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SUMMARY

In this study, éolar-assisted heat pump systens,
their contribution to reduce the consumption of non-renew-
able energy and their compensation for some of the short-
comings of the individual systems are considered. The base
solar systems and base heat pump systems a%e also cévered,

before going into the hybrid systems.

\
Three special-types of solar-assisted heat pump

systems such as parallel, series and dual systems are
included, 'and closely exémined in various aspects. Their
advantages overrthe base solar energy systems and the base
‘heat pump sysﬁéms(and‘also over one another are stated.
The efficiendy of each system and the wayé ta improve the

efficiency is discussed.



O0ZET

Bu calismada giines enerjisi ile desteklenen 1si pom-

pasyi sistemleri, yinelenemeyen enerji tiiketimini azaltma-

ya katkilari ve her iki sistemin ayri birer sistem olarak

¢alismalari esnasinda ortaya ¢ikan eksiklikleri nasil te-

lafi ettikleri incelenmistir. Glines enerjisi ile destekle-

nen 1s1 pompasl sistemlerinin incelenmesinden dnce; gilnesg

enerjisi ve 181 pompasi sistemleri ayri sistemler olarak

ele alinmigtair.

Paralel, seri ve ¢ift sistemler olarak adlaﬁdlrllan
g 6zel glines-destekli 1isa ﬁompa31 sistemleri incelenmis,
ve'her\ézel sistemin gﬁnés enerjisi sistemleri ve 1s1 pom-
pasl sistemlerine; ve herbirinin digerine gbre listiinlikle-

ri belirlenmistir. Sistemlerin yeterlilikleri ve bu yeter-

1iligih arttirilmasindaki 6nemli unsurlar tartisilmigtir.
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INTRODUCTION

Solar energy systems and heat pumps are two pro-
mising means of reducing the consumption of non-renewable
energy resources and the cost of delivered emergy for

‘space heating/cooling and water heatiﬁg. The combina-

tion of them have a number of attractive features. Alomne,

each is economically marginal but together they are able
to compensate for some of the shortcomings of the indi-

vidual systems.

Most heat pump systems aré forced to rely on am-
bieht air aé a heat source, since modera;e temperature
hgat source reservoirs (like lake or ground water) are
not genefally'availablee At low ambient températureé
the heat pump coefficient of perf;rmance (COP) drops
rapidly towards ﬁnity. It may further reduce to values
less than unity ifipoisture in the outdoor air condenses

and freezes on the evaporator coil, requiring a defrost

operation,

The obvious shortcoming of most solar energy sys-
“tems working along is their lack of space heating capa-

bility. Even more, the outlet temperatures of inexpen-



sive collectors are near the. lower limit of usefulness
-for space and domestic water heating at acceptable effi-

ciencies.,

Combining the base solar system with the base heat
pump may at least diminish all these préblems. The col-
lector, can serve as a source for the heat'pump. No
freezing problem would occur for this liquid source eva-
porator and the storage'capabilities of solar systems
enables the heat pump to operate at a more uniform rate
over the day thus easing peaking pfoblems. The collector
‘radiation and éonvection losses would decrease since the
heat pump can extract heat from the collector . loop, re-

sulting in higher collector efficiency.

Since the early days of solar research, tﬁere has
been a continuous interest in heat pump and'solar systemnm
combinatiéns bgsed on the idea that the purchased energy
savings realized by the combined system will be greater
kthan.the savings from either system by itself. The pur-
pose of this study iévto examine closely the solar energy
and heat pump systems which are the two promising systems

for domestic space and water heating.

In this study, since we don't have a solar-assisted
heat pump system installed yet in Turkey, three types of

-solar systems have been closely examined in two different



climates from the sources that have been obtained. Their
advantages over the heat pump and the solar energy have
been stated, the results and. what to do to improve the

efficiency have been discussed.

A stand-alone heat pump heating system does not
apbear to be an attractive investmenf for the present,
since in our country both the electrical'energy deficity
and high cost of electrical energy are unfavorable facts
against applicatidn of heat pumps, and high initial in-
vestment is another disadvantage in hand. Various econo-
'mic analysis have also shown that the heat pump, although
less expénsivé than electric resistance heating, remains

to be more costly than other conventional systems used.

On the other hand, since tﬁe pefformance of collec-
tors is best at iow temperatures, and the performance of
heat.pumps is yest at high evaporator temperatures, a
mixed solar/heat pump system, which is the objective of

this study, is a promising altermnative to investigate.



THE HEAT PUMP
1,1 WORLD ENERGY SITUATION

Thé vegetation and animal life forxr millions of years
have produced, died and decayed and became stored in the
" form of coal, oil or peat, a growing accumulafion of fuel
that remained largely untapped. Only two centuries ago,
the industrial ége began initially in England and fhen
throughout the western world. As nations developed into
a more industrialization, the demand for energy increased.
Till 1900, oil was only used for illumination purposes,
the o0il consumption for that‘year throughout the wor 1d
wasb21.l million tons, whereas in 1969 this figure became
2 billion'135'million tons. As can be seen, the oil con-
sumption between 1900 and 1969 indreased by 100%Z, directly
proportional with the new investigations that took place
in those years.cy)

Figure 1.1. shows the increase in total enérgy
demand from 1454 MM tomns of oil eQuivalent (mtoe) in 1950
fo 4,129 mtoe in '1973. The cbal consumption barely chénged
and all the increase virtually was borne by o0il, natural
gas and primary electricity (hydro and nuclear). Besides

the first reason given in the previous paragraph, the



r;pid increase in o0il demand mainly occurred because im-
ported oil from the MIddle East and North Africa became
‘cheaper than natively produced energy. In 1973,»0PEC
(Organization of Petroleum Exporting Countries) suddenly
increased o0il prices, which consequentiy led to a reduc-
tion in demand for OPEC oil. Since then, the demand has
recovered aﬁd is close to’the 1973 figure shown in Table
1.}. Still today the price of OPEC oil determines the

suﬁply and price of energy in the world.

TABLE 1.1

0il Production by Present Members of OPEC
(million tons/year)

1960 435

1965 720 .

1970 1175

1973 ~ 1555

1976 1530

1985 2000 (estimate)

(2)

Sources: BP, Petroleum Intelligence Weekly

The Deﬁartment bf Energy suggests that the demand
for OPEC oil in 1985 is most likely to lie in the range

of 1500-2000 million tons‘per,year,(3)

assuming that
energy policies by consumer governments remain unchanged.
- It can easily be observed frokaable 1.2 that oil is the
closest source to exhaustion. By the year 2000, it is
clear that oil will no longer be the major enérgy source.

Nuclear energy or presumably codl will replaced oil in

the near future.
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TABLE 1.2

Total World Fossil Fuel Reserves
and Consumption(4)

Fossil Proved Reserves 1980 Consump Priced
Fuels (thousand mtoe) (000 mtoe/yr) Reserves =
: 1980 Cous,
0i1 80 .4 2.7 30
Gas 56.5 1.1 50"
1.9 175

Coal 32.9

The situation of world fossil fuel supply im 2000
is'shown in Table 1.3. From these figures we can see
that fossil fuels will not be sufficient to satisfy the
world energy demand at the turn of the century.

TABLE 1.3

Fossil Fuel Supply in 2000 (btoe)ﬁ(s)

1980 D/Ener WAES*#* WAES
Actual. 1erey High Demand Low Demand
0il 2,2 3-3.5 3.6 3.0
Natural Gas 0.8 1 1.2 1.0
Solid Fuels 0.9 1.5-2 1.7 1.1
Total 3.9 5,5-6.5 6.5 5.1

* Billion tons of oil equivalent

&% Workshop on Alternative Energy Strategies

As a COnciusion, it seems that the world wide
trend of energy policy wili be baSedion the question'of
what should be the respective contributions of energy
coﬁservation, of coal, nuclear based electricity and of

fuel imports to meeting the energy needs.



In the natibn's energy plan there are three major
points to be given attention, Tﬁey are primarily, as
an immediate objective, reduce dependence on foreign
0il and vulnerability to supply interruptions. Secondly,
in the medium term term, to keep imports low to sustain
the period when the world oil production approaches its
capacity ;imitation in - 2020 without further discoveries.
And thirdly, in the long term, to have renewable and
essentially inexhaustable sources of energy to sustain
economic growth., Energy resources which can be utilized
in the next 100 years are unlimited solar énergy, and
coal,’theﬁer environmental regulations and production
plus transportation difficulties prbvide a constraint on
. the use of coal,

1,2, THE GROWTH OF HEAT PUMP APPLICATIONS

There is another point closely related to the fact
that the world;s foséil fuel reserves are limited - the
growth of heat pump applications. The basic principle
of the heat pump was first proposed by Nicolas Carnot in
1824. This theory was advanced 30 years later in 1952
whén Lord Kelvin proposed that refrigerating equipment
couldbbe used for heating. 4Lord Kelvin outliﬁed and
designed a machine which he called a Heat Multiplier.
'This machine would heat a room to a higher temperature

than the ambient temperature, by using less fuel in the



machine than if such fuel was burned directly in a fur-
nace. Since then, the heat pump remained to be the re-

(2)

searcher's curiosity.

