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ABSTRACT 

The performance of several configurations of solar-aug­
mented heat pump sys tems are evaluated. The se systems 
include both air and water co llection systems with ei t her 
air-air, water-air, or specia l hybrid hea t pumps which 
can use both stored energy and ambient air as energy 
sources. 

The performance evaluations employ factorial design 
to determine the effect of th e parameters ot each 
individual system. The systems are compared with each 
other and with conventional solar and conventional hea t 
pump systems. Simulations are rlone for Madison, 
Wisconsin ; Albuquerq ue, New Mexico; and Charleston, 
South Carolinu, to i nvesti gate cllmatological effects 
on solar heat pump performance. The result s are used 
to formulate general guidelines for designing solar­
augmented heat pump systems . 

INTRODUCTION 

The purpose of this paper is to analyze viabl e types of solar-aug­
mented heat pump systems for residential ·heating and coo ling, and to 
compare them to "conventi ona l " so l ar and "conventional" heat pump 
systems. Our goal is to develop ge nera l design gu ide lines. These are 
established through compu ter simulations of the proposed systems usin g 
the generalized solar energy simulation program TRII SYS [1]. 

Solar heat pump systems have recently received wid es pread atten­
tion. Their advocates argue th at s ince solar energy co llector performance 
is relatively low for th e t emperatures needed in space hea ting, and 
since air-air heat pump system performance decreases with the low source 
temperatures available f or winter-time heating, an ideal solution is 
to combine these t1vo systems to compe nsate for their WP.cl knesses. Hence, 
proposed solar-augmented heat pump systems utilize a sol ar co ll ec tor 
and storage combination to prov i de a mode rate temperature energy so urce 
for the heat pump, raisin<] its COP and carac ity. 
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The early analysis by Jordan and Threlkeld [2,3,4] and Lof [5] showed 
th~t solar heat pump systems are economically feasible throughout mucn 
of the United States, and that evaporator-side storage requires much 
smaller heat pumps than do condenser-side stoiage systems. The General 
Electric Phase 0 report [6] extended the study of solar-augmented heat 
pumps to include 6 types of buildings in 9 lpcations with a variety of 
different heating and cooling modes. A significant advantage was ~hown 
for systems with dual evaporators that switched between ambient and 
~torage to select the highest temper~ture heat source. These principles 
of operation have. been incorporated in most of the systems studied to 
date. 

Proceedings of the NSF-sponsored workshops held at Pennsylvania 
State University [7], June 12-14, 1975, summarized the state of 
development of solar energy heat pump systems for the heating and 
cooling of buildings. Detailed design studies for single buildings 
are reported ·by Rittleman, Gilman, Jardine, !Jrid9ers- and Dubin, while 
Drucker and Freeman presented more general feasibility studies. Most 
of these studies demonstrated that substant-ial savings can be realized 
utilizing solar heat pump systems. However, few of these studies made 
specific recommendations for system design or attempted to show how 
different solar heat pump system configu~ations compare to each other 
and to conventional solar and conventional heat pump systems. Further­
more, in ~ost of the studies, assumptions have been made to reduce 
the complexity and quantity of the calculations. These often include 
the use of "average" or "design" weather conditions (radiation and 
air temperature), constant collector plate temperature, constant 
storage temperatur~, constant heat pump COP, and similar simplifica-
tions. · 

Simulations of the detailed dynamic behavior of sdlar-augmented 
heat pump systems have been made by Freeman, et al. [8] and Bosio 
and Suryanarayana [9]. These studies w_ere limited to two locations 
(Albuquerque a~d Madison) and considered a limited number of differ­
ent parameter values and operational modes in.order to make economic 
evaluations. These studies substantiated the significant effect of 
collector area and storage size on thermal performance. Neither was 
a very exhaustive study of the configuriltions, operational modes, or 
climatological dependence of solar heat ·pump systems. 

From these and other studies a few basit solar heat pump system 
configurations have emerged as potentially the most econolllically 
advantageous. These syst~ms have the following features in common: 
an "in-line" .heat pump to elevate the temperature of solar energy 
stored on the evaporator side, the capability to utilize ambient air 
as ~he heat pump souice when storage is depleted, the capability to 
bypass the heat pump when storage temperatures are high enough, re­
jection of energy to ilntbient air in the cooling mode, "second-stage" 
auxiliary space heating by duct heilters located downstream of the 
heat pump cond~nser coil, and a preheater for domestic hot water· 
using "unassisted" solar. 



