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NOMENCLATURE

cop
CoP
COP,
coP
[
COP,

collector area

minimum capacitance rate of heat exchanger flow streams
specific heat

instantaneous heat pump coefficient of performance
monthly heat pump coefficient of performance

seasonal heat pump coefficient of performance
instantaneous heat pump system coefficient of performance
morithly heat pump system coefficient of performance
seasonal heat pump system coefficient of performance

fraction of the load (space and/or hot water) supplied by
solar and ambient air sources

fraction of the load (space and/or hot water) supplied by
solar energy

ToT Tector heatTemova—factot

HAA
HWA

hours of heat pump operation in the air-to-air heating mode

hours of heat pump operation in the water-to-air heating mode

Q,q
QAIR

QAUX
QDH

mass Tliow rate

nurber of hours in temperature range ("bin") or number of
collector glazings

energy transfer rate

energy extracted by the heat pump from ambient air in the
air-to-air heating mode

auxiliary energy requirements (space and/or hot water)

energy supplied to house in direct heating mode by solar
enerqy
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Nomenelature {cont.)

QLOAD heating (space and/or hot water) or cooling (space) Toad
QRH energy rejected to the house by the heat pump in the heating
mode
QRAA energy rejected by the heat pump in the air-to-air heating
mode
QRWA energy rejected by the heat pump in the water-to-air
heating mode
Qu useful energy collected by solar operation
T temperature
Tmin minimum storage tank temperature
UA house heating requirement per room-ambient temperature
difference
UL coliector Toss coefficient
storage tank volume
WAH heat pump electrical 1npot 1T freatig—mode
e heat exchanger effectiveness
n heat pump compressor motor efficiency
) density
o collector transmittance-absorptance product
Subscripts
amb ambient
b “bin"
o collector or cooling
dh direct heating
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ABSTRACT

The work presented here on solar heat pump systems for residen-
tial applications is divided into two parts. The first part looks at
system simulations done with the transient simulation program, TRNSYS.
Five basic solar heat pump systems are simulated and compared from a
thermal performance point of view under similar and varying operating
conditions. The five systems are "conventional solar," "conventional
heat pump," “"parallel," “in-Tine," and "dual source." Operating
conditions of importance are collector area and construction (e.q.
number of collector glazings), main storage tank volume, house capaci-
tance, heating loads for space and/or hot water, cooling loads, minimum
storage tank temperature, minimum source temperature for heat pump

operation and direct heating with solar energy, heat pump source

A

Cambtent—aiTor storage medron S —heat-pump-operating-characteristies,

system control options (time of day for operation of solar and/or

heat pump system), and geographical location. From these simulations,

it is determTﬁed“that—“para%%e%ﬂ~ﬁné~ﬂdaa4mseu$eeﬂ—sysiems_yield_tha___“_“m_____“_
best thermal performance.
The second part of this work presents a general design procedure
for the "parallel" system. Although, the "parallel" and "dual source”
systems had almost identical thermal performance, the "parallel" system
being simpler in construction and therefore, more cost effective merits
_ its choice over the "dual source" system. This general design pro-

cedure which incorporates the commonly used procedure (the "Bin"






1.0  INTRODUCTION

1.1  BACKGROUND

Various heating and cooling systems are under study for reduc-
tions of the consumption of non-renewable energy resources and,
hopefully, the cost of delivered energy. Solar energy and heat pump
systems are two of these that look promising. Alone, each system has
its shortcomings. Combining the two systems may compensate for some
of the individual shortcomings and further reduce the cost of delivered
energy. Just how much energy can be saved, and whether the savings
will pay for the additional complexity and expense of the combined
system has not yet been determined.

In residential applications a heat pump using ambient air as a

source in the heating mode is commonly found. Less common is one using

a moderate temperature water source since the water source 15 eitner
not available or too expensive to obtain and use. In the heating mode

the coefficient of performance, COP (the ratio of heat output to input

electrical energy), and capacity of an air source heat pump increase as
ambient temperature increases, and at Tow ambient temperatures the
decrease in capacity is such that the COP approaches unity.

With an air source heat pump in the heating mode, moisture in
the outdoor air condenses and freezes on the evaporator coil at or
near the freezing point of water requiring that the heat pump
periodically switch to the cooling mode to defrost the outdoor coil.

This results in a waste of energy and a reduction in system perform-



ance—In—Fig.2.5 from-[1} it can be seen that as the ambient

temperature decreases, capacity decreases, and the house load increases.
Also as seen in Fig. 2.5, at low ambient temperatures below the balance
point (a condition where the heating capacity of the heat pump meets
the heating demand exactly) an auxiliary heater is required to meet the
remainder of the load. The auxiliary heater is usually a strip resis-
tance heater operating at a COP equal to unity. This too reduces
overall system performance.

A solar energy system is designed to supply a fraction of the
house heating load by solar energy. Although it is possible to design
a solar energy system to provide all of the heating requirements, it is
not economically feasible to do so. The system would be oversized

almost all of the time. A properly designed solar energy system would

e, . n . = . . .
Aeat—Hhe ﬂnt‘! e SaCE N SeP YT CE ot Wﬂfﬂ-hﬁﬁﬂ&%%—dmi-————_

spring, summer and fall, but require supplemental heating in winter.
This need for supplemental heating in winter exists because there are

times_when little or no solar energy is collected, and that which is

collected is at storage temperatures not high enough, relative to room
temperature, to be useful for direct heating. This situation occurs
during the same season that the heat pump system performance is poor,
and provides the motivation for combining a solar sysfem with a heat
pump system. Additional motivation is provided since heat pump sys-
tems can both heat and cool while most solar energy systems lack the

capability of space cooling.



A combination of solar energy and heat pump systems appears to

alleviate many individual shortcomings. The storage tank or rock bed
heated by useful energy from the collector can serve as the heat pump
heat source. The problem of frost on the 1iquid source evaporator
could be eliminated because of an ethylene glycol solution in the
collector Tloop Towering the freezing point of the coliector Toop
fluid. The heat pump would see a higher source temperature and,
therefore, require less auxiliary. Also, a smaller heat pump might
be allowed at these higher source temperatures because capacity and
COP would be greater. Since the heat pump would keep the collector
£luid cooler, collector radiation and convection Tosses would decrease
and collector performance would improve. Finally, because of the
lower collector fluid temperature a single glazing of the collector

M
ey

on

o economically justifi able.

There are many possible ways to combine solar energy and heat
pump systems. 1In simulating system performance, many design condi-

tions must be varied and performance parameters compared. Design

conditions include collector area and construction, storage size,
control options, heat pump source selections (ambient air or storage),
heat pump performance, and geographical location. Performance para-
meters are heat pump and system cop, fraction of the house heating
1oad met by solar energy, and percent auxiiiary requirements.

One goal of this study is to compare performance parameters of
various systems, and determine the best system configuration from an

energy savings and cost point of view.



1.2 LITERATURE SURVEY

In an earlier literature survey done by Freeman [2] it was found
that most solar heat pump systems have been evaluated with many simpli-
fications in system performance. The results obtained by this approach
may be valid only over a relatively short time period when average con-
ditions prevail, and that more realistic results can only be obtained
by considering the time and weather dependency of solar energy systems
for an entire heating sedson.

Freeman also found from work done in the nineteen fifties that
solar heat pump systems have a relatively high economic feasibility in
the south, and that evaporator-side storage systems require much
smaller heat pumps than do condenser-side storage. The General
Electric Phase 0 report [3] continued the study of solar heat pump

systems by looking at six types of buildings in nine locations with

various heating and cooling modes. Systems with dual evaporators
seiecting the highest temperature heat source by switching between

ambient and storage showed a significant thermal advantage. These

are some of the basic principles of operation that are used in most
of the systems studied to date.

Proceedings of the NSF-sponsored workshops held at Pennsylvania
State University [4], June 12-14, 1975, summarized development of
solar heat pump systems for heating and cooling of buildings. Studies
reported by Rittleman, Gilman, Jardine, Bridgers and Dubin are based

on a specific detailed design, while Freeman and Drucker presented



more general studies. In all studies, various assumptions were made

to reéuce the complexity and quantity of calculations. The use of
"average" or "design" weather conditions of radiation and air tempera-
ture, constant collector plate and inlet temperature, constant heat
pump COP with temperature, and constant storage temperature are a
few of the commonly used assumptions. Most of these studies demon-
strated a substantial energy savings using solar heat pump systems.
None of these studies compared different solar heat pump system con-
figurations to each other and to "conventional solar" and "conventional
heat pump" systems. Also, very few specific system design recommen-
dations were made.

Another summarization of solar heat pump systems development was

at the proceeding of ISES [6], Winnipeg, Canada, August 15-20, 1976.

A study done by Marvin and Mumma for a residence in the Great Lakes

area using a commercially available heat pump showed that a system
using solar energy for only space heating backed up with an air-to-air

heat pump using only ambient air and electric resistance heating per-

formed better than themore popular solar assisted heat pump system
that have heat pumps using either ambient or storage depending on
which one has the higher temperature.

Simulations of the detailed dynamic behavior of solar assisted
heat pump systems have been made by Freeman [2], Karman et al. [6],
and Bosio and Suryanarayana [7]. Freeman described a general purpose
analytical heat pump model that could be used with the transient

simulation program, TRNSYS [8]. Using this heat pump model and



TRNSYS, Freeman looked at an "in-line" system where the heat pump

using so1§r as its source is located between the solar collection
loop and the heat load loop, and the "parallel" system where the heat
pump using ambient air as its source operates on the heat load inde-
pendently of the solar system operation.

Bosio and Suryanarayana did a seasonal simulation for Madison,
Wisconsin, on what has previously been called an "in-line" system.
Unlike the "in-line" system looked at by Freeman, Bosio and
Suryanarayana's system did not have the capability of bypassing the
heat pump and doing direct heating with solar energy. Nor, did they
simulate a "conventional solar" or "conventional heat pump" system
and make a comparison on system performance. They mentioned that the
main components of a solar assisted heat pump system were the collec-

tor, thermal storage and heat pump, and that it was important to vary

collector area and operating temperature, and storage capacity, but
nothing was mentioned about the effect on system performance by vary-

ing heat pump characteristics. They conclude that there is a savings

in fossil fuel with a solar assisted heat pump system, and that under
certain combinations of interest, oil and electric rates such a system
can be competitive with a domestic oil furnace system.

Karman et al. continued Freeman's research on the more usual
solar heat pump systems. The performance of the heat pump is deter-
mined empirically by interpolating performance data from manufac-
turers' specifications. Karman et al. also looked at a "dual source”
system which has the option of going to ambient air for a source if

the ambient temperature exceeds storage temperature. From seasonal



simulations of combined system performance in three locations {Madison,

they concluded that the "dual source" system is the best from an energy
savings standpoint but that economics indicate no clear-cut incentive
for the general utilization of solar heat pump systems. However, they
did not consider "parallel" performance and compare it to "dual source"
performance.