In the mid 1930's, in the USA, several manufac-
turers became interested in the possibility of developing
cost-effective prod;cts based on the heat pump principle.
Developments were made on heat pumps for residential and
small commercial installatiomns. Products of this type

were offered for sale in quantity for the first time in

1952.(4)

From 1950 to the 1960's, the heat pump had its

. reputation tarnished by low product reliability and high
service costs, for they 1écked sufficient durability
under cold weather conditions. In the 1960's, electric
furnaces became attractive because of their lowgr first
cost and higher reliability in the USA, During this
period, imprové& designes of heat pumps were developed.
This improved designs used refined components which were
designed to withstand more severe neat pump stresses,

In the 1970's, electric and o0il prices started to in-
creaéé, the oil crisis had started its beginning. Heat

pumps became an alternative again for heating.

There are many reasons for the heat pump to take

'so-long to exercise widely., ‘Some of them are:



1, High initial costs.

2., No proven fuel-saving.

3. Refusal to accept that a machine can deliver
more heat than the equivalent work input.

4, High Maintenance costs.

For the near future all projedtioné show great
growth inAfhe use of water heating and for the residen-
tal heating. The value of the heat pump will increase
in inverse proportion to the quantity éf reﬁaining fossil-
fuel. 1In the USA, there is a downtrend in the utiliza~-
tion of scarce fuels such as mnatural gas and oil for
comfort heating. Since the heat pump'is the most cost
effective electric heating system avéilable, it appears

(5)

to be the most reasonable alternative.

But unfortunately, there are two other major and
unfavorable facts against application of heat pumps,

these are:

1. electrical energy deficity

2, high cost of electrical energy.

The best solution for overcoming these facts is a "hy-
brid system" which integrates the cost effectiveness of
(5,6)

the heat pump with jimproved levels of solar Systgms.

Before going into the complexity of a hybrid, in other



words, combined solar heat pump systems, a brief expla-
nation of what a heat pump is and how it operates will

.be made in this chapter.
1,3, HEAT PUMP AND ITS OPERATION PRINCIPLE

A large amount of heat is wasted through stacks
of factories and exhaust air of buildings and processing
plants. Energy can be saved by reducing the amount of
this waste heat. And heat pump is one of the important
alternatives for this waste heat recovery. A heat pump-
‘is basically a modified air conditipning system that
has the flexibility to inferchange functions between the
evaporator and the condensor, allowing it to either heat
or cool to desired space;' It is. a thermodynamic system
which enableg heat to be‘transferred from one medium to
another which is at avhigher temperature., It may also
be defined as a device that operates as a thermodynamic
cycle and utilizes mechanical energy to transfer thermal
energy from a source at a lower temperature.tb a sink at
a higher temperature, The major components are the
compressor, condensor, thetrottle valvé and the evapora-
tor,

E_ The prinéiple of the heat pump is similér to that
of!the Compression Refrigerator. But whereas the refri-

gerator extracts heat from a chamber by the evaporation



i

ofréhe refrigerant'and whereas lowers the temperature,
the heat pump supplies heat to a room by condensation of
a heat transfer medium. The phenomenon utilized for this
purpose is that fluids which are under high pressure
evaporate at a higher temperature than fluids under a

(7)

lower pressure.

The work of transporting the medium from low to-
high pressure is done bybthe compressor., ' It draws in
the vapor and compresses it to the desired higher pres-
sure. Then, in a condensor, the steam is condensed at
that higﬁer pressure and gives off heat in doing so.
This condensation is effected by passing the vapor through
pipes with water running around'them. This water then
receives the heat from the vapor of the condensing heat
transfer medium. The water is heated up to about 60-70°
and can be used as a second heat transfer medium to feed
the radiators'oﬁya heating system.' It cools in the ra-

diators, and flows back to the condensor, where it is

heated up again.
1,4, HEATING AND COOLING MODES

There is no difference between the principle of a
heat pump for heating and a heat pump for cooling. The
only difference between them is their application pur-

poses.,



‘For heating, the heat pump produces heat to the
desired space in order to maintain it at a temperature

higher than the ambient temperature. The greater part

of this heat is derived from a medium,at a lower tempera-

ture as illustrated in Figure 1.2,

For cooling, the heat pump maintains a given medium
at a temperature lower.than the ambient temperature by
continuously absorbing-heat from this medium. The heat |
extracted as a result is tmasferred. . to a warmer medium
as illustrated in Figure 1.3, T, is the temperature of
the refrigerant at the lower thermal level of the system
and is lower than the temperature of.the qedium which is

" to be cooled. ’Iz is the temperature of the refrigerant
"at the higher thermal lgvel of the system and is higher

‘thon the temperature of the medium which is to be heated,

The energy balance of these two systéms: Q2 = Q1+W~
shows clearly the main feature of the heat pump which
is that it always provides more energy fOTF heating than
zis used diréctly in driving it, In this thesis, single
stage vapor compression cycle will be considered since

that is the most widely used,
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1,5, THE IDEAL VAPOR COMPRESSION CYCLE

The ideal vapor compressibn cycle, known as Rankine
cycle, is illustrated in Figure 1.4.  1In the underlined
cycle, the saturated vapor at low pressure enters the
compressor and then undergoes an isentropic compression.
Heat is then rejected at constant pressure in process
2~3, and the working fluid leaves the condensor as sa-
turated liquid. Process 3-4 is an adiabatic throttling
process and then the working fluid is-then evaporated
at constant pressure, 4-1 to complete the cycle. All
the above explained processes are stead-state, steady
"flow procesées. The first law of thermodynamics can be

‘applied to analize these processes.

;plv1 + Uy + q12 = P,yV, + u2‘+ V19 + KE12 + PE (D)

12

whefe; enthalpy is

h = pv + u (2)
so,

— ]
hy +q)y = hy +wy (1)

Applying the conditions of the above four individual

process to equation (1') we obtain the following results:

%# 1 - 2, compression process: qQyg = 0



.?QH'
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3 ]
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FIGURE 1.4, The Ideal Vapor Compression Cycle.
(Cycle 1' - 2' - 3'" - 4' - 1' Carnot)




- Wi = h2 - h1
*# 2 - 3, condensation process: Wog = 0
423 = By - By

# 3 - 4, throttle valve: q4, = 0, LEWA

1.6, HEAT PUMP PERFORMANCE

In Figure 1.5, the thermodynamic principle of the
heat pump is shown. Ti is the temperature of the refri-
‘gerant at the lower thermal level of the system and is
lower than the temperéture ofvthe‘medium which is to be
gooled. T2 is the temperature of the refrigerant at the
higher thermal'le&el of the system and is higher than

the temperature of the medium which is to be heated.

The overall efficiency of a heat pumpssystem is

mostly dependent upon the performance of the compressor.



l//////// Ty sink

T

FIGURE 1,5, Thermodynamic Principle of Heat Pump.

\
The compressor size, the design of heat exchanger sur-

(*)

faces , the refrigerant are all factors effecting the
performance of the heat pump system. To achieve a high
degree of performance, it is necessary to keep an optimum

balance between these factors.

The most commonly used index of heat pump perfor-
mance is the coefficient of performance. The COP ex-
presses the effectiveness of a  heat pump system. It can

be defined as;

Useful heating or cooling effect
Net energy supplied from external sources

C.0.P,

(*) Heat exchanger surfaces (evaporator and condensor)



Energy supplied in mechanical compression systems
is work whereas in absorption systems and ejection systems

energy is mainly supplied as heat.

C.0.P, is defined for heating as the ratio of the
heat Q, supplied by the heat pump at the heat sink to
the energy w absorbed by the pump in order to perform

this operation,

Q, Q, Q +w Q,
w o Q,Q; W w

|

|

1]
—
+

C.0.P, Heating =

C.0.P, Carnot Heating = — =

where:
Q2 = Total heat output
Q1 = Heat exchange in e?aporator
W = Input electrical energy
; Tl’TZ ="Absolute temperatures

It can be easily seen from above that the coeffi-
cient of performance is directly dgpendent on the eva-
poration and condensation temperatures. Efficiency of
the heat pump will be higher, higher the cold source
temperature T,, and lower the hot sink temperatﬁres T,,

. because there will be smaller temperature difference Tl
Since, in residential heatiné, temperature dif-

and T2.



ference between the required temperature of heat ex-
tracted-and the temperature of heat given to the system
is not great, the efficiency of the system is high,

This makes residential heating the most important market

for heat pumps.