It should be noted that there are a number of more unusual solar­
a~sisted heat pump systems that are receiving special attention. Some 
of these systems incorporate "off-peak", two-phase, or cold storage, 
solar Rankine-powered heat pump~, variable-speed heat pumps, multi­
condenser heat pumps, and combi~ation collector-evapo~ators. These 
app~ar, for the most part, either technically unfeasible at the 
present time or prohibitively high in first cost and therefore are 
not included in this study. 

METHOD OF ANALYSIS 

The complexity of the thermal analysis of solar-augmented heat 
pump systems makes the use of computer simulations the only method 
for adequatelY determining the system dynamics, A comparative analysiS 
of different systems requires that the interaction of the expected 
important design parameters be studied. ·These parameters include 
the collector area (and construction), storage size, control options, 
and the weather (i.e. the ambient temperature and solar radiation 
distributions). Unimportant or unnecessary parameters and options 
must also be identified. The factorial design method is. emP.loyed 
to analyze and compare these systems in an orderly and effective manner 
with a minimum number of simulations. This approach allows the 
systematic analysis of the effects of the parameters using two 
carefully selected levels of each system parameter. Some parameter 
levels are actual numerical values (e.g. area of collector) while 
others ~re indicative of a system design optiort (e.g. whether or not 
to use an ambient air source). 

Bi-level factorial design requires 2n simulations where n is the 
number of variables being evaluated. A pertinent number indicative 
of system performance.~s then generated for each simulation. For 
this study it is the fraction of the total load met by auxiliary 
energy, subsequently referred to as F. Main ~ffects for each parameter, 
defined as the averag~ change in system performance caused by changing 
the parameter from its(-) level to its.(+rlevel, can be calculated. 
For an n = 4 factori~l design, the main effect of, for example, 
collector a~ea, A, is found by subtracting the mean value of F of the 
eight runs where A'= (-) from the mean of the eight runs where A= (+). 
This gives a numerical value for the average change in F due td the 
increase in collector area: Interactive effects are also ·calculated 
to show how the effect of changing one variable is affected by the 
level of andther. TD assess the interaction of collector area, A, 
with the storage volume to collector area ratio, V/A (denoted as 
Ax V/A), the mean of the F's from runs wh~re ·A is (+) and V/A is 
(-), plus runs where A is (-)and V/A is (+) is subtracted from the 
mean of the F's from runs where both are (+) or both are (-). If 
A x V/A is large, then increasing A at high V/A changes F faster than 
increasing A at low V/A. Each combination of parameter and control 
option levels in the factorial design are simulated for a "design year" 



in one or all of three locations (Madison, Albuquerque, and Charleston). 

The general simulation program, TRNSYS, is composed of a library 
of subroutines which model iridividual pieces of hardware (e.g. collec­
tors, tanks, heat pum~s, load), and an executive routine which li~k~ 
these component mbdels and solves the resulting system of algebraic 
and differential equations. The simu·lation calculations are performed 
with a 15-minute computational time~step to allow consideration of 
the ttansient effects and short-term interactions of components. 

The heat pump model used in these simulations is quasi steady­
state in nature. The "transient" behavior of the heat pump is deter­
mined empirically by interpolating performance data which has been 
supplied to the model from data adapted from manufacturers' specifica­
tions [8]. The performance characteristics for the "standard" three­
ton unit used in these simulations is shown graphicall~ in Figs. 1 
and 2. The ·data represents the heat pump capacity and the work 
input in the heating and co6ling modes of both the air and liquid 
source heat pumps as \<Jell as special "hybrid" heat pumps having both 
an air and liquid source evaporator. Since actual performance data 
is lacking for such heat pumps, it is assumed that their performance 
at a given source inlet temperature is identical in either the air or 
liquid source modes. This is equivalent to assuming that the evapora­
tor heat exchangers have been designed to have equal heat transfer 
effectivenesses. · 
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The collector model is a simplified adaptation of the Hottel and 
Woertz [10] model with a constant heat removal factor, (FR), trans-
mittance-absorptance product (-ret), and loss coefficient (UL), The 
values used in these simulations are listed in Table 1, and are 
typic~l values chosen by the methods outlined by Duffie and Beckman 
[ll]. 