A more unusual solar assisted heat pump system study was done by
Abbaspour and Glicksman [9] which Tooked at Tow and high side tempera-
ture storage {storage at evaporator and condenser of the heat pump).
Their simulation study in New York City used monthly averaged tempera-
ture data reduced to hourly data, assuming the solar energy is uniform
from sunrise to sunset. Théy found that the solar heat pump system is

not economically competitive with conventional heating systems on a

totaT AUt cost basTs A two=storage Sys temachTeves—a modest
improvement in performance over a single storage system, but this

increase in performance may be outweighed by the additional complexity

involved.

To date, very few people have agreed on the best way to combine
a heat pump and a solar energy system to produce the greatest savings
in consumed energy. Also, no one has arrived at a general design
procedure for solar heat pump systems that would allow a person to
readily evaluate system performance or design a system to meet a given

load.



1.3 PURPOSE

Work at the University of Wisconsin Sglar Energy Laboratory has
been aimed toward evaluating combinations of solar and heat pump sys-
tems, formulating general guidelines for designing solar heat pump
systems, and arriving at general design procedures for predicting solar
heat pump system performance.

The work presented here is divided into two parts. The first
part looks at system simulations done with the transient simulation
program, TRNSYS [8]. Five basic systems are simulated and compared
under similar and varying conditions. The five systems are 'conven-
tional solar," “conventional heat pump," "parallel,” “in-Tine," and
wdual source.” These systems will be described in detail later.

The second part of this work presents a design procedure for the

best performing system. This incorporates the commonly used procedure

(the "Bin" method) of determining the performance of an air-to-air
heat pump and the f-Chart [10] procedure of determining a solar energy

system performance.




2.0  SYSTEM SIMULATIONS

2.1 MODELING OF SYSTEM COMPONENTS

System simulations for this study were performed using the Univer-
sity of Wisconsin solar energy system simulation program, TRNSYS [8].
TRNSYS is a modular solar energy system simulation program written in
FORTRAN that solves for the transient performance of system components
(collectors, storage, heating and cooling loads, heat pumps, etc. )
joined together by information flow which usually represents pipes,
ducts, and wires in response to time varying forcing functions like
meteorological data. TRNSYS component models are self-contained sub-
routines having constant "parameters," user supplied, describing the
modeled hardware, time varying "inputs" representing time dependent

information flowing into the model, and time varying "outputs" repre-

senting time dependent information flow out of the model. TRNSYS
includes all the mechanics necessary to govern input/output operations

and solve the components' simultaneous algebraic and differential equa-

tions repeatedly. A brief review of the major TRNSYS models used 1s

presented below. For a more complete discussion see reference [8].

2.1.1  WEATHER DATA

This work is primarily concerned with comparing performance of
different systems in response to identical forcing functions (meteor-
ological data). Therefore, whether it is meteorological data repre-

sentative of the expected life of the system (10 to 20 years), or an



"average,"

10

a "design," or "typical" year is not extremely important.

This being the case, "design" years consisting of actual hour1& readings

from local weather bureaus of dry bulb temperature and total radiation

on a horizontal surface are used as the weather model for the simula-

tions.

2.1.2  THE COLLECTOR

The collector model used in this work is the flat-plate

collector

mode] of Hottel and Whillier [11]. The heat removal factor, transmittance-

absorptance product, and loss coefficient are held constant throughout

the simulations,

outlined by Duffie and Beckman [12].

Hourly values of solar energy incident on the tilted

and have typical values arrived at by the methods

collector

horizontal surface by the Liu and Jordan method [13].

involves taking the total radiation

it into beam and diffuse

This method
on a horizontal surface and

components. The beam component

is corrected for incidence angle on
the diffuse component is assumed to
the collector-to-sky view factor.

2.1.3  STORAGE

the tilted collector surface and

be evenly distributed throughout

A11 solar heat pump systems studied here used a completely insu-

lated 1iquid storage tank (no Tosses ).

modeled as a fully-mixed tank.

The liquid storage tank is
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2.1.4  SPACE HEATING AND COOLING LOADS

The building used in every simulation is a well insulated single-
family residence of 120 square meters floor area. The thermal capaci-
tance of the walls and roofs are modeled using a finite difference
representation throughout most of the simulations. Internal heat
generations and solar heat gains are included. Many simulations have
a service hot water load in addition to a space heating load. Actual
values of thermal capacitance, internal heat gains, and service hot

water load are presented in the discussion of system simulations.

2.1.5  HEAT PUMP

A quasi steady-state heat pump model is used in the simulations.

The "transient" behavior of the heat pump is empirically determined by

rate, and electrical input) supplied to the model from data obtained

from heat pump manufacturers' specifications. Figure 2.4 shows the
- heating capacity, COP, and electrical input of a “standard" three-ton

heat pump used in simulations.

2.2  SYSTEMS DESCRIPTION

The components, operating characteristics, and performance para-
meters of the more usual heat pump, solar energy, and solar energy heat

pump systems will be discussed to provide a basis for understanding
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what-types—of systems.have been studied and how system performance is

analyzed and compared.

2.2.1 THE “CONVENTIONAL SOLAR" SYSTEM

A schematic of a conventional liquid solar energy system is shown
in Fig. 2.1. Figures 2.1 through 2.8 are obtained from reference [1].
The 1iquid collector loop consists of a flat plate solar coliector,
pressure relief valve, storage tank heat exchanger, storage tank, and
pump. Solar energy is absorbed in the collector and transferred to the
liquid storage tank. This collected energy is then available to pro-
vide service hot water heating and space heating. An auxiliary energy
supply needed for periods when insufficient solar energy is available

is obtained from natural gas, oil, electricity or wood.

The performance o7 a solar energy Systemcon bevepresented by
the fraction of the house heating load (space and/or service hot water)

that is supplied by solar energy. A general curve showing the annual

space and hot water load supplied by solar—as—& funetion—of—collector
area for a house is shown in Fig. 2.2. As previously mentioned,
although it is possible to design a solar energy system to meet all

of the heating requirements, it is not economically feasible to do so,

and the system would be oversized almost all of the time.

2.2.2  THE "CONVENTIONAL HEAT PUMP" SYSTEM

A heat pump is a refrigeration system that removes heat from one

area and supplies it to another. In a mechanical air conditioner,
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cooling is the only desired effect, while in a heat pump, the desired

effect may be e{Eher heating or cooling. In residential heat pump
applications, an air-to-air heat pump in the heating mode takes heat
from the cool outside air and "pumps" it into the room, or in the
cooling mode, it removes heat from the room and "pumps" it to the
warmer outside air.

The components necessary for providing either heating or cooling
with an air-to-air heat pump are shown schematically in Fig. 2.3.
Following the refrigerant flow through the cycle shows that the refrig-
erant in the vapor state enters a reciprocating compressor and has work
done on it bringing it to a relatively high pressure and temperature.
The refrigerant condenses to a liquid as it passes through the conden-
ser heat exchanger coil and, in the heating mode as room air circulates
over the condenser coil, the heat of condensation (q

condenser) 15

transferred to the room. The warm condensed liquid refrigerant flows
through tubing to the expansion valve where it experiences a large

pressure drop across the valve causing a drop in fluid temperature.

This cold liquid refrigerant then enters the evaporator heat exchanger

coil located outdoors where heat (q ) is transferred from the

evaporator
cold ambient air to the even colder refrigerant. The refrigerant
vaporizes as it passes through the evaporator and flows to the suction
side of the compressor completing the cycle.

In the cooling mode, the room air is cooled by reversing the

functions of the evaporator and condenser coils. Rotation of the

reversing valve would send the hot refrigerant from the discharge side
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of the compressor to the outdoor coil (now the condenser) to reject

heat outdoors. After passing through the expansion valve, the cold
refrigerant passes through the indoor coil (now the evaporator) where
heat is absorbed by the refrigerant cooling the room air.

In residential applications an air-to-air heat pump is commonly
found. Other types of heat pumps are water-to-air and water-to-water
units which use water from a lake or well as the heat source or sink.
In water-to-water units the water rather than the refrigerant is
switched between the condenser and evaporator coils to change the unit
from heating to cooling.

The heat supplied to the room by an air-to-air heat pump comes
from both the outside air and the work done on the refrigerant by the

compressor ( ). Usually, the heat extracted from outside

WCOFI][I)Y‘ES sor

air is greater than the compressor work. An energy balance on the

heat pump yields:

+ = )
Yevaporator "eompressor 9condenser

- Theinstantaneous coefficient of performance, COP, is the ratio

of the rate of heat output (heating mode) or the rate of heat absorbed

(cooling mode) to the total electrical power input (w ). The

electric
total electrical power input is the summation of electrical power to

operate the heat exchanger fans (Wfans) and actual compressor work

(Wcompressor/ n) where the motor efficiency (n) is less than unity.

/n .

W . =W + W
electric fans compressor
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For heating, the coefficient of performance is

cop. = 9condenser

h We]ectric

The COP for heating is usually in the range of two to four. This means
that two to four units of heat are delivered to the room for every unit
of electricity supplied. The COP 1is strongly dependent on indoor and
outdoor temperatures. As the difference between indoor and outdoor
temperature increases, more electrical power input is required, thus
decreasing the COP.

For cooling, the coefficient of performance is defined as

q
P = eyaporator

o .
Welectric

For the same source and sink temperatures, the cooling COP is Tless

than that for heating by about one, putting it in the range of one to

three.

During the heating mode with an air-to-air heat pump and at out-

side temperatures at or near the freezing point of water, frostmay form
on the outdoor coil and reduce the heat pump COP. The heat pump
operates in the cooling mode briefly to remove the frost. While operat-
ing in the defrost mode, the heating COP is negative which Towers the
seasonal COP (the total seasonal heating capacity divided by seasonal
electrical input).

The capacity of a heat pump is the amount of heating (or cooling)

done by the unit and equals the condenser (or evaporator) heat transfer
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rate. Like the COP, the capacity also depends on source and sink

temperatures and decreases as the difference between the two tempera-
tures becomes greater. Figure 2.4 shows typical three-ton heat pump
operating characteristics used in simulations fora room temperature
of 20°C (68°F). (One ton of heating represents 12,000 Btu/hr.)

One disadvantage of the heat pump is that its performance is not
well matched to house heating requirements. Figure 2.5 shows house
heating requirements for a typical home in Madison, Wisconsin, as a
function of outside air temperature. The slope of the heating require-
ment line is a constant house UA (overall heat transfer coefficient
of the house times the house surface area). Also shown is the capacity
curve for the three-ton heat pump previously mentioned. The inter-

section of the two curves 1is calied the balance point. At this point,

higher ambient temperatures, the heat pump capacity exceeds the house
heating requirement and needs to operate only a fraction of the time.

At temperatures below the balance point, the heat pump operates 100%

of the time but is unable to meet the load alone. Supplementary heat,
usually in the form of electrical resistance heating, is required. A
larger heat pump in the same home will shift the balance point to a
lower ambient air temperature, but there will still be a need for
supplementary heat. However, in going to a larger heat pump, the
initial cost of the unit increases. To install a heat pump that can
meet the largest heating Joad becomes uneconomical because of the

higher initial cost.
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The seasonal system COP, denoted as Eﬁﬁg, is the total seasonal

spaceheating buppT%ed“fheat“pumpmaﬁ&msupp4emeﬁta1mhea%%ﬂg}mdividedmhymmmmmm

the sum of the seasonal auxiliary energy and the electricity input
(auxiTliary input and electricity used in running the compressor and

fans ). Eﬁﬁg is usually about two.