At the same time, high temperature difference
between T, and Ty lead to high pressure conditions for
~the compressor, and consequently temperatures of dis-
charge gas., The temperature difference that can be
managed without\fisk of damage to the compressor varies
with the'type of the réfrigerant uséd.

The COP 6f the Carnqt cycle can never be achieved
in practice, mainly because the ideal conditions of
isentropic compression or expansion{are not practically

possible. A

v
wn

FIGURE 1.6. T-S Diagram of Carnot Cycle.



Other factors that influence this Carnot COP are:

l. Compressor engine efficiency.

2, Heat loss from compressor to ambient air,

3. Pressure drops in'thevrefrigerant lines.

4., Temperature gradients for the heat transfer
from the refrigerant to the heat source and
heat sink.

5., The power of the fan which moves air over

heat transfer surfaces.

On the other hand, the Rankine cycle, the ideal
vapor compression cycle is more represgntative;of the
heat pump cycle., The COP of the Rankine cycle referring

to Figure 1.4 is:

Vi h, - by,

COP Rankine =

where h4, h2 ;nd'h3 represent the enthalpy of the vapor
before compression, after compression and after expan-
sion respectively. Tabular or graphical values of
enthalpy for the refrigerant are essential for the de-
termination of the Rankine cycle performance. The
Mollier (pressure - énthalpy) chart is thé most convé—

nient shown .in Figure 1.7.



SCALE CHANGE

S L o
a2
S & & e go* 90°
Lo T =l T 0.07
| ! i .
oo -1 oo T o1 .
400 .
i | l 180" | : 014
- : 4
300 e \ - T 02
Lo/ |
200 1 T I v o3
i ) 120, l | i
S 1 CCuDENSING |
z S0 L - +
& ' Q“. 1 | | cs
€ e -8 —_— - :
- T z) v ’
g & 1/ ; o1
=3 'S 60/ Y |
v 3 < .
M h'LQ. . 10
] !
] T R SRR
; : : L4
20 | 1 .
! ; 20
° g ) !
20 LY
R-12,
! TEMPLRATURE T
; EHIEOPY Biu/IR)R) 5o
! voLuME Cuft/n
e 10 20 0 40 ¢ €0 10 10
i e scaLE cranGE ;

FIGURE 1.7. P-h Diagram of Rankine Cycle.

The Rankine COP is lower than the Carnot COP, but
it is still greater than the COPbof an actual heat pump
because iﬁ practice there are pressure drops associated
with the fluid floﬁ and heat transfer to and from the
surroundings which are not taken into consideration in

the Rankine cycle.

A comparison of the COP at various air heat source

and heat sink temperatures for the Carnot cycle, the



Rankine cycle and an actual heat pump unit is shown in

Figure 1}8,
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CHAPTER 2



© CHAPTER 2
2,1, CLASSIFICATION OF MAJOR HEAT PUMP DESIGNS

A systematic classification of the different types
of heat pumps is difficult, because the classification
can be made from numerous points of view, such és the
'ways‘of extracting heat from the eﬁviornment to the cold
source, by types of heat carrying media in cold source

(2)

side and in hot sink side, etc.

Heat pump systems classified according to the
ways of extracting heat from the environment to the cold

source are:

a) Heat pump systems extracting heat by vaporizing

a liquid refrigerant are:

1, Compression heat pumps;.the refrigerant is
moved by way of a compressor,

2, Absorption heat pumﬁs; thevrefrigerant is
moved by the circulation of a suitable
absorbent solution.,

3, Vapor-jet heat pumps; the refrigerant is

moved by an ejector.,




b)

c)

Heat pump systems extracting heat by the ex-
pansion of compressed gas.,

Thermo-electric heat pump systems.

Heat pump systems classified according to the

types of

hot sink

a)

b)

c)'

d)

e)

)

heat carrying media in cold source side and in

side are:

Air to air heat pump
Water to: air heat pump
Air to water heat pump
Water to water heat pump
Earth fo air heat pump

Earth to water heat pump

Another usual classification differentiates be-

(8)

tween,

b)

primary heat pumps which utilize a natural
heat source présent in the environment, such
as external air, soil, ground, water,_sgrface
water. |

secondary heat pumps which reQﬁse waste heat
as heat source, e.g., already used heat, such
as extracted air; waste water, waste ﬁeat from

rooms to be cooled.

ROGAZICH DY ERSHTESH WUTOPHANES
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1, Compressor

2. Terminal box

3. Air heat exchanger

14. Control panel

5. Air filter

6, Fan

7. Condenser-evaporator
8/9. Water connections

10, Condensate water outlet

11, Electrical connections
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c) Tertiary heat pumps, which are in series with
é primary or secondary heat pump in order to
raise the achieved, but still relatively low
temperature further, e.g., fof hot water pre-

pération.
2.2, APPLICATION AREAS OF HEAT PUMP SYSTEMS

Heat pump systems have a wide range of applications,
from connected loads of a few watts for a thermoelectric
hea;ing/cooling unit, to loads of several megawatts for

large vapor compression plants in industry., Some of

the major areas of use may be classified as follows:'

1, District heating
2, Residential heating
-~  single family houses
- apartment buildings
3, Comme?cial building heating
4, Industrial heating
- Process cooling and refrigeration
- Process heat
-~ Space heating
5. Specific heating
- s8chool heating
- hbspital heating

- swimming pool heating



.= offices

- department stores, etc,

For district heating, the heat extracted from the
condensor 6f the heat pump system should be at a high
temperature level, which indiéates a lot of work tolbe
applied., There will be heat losses in the distribution
.and the cost of heét distribution will be high. So the
system is expected to be inefficient and less economical
than heat pump systems for residential heating. The heat
pumpsbare used to evaluate the temperature level of
available heat Which is-a bit below the required level.
So district heating may be economical only if waste
steam or hot water is available. For district heating,

absorbtion heat pump systems recovering waste steam in

thermal power plants can be used.

Residential heating is the most important market
for heat puﬁps, since economics of a heat pump system is
directly related with the efficiency of the heat pump,
and in residential heating, témperature difference be-
tween the required temperature of heat extracted and the
temperature of heat given to the system is not great,
the efficiency of the syétem is high. Vapor compression
heat pumps are quite appropriate for this purpose, where-
a; residence heating by absorbtion heat pump is not very

economical‘since great amounts of high grade heat is




needed and in residences waste steam and waste hot water
are not availabie,‘so the only sources left are solar
energy and air for an absorbtion heat pump, but the
temperature level df air and solar hgated water is not

vigsually high enough,

It is also noted that the major part of the gross
energy consumed in the;residential sector is consumed
thfough water heating, which ranks the second position
after space heating. It is apparent that the substantial
domestic water heating requirements will have great sig-
nificance both from the energy management and heat puﬁp
system design viewpoint. Therefore, domestic water
heating must be an integral‘part of a heat pump system.
The choice of a suitable heat sburce for the heating
cycles is dimportant for good heat pump performance, It
should also be noted that the heating made - either for
space heating or for domestic water - is very suitable
for Turkey cliﬁate, it does not experience extreme
temperatures and therefore does not have to cope with
the cooling load., "Among the heat sources for the above

"two purposes the following may be chosen:

- air
- water
- ground

- solar



In commercial building heating, heat deménds will
-be greater during the day time compared to the residential
’heat demands depending on application scale. During the
night time, &heré heat sources are not favorable, there

is no heating load, so the efficiency of the system is

greater,

In industrial plants, waste steam or waste hot
water is usually available, If heat transferred from:
waste steam or waste ﬁot water is sufficlent so that no
external .sources are used to sﬁpply additional energy,
direct applications are very economical, But if the
above mentioned statement is not fulfilled, heat pump
should be used to evaluate the temperature level of the
heat. Absorbtion heat pﬁmps can be used more economi-
cally if there is no heat recovery system in the indus-
trial plant., Utilization of vapor compression heat
pumps in industrial heating, is limited by bfeakdown
temperatures ;f_good refrigerants and the availability
of proper compressors of high temperatures. Within
limits, compression heat pumps driven by éteam turbines

can be considered.

Heating of swimming pools, hospitals and other
gimilar constructions have favorable conditions for heat
pump applications because of reduced load requirements

at night, Residential heat pump systems can easily be

i



adapted to such applications,
2,3, TYPES OF HEAT PUMPS
2.3.1. Operation of Vapor Compression Machine

: The vapof compression machine consists essentially
ofithe compressor with drive motor, evaporator, conden-
sor and expansion valve., These components are connected-
to the system by pipes (Figure 2.2,) in which reffigerant

"with suitable thermodynamic properties circulates.

Condenser

compress

w

Evaporiator

FIGURE 2,2, Diagram of a Compression Heat Puhp.



