note, however, the variations in the
estimates for the various subcomponents. As a result of these considerations,
the cost chosen for use was the Continental materials cost of $6.19/ft2 for

the selectively coated absorber with a single glazing.

Factors by which the materials cost must be multiplied on the way to
obtaining an installed cost to the customer are shown in Table 8. Besides the
Continental and Booz Allen values, the values used in this study are shown.

The reasons for these choices are given below.

Table 8
Market Ratios

Factor Continental (33) Booz Allen (34) This Study

Manufacturing costs other

than materials 1.28 1.31 1.3
Manufacturer's markup 1.2 1.5 1.4
Distributor's markup 1.2 1.3 1.25
Dealer/installer markup

and labor 1.75 1.14 1.55
Overall market ratio 3.2 2.9 3.5
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For manufacturing costs other than materials, the Continental and Booz
Allen values were close and appeared reasonable, and their average was taken

for use.

For manufacturer's markup, the values from the two reports differed
significantly. Booz Allen broke out three cost items: recovery of investment
in plant and equipment, general and administration, and profit. No such
breakout was given in the Continental report. Therefore more weight was given

to the Booz Allen number, and a value of 1.4 was selected for use here.

For distributor's markup, the two values were fairly close, and their

average was adopted.

For dealer/installer markup and labor, the Continental report took care
to justify its high value on the basis of a study of labor costs as well as
the dealer/installer's overhead and profit. Booz Allen, on the other hand,
selected an arbitrary $2/ft2 with no further explanation. The judgement
adopted here is that the Booz Allen market ratio is quite low, and the figure

adopted for use is much closer to the Continental value.

The product of the four factors thus arrived at is 3.5. Note that in
each of the two cases with a significant discrepancy between the two reports
our analysis indicated that the higher was likely to be closer to the truth;
the overall value of 3.5 was therefore higher than the overall value obtained

by either report.

Applying the overall market ratio of 3.5 to the materials cost of $6.19/
£e2 yields an installed collector cost of $21.67/ft% or $233/m2. This is in

the range of prices currently seen for this type of collector (35,36).
B. Thermal Collector (Medium Temperature, Future Technology)

The materials costs for the Brookhaven thin—film collector have been
estimated (37) and are shown in Table 9. This collector is based on the use
of a thin-film laminate absorber and a thin-film glazing attached to a light-
weight bent-metal frame. The thin films are stressed in a monocoque construc-—
tion which adds structural strength to the panel. The absorber consists of
two sheets of laminate material. Each sheet has a thin layer of a high-tem-

perature plastic such as Du Pont Tefzel laminated to a layer of aluminum
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Table 9
Materials Costs for Future Technology Thermal Collector (4 x 8-ft Panel)

Item Cost

Frame $ 4.80

Glazing film-Tedlar PVF 8.95
0.004 in. $0.28/ft2

Absorber heat exchanger laminate 17.92
Tefzel/aluminum $O.56/ft2

Adhesive, fasteners, insulation 12.80

Honeywell selective paint 0.64

Total $45.12

= $1.41/ft2 or $15/m?

foil. The aluminum foil provides lateral heat transfer so that dincomplete
wetting can be tolerated, it provides good elastic rigidity, and because of
its thermal conductivity it helps to prevent a non—uniform temperature distri-
bution with resulting "hot spots” under stagnation. It also provides a good
substrate for the selective coating. The plastic layer provides tear resis-
tance, keeps the heat transport water away from the aluminum to prevent
corrosion, and can provide a thermally nonconductive point of attachment to
the collector frame. The heat transport water is introduced at the top of the
panel through a manifold, flows by gravity between the twin sheets of the
absorber, and emerges at the bottom into an exit manifold or trough. A low-
cost selective coating under development by Honeywell Cdrporation under a
U.S. Department of Energy contract (38) is projected to be used in this

design.
C. Thermal BOS (Medium Temperature, Current Technology)

Overall balance-of-system costs given in the two reports for space
heating/DHW systems and for hot water only systems are shown in Table 10, in
terms of cost per square foot of collector. Note that these numbers refer to
freeze-protected systems. In tropical and subtropical areas where freeze
protection is not needed, solar DHW systems are considerably cheaper. For
hot-water-only systems (Figure 5) there is a significant difference but for

space heating/DHW systems (Figure 6) the two reports are in close agreement.
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appears to include it. Other differences may be due to variations in system
configuration and component sizing. Overall, the Booz Allen estimate for BOS
is ~$20/ft? while the Continental report gives numbers ranging from $24 to
$40/ft2. Prices for solar DHW systems have been creeping upward, and $3000
appears to be an average price in the northeastern United States. This would
correspond to $50/ft2 for the system. With the collector cost estimated at
~$22/ft2, this would correspond to a BOS cost of ~$28/ft2. All things consid-
ered, this value, or $300/m2, is thought to represent fairly well the thermal
BOS cost for a solar DHW system. For the space heating/DHW system, no explic—
it breakout was given in the Continental report. The Booz Allen breakout is

shown in Table 12.

Table 12
Thermal BOS Component Costs for
Space Heating/DHW System, Current Technology

Ttem Booz Allen (34), 300-ft2 Collector
Storage $2275
Pumps (4) 579
Piping 1907
Heat exchangers 398
Valves and controls 643
Misc. 0
Total $5802
Cost per £t2 $19.34

The overall totals given in the Booz Allen and the Continental reports
are in close agreement (Table 10), and the thermal BOS cost for space

heating/DHW systems was taken as their mean, $19.67/ft2 or $212/mZ.
D. Thermal BOS (Medium Temperature, Future Technology)

The use of nonpressurized thin-film collectors operating in an automatic
(open drop) drainback mode with ordinary water as the heat transport fluid can
make possible some significant cost reductions in the balance-of-system as
well. Specifically, storage costs may be reduced by wusing a vented,
plastic-lined vessel either made of concrete (39) or built 1like an
above-ground swimming pool. The heat exchanger normally used between the

collector and storage can be eliminated. The number of pumps can be reduced.
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The use of plastic piping becomes a possibility because the system is not
pressurized and cannot experience temperature excursions above 100°C as could
a pressurized system. Some progress in reducing the price of system controls
may be experienced. A preliminary estimate of the potential for these cost

reductions has been  developed. Table 13 shows estimated BOS

Table 13
Thermal Balance—of-System Component Costs for Domestic Hot
Water System, for 60-£t2 Collector, Future Technology

Cost to
System Market Installed
Itenm Remarks Manufacturer Ratio Price
Storage Sheet metal,
plastic liner, $70 3.5 $245
insulation
Pump One only 25 2.5 60
Piping 30' 1/2" CPVC,
30' 1" CPVC, 20 2.5 50
insulation 80 2.5 200
Heat exchanger 100" 1/2" Cu,
coil immersed 30 3.5 105
Controller 40 2.5 100
Check valve 10 2.5 25
Misc. 10% 140
Total $925

= $15.42/ft2 or $166/m®

component costs for the hot water system (Figure 7), and Table 14 shows those
for the space heating/DHW system (Figure 8). A market ratio of 2.5 was used
for items that come in manufactured form ready for use on the Jjob site; a
ratio of 3.5 was used where factory or on—site fabrication of more basic
materials is required. An allowance of 15% for contingency/estimation error/
miscellaneous was used to provide a margin of safety in the estimates. These
estimates result in potentially achievable thermal BOS installed costs of

$166/m2 for hot-water—only systems and $75/m2 for space heat/DHW systems.
E. PV Collector

The installed cost of the PV collector was taken from the DOE PV program
goal for 1986 (31). This cost is $1.12 per peak watt ($/Wp) plus $0.11/Wp as
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Table 10
Overall Thermal Balance-of-System Costs,
Medium Temperature, Current Technology, in $/ft2 of Collector

System Type Continental (33) -~ Booz Allen (34)
Hot water only $30-40/ft2%; $24/ft2** $20.60/ft2 (based on 60 ftzz
Space heat/hot water $20/ft2 (based on 375 ftz) $19.34/ft2 (based on 300 ft%)

*Qverall estimate based on stated $50—60/ft2 system cost, $20/ft2
collector cost (60 ft2 of collector).
**Bagsed on item~by-item breakout.
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Figure 5. Hot water only system diagram (current technology).