QRH + QAUX,
CoP_ =
s = WAH + QAUX,

P

2.2.3 THE "PARALLEL" SYSTEM

The simplest solar heat pump system arrangement is a "conventional
solar" system operating independently of the heat pump which acts as an
auxiliary energy source. This arrangement is termed a "parallel" system
and is shown schematically in Fig. 2.6. This figure shows available

solar—energy being collected to increase storage tank temperature while

the air-to-air heat pump meets the house heating requirement. The solar
system collects available energy whenever possible to do direct heating

and supply service hot water.

In the heating mode, direct solar heating would be used whenever
possible. This direct solar heating for the space heating Toad can
happen only when the storage tank temperature is above a preset level,
Tdh' The heat pump, using ambient air as the source, would be turned
on whenever there was insufficient solar energy to meet the load with
direct heating. The heat pump's built-in auxiliary heater (electrical
resistance heater) would be used when neither direct heating nor

rejected heat from the heat pump could meet the Toad.
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In the cooling mode, the solar system needs to collect energy

only to meet the service hot water load. The air-to-air heat pump
cycles on and off to meet the house cooling Toad. There is no cooling
auxiliary so the heat pump must be sized properly to meet the cooling
load at room design temperature. If the heat pump does not meet the
instantaneous cooling load, the room temperature would rise above its
design condition. The rejected heat from the heat pump goes to the

ambient air.

2.2.4  THE "IN-LINE" SYSTEM

By placing the heat pump between the solar system and the house
load, as shown in Fig. 2.7, a combined system termed an "in-line"
system is arrived at. The heat pump evaporator has access to the

storage tank and the condenser is located in the house heating duct.

The advantage of this system is that the heat pump uses the relatively
warm storage tank as a source, which increases its COP, and allows the

solar system to operate at a lower temperature, which increases its

efficiency. Direct and electrical resistance heating are also possible
with this configuration, but the heat pump can never use ambient air
as a source.

In the heating mode, direct heating would be used whenever the
storage tank temperature is above Tdh' When the storage tank tempera-
ture is below Tdh and is above its minimum, Tminl (usually a tempera-
ture slightly higher than the freezing point of the storage fluid),

stored energy is used as a source for the water-to-air heat pump. This
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mode of operation is shown in Fig. 2.7. If the storage tank tempera-

ture is Tesstham T =5 the- heat-pumps-buitt=in-auxittary-heater
would be used. In all three modes of operation, available solar energy
could be collected and stored if possible, and stored energy could be
used as a preheat for service hot water.

The cooling mode operation for the "in-1ine" system is similar to

the "parallel" system except that the rejected heat from the heat pump

goes to either the storage tank or to a cooling tower.

- 2.2.5 THE "DUAL SOURCE" SYSTEM

The "dual source" system, shown in Fig. 2.8, combines the "parallel"
and the "in-1ine" systems to use a heat pump with two evaporators, one
in conjunction with the storage tank and the other outdoors. This

would allow the heat pump to use either the collected solar energy or

ambient air as its source, depending on which temperature is higher.
This system would appear to have the best performance, but as will be

shown later, this is not necessarily the case.

In the heating mode, the "dual source" system using a Tiquid solar
Toop would operate in the direct heating mode, as shown in Fig. 2.8,
if the storage tank temperature is greater than Tdh“ If the storage
tank temperature is greater than the ambient temperature, Tamb’ and

between Tdh and T the fluid from the storage tank is used as the

minl?
heat source for the heat pump. However, if the storage tank tempera-

ture is less than Tamb and is between Tdh and T the ambient air

minl®
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is used as the source for the heat pump. The heat pump's built-in
mmau*$$#awymheatermwauldmbemusedmdﬁmthemheusemheatingmpequipementmi5mmmmummmummmummmm;
still not met by direct heating with solar and rejected heat from the
heat pump. The solar system would continue to operate and collect
available energy to raise the storage tank temperature and supply
service hot water if possible.
The cooling mode operation for the "dual source" system is also a
combination of the "parallel" and "in-line" systems. The service hot
water load is met by the solar system with rejected heat from the heat

pump going to either the storage tank, cooling tower, or ambient air.

2.3 DISCUSSION OF SIMULATIONS

2.3.7 GENERAL DESIGN PARAMETERS

T " S ' " o o 1 P S o Y
AT S P TALTITY Sy LU PO TUTTIRANLC TUT  Evd THA LTIy Lh

e—best—pet
forming solar heat pump system, many design parameters must be varied
in an orderly fashion and performance measures compared. Important

-.--—---—------—-———--—-—-—-j---—-—--—des+gﬂ—}fra-rmﬁe-teTs-—1‘-rrc“rtrder—ccr]-J-e-cto-r—a-rea—an-d----cmtru C’lﬁ‘@ﬂ“‘(‘é‘:'g".'"—I*Tu‘mb'e*r*“'"'-“"“"""—'—-———"“".
of collector glazings), main storage tank volume, house capacitance,
heating Toads for space and/or hot water, cooling loads, minimum
storage tank temperature, minimum source temperature for heat pump
operation and direct heating, heat pump source (ambient air or storage},
heat pump performance, system control options (time of day for opera-

tion of solar and/or heat pump system), and geographical location.

Performance measures of major importance are monthly and seasonal heat
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pump and system cop and the ffﬁctfon_eﬁ—ihp house heating and service

hot water 1oad met by solar and air sources. Section 2.3.9 presents 2
movre detailed discussion of performance measures.

In order to find the best performing solar heat pump system,
system performance of one system must be compared with performance of
the others under similar design and operating conditions of storage
medium and space heating and service hot water loads. The purpose of
this work is to compare dual source system performance to para11e1,
in-line, conventional solar, and conventiona1 heat pump system per-
formance using a common storage medium (1iquid) for solar and solar
heat pump systems . simulation results from Karman et al. [6] of
golar heat pump systems (duai source and jn-line) showed a general
increase in conventiona1 fyel savings with increasing collector ared

using either pebble bed oOr 1iquTe ctorage media. Liquid storage

[{m}

systems are easier tO simulate than pebble bed storage systems.
Therefore, cince a common storage medium 1S needed for colar and

solar heat pump systems, and since 1iquid storage systems are easier

to simulate, 1iquid storage gystems were used throughout all solar

and solar heat pump system simulations.

2.3.2 SPECIFIC DESIGN PARRMETERS

control options and actual numerical values for component 51263
were selected as typical for residential applications. Values of
collector ared. AC, were celected by starting with zero and increasing

in size until the savings in consumed energy was approximate1y 80
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percent. This resulted in using collector areas of 10, 30, and 60

square meters for Madison, Wisconsin. The values of the collector
heat removal factor, FR’ loss coefficient, UL’ and transmittance-
absorptance product, To, given in Table 2.1 for zero, one, and two
collector glazings are typical and chosen by the methods outlined by
Duffie and Beckman [12]. Other collector loop parameters used through-
out all of the simulations are also shown in Table 2.1.

The base value of main storage tank volume used in the simulations
was a water storage tank volume to collector area ratio, V/AC, of
0.075 m3/m2 as recommended by Beckman, Kiein, and Duffie [10]. The
ratio was varied over a wide range to evaluate the sensitivity to this
parameter. Initially, performance of all systems was compared using a

volume to area ratio of 0.075 m3/m2. From these simulations, the

better performing solar heat pump systems (parallel and dual source)

were selected and further observed for different V/Ac.
To see if house capacitance had an effect on the decision of the

best performing solar heat pump system, simulations were done 1in

Madison, Wisconsin for a house with a heating UA of 620 KJ/hr-°C and
with either a constant room temperature of 20°C or a capacitance of
50,000 KJ/°C and floating room temperature. The Toad heat exchanger
located in the house heating duct has an effectiveness of 0.75, and
a value of 1300 KJ/hr-°C was used for the return air capacitance
rate.

The service hot water load used in the simulations is represented

by a repeating daily flow during the period 6:00 A.M. to 1:00 A.M.
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TABLE 2.1

Collector Loop Parameters

Collector Type FR UL(KJ/hr-m2—°C) Ta
Zero-Glazed, Water 0.73 108.0 0.90
Single-Glazed, Water 0.90 30.0 0.85
Double-Glazed, Water 0.90 21.0 0.76

Parameter Value

Transfer Medium Specific Heat, Cp

3.35 KJ/kg-°C

EQO bnlhw-mz
[ A~ S W A H

=3 <a"dAa—LElrnu e m— LA
oTc JTrac—1TT 5 L P A Y

Af
nc

Collector-Storage Heat Exchanger Effectiveness, €

Cold Side Flow Rate Per Collector Area, hC/AC

o s
Cold Sid

ok

0.8

40 kg/hr-m?

4.19 KJ/kg-°C

e Transfer Medium Specific Heat, Ch
o = It t“'c
Relief Valve Maximum Temperature

Collector Tilt From Horizontal, s
Madison, Wisconsin

Albuquerque, New Mexico

100°C

59°C
51°C
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(See reference [8] for more information on this profile.) The total

~ daily demand of hot water is 279.5 kg at a required temperature of
60°C or higher. The main water temperature for Madison is 10°C. This
results in an annual service hot water energy requirement of 21.37 GJ.
A value of 15°C was used for the main water temperature in Albuquerque,
New Mexico. The domestic hot water preheat storage tank, like the
main storage tank, is completely insulated (no losses). A value of
0.5 was used for the service hot water heat exchanger effectiveness.
The minimum main storage tank temperature for direct heating,
Tdh’ was chosen to be 30°C for all of the simulations. Since the room
temperature was either constant at 20°C or fluctuated closely around
20°C, the storage tank temperature had to be approximately 10°C higher

than the room temperature before any direct heating with solar energy

would occur. A temperature in the main storage tank that is higher

than the room temperature 1MpoSes a Siighmt penaity om sotar system
performance because of a higher return temperature to the collectors

and less useful energy collected. However, a smaller load heat

exchanger can be used and excessive cycling of the storage water cir=
culating pump for direct heating at low storage tank temperatures can
be avoided which yields longer pump 1ife and Tower maintenance cost.
For simulations using water as the storage medium, a minimum allow-
able storage temperature of 5°C was used. Simulations were also done
with an antifreeze storage medium which allowed a minimum tank

temperature of -20°C.
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To observe the effect of geographical location on system perfor-

mance, two locations with different weather characteristics were used
in the simulations. The two locations chosen were Madison, Wisconsin
and Albuquerque, New Mexico. The majority of the simulations were
done in Madison, Wisconsin.

The conventional control strategy used allows heat pump operation
in the heating mode when direct heating by solar energy is unable to
meet the house load. This strategy does not, for example, allow solar
energy to be stored during the day and used at night while the heat
pump operates mainly during the day when ambient source temperatures
are high. To see what might happen to system performance with a
"smart" controller, the control strategy shown in Table 2.2 and
Fig. 2.9 was used on a parallel system in Madison and compared to

parallel system performance using the conventional control strategy.