Collector Type 

s1ngle-glazed, air 
zero-glazed, water 
single-glazed, water 

.double-glazed; Water 

0. 75 
0.90 
0.90 
0.90 

'TA~LE l · 

Collector Parameters 

30.0 
108.0 
30.0 
20.0 

( TCt) 

0.76 
0.90 
0.76 
0.69 

Hourly values of total radiation o~ ~ horizontal surface are 
~eparated into beam and diffuie components via the method of Liu and 
Jordan [12]. The beam component is corrected for incidence angle on 
the collector surface while the diffuse component is assumed to be 
evenly distributed within the collector~to~sky view factor. 

The liquid storage tanks are modeled as being fully mixed. The 
rock beds are multi-node "infinite NTU" models (i.e. infinite heat 
transfer coeffitient frrnn rock surface-to-air) which adequately predict 
stratification effects [13]. The rock bed model is representative of 
ap~roximately cube-shaped beds of 3 em. diameter rocks. Both the 
liquid tanks and the roCk beds have loss coefficients of 1 kJ/hr-°C. 
with storag~ loises ass~med to be unc6nt;olled heat gain~ to the struc­
ture. 

The building used in each of the s~mulations is the same single­
family residence of approximately 120m. floor area which is well· 
·insulated and weather stripped; The thermal ·capacitance of the wall.s 
and roofs are modeled using a finite difference representation. 
Internal generation and solar heat gains are included. the load pro­
files generated are representative of a house with an overall loss 
coefficient of 615 kJ/hr-°C. The service hot water load in these 
s·imulations is represented by a profile of 21.5 kg/hr of 60°C water 
drawn uniformly during the hours from 6:00A.M. to 7:00 P.M. every 
day, Main water temperature is. 10°C. This results in an annual 
service hot water energy requirement of 21.37 GJ. 

SYSTEM DESCRIPTIONS 

Three base configurations of solar-heat pump systems are identified. 



These incorporate the features previously d~scussed to optimize perfor­
mance. Since a complete and general investigation of all combinations 
of systems having these features is impractical, several compromises 
in the study have been made as described below. 

The preheat coils for ~he service hot water (SHW) system have 
been located on the solar side of the system as shown in Figs. 3, 4 
and 5. These are positioned to maximize heat transfer to the SHW 
tank, and sized in keeping with standard co~nercial practice. The 
solar system can deliver energy to the SHW system when the~e is no 
space heating load. In the systems with small collector areas, very 
little service hot water preheating is achi~ved in the winter months 
since the collector~storage circuit is maintained at a low temperature 
by the heat_pump. The use of the heat pum~ for preheating· service 
hot water is not considered in this study. 

The heat pump employed in each of these simulations is a ''standa·rd" 
3-ton unit. Freeman et a·l. [8] showed that the size of the heat pump 
was not c.ritical as long as it.was large enough to meet the design 
load. Conventi6nal air-air heat pump installations are generally sized 
for the cooling load to insure proper dehumidification; but when heating 
is the prime concern, the unit should be oversized so that electrical 
resistance auxiliary heat is not often required. Excessive compressor 
cycling sometimes caused by oversizing can be avoided by widening the 
thermostat d~adband range and b~ utilizing ·direct heating from the 
collectors or from storage \'lhen temperatures are sufficiently high. 

Since the "optimum" systems discussed here incorporate the utiliza­
tion of ambient air as a heat pump source, the air source evaporator 
is presumed to be available as ·an air-sink condenser in the cooling 
mode. This precludes the possibility of "night-sky radiation" of heat 
rejected for summer-time cooling by circ.ulating stored cooling v1ater 
through the collectors at night. These systems require another storage 
tank and are probably prohibitively complex and expensive. The cooling 
mode of each solar-heat pump system simulated here yields the same 
results (slight changes are caused by differences in storage tank 
losses to the house) for a given location since the heat pump is 
completely uncoupled from the solar part of the system. The solar 
collectors and storage still operate in the summer to supply the 
service hot wate~ load. · 