Breakouts of BOS components for domestic hot water systems are given in Table
11. Agreement between the totals is fair, the difference being ~15%.
However, the estimates for the individual items show considerable wvariation.
In some cases this is explainable. For example, the Continental entry for

piping clearly does not include insulation, whereas the Booz Allen estimate
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Table 11

Thermal Balance-of-System Component Costs for Domestic

Hot Water System,

for 60-ft2

collector, Current Technology

Item Continental (33) Booz Allen (34)
Storage $718 $507.
Pumps (2) 125 130
Piping 102 385
Heat exchanger Not 1listed 110
Controls and valves 78 104
Misc. and other 418 0
Total $1441 51236

Cost per ft2 $24.02 $20.60
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Table 14
Thermal Balance-of-System Component Costs for Space
Heating/DHW System, for 400 Fi2 Collector, Future Technology

Cost to
System Market Installed
Ttem Remarks Manufacturer Ratio Price
Storage Concrete or
Sheet metal liner, $150 3.5 $525
600 gal.,
insulation (120 ft2) 40 3.5 140
Pumps Two required 120 2.5 300
Piping 60" 1" CPVC
60" 1-1/2" CPvVC, 100 2.5 250
insulation 120 2.5 300
Heat Solar coil
exchangers in duct 230 2.5 575
DHW coil immersed
in tank 30 3.5 105
Controller 60 2.5 150
Check wvalve 10 2.5 25
Misc. 15% 420
Total $2790

= $6.98/ft2 or $75/m?

the prorated portion of indirect costs allocated to the collector, or
$1.23/Wp. At 10% nominal array efficiency and 1000 W/m? peak intensity, this
is equivalent to $123/m2.

F. PV BOS

The PV BOS installed cost (31) is $0.34/Wp plus $0.03/Wp for allocated
indirect costs, which is $0.37/Wp total. This is equivalent to $37/m2 of
collector, with the same conversion procedure used as in the preceding

section.
G. PV/T Collector

In order to evaluate the expected cost of a PV/T collector, two questions

have been addressed:

1. Are there any savings to be realized on the PV side by virtue of the

PV being incorporated in a PV/T collector?
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Figure 7. Hot water only system diagram (advanced technology).

2. Are there any savings to be realized on the thermal side by virtue of

the thermal collection process being combined with PV in a PV/T collector?

Care must be taken not to count savings twice by charging common items
like the collector frame to the thermal side in answering the first question
and to the PV side in answering the second. The viewpoint taken here is that
the PV/T collector is essentially a thermal collector with attached PV cells

"going along for the ride.' It therefore seems unlikely that the PV/T
collector will offer any savings on the thermal side. 1In Section VI a number
of reasons why the thermal collection capability might suffer in PV/T were
discussed, such as difficulty in obtaining high absorptivity and low
emissivity. It is assumed here that no savings in collector costs per unit

area can be obtained on the thermal side.
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On the PV side, some potential savings are listed in Table 15. As a

result of these estimates, in computing the potential cost of PV in a PV/T
collector, $0.93/Wp or $93/m2 (rather than $1.23/Wp or $123/m?) is added to
the installed cost of the thermal-only collector to obtain the‘installed cost
of the PV/T collector. Thus, for a current-technology medium-temperature PV/T
collector, the resulting cost is $233/m? + $93/m? = $326/m?2. For the future-
technology medium—-temperature PV/T collector, the cost is $53/m2 + $93/m2 =
$146/m2. This estimate may be low in that the $93/m? was predicated in part
on sharing the marketing and distribution costs with the thermal subsystem,
and $53/m2 leaves little leeway for such sharing; nevertheless, it is allowed

to stand, as a lower limit.
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Table 15
PV Savings in PV/T Collector as Against PV-Only ($/Wp)

Item , PV-Only (31) PV in PV/T Explanation of Difference

PV collector,

FOB mfg. 0.70 0.65 Module fabrication not
required (save $0.10)
but cells must be
secured to absorber (add

$0.05).
Marketing and
distribution 0.21 0.10 Half these costs borne by
thermal side of system
Installation 0.17 0.03 Not much more expensive

to install PV/T than T-
only ($0.03 for minor

variation).
Field wiring 0.04 0.04 Same .
Subtotal 1.12 0.82
Allocated portion
of indirects ) 0.11 0.11 Same.
Total 1.23 0.93
H. Summary: Medium—Temperature Applications

The cost estimates obtained in the foregoing sections are summarized in

Table 16.
I. Incremental System Costs: Medium Teﬁperature Applications

it is now possible to calculate the incremental system costs defined

earlier:

1. Cost of PV/T over PV only.
2. Cost of PV/T over thermal only.
3. Ratio of PV/T cost to side-by-side PV+T cost.

These costs are shown in Table 17. Note that in the second case, cost of PV/T
over thermal-only, the value is the same for all systems. In each system the.
incremental cost is the $37/m? for the PV BOS plus the $93/m2 cost of adding
PV to the thermal collector to make a PV/T collector. The wide variation of
numbers in the first case, cost of PV/T over PV-only, is due to the wide

variation in thermal collector and BOS costs from system to system.
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Table 16
Summary of Subsystem Costs, Medium-Temperature Applications

Subsystem Technology Installed Cost ($/m?2)
Thermal collector Current: 233
Future 53
Thermal BOS — DHW Current 300
Future 166
Thermal BOS - space Current 212
heat/DHW Future ' 75
PV Collector 1986 Residential 123
PV BOS 1986 Residential 37
PV/T collector Thermal-Current : 326
Thermal-Future 146

The numbers in Table 17 will be used in Section VIII to evaluate the

economic attractiveness of PV/T for medium—temperature applications.
J. Low Temperature Applications: Unglazed Swimming Pool Systems