Tlow is the lowest possible ambient temperature encountered during the

heating season, and for Madison, T10w is -30°C. Tstar is a parameter

that limits use of the heat pump when storage is charged above a

critical value indicative of the Tine separating zones A and B in

Fig. 2.9. If Tstar equals Tdh’ the strategy for zone A is used at

all ambient temperatures, which is the conventional control strategy.

However, if T equals infinity, the strategy for zone B is used at

star

all ambient temperatures. For T between Tdh and infinity, the

star
strategy for zones A and B share control for various combinations of

ambient and storage tank temperatures.
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TABLE 2.2

Conventional Control Strategy

Day Night
1) Solar 1) Solar
2) Heat Pump 2) Heat Pump
3) Electric Backup 3) Electric Backup

"Smart" Controller Strategy

Zone A Zone B
1)} Solar 1) Heat Pump
Day 2) Heat Pump 2) Electric Backup

3) Electric Backup

1) Solar 1) Solar
Night 2) Heat Pump 2) Heat Pump

3) Electric Backup 3) Electric Backup
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The heat pump employed in these simulations is a "standard"

__three-ton unit. Figure 2.4 shows the heat pump operating characteris-

tics for heating used in the simulations. Figure 2.10 shows the
operating characteristics for cooling. Freeman [2] showed that the
size of the heat pump was not critical as long as it was large enough
to meet the design cooling load. Conventional air-to-air heat pump
installations are generally sized for the cooling Toad to insure
proper dehumidification. However, 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 dead-
band range and using the conventional control strategy which utilizes
direct heating by solar energy when storage temperatures are suffi-
ciently high.

——————————— The data_presented—in Figs—2.4 and 2,10 represents the heat-pump

heating and cooling operating characteristics used in the simulations

for both the air and 1liquid source heat pumps as well as a special

dual source heat pump having both an air and liquid evaporator. Since

actual performance data is lacking for dual source heat pumps, it is
assumed that their performance at a given source inlet temperature is
jdentical in either the air or liquid source modes. This is equivalent
to assuming that the evaporator heat exchangers have been designed to
have equal heat transfer effectivenesses.

To determine if a better performing heat pump has an effect on

the determination of the best performing solar heat pump system, heat
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pumps using heating data reflecting a 25, 50, and 100 percent improve-

ment in COP for the "standard" three-ton heat pump were used in
Madison. Simulations were done on the conventional heat pump, parallel,
dual source, and in-line systems for a house with a floating room
temperature and capacitance of 50,000 KJ/°C. Thirty square meters of
single-glazed collectors were used with a storage volume to collector
area ratio of 0.075 m3/m2. The improved heat pump operating charac-
teristics are shown in Fig. 2.11 for a room temperature of 20°C. (Note
that the same heating capacity is used in all three cases. )

In the cooling mode, the systems having an air-to-air heat pump
use the outside air condenser as the sink. In the case of the in-Tine
system having a water condenser, it is assumed that an extra storage
tank has been supplied and energy is rejected by either "night-sky

radiation" through the collectors at night or else a cooling tower.

Accurate evaluations of cooling loads are not of major concern in this
work. The solar collectors and storage continue to operate in the

summer to supply the service hot water Toad.

2.3.3  PERFORMANCE MEASURES

The simulation results of major interest in this work for solar
heat pump systems are long-term integrated energy quantities. These
include the total heat gain of the solar collectors (QU), the total
space and service hot water heating Toad (QLOAD), the total auxiliary
energy added by the furnace and service hot water heater (QAUX), the

total energy removed by the heat pump from the ambient air in the
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heating mode (QAIR), and the total heat pump electrical input for

compressor and pumps or fans (WAH). For a heating season, the system
energy balance assuming negligible change in stored energy in the tank

is
QU + QAIR + QAUX + WAH = QLOAD.

The single most informative indicator of solar heat pump system per-
formance is the fraction of the total load met by solar and ambient

air sources, defined as
F = (QLOAD - WAH - QAUX)/QLOAD.

When considering only solar energy system performance., the frac-
tion of the load met by solar (r) is of prime concern. Considering

only the space heating load, f . is defined as

fp = QDH/QLOAD,

where QDH is the tota pace-heating by solar energy and

QLOADSp is the total space heating load. For the hot water load, f hw

is defined as
i =1 - (QAUXhW/QLOADhW)

where QAUth is the auxiliary energy added to the hot water heater and
QLOADhw is the total hot water heating load. The fraction of the total

space and hot water heating load met by solar energy is defined as
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£ = (QDH + QLOAD, ., - QAUth)/QLOAD.

In addition to WAH, a Tong-term integrated energy quantity of
interest in heat pump performance 1S the energy rejected to the house
in the heating mode (QRH). QRH 1is the summation of the energy
rejected in the water-to-air heating mode (QRWA) and the air-to-air
heating mode (QRAA). Also of interest is the total number of hours of
operation spent in the water-to-air heating mode (HWA) and the air-to-
air heating mode (HAA). Heat pump and system COP will also be

evaluated on monthly and seasonal bases when relevant.

2.3.4  MADISON STMULATION RESULTS

2.3.4.1 BASE CASES

The initial simulations were done for Madison, Wisconsifl. These
simulations were chosen to study the effects of collector area and

construction, ambient energy source, and solar contribution. The

annual space heating and service hot water load is 85.3 GJ. Resutts
of these simulations using a house heating UA of 620 KJ/hr-°C and
constant room temperature of 20°C are shown in Figs. 2.12 and 2.13.
These simulations used an energy rate control. That is, solar, heat
pump, and auxiliary operate when needed to exactly meet the in-
stantaneous house heating load for a constant vroom temperature. The

2.43 GJ cooling load for this house was met entirely by the heat pump.
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While doing the conventional solar and parallel system simula-

tions, it was observed that two cover collectors yielded a relatively

small savings in "conventional" fuel over one cover collectors. There-
fore, most of the solar heat pump simulations were performed with less
expensive, single-glazed collectors.

Figures 2.12 and 2.13 and Table 2.3 allow comparisons to be made
between conventional furnace (electrical resistance heating), conven-
tional solar, conventional heat pump (air-to-air), in-line, parallel,
and dual source systems. For conventional furnace and conventional
heat pump, 7 does not depend on collector area. The collector size
necessary for the conventional solar system to consume less auxiliary
energy than a conventional heat pump system is about 19 mz.

For parallel systems, the solar part of the system supplies 7 of
the load shown in Figs. 2.12 and 2.13. The air-to-air heat pump

stipplies—a—portion—of the remaining load fromthe ambientair.—Hew-—+

ever, the heat pump system COP 1is less than that in a conventional

heat pump system since the solar system supplies heat during sunny

and _warm weather while the heat pump operates mainly in cold weather,

particularly at night, when the COP is low. Thus, the amount of
auxiliary energy required by the combined system is reduced but not by
as large an amount as might be expected. At zero collector area, the
parallel system performs like a conventional heat pump system. At
very large collector areas, the solar system meets a large fraction of
the load forcing the heat pump to operate under very cold weather at a
COP close to one. As a result, the parallel system performs much Tike

a conventional solar system.
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Figure 2.13 shows that an in-1line system performs jdentical to a

conventional solar system at zero collector area because the heat pump
cannot use ambient air as a SOUrCE. For a given collector area, the
in-line system performance is only slightly better than a one cover
conventional solar system, and is definitely not as good as the
parallel or dual source system. Since the in-line system uses the
storage as its source, the storage medium and circulating fluid tempera-
tures are lower than in the conventional solar system which increases
collector efficiency and collection of useful energy, but does less
direct heating by solar energy as seen in Table 2.3. It appears that
the advantage of lower storage and collector temperatures is very
nearly cancelled by the inability of the system to utilize the direct
heating mode as often as the conventional solar system.

As shown in Fig. 2.13, the dual source system performs Tike the

conventional heat pump system at zero collector area. For a given
collector area, the dual source system performs better than the in-

line system. Performance of the dual source system will always be

better than the in-line system, all things being the same, because
the heat pump in the dual source system will always see the higher
source temperature (storage or ambient), where as the in-Tine heat
pump can only use storage as its source.

Surprisingly, the parallel system performs as well as, if not
better than, the dual source system. In comparison to the parallel
system, Table 2.3 shows that more heat is supplied by the heat pump

in the dual source system, but more electrical work is required
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because the heat pump operates more since there is Tess direct heating

by solar energy. The advantage of lower storage and collector tem-
peratures is cancelled by the inability of the system to utilize the
direct heating mode as often as the parallel system. At Targe
collector areas, the dual source system, like the in-line system,
behaves like a conventional solar system since the solar part of the

system meets most of the Tload.

2.3.4.2 VARIABLE VOLUME RESULTS

Since the parallel and dual source system performed best in
these initial simulations, these two systems were selected to study
the effects of increasing and decreasing storage volume to collector
area ratio using 30 m2 of single-glazed collectors. The range of

V/A _values used in the simulations is 0.01875 to 5.00 m3/m2. The

seasonal results of these two solar heat pump systems are illustrated
in Fig. 2.14 for varying conditions of V/AC. It is seen that

extremely small values of V/A_ tend to slightly hurt performance of

both systems when compared to V/AC in the range of 0.075 to

1.200 m3/m2. The dual source system performance remained quite con-
stant beyond 1.200 m3/m2 while the parallel system performance de-
creased. An explanation for this is that the stored energy in the
parallel system is not really useful for space heating until the
storage temperature exceeds 30°C, while stored energy can be used by
the dual source system when the storage temperature exceeds 5°C.

Storage temperatures with large storage volumes seldom exceeded 30°C
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to allow direct heating with solar energy which required the heat pump

to operate more often at a lower source temperature (ambient) for the

parallel system than the dual source system. An optimum value of

V/AC for both systems in Madison is approximately 0.3 ma/mz. Although
not quite at the optimum value, a V/AC of 0.075 m3/m2 yields a per-
formance that is only 0.2 percent lower than that for 0.3 m3/m2 and is

used extensively throughout the remainder of the simulations.

2.3.4.3 EFFECT OF HOUSE CAPACITANCE

A11 of the solar heat pump system simulation results presented so
far have used an energy rate control. To determine if using a house
with a floating room temperature and large house capacitance
(50,000 KJ/°C) would alter the conclusion that parallel and dual source

are the two best performing solar heat pump systems, simulations were

performed on the parallel, dual Source, in-11ne, and conventional freat
pump systems for 30 m2 of single-glazed collectors and a V/AC of

0.075 m3/m%. The house had a UA of 620 KJ/hr-°C. The solar, heat

pump, and auxiliary operate when needed by a temperature controf.
When any of the three means of heating are required, they operate at
full capacity. This will at times increase room temperature into the
idle range. In first stage heating, the solar system does direct
heating, if possible, when the room temperature falls below 20°C. If
the room temperature falls to 19.5°C (implying that solar energy can-
not meet the load), second stage heating (heat pump and auxiliary)

meets the 1oad. In the case of the conventional heat pump, first
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stage heating is done by the heat pump and second stage by auxiliary.