Each of the th~ee bas~ systems is described briefly below. System 
I, shown in Fig. 3, is a liquid-solar heating system utilizing an 
ethylene glycol solution in the collector loop. Energy is transferred 
into the water storage tank across a heat exchanger in the tank. The 
sp.ace heating load can be met in one of four possible ways: 1) If 
the sttirage temperature is higher than a pre-set level, T t' the 
tank water is pumped through a fan-coil unit to heat the se house 
directly (heat pump bypass lllode). 2) If the tank tcrnperature is less 
than T but greater than the ambient air temperature, T Jh' and 
above ~e~inimum temperature, T .. , the heat pump uses thea'r<ink flLJi.cl 

· 1111 n . . · 
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as its heat source. 3) If the tank temperature is less than ~ither 
T . or T b' the heat pump uses ambient air as its heat source. If~ 

mln am in modes 2 or J, the heat pu~p capacity is insufficient 
to ~eet the load, auxiliary is used to s~pplement the heat pum~ output~ 
4) If both source ·temperatures are too low (the tarik temperature less 
tha·n T 'n! and the~mbient le.ss.t~an the cut-off temperature (-20°C)), 
the loW~ 1s met ent1rely by aux1l1ary. 

· System fi, shown in Fig. 4, is an air-heating solar system utilizing 
rotk bed thermal storage and an air-to-air heat pump. Air is circulated 
through th.e collectors, service hot water heat exchanger, and rock. bed 
whenever solar energy can be collected. When a load .has to be met and 
no solar is available, a bypass is used around the collectors. The 
space heating load can be 111et in the same four modes as in System I. 

System III, .shown. in Fig. 5, diffe0s from ·system II in that it tak~s 
advantage of the effects-of temperature stratification in the rock bed 
by reversing the flow direction during charging and discharging. How­
ever, the design is inherently more complex and is unable to simul­
taneously collect solar energy and supply the heat p~~P from the solar 
source. 

These three base systems have been simulated with an ordered series 
of combinations of important system parameters. A sumnary of the runs 
in the factorial design are presented in Tables 2 and 3. Additional 
simulations not shown in Table· 3 w·ere also performed to investigate 
options not considered in the factorial. design. 

Parameter or Option 
N- Collector Glazings 

SRC- Source Capability 
BP- Bypass Capability 
A - Collector Area 

V/A - Volume/Area: Water. 
. AIr 

(+) Value 
2 

Solar & Amb. (Dual) 
Max. Bypass • 

30 m2 

3 2 0.33 m3!m2 
1.11 m /m 

(-) Value 
r 

Solar Only (Single) 
Never Bypass 

10 n/ 
3 2 0.075 m
3

1m2 
0. 25 m /m 

Table 2: Factorial Design U{level Values 

Number 
of 

Sys tern LocatIon ~ SRC BP ~ VIA ~!!L 

Mad I son + +- +- +- 8 
+ + +- +- +- 8 

- .t +- +- 4 
+ + +- +- 4 

Albuquerque +" +- 4 
+ - +- +- 4 

Charleston +.- +- 4 
t +- +- 4 

.II Mad I son +- +- 4 
+ +- +- 4 

Ill M.1dl son ,_ +- 4 ·- ·- 4 

Table 3 F 4C to ria 1 Design Run Su111nary 

l 
I 

I 
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SIMULATION RESULTS 

The simulation results of interest in this study are long-term 
integrated energy quantiti·es. These include the total heat gain of 
the.s~lar collectors (QSOL)' the total he~t lo~d (QLOAD)' the total 
aux1l1ary ~nergy added 5y the furnace and serv1ce hot water 
heater ( QAUX), the tota 1 energy removed by the heat pump from the 
ambient air in the heating mode (QAIR)' and the total heat pump 
electr~cal input for compressor and pun1ps~r fans ~WW). For 
a heat1ng season the system enerqy balance (assun11ng negl1g~ble change 
in stored energy) is 

( 1 ) 

The single ~ost informative indicator of the performance of a solar ·heat 
pump system is the percentage of the load carried by "conventional" 
fuels ~F), defined as 

( 2) 

Since practical solar heat pump systems will probably utilize el~ctric 
resistance air and water heaters, combining the heat pump electrical 
input with the auxiliary furnace and water heater inputs is reasonable. 