The economic potential of PV/T systems utilizing unglazed collectors
operating at low temperatures was also analyzed. Such applications would
mitigate some of the drawbacks encountered at higher temperatures, such as the
effect of the glazing in reducing incident radiation, the loss of cell effi-
ciency at higher temperatures, and the loss of selectivity likely to be
encountered in a PV/T absorber. The principal application of unglazed
collectors at present is for heating swimming pools. Such systems generally
use low-cost plastic collectors and have low BOS costs because no storage is
needed and they have no complex central modes or flow routings. Installed
collector costs tend to run ~$6/ft2 and the balance-of-system ~$2/ft2
installed (40). These costs are equivalent to $65/m? and $22/m2 respective-
ly. To estimate the cost of an unglazed PV/T collector, the $93/m? incre-
mental PV cost is. added to the $65/m2 thermal collector cost to obtain a
$158/m2 PV/T collector cost. PV collector and BOS costs remain at $128/m2 and
$37/m2 respectively. By using these values, it is possible to prepare a table
of incremental costs similar to Table 17, but with only one entry for each
case rather than four since one technology and one system application have
been considered rather than two of each. The values obtained, shown in Table
18, will be used in Section VIII to evaluate the economics of a PV/T swimming

pool system.
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Table 17

Incremental System Costs, Medium Temperature Applications, $/m2 Collector

Technology
Application Current Advanced
I. Cost of PV/T over PV-only Hot water only 503 $/m2 189
(PV/T coll + T box - PV coll) Space heat/DWH 415 98
II. Cost of PV/T over thermal-only Hot water only 130 $/m? 130
(PV/T coll + PV box — T coll) Space heat/DHW 130 130
III. Ratio of PV/T cost to Hot water only 0.96 0.92
cost of side-by-side PVHT Space heat/DHW 0.95 0.90

(PV/T coll + PV bos + T bos)
(PV coll + T coll + PV bos + T bos)

Table 18

Incremental System Costs, Low-Temperature Applications, $/m2 Collector

Technology:
Application Current
I. Cost of PV/T over PV only Swimming pool 57 $/m2
(PV/T coll + T bos — PV coll)
II. Cost of PV/T over thermal only Swimming pool 130 $/m2
(PV/T coll + PV bos — T coll)
III. Ratio of PV/T cost to Swimming pool 0.86

cost of side—-by-side PV+T

PV/T coll + PV bos + T bos
(PV coll + T coll + PV bos + T bos)
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VIII. INCREMENTAL ENERGY VALUES

In this section the energy inputs are calculated by the methods of
Section III for PV/T systems as well as PV-only and thermal-only systems.
Once these values are obtained, it 1is possible to calculate an equivalent
electrical energy gain from PV/T relative to PV-only and to thermal-only. As
explained in Section IV, in these calculations thermal energy is related to an
amount of electrical energy equivalent in value by means of a multiplication
factor X, the ratio of the value of thermal energy to the value of electrical
energy. The value of X is treated as a parameter in the analysis which
follows. That is, the question is asked, "Are there any values of X for which
PV/T is justified economically, and, if so, do these values include those

likely to be experienced in the real world?"

In order to do the calculations, weather and insolation data are needed
as well as the solar collector parameters. The incident insolation values

used in this study are shown in Table 19. The values for. Los Angeles and

Table 19
Summary of Incident Insolation, GJ/m2

Los Angeles New York Tampa

Month (30° tilt) (40° tilt) (30° tilt)
Jan. . 0.459 0.320 0.605
Feb. 0.491 0.330 0.582
Mar. 0.562 0.444 0.692
Apr. 0.710 0.502 0.667
May 0.600 0.477 0.683
Jun. 0.590 0.494 0.611
Jul. 0.741 0.564 0.601
Aug. 0.726 0.618 0.603
Sep. 0.613 0.439 0.603
Oct. 0.553 0.413 0.640
Nov. 0.488 0.291 0.628
Dec. 0.461 0.230 0.576
Total 6.994 5.122 7.491
kiWh /m2 1943 1423 2081
Btu/ft2 615,000 450,000 660,000
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New York were taken from Lunde and Brown (41), and those for Tampa were
calculated from data given by Wynn and Johason (42) since Lunde and Brown gave
no values for Florida. The collector parameters used are shown in Table 20.
For the thermal-only medium—temperature collector, these parameters correspond

approximately to those of a single—-glazed selective-surface collector. The

Table 20
Collector Operating Parameters
Medium Temperature Low Temperature

Thermal Only

Fr 0.80 0.80

T 0.92 1.0

o 0.95 0.95

Uy, (kJI/hr-m2-0C) 21.85 80
PV Only

Fr 0

T 1.0

o 0.6

Uy, (kJ/hr-m2-0C) 80

Nref 10% at 28°C cell temperature

dn/dT -0.0005
PV/T

Fp 0.80 0.80

T 0.92 0.92

o 0.95 or 0.85 0.95 or 0.85

Uy, (kJ/hr-m2-0C) 21.85 80

Nref 10% at 28°C 10% at 28°C

dn/dT -0.0005 -0.0005
PV-only collector was simulated by setting 1 = 1 (no glazing), Fp = 0 (no

heat removal), and Up = 80%kJ/hr-m2-°C and o = 0.60 (passive cooling). The
latter conditions result in a cell temperature 27°C above ambient at a peak
insolation of 1000 W/m2. For the PV/T collector, two cases were considered,
one in which the absorptivity was the same as in the thermal-only case (o =
0.95) and one in which the absorptivity was less (a = 0.85). This was done to
assess the impact of the the reduction in absorptivity which may be difficult

or impossible to eliminate in PV/T collectors. The possible difficulty of
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higher emissivity in PV/T systems was not dealt with explicitly. If this
should prove to be an insurmountable problem, then PV/T systems would be less
attractive than predicted here for any applications where the collector

temperature is significantly above ambient.

The PV operating characteristics include a system efficiency of 107 at
289 cell temperature and a temperature coefficient of efficiency of -0.0005
per °C. Thus the cell efficiency drops to zero 200°C above ambient, but the
cells would not be operated anywhere near that high at temperatures for

reasons of cell life as well as efficiency.
A. Annual Energy Production—Hot Water Systems

The annual energy production for domestic hot water systems is shown in
Table 21. These calculations were done with an assumed average collector
temperature of 60°C. The PV-only and T-only values are given for comparison.
In the case of PV/T, where the thermal energy is used to heat water, the
energy produced is seen to be a function of absorptivity. As a check on the
methods of section III, the value of energy produced by the thermal-only
system was compared with that obtained from F-Chart (42), which calculates

solar thermal energy collected in space heating and domestic hot water

systems.
Table 21
Summary of Energy Produced (GJ/mz), Hot Water Application
Los Angeles New York Tampa
(30° tilt) (400 tilt) (30° tilt)
Total incident 6.994 5.122 7.491
PV-Only* 0.643 0.480 0.671
T-Only 2.459 1.679 2.945
PV/T, a = 0.95
Electric 0.512 0.376 0.540
Thermal 2.068 1.400 2.513
PV/T, o = 0.85
Electric 0.517 0.380 0.550
Thermal 1.611 1.078 2.009

*System efficiency 10% at 28°C cell temperature.
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The latter calculations were dome for an annual hot water load of 20x106
Btu (21.1 GJ) partially met by a solar system having 60 ft2 (5.57 m2) of
collector area. The solar fractions obtained by each procedure for each
location are given in Table 22. The differences in annual solar f£fraction
between the two methods range from O to 10%Z. Since the accuracy of F-Chart is

itself ~107%, the agreement is good.