This refrigerant is kept at such a pressure in the
vaporator that the evaporatihg temperature t is below
the temperature of the medium to be cooled. Because of
the temperature difference, heat flows into the evapora-
toxr and'the refrigerant evaporates whilst absorbing heat.
The resulring vapor is drawn off by the compressor and
compressed to a pressure such that the condensing tem-
perature t at this pressure is above the temperature of
the medium to be heated. Because of the temperature
difference, heat is extracted from the condensor and all
the refrigerant vapor condenses whilst discharging heat.
The liquid refrigerant is expanded in an expansion valve
to the low evaporating pressure, and can thus gbsorb

heat again in the evaporator, the cycle is closed.

REFRIGERANTS

The main refrigerants which are now used in heat
pumps are listed in Table 2.1, together with the following
important properties; related to a condensing temperature

of + 50°C and an evaporating temperature of 0°c:

a) The ideal COP as a theoretical value,

.b) The volumetric heat output qu, which is de-
fined as the ratio of the heat flow  Q at the
condensor to the volume flow V delivered by

the compressor.,



c) The condensing pressure p at a condensing tem-
perature of + 50°C. The higher the pressure,
the more expensive are the components which

‘have to withstand this pressure.

d) The pressure ratio p/po of the condensing pres-

sure at t = + SQOC and the evaporating pressﬁre

[o}

at to = 0 C, The higher this ratio, the poorer

the volumetric efficiency of the compressor.

TABLE 2.1.

Parameters of Various Refrigerants at a Condensing

Temperature of 50°C and an Evaporating Temperature of 0°c

Ideal Volumetric Pressure Condensing

Refrigerant Heat Output Ratio Pressure
o coF qQyy(kI/m?) p/p (bar)

HV Yo

R11 5.53 443 5.88 2.4
R12 : 5,16 2290 3.96 12,2
R12B1 5.74 1075 4,75 5.6
R21 T 4,64 636 5.68 4.0
R114 4,61 784 5.06 4.5
RC318 4,53 1163 . 5.12 6.7
R502 . 4,35 3676 3.68 21.1
20.6

NH3 5.53 4275 4.96

It follows from Table 2.1 that, generally;

a) refrigerants with low vapor pressuré_(e.g.,‘
R11l, R12B1, R11l4) have a small volumetric heat
output and therefore require a large compres-

sor throughput volume for a given heat output.



b) refrigerants with a high vapor pressure (e.g.,
R22, R502, NH3) have a relatively high volu-
metric heat output and therefore for the same
heat ouput require a much smaller compressor

throughput volume.

Some characteristics of different refrigerants are

given below.

NH3 (Ammonia)

Ammonia is important for large plants (industry)

and will probably remain so.

NH3 has excellent thermodynamic featureé with a
favorable effect on, amongst others, heaf transfer,
filling capacity and pipe cross sections. It can be
seen in Table 2,1. that the volumetric heat output for
NH3 is larger than for all other refrigerants mentioned;
The COP is high too. The disadvantages are:  high con-
densing pressure, toxicity aﬁd the danger of an explo-
Sioﬂ when a large proﬁortion of NH3 is mixed with éir.
The pungent smell, however, provides a special warning.
For home heatiﬁg and buildings frequented very much by

the public, NH, must be excluded because of the danger

whiéh might be caused by panic and poisoning.




1

FLUORINATED HYDROCARBON REFRIGERANTS

This group contains numerous refrigerants which are
distinguished by the letter R and a firét figure indi-
cating the basiec hydrocarbon, the non-substituted hydro-
gen atohs and thé last positionlgiving the number of

fluorine atoms.
- The most important R refrigerants are:

R12, best proven and most used R refrigerant. R12
requires a 607% larger étoke volume of the compressor
than R22, The pressure and operating temperatures are
much lower with R 12 than R22., Rl12 permits operating
with relatively low evaporating temperatures as wéll as
witﬁ high condensing temperatures. R12 can readily be

mixed with lubrication o0il used in refrigeration machines.

R22, is the most common refrigerant in the USA.
The ideal COP is relatively high, the volumetric heat
output is the best after NHB.' The condensing pressure

at 50°C is 19.3 bar which is rather high.

R502, this refrigerant can be well recommended for
heat pumps. Its main disadvantage is the high operating
" pressure, which is 21.1 bar at 50°C. One 'particular

characteristic is its low operating temperature which



is favorable for the stability of the oil and the motor
‘insultation and therefore of advantage for the service
life of the machine. The volumetric heat output'is
nearly as high as R22 and approximately 60% higher than
R12; the ideal COP however, is considerably lower than
R22 ‘and R12. At lower evaporating temperatures (below
~10°C), the achievable heat output compared with R22,
and particularly with R1l2, increases. R502 is therefore

suitable for heat pumps with extermal air as heat source.

R114, is a low pressure refrigerant suitable for
heat pumps with high evaporating and condensing tempera-
tures, The.voiumetric heat output is approximately 3
times lower than R12 and 4.8 times lower than for R22.
The compressor thoughput has to be correspondingly large.

R11l, in practice, is only suitable for qentrifugal
compressors. Reciprocating compressors would have to
be very large ﬁecause of low volumefric heat output.
Because of low vapor pressure, machines filled with R11
operate af evaporating temperatures below 123.8°C in a
vacuum, Even at_SOOC_the condensing pressure is only

2.4 bar.

R21, is a low pressure refrigerant. The low wolu-

metric heat output seems to make it suitable only for

use. in turbo=coOmMpPressors.
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2.3.2, Operation of the Absorption Heat Pump

In absorption heat pumps, heat absorption takes
place by evaporation at a lower temperature and heat
release by condensation at a higher temperature. An
expansion valve, as in the vapor compression plant, is
used for the expansion from condensing pressure to eva-
porating pressure, However, the compression process,
and thus the addition of exergy, is carried out by a
;hermodynamic system without a mechanical compressor.

The drive of an absorption heat pump consists of
a circuit in which the refrigerant is absorbed by the
absorbent at a lowér preésure and is separated again
from it, by‘adding heaf, at a higher preséure‘and re-

turns into the 'normal refrigeration cycle'.

The solution pumpt is the only mechanically driven
component in fhe circuit., The main exergy input into
the heat pump refrigeration circuit takes place by ad-
ding heat at a temperature above the condensing tempera-
ture. In this way, energy, in the form of heat and not
in the form of mechanical energy, is put-into'the system,
The added energy not only'consists of exergy but also
consists of a proportion of aﬁergy which is dependant on

the temperature of the heating medium.



Figure 2.4 shows the circuit of an absorption heat
pump. Condensor, expansion valve and evaporator, the
three components of the conventional rgfrigeration, are
retained. The drive has been replaced»by'é circuit com-
Prising an absorber, solution pump, generator and ex-

pansion valve.

Leaving the evaporator, the refrigerant is absorbed
by the absorbent in the absorber, releasing heat. 1In
this mixture, the evapﬁration pressure has become the
partial pressure of the refrigerant. The solution is
brought up to the pressure in the generator by a pump.
Part of the refrigerant is separated from the solution
and passes into the condensor by additional heat. The
solution, depleted of-refrigerant is expanded ﬁo the
pressure of the absorber by an expansion valve and can

~

again absorb the refrigerant.

The energy“flows that take place in an absorption

heat pump are:

1. Heat addition for generator heating at tempera-

ture, tgen’

2. Drive power for solutiom pump.

3, Heat release in condensor at temperature,

tcond’

4, Heat input to evaporator at the temperature t
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5. Heat release in the absorber at tabs'

As a conclusion, an absorption heat pump réleaseé
heat at two pointé. The heat'quantitieé, released by
the absorber’and the condensor occur at different tem-
peratures and should therefore be used at different
temperatures as far as the particular application of the
heat pump permits. t_ =t =t is assumed for

m cond abs

simplicity.

WORKING FLUIDS

Working fluids are those pairs of fluids which
consists of the actual refrigerant and an absorbent

which absorbs the refrigefant.

Some important requirements for refrigerants and

absorbents are given below:

- a) Condensing pressure-not too high, evapdrating
pressure, if possible, not below the ambient
pressure.

b) Highest obtainable evaporating enthalpy.
c) Low yiscosity
d) Good heat transfer values

e) Flat-topped vapor pressure curve,



for absorbents:

a)
b)

c)

d)
e)
£)

g)

h)

lowest obtainable vapor pressure.

iow solidification point.

high density (influencg on power input of
the pumﬁ)

low specific heat capacity

low viscosity

low solution enthalpy

low surface tension

good heat transfer values.

Absorbents and refrigerants must be chemically

stable by themselves, and as a pair, for all the condi-

tions occurring during operation, they should have no

corrosive effect on the plant components and should be

non-toxic,

harmless and non-flammable.