The room temperature idle range is from 20 to 25°C. For room tempera-
tures above 25°C, the heat pump operates in the cooling mode. The
service hot water load was not considered in these simulations.
Seasonal values of the fraction of space heating load met by solar and
air sources for the four systems are presented in Table 2.4 where

Ty ¥ 20°C is first stage and Yo = 19.5°C is second stage heating. The
annual cooling load was 2.27 GJ and the space heating load approxi-
mately 68.7 GJ. Again, the parallel system performed as well as the
dual source system, and both definitely performed better than the in-
line system. Table 2.4 shows that house capacitance does not alter
the decision of the best performing solar heat pump system. Also,
because the service hot water load was not considered, these results

cannot be directly compared to earlier.

2.3.4.4 EFFECT OF MINIMUM STORAGE TEMPERATURE

Additional simulations were performed for solar heat pump sys-

tems using 30 m2 of single-glazed collectors a V/AC of 0.075 m3/m2
to investigate the effect of using antifreeze in the storage tank to
allow the use of storage down to -20°C. This minimum storage temper-

ature is denoted as T Seasonal values of the fraction of the

minl’
total space and hot water Toad met by solar and air sources for

in-1ine, parallel, and dual source systems are presented in Table 2.5.

Values of 7 for T = 5°C are shown in Table 2.5 for comparison.

minl

These simulations were done with the energy rate control used in the
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TABLE 2.4

Temperature Control Results

House Capacitance = 50,000 KJ/°C QLOADSp = 68.7 GJ
Yy = 20°C Yo = 19.5°C
Fraction of Annual Space Heating Load
System Met by Solar and Air Sources (Egp)
Conventional Heat Pump 0.514
In-Line 0.663
Parallel 0.715
Dual Source 0.720
TABLE 2.5

Energy Rate Control

A = 30 me V/A, = 0.075 ms /i QLOAD = 85.3 GJ
Fraction of Annual Space and Hot Water Load Met
System by Solar and Air Sources (7)
Tmin1 = 5°C Tmin1 = -20°C
One Cover Two Cover One Cover Zero Cover
In-Line 0.579 — 0.632 0.485
Parallel 0.655 0.678 0.653 —

Dual Source 0.650 — 0.647 0.496
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initial simulations. The parallel and dual source systems showed no

change in system performance, while the in-line system showed a
noticeable improvement. However, the in-Tine system performance is
sti1l worse than the para11e1 or dual source performance. Therefore,
it is felt that there is no advantage in using antifreeze in the
storage tank. Zero cover collector simulations were also performed
for the dual source and in-Tline systems. The results in Table 2.5
indicate that dual source and in-line systems with coverless collec-
tors result in performance better than a conventional heat pump with
no solar collectors at all (F= 0.356), and slightly better than

conventional solar with single-glazed collectors (F= 0.449).

2.3.4.5 EFFECT OF CONTROL STRATEGY

In_all of the results presented so far, the parallel system

performance has been as good as, if not better than, the dual source
system performance. This, plus its simplicity in construction, makes

it the best solar heat pump system from a thermal point of view.

Therefore, the parallel system was chosen to be simulated with the
aforementioned "smart" controller. The reason for using the smart
controller is to allow the heat pump to operate at more favorable
times (during the day when ambient temperature is usually warmer

than at night) and to store collected solar energy for possible night
use. It was hoped that the expected improvement in heat pump per-
formance would outweigh the expected decline in solar performance.

The results using the smart controller shown in Table 2.6 consist of
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solar and heat pump performance measures for varying values of Tstar'

Table—2-6—shows—that—the—increase—inheatpump—performancesQRH-—was—
counterbalanced by a decrease in solar performance, QDH and QU. QDH

and QU slightly decreased as Tstar increased because while storing

collected solar energy for possible night use, collector losses

increased with a higher return temperature to the collector inlet from

storage. The seasonal heat pump COP (COPS) remained essentially con-

stant at two. The results obtained here for varying values of Tstar
indicate no advantage to using the smart controller. Therefore, all

subsequent simulations were done using the conventional control

strategy used in previous simulations.

2.3.4.6 EFFECT OF IMPROVED HEAT PUMP PERFORMANCE

So far, all of the results shown for solar heat pump systems have

been for systems using the "standard" three-ton heat pump. To see 17
a better performing heat pump will alter the decision of the best

performing system, simulations were done on the conventional heat

pump, parallel, dual source, and in-line systems using the improved
heat pump operating characteristics shown in Fig. 2.11. Figure 2.15
and Table 2.7 show the results of these simulations performed by
temperature control. As in the case of the other temperature control
simulations, the service hot water load was not considered. The
parallel, dual source, and conventional heat pump system performance
improved with improvement in heat pump performance. The parallel

system performed just as well as the dual source system. The in-line
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TABLE 2.7

Improved Heat Pump Results

Fraction of Annual Space
Percent Improvement Heating Load Met by Solar

Sys tem in "Standard" COP and Air Sources (E%p)

Conventional Heat Pump 0 0.514
25 0.600

50 0.658

100 0.730

Parallel 0 0.715
25 0.760

50 0.790

100 0.828

Dual Source 0 0.720
. 25 0.763

50 0.792

100 0832

In-Line 0 0.663
25 0.665

50 0.672

100 0.680
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system performance barely improved with better heat pumps. The reason

for this is that while improving the heat pump performance by decreasing—
the electrical power input to the heat pump to yield the same heating

capacity as the "standard" unit, the rate of energy absorbed by the

unit must increase. In doing this, the heat pump using storage as its

source keeps the storage temperature lower than the "standard" unit

did. Thus, the improvement in heat pump COP was counterbalanced by the

Tower source temperature.

2.3.4.7 ANALYSIS OF SYSTEM OPERATION

The parallel system has always performed as well as, if not better
than, the dual source system in all of the simulations done in Madison.
The in-line system never performed as well as either the parallel or

the dual source system. These are observations, and the reasons why

these systems perform like this must now be answered.
In order to answer this question, the contribution of performance

measures in attempting to meet the annual space heating and service

hot water energy requirements must be Tooked at closely. The per-
formance measures of major importance are QU, QAIR, QAUX, WAH, HWA,
HAA, and storage tank temperature frequency (number of hours that
storage temperature was in a specified temperature range, or "bin").
In Tooking at previous simulation results, a well sized solar heat
pump system for this house, having a UA of 620 KJ/hr-°C, is one con-

sisting of the "standard" three-ton heat pump, 30 m2 of single-glazed
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collectors, and a storage volume to collector area ratio of 0.075 m3/m?

ATT five systems have been simulated for an emtive heating season by
using the energy rate control method for a constant room temperature of
20°C.

Table 2.8 and Figs. 2.16 through 2.18 help explain what happens in
solar heat pump system operation. The conventional heat pump and con-
ventional solar systems are shown for comparison. Percentages of the
annual space heating and service hot water load (85.3 GJ) met by QU,
QAIR, QAUX, and WAH for the parallel, dual source, in-line, conven-
tional solar, and conventional heat pump systems are shown in Table 2.8
and Fig. 2.16. Figure 2.16 shows system performance in terms of “free"
(QU and QAIR) and "purchased" (QAUX and WAH) energy. Figure 2.17
shows HWA and HAA as a function of source temperature.

Figure 2.18 shows the main storage tank temperature frequency

distribution for the paraliel, dual SOurce, {m=1ime, amd conventionat
solar systems. Although the solar part of all four systems operates

during the heating and cooling seasons to meet the service hot water

Toad, the frequency distribution for 5°C temperature “bins" shown in
Fig. 2.18 is only for the heating season since the heating season is
of major importance in determining the best performing solar heat
pump system.

First of all, in looking at collected solar energy (QU) in
Table 2.8 and Fig. 2.16, it can be seen that solar collector perfor-
mance is better for dual source and in-line than parallel and con-

ventional solar. This happens because storage for the dual source
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Percent of Annual Space and Service

TABLE 2.8

Hot Water Load Met by Performance Measures

system QU QAIR  QAUX WA
Parallel 4.9 20.6 14 20.4
Dual Source 57.8 1.2 12.6 22.4
In-Line 57.9 — 27.6 14.5
Conventional Solar ] 561 =

Conventional Heat Pump — 35.6 31.2 33.2
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apd_in-line systems is more frequently at a lower temperature, as SEen

in Fig. 2.18. Since the storage temperature was generally lower, the
return temperature to the collectors was lower resulting in lTower
collector radiation and convection losses and higher QU. QU is prac-
tically identical for the dual source and in-Tine systems and is
reflected in the practically identical frequency distributions of main
storage tank temperature seen in Fig. 2.18. This storage temperature
being generally lower than parallel and conventional solar storage
also indicates that most of the space heating was done by heat pump
operation for the dual source and in-line systems, and very little by
direct heating with solar enerdy.

For the parallel and conventional solar systems, main storage
tank temperatures are generally higher than those for the dual source

spd—in=tine—systems—and result in more direct heating by solar energy

and lower QU because of a higher return temperature to the collectors.
Since the heat pump in the parallel system is not coupled with the

age tank, the solar performance for the paraliel system is iden-

tical to that for the conventional solar system.

Secondly, since the parallel and dual source systems can use the
ambjent air as a source, they are able to extract energy from the
ambient air (QAIR). The in-1ine system does not have an air source
evaporator and is unable to use this available energy. The dual
source system did not extract as much energy from the ambient air as
parallel system because the storage temperature for the dual source

system was often higher than the ambient air temperature when heating
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was required., This is also refiected by the area under the HWA and

o
I=
I=

curves in Fig. 2. 17 forthe dual source system.

For the parallel system, more direct heating with solar energy

and greater use of ambient air as a source compensates for a lower QU
than the dual source system. On the other hand, the dual source system
using storage more frequently as a source for heat pump operation
yields higher QRH and QU than the parallel system compensating for less
amounts of QAIR and direct heating. Both the parallel and dual source
systems have different operating characteristics which tend to balance
out to similar thermal performances. The heat pump operates approxi-
mately the same total number of hours for the heating season in either
case.
The parallel system obtains a sizeable amount of energy from the

ambient air, as shown in Table 2.8, while the in-Tine system obtains

nmome.—The freatpump i the parattet systemrwitt—generalty seea
smaller load than in the in-Tine system because of more direct heating

done by solar energy with the parallel system. Even though it sees a

smalter Toad, the heat pump in the paratiel system will operate more
often than the in-line heat pump because of a lower source tempera-
ture. However, since the parallel system heat pump sees a smaller
load, more of the lToad can be met by heat pump operation (COP greater
than unity) requiring less auxiliary. The parallel system performance
would improve with a larger capacity heat pump performing better at
low ambient temperatures. However, the in-Tine performance would

probably remain about the same as in the "standard" heat pump case
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because while increasing QRWA, more energy must be extracted out of

storage Towering the storage temperature even further and allowing
less direct heating.

There are two important points to keep in mind when considering
a heat pump's source. First, QAIR is readily available to the heat
pump as a source whereas, QU must be made available to the heat pump.
Thus, energy is required only once to transfer QAIR to the house
(heat pump operation only), while QU requires energy both in the solar
collector Toop operation and the heat pump operation. Second, these
simulations have not included the amount of energy required to run the
pumps for circulating the collecting medium. However, this power is
negligible in comparison to the other energy quantities. Therefore,
the parallel system performance looks even better when these two

points are considered.