Table 22
Comparison of Solar Fractions Obtained by Method of Section III (f),
with those Obtained from F-Chart (f¥%)
(Thermal-only collector, domestic hot water, 60 ft2)

Location

Month Los Angeles New York Tampa

£ £* £ f£* £ f*
Jan. 0.47 0.52 0.22 0.28 0.65 0.71
Feb. 0.56 0.67 0.26 0.37 0.71 0.80
Mar. 0.57 0.64 0.34 0.47 0.78 0.80
Apr. 0.78 0.84 0.48 0.60 0.85 0.84
May 0.65 0.70 0.52 0.56 0.87 0.83
Jun. 0.68 0.73 0.60 0.64 0.84 0.80
Jul. 0.85 0.85 0.72 0.70 0.81 0.76
Aug. 0.87 0.84 0.77 0.75 0.81 0.76
Sep. 0.73 0.77 0.54 0.56 0.82 0.79
Oct. 0.64 0.63 0.42 0.47 0.80 0.78
Nov. 0.54 0.60 0.25 0.30 0.75 0.79
Dec. 0.46 0.53 0.18 0.16 0.64 0.68
Total 0.65 0.69 0.44 0.49 0.78 0.78

The annual energy production totals as in Table 21 show that the total
energy production in the PV/T system with o = 0.95 is slightly greater than
the thermal energy collected in the thermal-only system. To zero order, the
PV/T collector "trades in" thermal energy for electrical energy on a
one-for-one basis. More accurately, slightly more electrical energy is

collected than thermal energy is given up.

With o = 0.85 in the PV/T collector, less total energy is collected in
the PV/T system than in the baseline thermal-only system with a = 0.95. Even
in this case it is possible that PV/T would be attractive, since electricity
is generally more valuable than thermal energy. The viability of PV/T is

addressed in a later part of this section.
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B.  Annual Energy Production - Space Heating/DHW

The use of PV/T for combined space heating/DHW was examined in New York.
The other two locations were judged to have space heating loads too low to be
of interest. Rather than keying the simulation to a specfic heating load, it
was assumed that the collectors operating at 40°9C were fully utilized in
November through April, and that in May through October there was no heating
load and a hot water load of 0.05 GJ per month per square meter of collector,
which was fully met. This would correspond to a monthly hot water load of 1.7
GJ for a 34-m? system. These assumptions involve approximations, but, since
the objective is to cross—compare the various systems, these approximations
were judged to be adequate. The annual energy production figures are shown in
Table 23. Note that in this case the total energy produced by PV/T with
a = 0.95 is significantly greater than that produced by the thermal-only sys—
tem. This is because the thermal collection capability is underutilized inthe
summer and therefore electricity produced by the PV during that time does not
detract from the thermal energy actually used. How this affects the analysis

will be seen shortly.

Table 23
Summary of Energy Produced (GJ/mz), Space Heating/DHW

New York (40° tilt)

Total Incident 5.122
PV Only 0.480
T Only* 1.139
PV/T, o = 0.95
Electric 0.389
Thermal* 1.003
PV/T, a = 0.85
Electric 0.394
Thermal* 0.860

*Thermal energy utilized Nov.-Apr. for space heat/DHW year round.
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C. Annual Energy Production - Swimming Pool Heating

The annual energy production in the swimming pool application was calcu-
lated for a collector operating temperature of 25°C. It was assumed that in
Los Angeles heat from the collectors was fully utilized in November through
May and not needed at all the rest of the year; in New York, heat was fully
utilized in April through June and in September and October and not at all in
the other months; and in Tampa heat was fully utilized in October through
April and not needed the rest of the year. Information from Fafco Inc. (43)
was used in making these selections. In the southern locations heat is needed
in the winter to allow year-round use of the outdoor pool. In New York, the
collectors are used to extend the season into spring and fall only, the winter

being too cold.

The annual energies produced by the various systems are shown in Table
24. The total enmergy produced by PV/T with o = 0.95 is significantly greater
than the heat produced by the thermal-only system. In this case, electricity
produced during the time the thermal energy is not needed does not subtract
from the thermal energy collected. This effect is similar to that observed in

the space heating case, although the details are different.

Table 24
Summary of Energy Produced (GJ/mz), Swimming Pool Heating
Los Angeles New York Tampa
(309 tilt) (400 tilt) (300 tilt)
Total Incident 6.994 5.122 7.491
PV-only 0.643 0.480 0.671
T-only* 1.962 1.360 3.017
PV/T, o = 0.95
Electic 0.662 0.495 0.700
Thermal#* 1.665 1.177 2.663
PV/T, o = 0.85
Electric 0.667 0.499 0.704
Thermal#* 1.377 0.999 2.315

*Nov.~May in LA; Apr.—Jun. and Sep.~Oct. in NY; Oct.—-Apr. in Tampa.
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D. Equivalent Electrical Energy Gain

The equivalent electrical energy gain from PV/T is now calculated rela-
tive to PV-only and to thermal-only. The equivalent electrical energy gain Ej

from PV/T relative to PV-only (that is, for thermal add-on) is
E] = Eg(PV/T) = Eo(PV) + EL(PV/T) * X (49)

where Eo(PV/T) and E (PV/T) are the electrical and thermal outputs from PV/T,
Ec(PV) is the electrical output from the PV-only system, and X is the ratio of
thermal to electrical energy prices defined previously. The equivalent elec—
trical energy gain E9 from PV/T relative to thermal-only (that is, for PV

add-on) is

Eg = Eo(PV/T) + [EL(PV/T) - E¢(T)] * X (50)
where E¢(T) is the thermal output from the thermal-only system. The equations
for E; and Ey are given in Table 25 for each of the situations of interest.

The straight lines resulting from these equations are plotted in Figures
9 through 15 (left-hand ordinate), with solid lines for o = 0.95 and dashed
lines for o = 0.85. The equivalent electrical energy gain from adding thermal
energy collection to a PV system has a negative intercept (for the medium—
temperature applications) and a positive slope. The intercept 1is negative
because less electrical energy is collected in a PV/T collector than in a PV-
only collector of equal area. If thermal energy is worthless (X = 0),then the
equivalent electrical energy for each system is just the electrical energy
itself; hence, the negative intercept represents the amount by which the PV/T
electricity production is less than that of PV only. The slope is positive
because no thermal energy is collected in a PV-only system, and therefore the
thermal energy collected by the PV/T represents an increasingly wvaluable

increment as X increases.

The line for the equivalent electrical energy gain from adding PV to a
thermal-only system has a positive intercept and a negative slope. The
positive intercept shows just the electrical energy collected by the PV/T
system, since for X = 0 the equivalent electrical energy collected by the

thermal-only system is zero.
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Table 25
Equivalent Electrical Energy Gain from PV/T Against
PV Only (Thermal Add-On) and Against Thermal Only (PV Add-On).