0f the working fluids, the main refrigerants are:

- water

- ammonia

- amines

- flour-chlorine ierivatives'of hydroqarbon'

- alcholes

- other hydrocarbons
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2,3.3. Vapor Jet Heat Pumps

In the vapor jet heat pump, the kinetic energy
produced by heat input of a vapor jet, is utilized for
compressing the refrigerant vapor. 1In principle, this
is a compression process which i§ operated without in-

put of mechanical energy.

The vapor heat pump is seldom uséd in real appli-

cations.,

2.3.4. Gas Cycle Heat Pumps

In gas cycle heat pump systems, the state of the
working fluid does not change. The refrigerating and
heating effects are due to the expansion or compression
of the gas., The components of the systém are a low-
pressure heat ekchanger, a compressor, a high—préssure

heat exchanger, a turbine, and an engine.

The COP of such heat pumps are considerably lower
than those of vapor compression heat pumps and absorb-
tion heat pumps, so that they are used in specific cases

where they give decisive advantages.



2,3.5, Thermo-Electric Heat Pﬁmps

The basis of a thermoelectric ﬁeat pump is the
thermocouple, consisting of different electrical con-
duceivity (p and n conductors) linked by a metal bridge.
If a voltage is applied to the thermocouple and an elec-
tric current flows then, depending on the direction of
the current, the bridge is either cooled or heated in
proportion to the current; heat is thus pumped from the

cold to the warm joint.

Transporting the heat to and from fhe joints, must
be carried out through heat conductors and heat exchange
surfaces, This increases the required temperature dif-
ference between the cold and the warm jéints with a
corresponding decrease in the COP. The thermocouples
are arranged in series corresponding to the intended
voltage and in parallel corresponding to the reduired

current.

Transporting the heat to and from the joints must
be carried out via heat conductors and heat exchange
surfaces. This increases the required temperature dif-
ference between the cold and the warm joints with a
corresponding decrease in the COP., The thermocouﬁles
are placed in series corresponding to the intendéd vol-

tage and in parallel corresponding to the required
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current,

In the 1960's, thermoelectric refrigeration was
given much consideration, similar to that given to
photoelectric solar cells today. It is impossible,
that the development of semiconductors' will receive a
new impetos and that, particularly in éonnection’with

solar collectors, the termoelectric heat pump will be-

come a subject of renewed interest.



CHAPTER 3

SOLAR ENERGY AS THE
HEAT SOURCE



- 49 _

" CHAPTER 3
3.1, CONVENTIONAL SOLAR WATER HEATER

A simple solar water heating system which employs
natural circulation is drawn séhematically in Figure 3.1.
As the temperature of the water in the collector rises,
its.density decreases and so a circulation is established
aﬁd the water in the tank is progressively heated.
Usually a small electric pump is incorporated in the cir-
cuit which enables the storage tank to be placed in any

convenient location.

TANK

Cold Water
Inlet

 §

To domestic
hot water system

Collector

FIG.URE 3.L. Simpie Solar Collection System.



The cross seétion of a typical collector panel is
shown in'Figure 3.2, Most of the radiation incident on
the panel is transmitted through the glass and falis on
the metal pla;e, raising its femperature. The heat then
~radiated by the plate is largely trapped by the glass
since glass is opaque to 1ong-wa§e radiation. Neverthe-
less; some heat is lost both by conduction through the
insulation and by radiation and conﬁection from the
front surfaces of the glass and the remainder is trans-
ferred to the water which flows in. ontact with the metal
plate. The efficiency of a cﬁllector falls off approxi-
mately linearly as the difference between the collector

inlet temperature and the air temperature rises.

A typical efficiency cﬁrve is shown in Figure 3.3.
Collector efficiency is also a function of the incident
radiation, clearly a hot collector would gain uséful
heat 6n a day of high radiation, whereas on a duily day
it would lose mofé heat than it gained. Because of these
1imitationé on collector efficiency, a normal domestic
hot water temperature of 55°C can be achieved, e.g., in
the U.K. only a few days in ény year, whereas in zones
. where Turkey and the rest of the Mediterran countries
are located, during the summer this is the normal aver-
age temperature, and some form of supplementary wéter
heating is not needed for this system., Supplementary

water heating is needed in the UK where the average ef-
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ficiency of a collector panel over the year is expected

to be around 40 percent.

Storage tanks and the piping from collector to
tagk must be well insulated. Piping runs should be as

short as is practical.

Freezing is a problem which may océur in the col-
lector in winter if a direct system such as that shown
in Figure 3.1 is employed. This can be avoided by using
antifreeze solution in the collector and replacing the

storage tank with an indirect cyclinder.

Common antifreeze liquids are ethyiene glycol-
water and propylene glycol-water solutions., Their phy-
sical properties are: ethylene glycol is toxic, as are
some commonly used corrosion inhibitors, and many plum-
bing codes require the use of two metal interfaces be-
tween the toxic fluid and the portable water suppiy.

This can be accomplished either by the use of two heat
exchangers in series or by double-walled heat exchangers
that can be either internal coils in the tank or external

to the.tank.

(9)

First, for freeze protection, antifreeze solu-
tions can be used in the collector loop with a heat ex-

changer between the collector and the storage tank. As



shown in ?igures.3.4 and 3.5 the heat exchanger can be
egternal'yo the tank or it can be a coil within the tank
relying on natural circulation of the water in the tank
for heat transfer. For either arrangement, the perfor-
mance of the collector-heat exchanger combination can be

R

fer coefficient for a coil in a tank is 600 W/m2C.

1
treated by the F_, method. A typical overall heat trans-

Secohd, air can be used és the heat‘transfer fluid
in the collector-heat exchanger loop of Figure 3.4, Air
heating collectors have lowef FRCZ*) and FRUL than 1li-
quid heating collectors. However, no toxic fluids are

involved, no second heat exchanger interface is needed,

leakage is not critical, and boiling is not a problem.

The third method of freeze protection is to cir-
culate warm water from the tank through the collector to
keep it from freezing. Thermal 1ossés from the system
are significantly increased, and an additional control
mode must be provided. This method can only bé used in
climates where freezes are infrequent. In emergencies
when pump power is lost the éollector and piping subject

to freezing temperatures must be drained,.

The fourth method is based on draining water from
the collector when they are not operating. Draining

systems must be arranged so that collectors and piping
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exposed to freezing temperatures are completely emptied,
and the collectors must be vented. Draining systems
may drain back into the tank or to a heat exchanger in

the tank, or they may drain all of the system to waste,

The fifth method is to design the collector plate
and piping so that it will withstand occasional freezing.
Designs have been proposed using butyl rubber risers and

headers that can expand if water freezes in them.

The long term performance of solar assisted water
heating systems has been studied by Howarth. He has
developed a simple grid analysis of system performance

and has presented it in nomogram form,

The study presented here is a performance analysis
of a solar assisted heat pump system for domestic hot

water heating and space heating.,

A detailed description and the mathematical model

of the system for performance simulation is considered

later on.

3.9 SOLAR SPACE HEATING

Heat for comfort in buildings can be provided from

solar energy by systems that are similar in many respects



to the water heater systems described in 3.1. The two
mpst comﬁon heat transfer fluids are water and air, and
systems based on each of these are analyzed in this
section. The basic components are the collector, stor -
age unit and lcad (i.e., the house or building fo beb
heated). In temperature climateé, an auxiliary energy
source must be provided and the design problem is in
part the determination of the optimum combination of
solar energy and auxiliary (i.e., conventional) energy.
In c&mbination with conventional heating equipment solar
hegting provides the same levels of comfort, temperature

stability and reliability as conventional systems.

Since 1970 there has been a tremendous éurge of
interest and acti&ity in solar heating, and a small but
gréwing industry has developed tofdesign, develop, manu-
facturé, sell and install solar heating equipment and
systems in the USA. As of 1977, pétterns in the confi--
gurations of many air and liquid systems were emerging.
These 'standard' configurations which are used with many

variations, are given in some details,

Figure 3.6 is a échematic of a basic solar heating
sygtem using air as the heat transfer fluid, with a
pebble bed storage unit and auxiliary furnace. The
.various modes of operation are achiéved by appropriate -

damper positioning. Most air systems are arranged so



that it is not practical to combine modes by both adding
energy to and remo&ing energy froﬁ storage at the same time.
The use of auxiliary energy can be combined with energy
supplied to the building from collector or storage if
that supply is inadequate to meet the loads. 1In this
system configuration it is possible to by-pass the col-
lecgor and storage unit when auxiliary alone is being
used to provide heat. A more detailed schematic of an
air system is shown in Figure 3.7. .Blowers, controls,
means of obtaining service hot water and more details

of ducting are shown. Auxiliary energy for space heating
is added to "top-off" that available from the solar

energy system,

Air systems have a number of advantageous compared
to those using liquid heat transfer media. Problems of
freézing and boiling in the collectbrs are eliminated
and corrosion problems are reduced. The high degree of
satisfaction possible in the pebble bed leads td lower
collector inlet fluid temperatures. The working fluid
is air, and warm air heating systems are in common use,
Control equipment can be easily ;btained. The disadvan-
tages include the relatively high fluid pumping costs
(if the design is not carefully made), ;elatively large
volumes of storage and the difficulty of adding air con-
ditioning to the systems. Air systems are also rela-

tively difficult seal; leakage of solar heated air from
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collectors and duct-work can represent a significant
energy loss from the system, Air collectors are opera-
téd at lower fluid capacitance rates and thus with lower
values of FR than are luiquid heating collectors.