SYSTEM I - Madison 

The initial set of runs iri the factorial .design procedure·were 
chosen to study the effects of collector area, storage volume/collector 
area ratio, ambient energy source use, and the extent to which "bypass" 
(direct solar) heating. is utilized. Madison, Wisconsin, was chosen 
as the site for the first-set of simulations which is comprised of the 

· first set nf 16 runs in Tab]e 3. The total space heating and service 
hot water load is 8·5.4 GJ. The main and interaction effects of bypass 
heating were found to be negligible. Using direct solar heating ~herever 
possibl~ results in saving· less than 1% of the total annual heating 
energy requiremPnt. Therefore the parameter BP was deleted in subsequent 
factorial design simulations and maximum bypass mode was used. 

·One of the suggested advantages of solar heat pump systems is that 
lower quality collectors ca~ be effectiv~ly used. This effect was 
introduced to the factorial design procedure with a new set of 8 r~ns 
using single-glazed collectors to compare to the first .8 using double 
glazing and bypass heating. These runs now comprise a new sixteen-run 
factorial design where the four var:-iables are the numher of collector 
covers (N)", collector area (/\), stur·c~~t: volwne/collector areo.rat"io 
V/A, and the use of ambient air as an energy source (SRC). Main and 
first-order interaction effects on F are shown in Table 4. 



t'~ffects 

A c -22.8t. 
. Y/A = -1.71: 

SRC = -11 . 6% 
il • - 3.81 

Ax V/A • 0.9't 
A x SRC • 6. 9'' . 

A x N r ·1. 5% 

Table 4 

V/fl x SRC • 2.5% 
V/Axti•0.7~ 
SRC x N = 2.9':. 

Factorial Design Results for System I 1n Madison 

~0.l.f!..c.ili 

. A= -28.7X 
V/A • - 1.0% 
SRC = - 2. 7% . 

A X V/A = 0.1% 
A x SRC = 2. n 

V/A x SRC = 1.6'1: 

.Table 5 

Factorial Design Results for 
System I in AlbuquerqJe 

The main effect of using two glazings is a reiati0ely small ave~age 
increase in F. The interaction effects show that the second glazing 
saves more energy for the systems with large collector areas ·not equip­
ped with dual-source evaporators than it does for systems with small 
collector areas and dual~source evaporators. From these results it 
does not appear advantageous to use two-cover collectors for solar­
assisted heat.pump systems. All ensuing simulations are therefore 
performed with single-cover collectors (except for some miscellaneous 
Simula~ions of coverless collector systems). 

The main effect of increasing the storage volume to collector 
area ratio is very sma 11, but the magnitude of the interaction V/A 
x SRC shows that increasing the volume/area ratici has a much more 
beneficial effect on single-sotJ(ce (SRC = -) systems than it does 
on dual-source (SRC = +) systems; in fact, increased storaqe volume 
actually has a srnall negative effect on thermal performance in 
c1tla 1- source systems with :.ina 11 call ectors. 

The option of single or dual-energy sources (~RC) is reflected 
in the large main effect -11 .6~. The interactions Ax SRC and V/A x 
SRC reveal that systems with small collector areas reduce F by much 
more than systems with large collector iU'eas. This means that the 
energy savings resulting from using ambient air as an energy source 
·diminish as collector area ihcreases. Collector area, as expected, 
has a strong effect on F; tripling the area reduces F by 22.8% The 
·st~ong interactions involving A and SRC show that the addition of 
collector area resul.ts in much larger energy savings for singJe­
source systems than for dual-sriurce systems. 

In su~nary, the results frOm the studj of the first five system 
parameters establish the following. The extent to which bypass is 
used has very little effect on F. The use of less expensive, sing)e­
glazed collectors doe~ not seem to penalize thermal performance 
enough to warrant the use of two covers .. The use of large storage 
volumes is warranted only for single-source systems or for dual-. 
source systems with large collector areas; the lattet actually operate 
much like single-source systems because the storage energy is seldom 
depleted. Also each additional increment of collector added to a 
single-source system saves more energy than if added to <t dlJal-sotJrce 
system. Additional simulations of "conventional" (no heat pump) 



solar systems and an air-air heat pump system v1ere performed. The 
results of all simulations are·s·hown in Fig. 6, and illustrate the 
aforemeritioned effect~ of A, V/A, and ambient energy use on F. 
Comparisons can also be illade bet\veen the solar-assisted heat pump, 
the conventional solar systems, and the air-air heat pumps. (Note 
that an air-air heat pump is the equivulent of a dual-source system 
with zero collector area.) 