Equation For Equivalent

System Subsystem PV/T Electrical Energy Gain
Type Location Added On Absorbtivity (GJ/m2 Collector)

DHW LA T 0.95 E; = -0.131 + 2.068X
0.85 E) = -0.126 + 1.611X

PV 0.95 Ep = 0.512 - 0.391X

0.85 Ey = 0.517 - 0.848X

NY T 0.95 E] = -0.104 + 1.400%

0.85 E;} = -0.100 + 1.078X

PV 0.95 Egp = 0.376 - 0.279X

0.85 By = 0.380 - 0.601X

TA T 0.95 E1 = -0.131 + 2.513X

0.85 E; = -0.121 + 2.009X

PV 0.95 By = 0.540 - 0.432X

0.85 Ep = 0.550 - 0.936X

SH/DHW NY T 0.95 E;{ = 0.091 + 1.003X
0.85 E; = 0.086 + 0.860X

P 0.95 Eg = 0.389 + 0.136X

0.85 Eyr = 0.394 - 0.279X

SPH LA T 0.95 E; = 0.019 + 1.665X
0.85 Ep = 0.024 + 1.377X

34 0.95 Ey = 0.662 - 0.297X

0.85 Eo = 0.667 - 0.585X

NY T 0.95 Ep = 0.015 + 1.177X

0.85 E; = 0.019 + 0.99%X

' 0.95 Egp = 0.495 - 0.183X

0.85 Eo = 0.499 - 0.361X

TA T 0.95 Ep = 0.029 + 2.663X

0.85 E; = 0.033 + 2.315X

PV 0.95 Ep = 0.700 - 0.354X

0.85 Eo = 0.704 - 0.702X

DHW = domestic hot water; SH/DHW = space heat/domestic hot water; SPH = swim-—
ming pool heating; LA = Los Angeles; NY = New York; TA = Tampa; T = thermal
add-on; PV = photovoltaic add-on; Ej and E defined in Eqs. (49) and (50).

Why the negative slope? Since this negative slope is the crux of this
report's argument, it is essential that it be understood. 1In calculating the
equivalent electrical energy gain from PV/T relative to thermal-only, two
things must be accounted for. The first is, the electricity produced by the
PV in the PV/T system, which is a gain for PV/T and is represented by the

positive vertical intercept. The second is the thermal energy given up in
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order to get the electrical energy. Less thermal energy is collected in the
PV/T system than in the thermal-only system. Therefore, the more valuable
thermal energy becomes relative to electricity (the higher the wvalue of X),
the greater the weight of this reliquished thermal energy, and the less the
net equivalent electrical energy gain. In other words, the slope of the line

is negative.
E. Allowed Subsystem Incremental Cost

On each of Figures 9 through 15, the electric energy production of the
PV-only system is shown on the left-hand ordinate. 1In Section V it was argued

that the allowed first cost of the PV-only system was approximately $1.60/Wp

in each location, by the economic criterion adopted in this report. For
simplicity and ease of interpretation, and because the uncertainty in
electricity cost projections to 1986 exceeds by a wide margin the differences
between the allowed costs obtained in Section V and the PV program goal of
$1.60/Wp, it was decided to peg the allowed cost of the PV-only system in each
location at exactly $1.60/Wp. With the nominal 10% array efficiency and 1000
W/m2 peak intensity, this translates to $16O/m2 for the PV-only system. This
provides a conversion factor between equivalent electrical energy gain and
allowed incremental system cost in each location:

for Los Angeles, $160/m2 * 0.643 GJ/m2 = $249/GJ,

for New York, $160/m2 *+ 0.480 GI/m2 = $333/6J,

for Tampa, $160/m2 * 0.671 GJ/m2 = $238/GJ.
These conversion factors are used to calibrate the right hand ordinates of
Figures 9 through 15, which give the allowed incremental system costs Cj and
Cy corresponding to the equivalent electrical energy gains Ej and E3. The
criterion thus becomes: "Is the proposed addition of thermal energy collection
to a PV-only system, or of PV to a thermal-only system, more or Iless

attractive economically than PV itself on a stand-alone basis?”

The equations for the allowed incremental system costs C; and C2
equivalent to the lines in Figures 9 through 15 are shown in Table 26. It is
possible to calculate those values of X for which the allowed incremental
system cost in Table 26 exceeds the estimated incremental system cost in

Tables 17 or 18 (Section VII). These calculations are shown in Table 27, for
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EQUIVALENT ELECTRICAL ENERGY GAIN FROM PV/T, GJg/m?-yr
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Figure 9. Egquivalent electrical energy gain from PV/T,
domestic hot water, Los Angeles.
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EQUIVALENT ELECTRICAL ENERGY GAIN FROM PV/T, GJg/m2-yr
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Figure 10. Equivalent electrical energy gain from PV/T,

domestic hot water, New York.

67

ALLOWED PV or T SUBSYSTEM INCREMENTAL COST, $/m?



EQUIVALENT ELECTRICAL ENERGY GAIN FROM PV/T, GJg/m?-yr
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Figure 11. Equivalent electrical energy gain from PV/T,
domestic hot water, Tampa.
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EQUIVALENT ELECTRICAL ENERGY GAIN FROM PV/T, GJg/m?-yr
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Figure 12. Equivalent electrical energy gain from PV/T,
space heating/DHW, New York.
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EQUIVALENT ELECTRICAL ENERGY GAIN FROM PV/T, GJg/m?-yr

RATIO OF THERMAL TO ELECTRICAL
ENERGY COSTS

Figure 13.
swimming pool heating, Los Angeles.
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Figure 14.
swimming pool heating, New York.
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Figure 15. Equivalent electrical energy gain from PV/T,

swimming pool heating, Tampa.
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Table 26
Allowed Incremental System Costs for PV/T Against
PV Only (Thermal Add-On) and Against Thermal-Only (PV Add-On).

Equation for Allowed

Subsystem PV/T Incremental System Cost
System " Location Added On Absorptivity (GJ/m2 collector)

DHW LA T 0.95 -33 + 515X
0.85 -31 + 401X
PV 0.95 127 - 97X
0.85 129 - 211X
NY T 0.95 -35 + 466X
0.85 -33 + 359X
PV 0.95 125 - 93X
0.85 127 - 200X
TA T 0.95 -31 + 598X
0.85 -29 + 478X
PV 0.95 129 - 103X
0.85 131 - 223X
SH/DHW NY T 0.95 -30 + 334X
0.85 -29 + 286X
PV 0.95 130 - 45X
0.85 131 - 93X
SPH LA T 0.95 5 + 415X
0.85 6 + 343X
v 0.95 165 - 74X
0.85 166 — 146X
NY T 0.95 5+ 392X
0.85 6 + 333X
PV 0.95 165 - 61X
0.85 166 - 120X
TA T 0.95 7 + 634X
0.85 8 + 551X
PV 0.95 167 - 94X
0.85 168 - 167X

the case in which PV/T absorptivity equals 0.95. For each system in each

city, the objective is to find a set of X values for which both of the

following are true:

1. The allowed incremental system cost for the thermal add-on exceeds

the projected incremental cost for thermal add-on; and

2. The allowed incremental system cost for PV add-on exceeds the

projected incremental system cost for PV add-omn.
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Table 27
Values of Energy Cost Ratio Parameter X for Which the Allowed Incremental
System Cost Exceeds the Calculated Incremental System Cost,
for PV/T Against PV-Only (Thermal Add-On) and Against Thermal-Only (PV Add-On)

PV/T Absorbtivity = 0.95)