More details of a liquid based system are shown
in Figure 3.8, A 'collector heat exchanger' is shown
between the collector and the storage tank, allowing the
use of antifreeze solutions in the collector. Relief
valves are shown for dumping excess energy should the
collector run at excessive temperatures; A "load heat
exchanger" is shéwn to transfer energy from the tank to
the heated spaces., Means of extracting energy for ser-
vice hot water are indicated. Auxiliary energy for
heating is added so as to "top off" that available frgm
the solar energy system, Advantages of liquid heating
'systems include higb collector.FR, smaller storage
volume, and relatively easy adaptation to supply of

energy to absorption air conditioners,

The solar systems are considered as having four
basic modes of operation, depending on the conditions

that exist in the system at a particular time.

Mode 1 If solar energy is available and heat is not
needed in the building energy gain from the

collector is added to storage.




Mode 2 If solar energy is available and heat is needed

in the building, energy gain from the collec-

tor is used to supply the building need.

Mode 3 If solar energy is not available heat is
needed in the building, and the storage unit
lhas stored energy in it, the stored energy

is used to supply the building need,

Mode 4 If solar energy is not available, heat is
needed in the building, and the storage unit
has been depleted, auxiliary energy is used

to supply the building need.

There is a fifth situation that will exist in
practical systems. The storage unit is fully heated,

there are no loads to be met, and the collector is ab-

sorbing radiation. Under these circumstances, there is

no way to use or store the collected energy and this
energy must be discarded. This can happeh through
operation of pressure relief valves or other energy
dumping mechanisms, or the collector temperature will

rise until theé absorbed energy is dissipated by thermal

losses.,




TABLE

3.1,

Typical Design Parameters for

Solar Air Heating Systems

Collector air flowrate
Collector slope

Collector surface
azimuth angle

Storage capacity

Pebble size (graded
to uniform size)

Bed length, flow direction

Pressure drop: Pebble bed
Collectors
Ductwork

Water preheat tank capacity

Max. entry velocity of air
into pebble bed (at 55 Pa
pressure. drop in bed)

TABLE

3.2

20 liters/mzs
15°) + 15°

5 to
(g +

0° + 15°

3

to 0.35 m pebbles/m2

to 0,03m

1.25 to 2,5 m
55 Pa
50 to
10 Pa

minimum

200 Pa

1.5 x conventional water
heater

4 m/san.

Typical Design Parameter Ranges for

- Liquid Solar Heating Systems

Collector flowrate

Collector slope
Collector azimuth
Collector heat exchanger
Storage capacity

Load heat exchanger

Water preheat tank
capacity

0.010 to 0.020 kg/sm?
(6 + 15°%) + 15°
0% + 15°

1 3
Fo'/Fp 0.9 )
50 to 100 liters/m
1< & Lcmin/(UA)h <5

1.5 x capacity of conven-
tional heater




3:3, SOLAR ENERGY - HEAT PUMP SYSTEMS

Heat pumps use mechanical energy to transfer ther-
mal energy from a source at a'lower temperature to a
sink at a higher temperature., Electrically driven heat
pump heating or expensive fuels. They have two advan-
tages: a COP (ratio of heating capacify.to electrical
input) greater than unity for heating, which saves on
purchase of energy, and usefulness for air conditioning
in the summer, Heat pumps may use air or‘water sources
for energy, and dual source machines are under develop-

ment that can use either.

A schematic of an air—tofair‘heat pump is shown
in Figure 3.8, operating in the heating mode. The most
common type in small sizes are air-to-air units. Typi-
cal operating characteristics of a residential scalé
heat pump are shown in Figure 3.9, As ambient air tem-

perature (the evaporator fluid inlet temperature) in-

creases, the COP increases, as does the capacity. As the

ambient temperature drops, frost can form on the evapo-
rator coils which adds heat transfer resistence and
blocks air flow. Brief operation of the heat pump in

. the cooling mode removes the frost (a defrost cycle),
and causes the irregularity shown in the capacity and
COP curves, Figure 3.9 also shows a typical building

heating requirement curve which crosses the capacity




curve at the balance point (BP). At ambient temperaturés
below this point a heat pump will have inadequate capa- |
'city to heat the buildipg and the difference must be
supplied by a supplemental source, which is often.an
electric resistance heater. At ambient temperatures

above the balance point, the heat pump has excess capa-

city.

Solar energy systems and heat pumps are two pro-
mising means of reducing the consumption of nonrenewable
energy resources, the cost of delivered energy for do-
mestic space heating and cooling and water heating, A
logical extension of each is to combine the two to
further reduce the cost of delivered energy. It is
widely believed that combined systems will save energy,
but what is not often known is the magnitude of the pos-
sible energy savings and the value of that.savingé rela-

tive to the additional expense.

The analysis of combined solar-heat pump systems
is not straightforward. There are many alternative ways
in which these systems can interface with each other

and with the load. They interact in a complex fashion.

The perfofmance of collectors is best at low tem-

' pératures. This combination leads to consideration of

in which the evaporator of the heat pump

series systems,
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is supplied with energy from the solar system. The heat
Pumpgis placed between the solar system and the load.
This configuration is drawn in Figure 3.10. The evapo-
rator is in the storage tank (or in‘a storage tank loop)
and the condenéor is placed in the house supply duct.
The heat pump utilizes stored solar energy when the tank
is above a set minimum temperature (usually just above
the freezing point). Provision can also be made for
direct solar heating by bypassing the heat pump when the
storage temperature is high enough to deliver heat
directly to the load. This allows the load to be met
without the expenditure of heat pump work. The series
system has the advantages of raising both the heat pump
COP and the collector efficiency. The system shown is

a liquid system, using a water-to-air heat pump as in

Figure 3,10

The most straightforward combined solar-heéat pump
system investigated is the base solar system incorpora-
ting the base heat pump as the auxiliary energy source.

This parallel system is shown schematically in Figure

3.11. The parallel system uses a liquid based solar
energy system with a water-to-air load heat exchanger
and an;air;tOrair heat pump solar energy is used. to
meet as much of ﬁhe heating requirement as possible.
The heat pump ig turned on when the room temperature

falls below the prescribed level. Electrical resistance
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heaters are turned on when neither solar nor heat pump
can maintain the set temperature. The only apparent
advantage of the parallel system over other solar-heat
pump is its relative simplicity., It does not benefit
from the use of solar energy as a source for the heat
‘Pump, but as will be shown later, its performance com-

pares favorably to the more complex systems.

A dual source system is shown in Figure 3.12. 1In

the dual system, the heat pump has two evaporators, omne
is placed in the storage tank and the other outdoors,
This allow the heat pump to use eithexr the collected
solar energy or the ambient air as ‘the source, depen-
ding on which results in a higher COP, that is thé higher
of the two soﬁrce temperatures. An alternative system

to that shown in Figure 3.11 would be a solar system
using air and an air-to-air heat pump, which could be

supplied either from ambient air or solar heated air,
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FIGURE 3.12, Schematic Diagram of the Dual Source Heat
o Pump System in Direct Solar Heating Mode.

From Freeman et al (1979)



There are three heating modes for a dual source
sys?em. Figure 3,12 is a dual source system operating
in ﬁhe direct solar heating mode, Here, the storagé
tank is hotter than the predetermined control value and
able to heat the house directly. The heat pump is off

and any excess solar energy collected is being stored

in the tank.

When tﬁe tank temperature is below the control
value, bug higher than the min. temperatufe and ambient
temperatgre,vfluid from the storage tank is pumped
through the eVaporator and used as the heat source.
Depending‘on the magnitude of the house heating load,
excess solar energy may be collected in the tank, or
auxiliary energy such as electrical resistance'may'be'
supplied tb the circulating air after it passes over

the condensor coils.