Several ~dditional simulations v1ere performed for System I 
with A= 20m , V/A = 0.075, and ·dual sources to investigate the 
effect of using antifreeze in the storage tank to allow the use of. 
storage as a source dovm to a much 
lower temperature. The water 
tank system has F = 0.427, the 
antifreeze tank system has 
F = 0.431. Clearly there is 
no advantage in using anti-
freeze in the tank. Sys tern I 
was also simulated with cover-· 
less collectors, and resulted 
in F = 0.623, whi~h is only 
slightly- better than a conven­
tional air-air heat pump 
system with no solar col-
lectors at all. 

A 1 buguer·gue, New Mexico 

Double glazing is probably 
unnecessary for solar-assisted 
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heat pump systems in Albuquer~ue, based on the results in Madison where 
winter-time temperatures are colder. Bypass heating is recommended for 
the slight performance improvement and for minimizing compressor start­
ups and lengthening compressor life. A factoria-l e1es1gn using tne.san1e 
combinations cif the thr·ee remaining parametersas used in Madison was 
performed (see Table 3). The total space and service hot water load 
is 53 GJ. Main effects and first-ord~r interaction effects are shown 
in Table 5. 

The magnitudes of the effects are somewhat different from those in 
Madison, but the general trends are very similar .. Once again the con­
ventional solar systems and the air-air heat pump system are simulated 
and shown on Fig. 7. The results for Albuquerque show what most likely 
would have resulted had some systems with collector areas larger than 
30m2 been simulated iri Madison.· At small collector areas, substantial 
energy savings are realized by using dual-evaporator systems; as collector 

--------------------------.---~ 



area increases, single and dual­
source system performance con­
verges because the ambient iir 
source is used .less. Also, :a 
single-source heat pump system 
with the same storage volume 
used in the conventional solar 

.system affords very little 
energy savings. 

.Additional system~ were · 
again ~tudied. A 20m cover­
less collector system with 
V/A = 0.75 and dual sources 
results in F = 0.600. As in 
Madison, this represents a very 
small savings over a conven­
tional air-air heat p~mp· 
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Fig. 7 System I - Albuquerque 

system. A syst~m u3ing "seasonal" storage and no ambient source was 
simulated. A 200 m storage· tank was used which is roughly equivalent 
to a basement f011 of water. The heat pump was operated so that it 
rejects energy to the storage tank instead of to ambient during the 
cooling mode. This system has an F of 0.443, which is identical to 
the F for the system with 10m2 co.llector area, 2.25 m3·tank volume 
and single source.· · 

SYSTEM I - Char·leston 

The 8 runs generated fo~ the facto~ial design in Albuquerque 
were repeated for Charleston, South Carolina with the same parameter 
levels. The total ·heating and service IJ.ot water load for the year 
ts· 37 GJ, over half of which is for s-ervice hot water heating. This 
causes a higher average colleitor delivery temperature a~d helps ex­
plain departures .from .the trends in Madison and Albuquerque. The 
main and interactive effects are shown in Table 6. 

Ma fn Effects 

A = -26.8% 

V/A - - 2.5% 

SRC = - 1.2% 

Factorial 
Sys tern 

Interaction Effects 

A X V/A 0.6% 

A X SRC = 2.0% 

SRC X V/A = 1·. 0% 

Table 6 

Design· Res1Jl ts for 
I in Churleston 

)\:, 
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Fig. 8 System I - Charleston 



Simulation bf a conventional air-air·heat pump system in Charleston 
yields F = 0.755, w~ich is significantly higher than for Madison or 
Albuquerque. This is due to the SHW load, which is nearly 60% of the 
total heating load, being met entirely by auxiliary. Conventional 
solar systems were also simulated and are shown on Fig. 8. These 
results show that when the SHW loa~ is a large part of the total· 
load, relatively little energy savings result from using an ambient 
air so~rce evaporator, and the effect of storage volume is not signi­
ficant. If the- space heating load had been the major component of 
the total load, results more like those in Albuquerque would have been 
obtained. This indicates that an important system parameter for the 
solar heat pump system co~figurations investigated here is the fraction 
of the total load contr·ibuted by ·SHW heating.· 

The.primary goals of studyi~g Systems II and III is 1) to compare 
them with each other to i dent i.fy the system with the better perfonnance, 
and 2) to compare them with the water systems. Because of computation 
cost, systems II and III are ~imulated in Madison 00ly. 