Projected
Incremental
System Feasible
Subsystem Cost Values Intersection
System Location Added On ($/m2) of X of Sets
DHW LA T 503 > 1.04} )
(Current PV 130 < -0.03
technology) NY T 503 > 1.15} ¢
PV 130 < -0.05
TA T 503 > 0.39} 0
PV 130 < -0.01
DHW LA T 189 > 0.43} 8
(Future BV 130 < -0.03
technology) NY T 189 > 0.48= 6
PV 130 < -0.05
TA T 189 > 0.37} b
PV 130 < -0.01
SH/DHW NY T 415 > 1.33} 8
(Current tech) PV 130 < 0.00
SH/DHW NY T 98 > 0.38} 6
(Future tech) PV 130 < 0.00
SPH LA T 57 > 0.13} 0.13 0.47
PV 130 < 0.47 r—
NY T 57 > 0.13} 0.13 0.57
PV 130 < 0.57 =
TA T 57 > o.os} 0.08 0.45
PV 130 < 0.45 s

Only values of X between zero and one need be considered.

should never be more valuable than electrical energy,

can easily be converted into thermal energy,

completely converted to electrical energy.

of X appear to lie in the range 0.25 < X < 0.50 (ef. Section V).
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For the current-technology medium~temperature systems, there are no
values of X which are feasible under both of the above criteria. 1In fact,
except for the values of X above 0.89 in Tampa, neither criterion is satisfied

anywhere in the range from zero to one.

For the future-technology systems, Criterion 1 is satisfied for values
above ~0.4 (actually the lower cutoff varies from 0.37 to 0.48). However,
Criterion 2 is not satisfied for any values of X above 0, and thus PV/T fails
the test here also. The value-to-cost ratio of adding PV to the thermal-only
system is less than the same ratio for the PV-only system. This is true
whether the thermal system is cheap or expensive; Thus, the medium—tempera-
ture systems fail the test even if there is no reduction in absorptivity and

no increase in collector heat loss due to loss of selectivity.

For the low-temperature swimming pool system, application of Criteria 1
and 2 does yield some feasible values of X. Moreover, these values cover the
range of X values which appear reasonable. One can say, then, that the low
temperature PV/T system passes the test for the case of PV/T absorptivity
equal to 0.95.

If PV/T absorptivity is as low as 0.85, the "windows of viability” become
narrower. In Los Angeles, the feasible values of X become 0.15 to 0.25; in
New York, 0.15 to 0.30; in Tampa, 0.09 to 0.23. This shows that the feasible
region is quite sensitive to absorptivity and the latter feasible X values are
mostly outside the region 0.25 to 0.50, which is most likely to be encountered
in the real world. The conclusion drawn here is that low—temperature PV/T is

marginal as far as these tests of economic attractiveness are concerned.
F. Comparison of PV/T to Side—by-Side PV+T

Figures 16 to 18 show the ratios of energy value derived from a unit area
of PV/T collector to that derived from a unit area of PV-only plus a unit area
of thermal-only. The test of viability here is, "Does this ratio, for a given
system in a given location, exceed the corresponding ratio of system costs
shown in Tables 17 and 18 (Section VII)?"” For the medium temperature systems,
the energy ratio never exceeds 0.85 even under favorable conditions, while the
cost ratio is never less than 0.90 even for the advanced-technology thermal
subsystem. Thus the medium-temperature PV/T systems fail this test: side~

by-side PV+T is more attractive.
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LOS ANGELES

0.8 (:?CIKYA;E\R\ B -
.
04l
0.2-— a«(PV/T)=a(T)

. « (PV/T)= «(T)-0.l

0~ 01 02 03 04 05 06 07 08 09 10

Figure 16.

RATIO OF THERMAL TO ELECTRICAL
ENERGY COSTS

Energy value ratios, PV/T vs. side-by-side PV+T,

Los Angeles.
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Figure 17. Energy value ratios, PV/T vs. side-by-side PV+T,

New York.
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Figure 18. Energy value ratios, PV/T vs. side-by-side PV+T,

Tampa .
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For the low-temperature systems, the cost ratio may be as low as 0.86
(Table 18), while the energy ratio for 0.95 PV/T absorptivity is ~0.95 in the
expected range of X values (0.25 to 0.50). ‘With 0.85 PV/T absorptivity the
energy ratio im the range 0.25 < X < 0.50 drops to within a few percentage
points of the cost ratio. Thus it is concluded that the low-temperature

swimming pool PV/T is at least marginally attractive according to this test.

It should be noted that this is not the most stringent test that could be
made, since it compares PV/T to a side-by-side system with a fixed collector
area ratio (l:1). In other words, if PV/T passes this test, it could still
fail a test against a side~-by-side system with a different ratio of PV to

thermal collector area.
G. Summary

The results of this section are pessimistic for the PV/T systems
studied. The medium-temperature applications fail the tests even under
assumptions that must be considered favorable. Even the low-temperature
applications, which fare better, do not come out as clear winners, unless one

assumes no loss of absorptivity in the PV/T system.
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IX. HEAT PUMP APPLICATIONS FOR PHOTOVOLTAICS

The evaluation of PV and PV/T as collectors for use with heat pumps was
carried out as a part of this project. The potential attractiveness of PV/T
with a heat pump lies in the ability of the heat pump to make use of relative-
ly low-grade heat (below ~30°C) as a heat source to its evaporator at the same
time as it uses the electricity from the PV to drive the compressor motor.
Operating the collector at these low temperatures also has the advantage of
improved cell efficiency over that obtained at higher temperatures in direct
space heating and hot water systems. This is the so—called series configura-

tion (Figure 19).

In alternative configuration, the collector feeds heat directly to the
load without going through the heat pump, as in a direct heating system. The
heat pump then serves as the backup, providing heat to the house with ambient
air as the source whenever the solar heat is inadequate. This is the parallel

configuration (Figure 20).

Besides solar heat and ambient air, a third heat source-—the ground——
should be considered. Ground-coupled heat pumps have been studied during two
distinct periods, the decade following World War II and, more recently the

past four years. A summary of this work is available (44).
A. Solar Source Heat Pump with PV/T

Congiderable work has been done on series solar heat pump systems with
thermal-only collectors (35, 45-56). The basic series system which uses elec—
tric resistance backup has the problem of thermal starvation. That is, during
periods of high heating load and low insolation, which tend to occur during
the coldest months of the year, the available solar heat can be insufficient
to meet the heating 1load, forcing the system to use inefficient electric
resistance backup heat. Such systems face the dilemma that, if small
collector areas are used, the system is forced onto backup often and its
performance suffers; if large collector areas are used to lessen the need for
backup, the system costs are forced up. It is thus essential in such systems
to find a way to avoid the use of electric resistance (44). This is why

ground coupling was first considered for use in solar assisted heat pump
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Figure 19. Series solar assisted heat pump configuration,
with PV/T collectors.

Figure 20. Parallel solar assisted heat pump configuraton,
with PV/T collectors.
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systems, although it 1is now evident that ground coupling can be wused by

itself, with solar input as an option.

The conclusion that the series system with electric resistance backup is
not attractive economically is not likely to be changed by the addition of
photovoltaics to the collector. Indeed, because 1less thermal energy is
collected in a PV/T collector than in an equal area of thermal-only collector,

thermal starvation will occur sooner, thus calling for more backup heat.