In Summary, simulation results for Madison and explanations oOf
observations show that the parallel and dual source systems are com-

parable over the range of parameters studied. Also, because of the

ab1l1ty tTo use direct neating with solar energy and ambient air as a
source, the parallel and dual source systems are definitely better
than the in-Tine system. Simulation results for Albuquerque will now
be presented to show that independent of geographical location, the

parallel and dual source systems have the best thermal performance.
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2.3.5 ALBUQUERQUE SIMULATION RESULTS

- Simulations were done for Albuquerque, New Mexico, using a house —
heating UA of 620 KJ/hr-°C, constant room temperature of 20°C, the
"standard" three-ton heat pump, V/AC of 0.075 m3/m2, and energy rate
control. Albuquerque has a milder climate than Madison and only 30 m2
of single-glazed collectors are needed to achieve a savings in consumed
energy of approximately 90 percent for the solar heat pump systems.

The annual space heating and service hot water Toad was 50.92 GJ.
Figure 2.19 and Table 2.9 show the results of simulations of the con-
ventional furnace, solar, solar heat pump, and heat pump systems.
Comparisons between conventional furnace (electrical resistance
heating), conventional solar, conventional heat pump (air-to-air),
in-Tine, parallel, and dual source systems can be made using Fig. 2.19

and Table 2.9. The collector size necessary for the conventional

pump system is about 6 m2.

As seen for Albuquerque, the parallel and dual source systems
————perform1ike-aconventional -heat pump—systems;—and—thein-linesystem—M——
performs like a conventional solar system at zero collector area.

Also, at Targe collector areas the parallel, dual source, and in-line
systems behave like a conventional solar system since the solar part
of the system meets most of the load.

Also, as was the case in Madison, the parallel system performed
sTightly better than the dual source system and substantially better

than the in-1ine system. Table 2.9 shows that more heat is supplied
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by the heat pump in the dual source system than in the parallel system,

but more electrical work is reguired because the heat pump operates

more since there is less direct heating by solar energy.

Figure 2.19 and Table 2.9 in comparison to Figs. 2.12 and 2.13
and Table 2.3 show similar trends in system performance for the paral-
lel, dual source, and in-line systems with increasing collector area.
Also, the comparisons show that for both Tocations, the parallel and
dual source systems are the best performing solar heat pump systems

from a thermal point of view.

2.4  CONCLUSIONS AND RECOMMENDATION

Simulation results for Madison and Albuquerque show that the
parallel and dual source systems are comparable over the range of

parameters studied. The in-Tine system never performed better than

etrther—thedua—soorceorparatre—syster—or—coHectei—areas
greater than zero, the parallel, dual source, ad in-line systems will

always perform better than the conventional solar system. Above a

certainmcoltector—size foragtven—storage—volume;—the—in=Tine—systen
will perform better than the conventional heat pump system. The
parallel and dual source systems willalways perform better than the
conventional heat pump system.

For a set value of AC and V/A_, the collected solar energy (QU)

CB
and collector efficiency will generally be better for dual source and
in-line than for parallel and conventional solar systems because the

storage for dual source and in-Tine systems will generally be more
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frequently at a Tower temperature. The lower storage temperature for

dualsource—and—in-tinesystems—also—indicates—thata greater fraction
of the space heating load was met by heat pump operation, and very
little by direct heating with solar energy.

Since the parallel and dual source systems can use the ambient
air as a source, they are able to extract energy from the ambient
air (QAIR). The in-line system does not have an air source evaporator
and is unable to use this available energy. The dual source system
does not extract as much energy from the ambient air as the parallel
system because the storage temperature for the dual source system was
often higher than the ambient air temperature when heating was
required.

Parallel and conventional solar systems do more direct heating

by solar energy and have lower QU than the dual source and in-line

higher. Also, the solar performance for the parallel system is iden-

tical to that for the conventional solar systems since the heat pump

in-the parattelsystem—is notcoupled-with—the storagetank:

For the parallel system, more direct heating and greater use of
ambient air as a source compensates for a lTower QU than the dual
source system. However, the dual source system using storage more
frequently as a source for heat pump operation yields higher QRH and
QU than the parallel system compensating for less amounts of QAIR

and direct heating. Both the parallel and dual source systems have

different operating characteristics which tend to balance out to
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similar thermal performances. The heat pump operates approximately

the same total number of hours for the heating season in either case.

The heat pump in the parallel system will generally see a smaller
load than in the in-line system because of more direct heating done by
solar energy with the parallel system. Even though it sees a smaller
load, the heat pump. in the parallel system will operate more often
than the in-Tine heat pump because of a lower temperature. However,
since the parallel system heat pump sees a smaller load, more of the
Toad can be met by heat pump operation (COP greater than unity)
requiring less auxiliary.

In summary, the dual source system will always perform better
than the in-line system because it consistently sees higher source
temperatures for heat pump operation in the water-to-air heating mode,
and it is able to use ambient air as a source at a COP greater than

unity when the storage temperature is at its minimum. The parallel

system will always perform better than the conventional solar system
because backup heating is frequently obtained by a heat pump at a COP

greater than unity. The parallel system will always do more direct

heating with solar energy than either the dual source or in-line
system because of the higher storage temperature. The parallel system
will always extract more energy from ambient air than the dual source
system. Since the power required to run the pumps for circulating the
fluid in the solar collection and direct heating loops is negligible
in comparison to the energy required to transfer heat through the

heat pump, the parallel system always uses less energy than both the
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dual source and in-line systems. The dual source and in-line systems

require energy twice to heat the house when operating in the water-to-
air heating mode (first to collect and store and second to operate the
heat pump). Also, since fewer components are needed to construct and
operate the parallel system than the dual source and in-line systems,
the parallel system is less expensive.

The parallel system is recommended as the best way to combine a
solar system with a heat pump system to obtain the greatest savings in
conventional fuels with the least complexity. Following up on this
recommendation, the parallel system is chosen as the system requiring
a general design procedure for designing a system and/or readily

evaluating system performance for a given load.
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3.0 DESIGN PROCEDURE

3.1 CONVENTIONAL HEAT PUMP SYSTEM

Conventional air-to-air heat pump installations are generally
sized for the design cooling Toad to insure proper dehumidification.
However, when heating is the prime concern, the unit is usually over-
sized so that electrical resistance auxiliary heat is not often re-
quived. The actual size chosen for installation depends on the
economics as well as the estimated seasonal performance. Although, the
economics are important, this section concentrates on the procedure for
estimating the seasonal performance of a conventional heat pump system
so that a basis for understanding the design procedure for the parallel

system can be obtained.

Estimating the seasonal performance of a conventional heating

system (gas, oil, or electrical furnace, etc.) using the degree day
method is relatively simple because the efficiency of the system is

assumed to be constant regardless of ambient temperature. However,

because the efficiency of the heat pump changes with variations in
ambient temperature, the seasonal performance of the heat pump system
must be dealt with differently.

The most common measure of heat pump system performance is the
seasonal system COP, denoted as COP. COP, is the total annual space
heating load that the heat pump system must meet by heat pump rejected
heat (QRH) and electrical resistance heat (QAUXSP) divided by the

total annual electrical input to the heat pump system (WAH and QAUXSp).
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The instantaneous COP is sometimes used but has less meaning because it

is only a measure of the instantaneous efficiency of a heat pump and

does not take into account the auxiliary electrical heat that is
required below the system balance point.

In calculating Eﬁﬁg by the "Bin" procedure, U.S. Government
weather information based on 10 year averages is used to determine the
number of hours per year that fall within each 5°F (2.78°C) temperature
bin in a given area. Two sources of obtaining this information are the
National Climatic Center [14] and the Air Force Manual 88-8, Chapter 6.
This bin information is given on both a monthly and seasonal basis for
a certain Tocation's heating season. Note, this temperature bin infor-
mation for the United States is given in degree Fahrenheit rather than
degree Celsius.

The seasonal system COP is more frequently calculated than the

f——————————————————mgnthly—system—cgET—d@ﬂ@t@d—&%—@ﬁﬁﬁT—beeause—Eﬁﬁi—iS—a—fastep—methed——————————————{

of determining the seasonal performance of a heat pump system. COPS
can be obtained from monthly calculations by summing up system per-

formances (QRH, QAUXbp, and WAH) for each month of the heating season.

Since the parallel system design procedure presented later
requires that calculations be done on a monthly basis, the Bin proce-
dure will now be discussed on a monthly basis rather than the more
common seasonal basis so that similarities and differences can be
seen.

Figure 2.5 is very helpful in understanding the calculations of

system performance by the Bin procedure. It should be noted that the
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house heating requirement is less than the structure heat loss because

of internal heat sources. A reduction of approximately 7°F (3.89°C)

from the design room temperature of 75°F (23.9°C) is assumed to make
up this difference for residential applications.
The following is a step by step description of the Bin procedure

for determining the system performance on a monthly basis:

(1) Calculate the house heating UA.

(2) Draw the constant house heating requirement on a figure similar
to Fig. 2.5. Note that the internal heat sources are accounted
for by drawing this straight line with the slope equal to the UA
from (1) and intersecting the ambient temperature axis at approxi-
mately 68°F (20°C).

(3) List the temperature differences for each bin (constant room

temperature of 68°F minus the bin midpoint temperature). The bin

midpoint temperature is, for example, 22°F for the 5°F tempera-
ture bin covering ambient temperatures from 20 to 24°F inclusive.

(4) Calculate the hourly heating requirement for each bin (house

heating UA times (3)).

(5) List the hourly heating capacity of the heat pump for each
temperature bin (information is obtained from manufacturer's
data). As shown in Fig. 2.5, sketch these values on the same
figure with the house heating requirement. From this and (2),

the system balance point is determined.
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(6) Calculate the theoretical fraction of running time of the heat

pump system for each bin.—This is the hourty house heating re=
quirement divided by the hourly heat pump heating capacity. The
fraction is set equal to one below the system balance point
indicating that the heat pump operates 100 percent of the time but
still requires supplemental heat to meet the remaining house
heating requirements.

(7) List the hourly electrical input to the heat pump (compressor work
plus indoor and outdoor fan motors) for each temperature bin.
This is obtained from manufacturer's data.

(8) List the number of hours (Namb) that fall within each of the 5°F
temperature bins as given by the sources aforementioned.

(9) Calculate the hourly electrical resistance heating required below

the system balance point for each temperature bin ((4) minus (5)).

AL or above the system balance point (4} minus (5} s set equal
to zero because the heating capacity of the heat pump easily meets
the heating requirement.

(10} Catcutate the monthly heat rejected (QRH) by the heat pump—for
each temperature bin ((5) times (6) times (8)).

(11) Calculate the monthly electrical input to the heat pump (WAH) for
each temperature bin ((6) times (7) times (8)).

(12) Calculate the monthly electrical resistance heat (QAUXsp) for
each temperature bin ((8) times (9)).