When the tank temperature is eifher at its mini-
mum temperature or less than ambient temperature, am-
bient air is the heat source for the evaporator, and
auxiliary heat is supplied when needed. The solar
system continues to operate and collect available energy
to rise the tank temperature and‘supply4domestic hot
water if possibie. The dual source system appears to
take advantage of the best features of the parallel

and series systems, but the performance is not naces-




sarily the best as it is going to be shown later,

3,4, PERFORMANCE OF COMBINED SOLAR HEAT PUMP SYSTEMS

A comparative study of the performance of combined
solar heat pump systems for residential space and dome.
tic hot water heating is summarized here, Thg objective
of this sectién is to give analysis of se&gral viable
types of combined solar-heat pump systems made by T.L.
Freeman, J.W. Mitchell and T.E. Audit and.to give the
comparison bétween the "conventional"™ solar and the
"conventional"™ heat pump systems. The goals'to deter-
mine the thermal performance of the different system
conf;gurations and to provide some insight into many
of the nbn—intuitive reasons behindvthe performance

regults.

The combination of a heat pump and a solar energy
system would appearvto alleviate many of the disadvan-
tages that each has when 0peratingvseparately. During
winter, the energy that could be collected by the solar
system but which would be too low in temperature to be
useful for direct heating can be used as a source for
the heat pump., Since the solar collection storage sys-
tem can supply énergy at femperatureé higher than the

Aamﬁient outdoor air, the capacity and COP of the heat

pump would increase over that for the heat pump alone,



the peak éuxiliary load requirement would be reduced,
and the combined heating system would seem to operate.
>mor§ economically. The operation of the solar system
at Eemperatures near and below room temperature would
decrease the collector losses and allow more energy to
be collected. The lower collection temperature might
allow the use of collectors with ome or no covers,
which w0uld‘reduce the first cost from that of a conven-
tional two-cover solar system. Finally,. for those
areas where warm termperéture‘occur.duriﬁg cloudy con-
ditions and thellow capacity of the heat pump in cold

weather,.

In many of the studies, assumptions were made to
reduce the complexity and quantity of the calculations.
" These often inélude the use of "avérage" or "design"
weather conditions (radiation and air temperature) con-
stant collector plate temperature, constant storage
temperature, constant heat pump COP and similar simpli-

fications,

The complexity of the thermal analysis of solar-
heat pump systems makes the use of computer simulations
the only method for adequately determining the system
dynamics. The ASHRAE Task Group defines system simula-
tion (pressures, temperatures, energy and fluid flow

rates) at the condition where all energy and material




balances, all eqﬁations of state of working substances,
~and all performance characteristics of individual com-
ponents are satisfied". These similations were all per-
formed with the general simulation program TRNSYS. This
pfogram consists of a library of subroutines which model
individual pieces of hardware (e;g., collectors, tanks,
heat pumps, load),kand an executive routine which links
these components models and solves the resulting system
of equations. The simulation analysis the energy balance
in the system over éuccessive 15 minute time intervals
to allow consideration of the transient effects and

short-term interactions of components.

Since there is no solar-assisted heat pump yet
installed in'Turkey, to determine the perfofmance is
rather impossibie for(our climate visa. On the other
hand, the empherical and analytical models of heat pump

performance are both insufficient.(lo)

In this study
the similations made with TRNSYS of fhree basic combined
configuration_that have been explained in Section 3.3,
as well as convention#l solar and’conventional heat pump
systems, in two different cliﬁates in Wisconsion and in
New Mexico is éonsidgred with data's and results and how

to improve the results are discussed in order to give

guidelines to further development in Turkey,

The heat pump model used in these simulations is



quasi steédy—stgtebin nature. The performance is deter-
mined b§ interﬁolating empirical performance data from
ménufacﬁurer'é specifications. The performance charac-
teristics for the "standard" 3 ton unit used in most of
.these simulations is shown graphically in Figure 3:12;
These datas represent the heat pump capacity and work

input in the.heatiﬁg and cooling modes.

Liquid source heat pumps will have a higher COP
for the same source temperature due to.higher heat trans-
fer coefficients in the‘évaporator. However, the 1liquid
source heat pumps assigned to operate efficiently over
a broad range of source temperatures are not commercial-
ly available at present for use in solar-heat pump

systems.

Thg solar sYstem modeled is a conventional liquid
medium system, The collector model 'is a simplified adap-
tat;on of the Hottel and Whillier model with a conmstant
heaE removal factor, (FR), transmittance-absorptance pro-
duct (Zu), and loss coefficient SUI). The vaiues used

in these simulations are given in Table 3.3, and are

Duffie and Beckman's typical values.

Liquid stdrage tanks are modeled as being fully
mixed and have loss coefficients of 3.6 W/mz—C. storage

losses are assumed not to contribute to the heating
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TABLE 3.3

Collector Parameters

I Uy,
Liquid Collector
Type _ Fr (W/m2°¢) ‘Zu)
Zero-glazed 0.90 30 0.90
Single-glazed 0.90  8.33 0.76
Double-glazed 0.90 5.56 0.69

requirements. Main storage tanks are sized in accordance
with recommendations for conventional solar systems

' (0.075 m3/m2),

The building used in each of the simulations is
the same single—family residence ofvapproximatély 120 m2
floof area which is well insulated with aﬁ‘overall losé
coefficient of 15,000 kT/daf;C. Internal generation and
solar heat gains are included in the load calculation.
The service hot water load is assumed to be 21.5 kg/hr
of 60°C water drawn uniformly twice every day resulting

in 21.37 GJ.

The important quantities fof the evaluation of
the systems are the seasonal energy flows. For space
" and service hot water heating, these are the sum of the

house space and water heating loads: the heat

QLOAD’

collected by solar energy system: Q the heat ex-

SOLAR’

tracted by the heat pump from the ambient air: the

QAIR’



electricity required by the heat pump compressor and

fans: W ‘and the auxiliary energy required to meet the

HP?

E is the

hot water and space heating loads: EAUX' AUX

delivered energy and is less than the purchased fuel
energy due to furmace and water heater inefficiencies.

The system energy balance in equation form is:

+ W, + E =

Qopar ¥ QAiR HP AUX Qroap ~ (Total annual

house space
and water

heating re-
quirements)

The first two terms are "free" energy, while the
second two terms represent "purchased" energy. A mea-
sure of the thermal performance of combined solar heat
pump systems is the fraction (F) of the total load that

is met by non purchased energy, defined as:

(Q + Qg )
F = ALR SOLAR = Index of system performance
QLoap
Wyp + Epyx)
F =1 - A -
LOAD |

The auxiliary energy may be supplied by gas, oil,
electricity or a combination, while fhe heat puﬁp work
is almost always eleétricity. The thermal performance
fréction, does not distinguish between the different

kinds and prices of fuels but only reflects energy re-



quirements. -

The fraction, F, is shown in Figure 3.14.a for
Madison as a function of collector area for the conven-
tional single cover solar system. For a house with
neither a solar energy system nor é heat pump, F equals
zero. For a house Wiﬁh only a heat pump, the fraction
of the heating requirement supplied byanon purchased
energy QAIR is divided by the total heating requirement
and equals 36 percent. Since the heat pump does not
contribute to the domestic hot water system, the value
of T depends on the COP and the relative sizes of the
space and water heating loads and is usuaiiy between
0.2 and 0.4, For a house with a conventional solar
sjstem, F depends on collector area.k As collector area
'increases, F increases from zero‘asymptotically towards
unity. The collector size nécessary for -the solar
energy system to consume less auxiliary energy than the
‘conventional heat pump system is between 15 and 20 m2.
A two-cover conventional solar system requires less
auxiliary than a single-cover system. |

. |

The éimulations results for the performance of the
parallel, dual source, series, conventional solar and
conventional heat pumﬁ system using both i— and 2-cover
coilectors are shown in Figure 3.14.b. The curves for

the conventional solar and heat pump systems have been



tfansposed from Figure 3.14.a. At zero collector area,

the parallel system performs like the conventional heat
pump systemj they are in fact the same system, At small
collector areaé, the heating supplied by solar and by

heat pump contribute to the total with a minimum of
interaction. The heat pump COP is not dég;aded signifi-
cantly by the solar contribution. As collector area
increases, the parallel.system ¥ asympthotically approaches
unify in the same manner as for;the conventional solar
system, but is significantly highef. With increasing

area, the solaf sjstem‘meets a larger fraction of the

load, but the heat pump operates under less favoraBle
conditions and consequently at a reduced COP which ap-
proaches unity.. As a fesult, the combined system per-
forms more and more like the»conventional solar system

at larggr collector areas., The parallel system with a
2-cover collector is better than the single-cover system,
but two covers do not increase performance for the parallel

system as much as for conventional solar system.

The series system performance is better tﬁan that
of thé conventionél solar systém fog all collector areas,
but the difference is small, The difference reaches its
maximum at a collector area of about 30 m2; Below that,
the small collector area "starves" the heat pump’ by not

beiﬁg able to meet the energy demand. The tank tempera-

ture remains very near the minimum usable temperature,
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and when the heat pump operates, it does so at nearly
its lowest COP. As collector area increases above 30 m2,
the difference between the series and conventional solar

system performance remains nearly constant.