To the first approximation in which the sum of electrical and thermal
energy produced by the PV/T collector is equal to the thermal energy produced
by the thermal-only collector, the increased need for backup due to the
reduction in thermal energy collected (in going from thermal only to PV/T)
will just equal the electrical energy produced by the PV/T. 1In effect, one
can consider the electrical energy as contributing this difference in backup.
Thus the electrical energy produced by the PV/T collector is largely degraded
to thermal energy. There is then little or no benefit gained in the PV/T

system over the thermal-only one, in spite of a considerable increase in cost.
B. Air Source Heat Pump with PV/T

It has ©been suggested (1l5) that the parallel solar heat pump
configuration with PV/T collectors has advantages, especially in cold
climates. Since the parallel system is a stand-alone solar heating system
which has an air-to—air heat pump as its backup instead of an oil or gas
furnace, the analysis of PV/T for space heating and domestic hot water carried
out in this report is equally applicable to a parallel PV/T solar heat pump
system. The results obtained in this analysis were not encouraging, as
seen above. From a purely thermal standpoint, the parallel system cannot be
said to show much promise at present. One analysis (47) of both series and

parallel solar heat pump systems with electric resistance backup concluded

that none of these systems was economically viable. Another analysis (57),
done by a group reputed to be strong advocates of the parallel system,
concluded that even the parallel system, optimally sized economically, would
not save energy relative to a 70 to 85% efficient gas furnace in northern

climates. (See Figure 21).

For the above reasons, the parallel PV/T heat pump system is given no

further consideration here.
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FURNACE EFFICIENCY

70%

85%

100%

Figure 21. Contours of the conventional gas or oil furnace efficiency
required to save more primary energy than the best alternative
system (from Ref. (57)).

C. Ground Source Heat Pump with PV/T

A study (25) of various options for combining solar energy with a
ground-coupled heat pump system has been carried out at Brookhaven National
Laboratory, for systems wusing thermal-only collectors. Four ways of

collecting and using solar energy in such systems were identified (Figure 22):

1. Actively collected solar energy and heat removed from the ground are
both used as sources of thermal energy to the heat pump (series/direct

heating).

2. Actively collected solar energy is delivered directly to the building
load, with the ground-coupled heat pump as backup (direct heating only).

3. Actively collected solar energy preheats the return air stream from
the building, and the heat pump raises the air temperature further (if

necessary) to the value required for comfort (high side boosting).
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Figure 22. Ground-coupled solar heat pump: 1) series/direct heating;

2) direct heating only; 3) high side boosting; 4) passive
augmentation.
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4, Solar energy collected via ‘direct-gain passive design is used to

reduce the building load required to be met by the ground—-coupled heat pump.

In systems 1 and 2 the duct coils operate alternately, nmot simultaneous-
ly, as indicated by the symbol ~(aAb). 1In system 3 the coils can operate
individually or together (avbh).

In each of the three active solar options the heat pump produces hot
water to the extent that solar energy is inadequate. In the passive option
all of the hot water is produced via the heat pump. The study was undertaken
for three cities (Atlanta, New York, and Madison) providing a range of heating

season environments from mild to severe.

The study considered ground-coupled systems in which the ground is used
as an alternative heat source but not as a storage element for solar energy.

Solar heat (in the active options) is stored in a separate, insulated tank.

Such systems were found to face a dilemma. If the solar energy is
collected and used at low temperatures (52 to 10°C) then the coefficient of
performance (COP) of the heat pump will be only marginally better than what
could have been obtained from the ground source alone. This reduces the value
of the thermal energy obtained from the collector. On the other hand, if the
solar collection temperature is moved higher, say to ~25°C, then one of two
things happens. (1) With collectors of the low-temperature type, the amount
of solar energy collected is signficantly reduced in winter, when the heat is
needed, relative to what would have been collected at the lower temperature.
(2) With the medium—temperature collector, the system performs better if the
collector temperature is pushed up to 40°C and the heat is used directly,

without going through the heat pump.

Thus, the conclusion was that, in a ground-coupled heat pump system where
solar energy is not also stored in the ground, the solar energy should not be
routed through the heat pump but should be used directly, with the ground used
as a backup source for heating and hot water and as a sink for cooling.
Another conclusion of this study was that a good way to incorporate solar
input at relatively low cost is to make use of a moderate amount of

direct—~gain passive with night insulation.
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In any event, the use of solar collectors in other than a direct-heating
mode did not appear attractive in ground-coupled heat pump systems where the
ground is not used to store actively collected solar heat but only as an

alternative heat source and as a sink.

The idea of using of active solar collectors feeding energy to ground-
coupled storage has been seriously considered for specific system configura-
tions (58, 59) but has not been generally evaluated or optimized. If such
systems were to use glazed collectors, the PV/T option would labor under the
same difficulties as the medium—temperature PV/T systems discussed here. That
is, although the economic value of adding thermal collection capability to PV
may under some circumstances be favorable, the value of adding PV to the
thermal system is degraded by the interception of radiationvby the glazing,
the loss of cell efficiency due to the higher operating temperature, the
penalty incurred by the value of the thermal energy given up in order to
obtain the electricity, -and possible additional penalties caused by lessened
absorptivity and loss of selectivity. These effects, as discussed earlier,are
sufficient to reduce the marginal value of PV in the system below its cost.
If unglazed collectors could be used, the PV/T might be marginally attractive,
like the swimming pool PV/T. One report (60) has indicated the possibility
that unglazed PV/T collectors may be attractive with heat pumps under certain

conditions. Further investigations in this area would appear to be warranted.
D. PV With Ground Coupling

At least one system configuration involving photovoltaics may have
merit. Although it is not a PV/T system, it is included here because readers
working in the photovoltaic area may be interested in ground coupling if it

can enhance the market potential of photovoltaics in any way.

The proposed system configuration would incorporate the optimized
ground—coupled heat pump system with modest passive augmentation which
resulted from the study by Andrews (25). However, instead of all the power
needed to operate the heat pump being purchased, part of it would be provided
by a PV array of modest size (~30 m? for a moderately well insulated house in

New York). The PV array would not need to be grid-compatible. Either the dc
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power from the PV would be fed directly to a dc—driven heat pump, or an
inexpensive non-grid-compatible inverter would be used with an ac-driven heat
pump. There would be little or no storage of electricity. PV electricity
would be used as collected to operate the heat pump, supplemented as needed
from the utility grid. Energy storage would be possible in the domestic hot
water subsystem; in effect the electricity produced by the PV array would be
magnified by the COP of the heat pump and could then be stored as thermal

energy.

System schematics are shown for a water—to—air heat pump (Figure 23) and
a water—-to-water heat pump (Figure 24). The diagram shows the dc option, but
the ac option with the low cost non-grid compatible inverter is also worthy of
consideration. In both systems the domestic hot water tank shown is a special
design which separates the incoming cold water from the hot water which is
produced by passing water through a water-refrigerant heat exchanger. This
heat exchanger could be used as a desuperheater at low water flow rates and as
a condenser at high water flow rates, if a suitably designed heat pump is
employed. Desuperheater operation would be used when the heat pump was also
needed for space heating. Condenser operation would be used during spring and
fall when hot water was required but not space heating. To provide this
versatility a variable—capacity heat pump would be needed with provision for

refrigerant charge management.