(13) Obtain the total monthly QRH by summing up all of the values cal-

culated in (10).
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(14) Obtain the total monthly WAH by summing up all of the values

calculated in (11).
(15) Obtain the total monthly QAUXSp by summing up all of the values
calculated in (12).

(16) The monthly system COP is

QRHp + QAUXgy,
TP = L
m ~ WAHp, + QAUXg,
m

(17) Repeat steps (10) through (16) for each month in the heating
season.

(18) Sum up the monthly values for (13), (14), and (15) for the entire
heating season and calculate the seasonal COP;

QRH + QAUX

COPs = WAW * QAUX__

where QRH = the summation of QRHm,
WAH = the summation of NAHm, and
QAUXSp= the summation of QAUXSpm

(19) ﬁgp can be calculated for the entire heating season;

E%p = (QLOADSp - WAH —QAUXSP)/QLOADSP.

The parallel system design procedure is similar to this Bin

procedure. There are differences, however. The reasons for these
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differences and how they wevre sccounted TOV in-obtaining the para11e1

system design procedure will now be discussed.

3.2 ARRIVING AT PARALLEL SYSTEM DESIGHN PROCEDURE

The para11e1 system is 2 combination of the conventiona1 solar
and conventional heat pump (air-to-air) systems. ps discussed pre-
viouslys the solar part of the para]1e1 system operates whenever
possibfe to meet the house heating requirements. 1f direct heating
with solar energy cannot meet the entire house heating requirements,
the heat pump system operates to meet the remainder of the load. Since
the heat pump does not use the storagde medium as a gource in the paral-
1el system, the solar system performance is identical to that of the

T oy

conventroai—ses rsystem. However since the heat pump acts as @

il

backup to the solar system, its performance Jiffers from that of the

conventional heat pump system. 1n fact, TRNSYS gimulations chow that

the monthty system performance of the heat pump 2as @ pbackup to a solar

system declines for 311 months from that of the conVentional heat pump
as fspﬁ1(the fraction of the monthly space heating 1oad met by direct
heating with solar eneray) increases because the heat pump js forced
to operate move frequently at 1es5s favorable times (genera11y at night
when it is colder than during the day) -
The fact that the colar part of the para11e1 system performs

identical to the conventional golar system simplifies the design Pro-
cedure for the para11e1 system. The solar performance of a para11e1

system can be readily evaluated by the f-Chart 110} method.
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To this point, the following observations for continued research

have been made. First, the solar performance of the parallel system
can be readily obtained by using f-Chart. Second, the monthly heat
pump system COP in the parallel system is worse than the monthly con-
ventional heat pump system COP. Third, the design procedure for a
parallel system must be geographical Tocation and heat pump operating
characteristics independent.

The air-to-air heat pump acting as a backup to the solar system
operates in the same temperature bins as the conventional heat pump.
However, it operates fewer hours than the conventional heat pump because
there are times when solar can meet 100 percent of the space heating
load and the heat pump does not have to operate. Since the heat pump
in the parallel system uses ambient air as a source and operates in the

came temperature bins as the conventional heat pump, it was hoped that

a modification of the Bin procedure in connection with f-Chart would
yield satisfactory results of predicting parallel system performance.

The first attempt at finding a design procedure for the parallel

system originated from the observation that monthly heat pump system
performance decreased as fép increased. For any given month, the

m
greatest the heat pump system COP will ever be is when fgp equals zero

m
because of being forced to operate at less favorable times as fép in-
m
creases.
After observing this decline in system COP, it was thought that

plotting the ratio of system coefficients of performance as a function

of fsp (the ratio of the parallel system monthly system COP to the
m
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monthly conventional system COP) would yield a means of predicting the

heat pump system performance in the parallel system. Values of this
ratio as a function of fSpm where first calculated from output of
TRNSYS simulations using the "standard" three-ton heat pump and 10, 30,
and 60 m2 of collector area in Madison and 10 and 30 '’ in Albuquerque,
and then plotted. A fairly linear relationship was found. The ratio
of monthly system coefficients of performance is equal to unity at
equal to zero and decreases as fsp increases.

m
This attempt in finding a general parallel system design procedure

worked quite well when using the "standard" three-ton heat pump. How-
ever, when the TRNSYS output of simulations using the improved heat
pump operating characteristics shown in Fig. 2.11 was plotted on the
same graph as that of the "standard" three-ton heat pump, a substantial

deviation from linearity was observed at small values of fsp . This
m

only occurred at small values of fsp because the deviation from
m

b being almost equal to WAH. At Tlarge values

Tinearity was due to QAUXS
of fsp 5 Q/—\UXSp is zero. These results proved that the initial attempt
m

in finding a general parallel system design procedure was not indepen-
dent of heat pump operating characteristics.*

It was then decided that finding a way to modify the Bin proce-
dure for predicting the heat pump performance when acting as a solar
system backup was the proper direction to head. The Bin procedure is
independent of geographical location and heat pump operating charac-
teristics. In order to obtain the modified Bin procedure, it was

necessary to estimate first the amount of space heating load the air-
* Graph showing these relationships is in Appendix A3.
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to-air heat pump system sees per temperature bin after the solar

system attempts to meet the load, and second the maximum number of
hours available per temperature bin for heat pump operation. It is
very important that the heat pump system performance in the parallel
system be analyzed bin by bin for a month rather than a season.

A histogram component was developed to be compatible with TRNSYS
and yield information on QLOADSp, QDH, Namb (the total number of hours
that the ambient temperaturewas in a bin), and HAA for each ambient
temperature bin of the month. By using this histogram, information on
fspb (the fraction of the space heating load met by direct heating with
solar energy per temperature bin) and HAA below the system balance

point was observed for each temperature bin in Madison TRNSYS simula-

tions of 10, 30, and 60 m".

Histagram-outputs showed that f_ _was approximately fop . A
5§ el 1]

D

plot of the ratio of fSpb to fspm versus T, showed that at very cold
ambient temperatures for the month, fgpb was approximately zero, and

that_at the other end of the temperature scale for the month f., was

approximately unity. This however, was only at the very extremes and
that for better than 90 percent of the ambient temperature range for
the month, f was approximately equal to f_, . Since the majority
SPp SPm

of the total hours for the month are in temperature bins where fsp

m
approximately equals fspb’ the assumption that fspm equals fspb was
used in the parallel system design procedure. Thus, the amount of

space heating load that the heat pump system sees per bin is (1-fspb)
times QLOAD,_ .
imes Q DSpb
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Histogram outputs also showed that the maximum allowable hours

for heat pump operation between the minimum allowable ambient tempera-
ture for heat pump operation and the system balance point was less than

N The reason being, as mentioned earlier, is that even though fsp

amb’

was generally less than unity and sometimes very close to zero, there

were times in a temperature bin when fsp was unity and therefore, the
b

heat pump was off. ( See Appendix A4, )

Three attempts were made at estimating the available number of
hours for heat pump operation below the system balance point tempera-
ture. The first attempt was to use N times (1-F._ ). This resulted

amb SPh
in the parallel system heat pump having a Eﬁ?ﬁ identical to that for

the conventional heat pump system. The uniform reduction in heat pump

operation throughout all temperature bins resulted in a uniform reduc-

e —————— e |
= tion—in—performance measures for the month, whereas the actual number

of hours that the heat pump operated below the system balance point was
generally somewhat less than (1-f__ ) times N__. . This actual number
SPp amb

of hours required that more electrical resistance heating be used and

resulted in a reduction in heat pump system performance when compared
to the conventional heat pump system.

The second attempt was based on a correlation of the average
tank temperature per bin with fSpb' This was attempted because Firets
histogram outputs from TRNSYS showed that for good values of house
heat exchanger effectiveness (e.qg. 0.75), the heat pump system seldom
operated at the same time the solar system did. Second, if the aver-

age tank temperature per bin could be obtained, the average rate at
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which direct heating was done could be found per bin. With this and

the total space heating Toad met by solar energy per bin, an estimate
of the number of hours of direct heating with solar energy per bin
could then be obtained. A reduction of Namb by this estimated hours
of direct heating per bin yields the maximum hours of heat pump opera-
tion per bin below the system balance point. However, no correlation
between the average tank temperature per bin and fgpb could be found
to yield results similar to those obtained using TRNSYS.

The third attempt was to correlate the TRNSYS output of the
hours of heat pump operation in the air-to-air heating mode (HAA)
below the system balance point with Tambb and fspm. It was observed
that a linear approximation of HAA with Tamb below the system balance

point resulted in values of heat pump operation close to those actually

seen in TRNSYS simulations. As f., increased, the slope of HAA

™
T

increased. This slope increased negatively from the system balance
point temperature to the minimum ambient temperature for heat pump

operation. The slope of HAA between the balance point and the ambient

temperature cutoff for heat pump operation was plotted as a function
of fspm for TRNSYS simulation results of 10, 30, and 60 m2 in Madison.
A parabola fit this plot fairly well resulting in a slope equal to the
square root of 4 times fspm' Attempts at fifidinga point on the line
representing the available number of hours for heat pump operation
below the system balance point as @ function of both fgpm and T,

resulted in the equation
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1
o =N. - |{4.0 T
Nupb Nu1ﬁ !( Xj;pm) amby |

where th is the available number of hours for heat pump operation per
b
bin, N_. is N just below the system balance point, and the negative
bin amb
absolute value of the slope times T is used to ensure that N
ambb hpb

always decreases as T decreases.
ambb

Two points to mention is that first th is always between zero
b

and Namb‘ Therefore, if thb is calculated to be less than zero, th

equals zero. If thb is calculated to be greater than Namb’ then th

equals Namb' Second, this equation for thb
system balance point and when fsp is Tess than unity.
m

only applies below the

Above the system balance point, the heat pump operates only a

fraction of the available number of hours determined by (]'f}p ) times

QLOADSp divided by the heating capacity of the heat pump per b
b

Therefore, an estimation of the maximum number of hours for heat pump

operation is not needed above the system balance point.

Now that a means of estimating the heal pump heating Toad and
hours of operation has been determined, a design procedure has been
found for the parallel system. A step by step description of the
parallel system design procedure will now be presented followed by an

example and a comparison of design and TRNSYS results.
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3.3  PARALLEL SYSTEM

3.3.1 CALCULATION PROCEDURE AND EXAMPLE

The following is a step by step description of the parallel
system design procedure for determining the system performance on a
monthly basis (the first seven steps are the same as for the Bin

method) :

(1) Calculate the house heating UA.

(2) Draw the constant house heating requirement on a figure similar
to Fig. 2.5.

(3) List the temperature differences for each bin.

(4) Calculate the hourly space heating requirement for each bin

(house heating UA times (3)).

| o

—~
o
e

T e T 1 ol 5 a 1 I B B PR PPN )
Frst—thehotrHy—heatHhRg—capest fthe heat pumpFfor each tem-

152 Y (4] [ el o L P VA1 1] 5}

perature bin. Sketch these values on the same figure with the
house heating requirement. From this and (2), the system balance

: ot oA @ a
pUIHt is—determ red-:

(6) List the hourly electrical input to the heat pump (compressor
work plus indoor and outdoor fan motors)for each temperature bin.