The performance of the dual source system is re-
latively poor. Like the parallel system, at zero collec-
tor area the dual source system reduces to the conven-
tional heat pump system. As collector area increases,
the performance increases but is inferior to that of

the parallel system,

3.4{1. Discussion

Tﬁe simﬁlation results indicate that.the seasonal
collector performance for the parallel and conventional
solar systems of the same collector area are eéual and
equal for the series and dual source systems. The im-
proved collection efficiency is the direct result of the
solar source heat pump capability, which maintains lower
average stofage temperatures and hence iower'collector

. |
temperatures in both the series and dual source systems.

The solar source heat pump capability improves
the collector performance for small collector areas in
~the middle of the heating season. For larger collector

areas and in the spring, fall and summer when the ratio



of available solar energy to the load is larger, the
improvement in collection efficiency decreases signifi-

cantly.

Improved collectdr performance and higher QSOLAR
is not only fhe direct consequence of adding the solar
source capability; but is the only benefit to system
performance during the heating season. The improved
collector performancg is achieved at fhe’expense of heat
pump electrical power input which usually displaces a
cheaper fuel.- The annﬁal energy balance requires that

the sum of all energy supplied equal the load, or

Qsorar ¥ Uir * Yur * Eyax * Qoap

The relative contributions from each of these
four heat sources is illustrated in the bar graphs of
Figure 3.15 for the parallel, dual source, and series
solai—heat,pump systems, and for the conventional solar
and heat pump systems.

’ .

The trends afe similar to these for other system
gizes and locations. The combined height of the QSOLAﬁ
and QAIR bars in Figure 3.15 represent the percentage of
the total ﬁeéting fequirement supplied by ffee enéfgy

rand is therefore equivalent to F, The systems are ranked
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from left to right in order of decreasing savings of

purchasebenergy; that is decreasing F.

As can easily be seen from Figure 3.15, adding the
solar source capability to the conventional solar system
to Sreate the series system increases QSOLAR modestly
by’AQSOLAR' The balance of the load must be supplied

with purchased energy (WHP and E is o for

aux) since Q,.p

both systems. The net increase in F is just AQSOLAR/QLOAD’
Adding the heat pump to the solar systeﬁ in parallel

reduces QAUX by an amount equal to QAIR' Adding the

solar source capability to the parallel system to create

the dual source system again increases QSOLAR by about

the same AQSOLAR but decreases the amount of energy ex-

tracted from ambient air by nearly the same amount. The

net effect is, the value of F for the dual source system

is very nearly the same as for the parallel system.

The heat pump seasonal COP (ratio of rejected heat
to work input) varies between the systems. The use of
solar source for the heat pump rais;s.the seasonal COP
over that of the conventional heat pump and parallel
-éystemé. As illustrated in Figure 3.15, the annual heat
pump heating COPs for the parallel, dual source, series

and conventional heat pump sYstems are 2.0, 2.5, 2.8 and

2,1 respectively. The COP for the series and dual source



heat pumps are substantially higher since they utilize

- the solar heated storage tank as a source. The series

heatréump COP is higher than that of the dual source
system even though the latter has the apparent advantage
.0of utilizing the more favofable.source - either ambient
air or storage. This is because the series heat pump
operates only down to a source temperature of 5°C, while
the dual source heat pump often utilizes much colder
ambient air as a source when the tank reaches the free-
zing point. As a result the dual sourée.heat pump
supplies more heat to the house than the sefieé heat

pump but does so at a lower COP,.

The parallel system has better overall performance
.thahithe Serigs and dual source systems with both a
ylowex collector efficiency and é lower heat pump COP.

The reason is that in the dual source and series systems,
heat pump work must be expended, to utilize the same
energy that is collected and supplied directly to the
house without heat pump work in the conventional solar
and parallel systems., Usable solar ?nergy in the series
and dual systems must essentially be delivered twice:
first by the solar system and again by the heat pump.

Tﬁe temperature of storage in the series and dual source
systems is high,enoﬁgh to supply heat directly duriﬁg

the heating season, whefeas the higher storage tempera-

tures in the conventional solar and parallel systems



/

frequently permit. direct heating.

Heat pumped through the heat pump in any configu-

ration costs more .in energy expenditure than direct

heating by solar, Under the most favorable conditions,
the heat pump COP 1is 6n the order of 3-5, while the
solar system COP is much higher since pump or fan work
is the only purchased energy input. Direct heating by
the solar system as much as possible is preferrable for

reducing the energy requirements.

The results of the simulations explained above
show that with the same collector the parallel system is
sﬁbstantially better than the series system and slightly
better than Fhe dual source system_in all collector
sizesg, in that it deliveries a.greater fraction of the
loads from "Free" sources. This arises because the heat
pumps in the series and dual source systems must operate
to deliver all solar energy stored below 20C. The extra
electrical energy required to deliver the enexrgy more

than compensates for the combined a%vantages of higher

.collector efficiency and higher heat pump COP,.

3.4,1,1. Effects of Increases Storage Size

The larger storage sizes may benefit the

- systems incorporating solar source heat pumps more than



conventlional solar or parallel systems., Tank tempera-
tures are near the lower limit in the series and dual
source systems. Larger storage may reduce the time that
tank temperatures is at these lower levels with a resul-

tant improvement in the systém performance.

3,4.1.1., Effect of Improved Heat Pump Performance

The characteristics of Figure 3.13‘were
successively improved by reducing the amount of electri-
cal work inpu£ (W) at all source temperatures fo result
in increase of COP over the base COP by factors of 1.24,
1.50, 1.75 and 2.00. The values of heat rejected (QR)
were left unchanged, while the values of heat absorbed
(QA) were increased to compensate for the reduction in
eiectrical work input. Thus for all four of theée im-
proved heét pumps, QA + W = QR at all source temperatures.,
The domestic hot water subsystem was removed from each
of the systems and -the parallel, dual source, and series
systems with 30 m2 ofkcollector and the conventional
heat pump were simulated with the beFter performing heat

pumps.

Figure 3,17 shows the resultant effects of the
improved characteristics for each of these systems;'
The conventional heat pump system undergoes a signifi-

‘cant increase in the fraction ofbenergy supplied by free



energy as COP is increased since more energy is absorbed
from the air and less must be supplied to the compfessor.
Therparallel system undergoes a smaller improvement since
the heat pump contribution to the total load is less than
in the conventional heat pump system. Dual source sys-
tem perfofmance follows that of the parallel system very
closely. The series system performance, however is
hardly improved at all. The improvément in COP for airxr
source operation, not solar source operation, improves
performance. A higher COP heat pump reduces the elec-
triaal work requirement at the expense of a correspon-

ding increase in auxiliary.

3.4.,1.3, Effects of Climate

.Several factors affect the performance of
the combined systems under different meteorological con-
dtions. The performance of these systems is sensitive
to the degree of correlatidn between ambient temperature
and solar radiation. In warmer climates, the domestic
hot water load becomes a larger por%ion of the total load
and since the heat pump cannot contribute directly to
domestic water heating in any of the systems investiga-
ted, the relative ranking of systems might be affected.
Finally, in warmer élimates, the cooling season peffor—
mance may have é strong bearing on which is the most

"cost effective system,
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3,5, CONCLUSIONS AND RECOMMENDATIONS

The following trends can be noted in the results
of the simulations done at the two destinations mentioned
above; for the base solar heating, base heat pump and

3-types of solar assisted heat pump systems.

First, higher collector efficiencies can be ex-
pected from solar-assisted heat pump systems since the
collectors operate at substaﬁtially lower temperatures
than in a conventional solar system. For the system to
be competitive with an oil fired heating system, a solar

tank control temperature of 15°C has been suggested.

Secondly, as the collector area is the only limi-
ting factor in the amount of solar enefgy that can be
provided to a load heated by a conventional solar system,:
it'is also one of the,mﬁst significant design variables

of a solar-assisted heat pump system.,

Thirdly, the seasonal COPs shows little or no in-
]

crease with storage size in all systems explained above.

In spite of the advantage of a solar-assisted heat
pump system, they are capital intensive, as are solar
energy systems. On the other hand, since heat pump needs

/. electrical energy, even though it saves energy compared



with conventional systems, this electrical energy must

be utilized from natural sources, so that operation cost
of the system is lower. Unfortunately in our country,
both electric energy deficity and high cost of electric
energy are‘unfavorable facts against heat pumps. But
since the heat pump has a higher COP, whén the tempera-
ture interval in which it operates is small, the climatic
zone in our country/provide'a favorable environment for
it;iapplication provided that the electrical energy de-

ficit is overcome by lower cost electrical energy utili-

zation,

The best solution for the future is a hybrid system
as is the objecfive of this study which integrates the
cost effectiveness of the heat pump with improved per-

formance levels around 200% of solar systems.

I hope that this study will provide some guide-
lines to people who are going to the field of solar

asslisted heat pump systems.
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