SYStEM II - Madison 

System II analysis again involves selection of high and low levels 
of the parameters to be studied.· Past experience has shown that air 
system performance is not unlik~ that of water systems so the same 
three system parameters that were the most important for System I 
(A, V/A.and SRC) are again investigated here. (The V/A ratios for 
the rock beds are the thermal equivalent of those used for the water 
systems.) The main and interaction effects are presented fn Table 7, 
and the results are shown graphically in Fig. 9. 

00 

Main Effects Interaction Effects 
-

A = -19.8% A x V/A 0.3% 

V/A = - 0. 2% A X SRC = 4 .. 6% 

~ --SINGLE SOURCE SYSTEM 

~~"''-'"''"-1-

_::::--......... . 

-Ja V/4.(:;--~ SRC = - 5.6% V/A X SRC = 0.2% -·= 
Table 7 

2 0 -

Factorial Design Results for 
System I I in Madison 0 

10 0 30 

COLLECTOR AREA (m2 ) 

Fig, 9 System II - Madison 
It is seen _that the main effect of collector area is quite similar 

to that for System I, but the effect of SRC is much less. Volume effects 
are also negligible for System II. In compar-ing these results. to those 
for the water system, it should be remembered that the collector effi­
ciency factor, FR' is lower for air collectors .than for water collectors 

. (0.75 vs. 0.90). Countering _this is the more advantageous location of 
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the heat pump evaporator downstream of the rock bed storage in the col­
lector-~torage loop which tends to lower collector inlet temperatures 
and results in better collection efficiency. 

SYSTEM III - Madison 

An 8-run factorial analysis was generated with system parameters, 
A,' V/A, and SRC again. The main and interactive .effects·are.listed in 
Table 8 and the results are plotted in Fig. 10 . 
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V/A 

SRC 

= -19.9% A X V/A = 0. 1 ~~ 

0.1%. A X SRC = -,5.0% 

- - 6.5% V/A x SRC = 1. 3% 

Table 8 

Factorial Design Results for 
System III in Madison 
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Fig. 10 System III- Madiso~ 

Storage volume has a greater effect than it did for System II but over­
all thermal performance is slightly lower than for System II which is a 
less complex configuration. System III therefore appears to have no 
advantage over any systems already consfdered. This is a particularly 
interesting result in light of the fact.that flow reversal in the rock 
bed is generally beneficial to system performance in conventional solar 
air heating systems. · 

SAMPLE ECONOMIC EVALUATION 

An econpmic study-.to determine generally optimum systems is not 
presented here because the results are influ~nced ~o greatly by the 
costs assumed for electricity, collectors; heat pumps, etc. By biased 
selection of these n~mbers almo~t any system .can be made to appear 
economically attractive. A sample economic analysis for·a particular 
house in Madison, Wisconsin, is intended to illustrate the method and 
help explain economic trends rathe~ than to make quantitative judgements. 

The following values are assumed: 

Annual space heating and SHW load 
Electrical ·rates 

85 GJ 
$12/GJ 



Equipment costs for ~olar system not 
collector relctted 

Cost of collector and storage 
for small V/A 
for large ~/A * 

Cost of three-ton heat pump 
Equipment costs for solar HP system 

not colle.ctor related 
Yearly heat pump maintenance cost 
Annual cost factor (20 year~. 7.75%) 

$1000 

$90/rn2 
$l.OO;m2 
$2000 

$300 
$60 
. 1 0 

The basis for all "savings" assumes that -electrical resistance 
heating is the alternative, wi.th an annual cost of $1020. The savings 
for the various systems are plotted in Fig. 11. For this partic~lar 
set of costs, it can be seen that the economic optimum is a 26 rn 
conventio~al solar heating system which saves $138 per year

2 
Of the 

solar heat pump systems, the optimum is a dual source, 15m system 
saving $115 per year. Increases in electrical costs or heat pump 
costs would make the conventional solar more competitive while in-. 
creased collector cost~ would make the conventional air-air heat pump 
~ppear better. · 