(7) List the number of hours (Namb) that fall within each of the 5°F
temperature bins as published by the sources aforementioned.

(8) Calculate fsp from f£-Chart. Use this value as fsp "

m

(9) Calculate the heat pump system load per bin ((1_fspb) times (4)).
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(T0) CaTculate the theoretical fraction of running time of the heat
pump system for each bin.

a) Above or at the balance point, it is equal to (9)
divided by (5).
b) Below the balance point the fraction is one.

(11) Assign a value to Nbin' The value assigned should be that of
Namb in the first bin below the balance point.

(12) Calculate the hours of heat pump operation per bin.

a) Above or at the balance point,
thb ™ Wi x (10a)
b) Below the balance point,
Ny = Neo = (4.0 x f%n,)% T b,
"B m b

(13) Calculate the monthly QRH by the heat pump for each temperature
bin ((12) times (5)).

(14) Calculate the monthly WAH to the heat pump for each temperature
bin ((12) times (6)).

(15) Calculate the monthly QAUXSp for each temperature bin (((7) times
(9)) minus (13)). Note that QAUXSp equals zero if above the
balance point.

(16) Obtain the total monthly QRH by summing up all of the values
calculated in (13).

(17) Obtain the total monthly WAH by summing up all of the values

calculated in (14).
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(18) Obtain the total monthly QAUXSD by summing up all of the values

calculated in (15).

(19) The monthly system COP 1is

QR + QAUXsp
COP

m ~ WAH_F QAUX,

Pm

(20) Repeat steps (8) through (19) for each month in the heating
season.
(21) Sum up the values in (16), (17), and (18) for an entire heating

season and calculate the seasonal system COP;

__ QRH + QAUX
coP_ = L
S WAH + QAUX

sp

(22) Fsp can be calculated for the entire heating season;

F " = (QLOADS

" o WAH - QAUXSp)/QLOADS

P’

An example of using this procedure will now be presented for two

temperature bins. One bin is below the balance point and the other is
above it. The house is located in Madison, Wis. and has a UA of

620 KJ/hr-°C. The solar system part of the parallel system consists
of 30 n2 of single-glazed collectors with a V/A_ 0.075 m/n®. The
"standard" three-ton heat pump system with electrical resistance

auxiliary stands as the backup to the solar system.
For the region below the balance point:

(1) UA = 620 KJ/hr-°C.
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(2)  See Fig. 2.5.

(3) The bin chosen is from _14 to -16°C. Therefore, -15°C is the
bin midpoint temperature. AT = (20-(-15)) = 35°C.

(4) QLOADSp = UAAT = 620 x35 = 21700 Kd/hr.

(5) QRHb = 13500 Kd/hr.

The balance point temperature is shown in Fig. 2.5 to be approxi-
mately -9°C.

(6) NAHb = 8600 KJ/hr.

(7) Namb = 36 hr.

(8) Using the f-Chart procedure, f =0.26 =f__ .

sy, spy,
HPHL = (1- xQLOAD = 058 Kd/hr.

(9) H spy, ( f;pb) QLO spy, 16 /hr

(10) Fraction = 1.

(11) The first bin below the balance point temperature stated in (5)
has the bin midpoint temperature oT =TT L. Therefores Nbin__Namb
at -11°C which is 33 hours.

(12) N = 33 - [(4.0 x 0.26)% x (-15)]

hpb
= 17.7 hr .
(13) QRHmb = thb ® QRHb
= 17.7 * 13500
= 238950 KJ .
(14) NAHmb = thb X WAHb
= 17.7 x 8600

152220 KJ .



(15) QAUXS

p Namb * HPHLsp

- QORH
m
mb b

b
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I

36 x 16058 - 238950

339138 KJ .

For the region above the balance point:

(1), (2), and (8) are the same as in the previous example.

(3) AT = (20 - (-1)) = 21°C

The bin midpoint temperature selected is -1°C.

(4) QLOADSpb = UA AT

24830 KJ/hr.

620 x 21 = 13020 KJd/hv.

(5) QRH,
(6) WAH
(7) N

b 11510 Kd/hvr.

il 90 hr.

(9) HPHLs

(1-j;pb) i QLOADS

Ph Ph

(1_-=0.26) x 13020

9635 KJ/hr .

(10) Fraction

HPHLSpb/QRHb

9635/24830

0.388 .
(11) Not needed.

(12) thb = N x Fraction
= 90 x (0.388
= 34.92 hr .

(13) QRHmb = thbx QRHb

34.92 x 24830

867064 KJ .

1l
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(T4) WAH =N % WAH
my hpb b

34.92 = 11510

il

401929 KJ .
(15) QAUXSpm = 0 (above the system balance point).
b

These calculations would be done for each temperature bin. The
remaining steps of (21) and (22) would then follow to obtain the desired
seasonal performance. For comparison, thb from TRNSYS simulations is
18 hours at -15°C and 37 hours at -1°C. (The example showed 17.7 and
34.9 hours.)

Since this is a tedious exercise, a FORTRAN program for doing
these calculations is presented in Appendix Al. Appendix A2 describes

the terminology used in the program. This program was used to generate

the data necessary to make the following comparisons to TRNSYS outputs.
A word of caution pertaining to the program in the Appendix isthat the

units stated in Appendix A2 must be used with the program as it stands.

3.3.2 COMPARISON OF TEST RESULTS

The parallel system design procedure was used to generate results
so that a comparison to TRNSYS simulation results could be obtained.
It was important to test out this design procedure to make certain that
it was independent of geographical location, solar system, and heat
pump operating characteristics.

The parallel system used for this test was one consisting of a

house heating UA of 620 KJ/hr-°C, constant room temperature of 20°C,
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V/F\r of 0.075 m3/m2, and single-glazed collectors. Yearly simulations

were done for Madison using 10, 30, and 60 m2

of collector area, the
"standard" three-ton heat pump, and the improved heat pump (50% improve-
ment in COP). Yearly simulations were also done for Albuquerque using
10 and 30 m2 of collector area and the "standard" three-ton heat pump.

The performance measure of major importance is the fraction of
the monthly space heating load met by solar and air sources (f;pm).
Using the exact same weather for both the design procedure and TRNSYS,
values of E;pm were generated for the months of January through June
and September through December for Madison and Albuquerque.

The results of these calculations are shown in Fig. 3.1. The
parallel design procedure results agree with the TRNSYS results

extremely well. The dash reference line in Fig. 3.1 signifies that

the design procedure results match TRNSYS results exactly. The values

of Egp calculated by the design procedure were consistently within 3%
m

of those from TRNSYS. The design procedure almost always predicted the

performance of the parallel system to be slightly better than TRNSYS.

This is mostly due to the assumption of f;p = f;p . In cold months,
m b
f;p is almost unity at the high temperature bins. Also shown in
b
Fig. 3.1 is the calculated standard deviation of 0.0216 signifying

that design results matched TRNSYS results exceptionally well.

3.4  CONCLUSIONS AND RECOMMENDATIONS

The test results presented show that the parallel system design

procedure arrived at yields excellent results for the conditions
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considered. The results obtained for the months when all of the

ambient temperature bins were above the system balance point show a
monthly system COP identical to that of the conventional heat pump
system. This is due to the assumption that f}pm = jgpb. However,
these are moderate heating months and in comparison to the annual space
heating load, this slight inaccuracy is quite negligible.
Under all cases tested to date, the assumption of f}p = spy
and the equation used to predict the available number of hours for heat
pump operation below the system balance point are adequate. However,
it is strongly recommended that both of these be further tested. The
fraction of the space heating load met by direct heating with solar
energy per temperature bin should be studied more carefully. Also, the

effect of varying the Toad heat exchanger effectiveness on the value

of fso should be evaluated.

In summary, the parallel system design procedure has worked for
the situations presented. The control strategy required for this

parallel system is the conventional control strategy described in

Chapter 2. The system balance point determined by the house heating
requirement line and heating capacity of the heat pump should be used

for all values of f; The system balance point should not be

D
shifted to a lower amEient temperature as fspm increases hecause there
will be times in a temperature bin when solar does not do any direct
heating and the heat pump acts identical to the conventional heat
pump. Finally, further testing of the stated assumption of;fsp =f

sp
m b
and hours of heat pump operation is recommended.
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APPENDTIX
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TERM DESCRIPTION UNITS

B One Half of Bin Temperature Range "

BP Ratio of Hourly Space Heating Load to Hourly Heat —
Pump Heating Capacity per Bin

COPHP Monthly Heat Pump COP —

COPHPS Monthly Heat Pump System COP —

F Fraction of Space Heating Load Met by Direct —
Heating with Solar Energy for the Month

FRAC Ratio of Hourly Space Heating Load for the Heat —
Pump System to Hourly Heat Pump Heating Capacity
per Bin

MONTH Month of Heating Season (Alpha Characters) —

N(T) Number of Hours That Ambient Temperature is in hr
Bin I

NB Number of Temperature Bins —

NBIN N T T TSt Bii-Betow—the System—Batance—Paint hy

NHP(T) Number of Hours of Heat Pump Operation in Bin I hr

NQ Number of Heat Pump Heating Capacity Data Points —

QAUX(T) Momthiy Auxitiary-EnergyRequired—in-BinI Kd

QLHP(I) Hourly Space Heating Load for Heat Pump System Kd/hr
in Bin I

QLOAD(1) Hourly Space Heating Load for Parallel System Kd/hr
in Bin I

QRrR(I) Heat Pump Heating Capacity Rate in Bin I KJ/hr

QRDATA(I)  Heat Pump Heating Capacity Rate Data in Bin I KJ/hr

QRH(I) Monthly Heat Rejected by Heat Pump in Bin I KJ

SQAUX Monthly total of Auxiliary Required KJ
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TERM DESCRIPTION UNITS

SQLHP Monthly Total Space Heating Load for Heat KJ
Pump System

SQLOAD Monthly Total Space Heating Load for Parallel KJ
System

SQR Monthly Total Heat Rejected by Heat Pump Kd

SWA Monthly Total Electrical Input to Heat Pump for KJ
Compressor Work and Fans

T(I) Bin Midpoint Temperature in Bin I L

TBIN Bin Midpoint Temperature in First Bin Just Below °C
the System Balance Point

TBP System Balance Point Temperature °C

TINC Constant Ambient Temperature Increment for Which i
Heat Pump Data is Supplied

TITLE(I) User Supplied Title Describing the System to be —
Tested (Alpha Characters)

TMAX Maximum Ambient Temperature for Heat Pump ™
Bperation (T'.n.h. Value Must be Less Than or Equal
to TROOM)

TMIN Minimum Ambient Temperature for Heat Pump -
Operation

TROOM Constant Room Temperature for Heating oL

UA House Heating UA KJ/hreoC

UNIT(T) User Supplied Units (Must be Those Units Seen —
in This Section; Alpha Characters)

WA(T) Heat Pump Electrical Power Input in Bin I Kd/hr

WADATA(1) Heat Pump Electrical Power Input Data Corres- Kd/hr
ponding to Capacity Data in Bin I

WAH(1) Monthly Work Input to Heat Pump in Bin I KJ
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A4 HISTOGRAM OUTPUTS OF Namb AND HAA
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