The water-to—air heat pump adheres most closely to current practice for
single-family residences. The water—-to-water heat pump would probably be more
appropriate for multifamily or commercial applications. In the water-to-air
heat pump the water circuits are simple but the refrigerant circuit is complex
(although no more complex than in a standard air-to—air heat pump). In the
water—to-water heat pump the refrigerant circuit is simple but the water
circuits are complex. The water—-to-water heat pump does provide potential
advantages: the evaporator and condenser do not exchange roles as the heat
pump goes from heating to cooling, and so their designs can be optimized for
their specific roles; water storage allows off-peak operation of the heat pump
to the extent that the PV energy is inadequate; and the building can be easily

zoned via the use of multiple fan/coil units.
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Calculations have been made for an example of the system in New York, and
the results are shown in Table 28. The system is that of Andrews (25), a
ground—coupled heat pump with 15 m2 of direct—-gain passive with movable
insulation which is set in place at night (either manually or automatically).
The first three columns of Table 28 show the loads and gains involved. The
study of (25) did not comsider cooling specifically, since all the systems
studied were identical in the cooling mode. Here an annual cooling load of 20
GJ is assumed, to give an annual heating/cooling load ratio (61) of 3.0, and
a cooling COP of 2.35 corresponding to an energy efficiency ratio (EER) of 8
for cooling. The cooling season is assumed to run from mid-June to
mid-September. During this period, hot water is -produced from the
air-conditioning reject heat. During the spring and fall, when there is no
heating or cooling load, hot water is assumed to be produéed witﬁ a COP of
2.0, comparable to that obtained from dedicated heat pump hot water heaters
(62). During the winter months, when hot water is produced by desuperheating,
the hot water COP is assumed to be the same as that obtained by the heat pump

for space heating.

A number of annual performance factors (APF) have been calculated for
comparison (Table 28). APF is defined as the ratio of total benefits (heating
and cooling) divided by the purchased electric energy required. For electric
resistance with electric air conditioning (12R + A/C) the APF is 1.13. For
the air-to—air heat pump with electric hot water and electric air
conditioning, the APF is 1.62. For the ground-coupled heat pump with 15 n? of
direct—gain passive with night insulation, and hot water production via the
heat pump, the APF rises to 3.51. (Without the passive, the APF is ~3.0.)
With the addition of photovoltaics, the APF rises to 4.19, 5.21, 6.42, and
8.08, depending on whether 10, 20, 30 or 40 m?2 of PV are used. For compar-—
ison, a parallel solar/heat pump system (thermal-only collectors) with a solar
fraction of 50% would have an APF of less than 3.0 under similar circumstances

(Table 29).
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Table 28
Example of Photovoltaic Ground-Coupled Heat Pump System, New York,
Electric Energy Requirements and PV Contributions,
(A1l values in GJ; 1 GJ = 278 kWh)

Passive Electric PV Contribution
Heat DHW Net Cooling Energy
Month Load Load Gain Load Required 10 m?2 20 m2 30 m3 40 m?
Jan. 13.65 1.74  2.25 0 4.80 0.32 0.64 0.96 1.28
Feb. 12.33 1.57 2.59 0 4.25 0.33 0.66 0.99 1.32
Mar. 10.15 1.74 3.90 0 2.92 0.44 0.88 1.32 1.76
Apr. 4.92 1.69 3.94 0 1.10 0.48 0.96 1.10 1.10
May 0.32 1.74 0.32 0 0.87 0.44 0.87 0.87 0.87
Jun. 0 1.69 0 3 1.60 0.45 0.90 1.35 1.60
Jul. 0 1.74 0 7 2.75 0.50 1.00 1.50 2.00
Aug. 0 1.74 0 7 2.75 0.55 1.10 1.65 2.20
Sep. 0 1.69 0 3 1.60 0.39 0.78 1.17 1.56
Oct. 1.87 1.74 1.87 0 0.87 0.39 0.78 0.87 0.87
Nov. 6.72 1.69 2.73 0 1.72 0.28 0.56 0.8 1.12
Dec. 12.30 1.74 2.10 0 4.09 0.23 0.46 0.69 0.92
Total 62.26 20.51 19.70 20 29.32 4.80 9.59 13.31 16.60
PV contribution/m? 0.48 0.48 0.44  0.42
APF with PV 4.19 5.21 6.42 8.08
Z PV energy used 100 100 92 86
Total load = 62.26 + 20.51 + 20 = 102.77
9 - _ 62.26 + 20.51 + 20  _
APF [I°R + A/C (RER = 8)] = grpg+ 70,57+ 853 - 113
R _62.26 + 20.51 + 20 _
APF [Air—-air heat pump] =3 TS T o0 ST T8 53 - 1.62
APF [ground coupled HP w/15 m2 passive] = 62.26 + 20.51 + 20 3.51

29.32
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Table 29
Estimation of Parallel Solar Assisted Heat Pump System
Performance (50% Solar Fraction)

Load Description Purchased Electricity (GJe)

Heating load ~60 GJ

Solar 25 GJ @15 cop 1.7

Heat pump 35 GJ @l1.8 COP 19.4
Hot water load ~20 GJ

Solar 15 GI @15 CoOpP 1.0

12p 5 GJ @1.0 COP 5.0
Cooling load ~20 GJ

Heat pump 20 GI @2.4 COP 8.3

APF = 6_0___.’:__;2_7-:-_29— = 2.82
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X. CONCLUSIONS

This study analyzed the economic attractiveness of flat-plate PV/T sys-—
tems for hot water heating and space heating (glazed collectors, medium-—
temperature applications) and for swimming pool heating (unglazed collectors,
low-temperature applications). For medium—temperature applications, PV/T
systems were not found to be attractive relative to the three solar alterna-
tives, PV-only, thermal-only, and side—-by-side PV plus thermal, in any of the
locations studied for any ratio of thermal to electrical energy costs. This
conclusion held even under the assumption of greatly reduced thermal energy
collection costs. The conclusion resulted largely from the significantly
lower marginal value of PV cells in a PV/T collector than in a PV-only
system. The marginal value of the PV cells in the PV/T collector is reduced
by the glazing interposed between the sun and the cells; by the higher
collector operating temperatures, which reduce cell efficiency; and by the
reduction in thermal output due to the electrical energy collected. Addi-
tional complications that may make the comparison even wmore unfavorable are
possible reduced solar absorptivity and increased infrared emissivitiy rela-
tive to a good selective surface, which may be applied to a thermal-only

collector.

For low-temperature unglazed collectors, PV/T appeared to be marginally
attractive. The reasons for this better result include the absence of
glazing, improved cell efficiency due to low temperature operation, and the
limitation of the need for thermal energy for swimming pool heating to only
part of the year so that the electricity collected year-round makes this
system more attractive. The use of unglazed PV/T collectors with heat pumps

warrants further study.

The outlook for PV/T could be improved by PV cost reductions to values
well below the DOE 1986 program goals, coupled with progress in thermal energy

collection consistent with the advanced technology projected in this study.

In view of these results, our recommendation is that further work on PV/T
hardware await those developments in PV and thermal energy collection

technology which would make the PV/T marriage economically attractive.
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