CONCLUSIONS 

In order to provide some 
insight into system operation, 
the sources of the ~nergy used 
for space and SHW heating for· 
System I in Madison afe shown 
in Fig. 12. The dual source 
system operates like a singl~­
source sy~tem with a separate 
air-air ~eat pump as an aux­
iliary energy source. It 
appears that the storage tank 
temperature is always·higher 
than ambient since nearly 
identical amounts of solar 
energy are utilized by both 
systems. The extra WH and · 
the QAIR for the dual ~ource 
systeM exactly balance 
the amount of QAUX eliminated, 
so the amount or energy that 
the ambient source option saves 
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ftg. 11 Sample Economic Results 

is equal to QAIR' 

* . Cost of the heat pump should be reduced if an air conditiOning system 
would have been purchased otherwise. In Madison,air conditioning is 
riot nec~ssary so the full $2000 should be amortized for heating 
purposes. 
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Solar~augmented heat pump 
systems always result in energy 
savings compared to electric 
resistance heating (F = 1.00). 
However, when compared to air­
air heat pumps or conventional 
solar heating systems the 
savings are much less striking. 
In general, solar heat pump 
systems operate at low capacity 
and low COP during the coldest 
months when the majority of 
the heating load occu~s. This 
can. be seen from the perfor­
mance results, Figs. 6-10. 
More energy savings can be 
realized in Madison than in 
Albuquerque or Charleston, 
prima~ily because the annual 
heating load is larger. A 
large service hot water load 
significantly reduces the 
therma.l performance of the combined system. 

w ... 0 • ·--- ··-··-····· -····--· 

Fig. 12 Annual Heating Energy 
Sources System I -
Madison 

The dual-source heat ·pump sy.stem has the best thermal performance 
of any system. However, economically, it must compete with both the 
conventional heat pump a~d conventional solar system. It appears that 
the dual-source system will be most feasible at relatively small 
collector areas. 

The advantage of si~gle-source systems over conventional solar 
systems is that the collector efficiencx is slightly higher due to 
lowered collector temperature. However, as in conventional solar 
systems, the thermal storage is still frequently depleted (too low in 
temperature to be used as the heat pump source) and the system must 
rely on pure auxiliary. Thus the thermal perfon11ance of these systems 
is only slightJy better, and may not be sufficient to ju~tify the addi­
tional cost of the heat pump. In order to sho~ an advantage over a 
conventional heat pump system, the collector.area must be large enough 
so that the combined system perfonnance is better than that of the 
conventional heat pump system. Clearly; economic considerations are 
very important for this configuration. 

The possibility of direct solar heating increases performance 
for all systems, a~d would be relatively simple to incorporate. Bypass 
heating would also reduce heat pump operating time, and may increase 
compressor life: 

Of the various systems studied, only the single-source vJater 
system shows significant advantages in using larger storage v.olu111es 
than suggested for conventional solar systems. This is particularly 
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. . 
true for the dual-source system, where large volume-to-area rati6s 
reduce performance. Seasonal storage appears to have possibilities, 
but may not·~e economically feasible. · 

Collector design is also important for system p~rformance. 
The coverless collector systems do not appear feasible in any of the 
climates tested due to hi·gh-collector losses. Air systems require 
higher flow rates for the heat pump h~at exchangers than desirable 
for colle~tors, which may necessitate special .collectors. 

It is evident that optimum solar heat pump systems require 
significantly less collector area than optimum conventional solar 
heating systems.· While it may be possible to save using a single­
source heat pump system, un~er nearly all pos$ible cost conditions 
more is saved using a dual-source sola~ heat pump system, conventional 
solar system, or an air-air heat pump. Higher electrical costs or 
heat pump costs favor conventional solar while higher collector costs 
make air-air and dual-source heat pump systems more attractive. From 
the standpoint of energy savings the dual-source solar heat pump systems 
are be5t but economics wil1 generally dictate the choice. In climates 
where a cooling system capital expenditur~ is required, part of the 
heat pump investment can be credited to cooling and the annual cost 
of solar heat pump systems will be lowered. In that case there appears· 
to be a small economic .~dvantage for their use. In any case, the 
findings of this study indicate that there is not a clear-cut 
incentive for ·the general utilization of solar heat pump systems. 
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