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ABSTRACT

The overall efMiciency of a heat pump system i.e. heal source,
heat pump umit and distnbution system, 15 strongly affected by
the design temperature levels of the system. The temperature
levels influence the performance, in every single process from
the time that energy flows from the ambient to the heat source
until the heat is released from the building envelope 1o the
environment. The heat exchanging processes in every step
affect the energy flow, the lozses and generally the energy
efficiency of the heating system.

The objective of this paper i& o show how the different
temperature levels influence the energy efficiency and the
performance of a heat pump system for domestic applications.
The heat pump unit and the heat distnbution system are
approached as an integrated system. Hence, calculations are
performed in order o cstimate possibilities for energy savings
and for improving the overall efficiency of a heating system
hased on a heat pump.

The results show mainly the increasing call reducing the
supply temperature of heat distribution systems. The influence
of the refrigerant characteristics on optimal heat pump designs
will be discussed.

INTRODUCTION

Mowadays, there 15 a growing call for energy efficient and
environmentally fnendly heating systems. Conceplual thinking
on eneTgy use 15 an aspect that increases ils value and
importance considenng residential heating. When designing,
installing and operating a heating system, the term energy
savings 15 an added factor to the primary aspects of cost and
comfort level that are traditionally taken into account.

Due to many reasons, but mainly because of the growing call
for efficient energy use and increased comfon standards there is
a grest interest and a leading trend towards low-temperature
heat distribution systems. Heating systems with low supply

temperatures and large surface arcas are suitable for buildings
with low specific energy requirements (Keller, 1997). The key
clements are thus good insulation, sufficient thermal storage and
large heating surfaces.

Considering a heat pump, its performance depends strongly
on the quality of the heat source and the heat sink. For a heating
system co:q:ri;mg a heat pump Lmit, a low temperature heat
distnbubion system coupled to the condenser 15 the basic
prerequisite for a good performance and a high efficiency.
However, optimizing the heat pump unit itself is not enough for
optimizing the whole system. On the contrary, the heating
system must be approached as an integrated system in order 1o
investigate for energy efficiency and savings. In such a case, the
demand for an overall approach 15 necessary.

Energy flow versas temperature

The main objective of this paper is to show how different
temperature levels influence the several steps in a heating
system for domestic applications based on a heat pump.
Therefore, Fig. | i3 used for exemplifving the energy Mow for a
heating system based on a heat pump versus the temperature
change in every process. The figure depicts all the steps from
the time energy flows from the heat source to the evaporator,
until heat gets lost 1o the building surroundings. Each
temperature  difference and cvery heat exchanging process
induces losses 1w the entire heating sysiem. The magniiude of
every step affects the energy flow and generally the efficiency
of the heating system.
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Figure 1. Energy flow in a heating system versus the
temperature levels,

This is the main ground where the analysis is based on in
order to find how different temperature levels influence the
performance of a heat pump system for domestic applications.
The rational model of fig. | is wmed inte a simulation ool 5o
that it can be studied from a thermodynamic point of view.

The analysis necessitates exemplifiing the whole idea with a
system choice. Afler selecting the main system components
caleulations are done for one case. In this case, the condensation
and the evaporation temperatures TO and T are a result of the
overall system design. The main objective is 10 maintain a low
condensation temperature and so a high efficiency for the heat
pump unit. The resulizs show also that improvement of the
performance at the heat distribution side requires a low
condensation temperature and vice versa.

System cholce - design criteria. The simulation program is
hased on assumptions thal correspond (o a realistic approach.
The system in the following analysis concems a ground coupled
heat pump unit connected to a low temperature, hydronic
distribution system. The system is selected so that it serves also
for the preparation of hol sanitary water and for this reason the
heay pump unit includes a hot gas cooler between the
compressor and the condenser. The healing process is regulated
from the hot sanitary water temperature and the indoor
temperature. The best way to run the sysiem is to operate the
heat pump so that it only serves for the preparation of the hot
tap water until a desired high temperature is reached. Then the
heat pump continues heating the water for the heat distribution
system (Granryd, 1997). In Sweden it is common to diméension
the heat pump so that it covers a cemain portion of the
maximum energy demand. An auxiliary heating system
suppons the heat pump during the coldest period of the year
when the maximum load occurs. The auxiliary heating sysiem
and its connection to the heating sysiem varies depending on its
characteristics and the type of application. In this case, the
auxiliary heat is electricity and is supplied to the same
distribution system.

For the sake of simplicity, climatic and ground conditions are
taken for the region of Stockhalm. For buildings in Stockholm
the outdoor design temperature (CDT) is set to -17°C,

Beginning with the heat source, an indirect system is chosen.
A secondary refrigerant (brine) circulates between the heat
source and the evaporator. An agqueous solution of ethylene
glycol with a concentration of 30,5 % by weight 1z selected. The
man assumption considenng the heal source 15 that the amount
of energy that is extracted from the ground is equal w 30 Wim.
This 15 typical for a single bore hole presupposing a sufficient
installation in rock with proper back-flling (Granryd, 1997).

Continuing with the heat pump umit, the most important
component to be selected is the refrigerant. The thermodynamic
properties of the selected refrigerant for given operating
pressures determune the maximum temperature, the heat output
and generally the whole vapor compression cycle. In this
discussion, R410A is taken as the working fluid. R410A has a
nf}i;ib]c temperature  glide, has a rather low molar mass
(M =724 kghmoly and allows for obtaining high
temperatures at the compressor's outlet while maintaiming a low
condensation temperature. This is favorable for heating the
sanitary water up to a sufficient high temperature. In this case,
subcooling 15 not included since R410A does not benefil from
subcooling.

The compressor has to be carefully selected in order 1o
withstand the high pressures and be compatible with R410A.
The empirical equations, used for the calculation of the
isentropic, volumetric and motor electric efficiencies give
satisfying results. These equations depend on the pressure ratia
and the refrigerant's molar mass (Pierre, 1979).

High heat transfer with minimum charge and low leakage
probability demand compact heat exchangers. Plate type heat
exchangers (evaporator, condenser amd gas cooler) with
negligible heat losses are chosen. Hydronic-floor heating with
an oplion of combining to some extent with convectors is used
a5 the heat distribution system. The chosen foor heating design
is an ordipary assembly consisting of a layer of concrete, an
ingulation layer, heating plates on which the pipes are fastened
and an upper floor layer of parquet. The total thermal
conductivity of the floor in the calculation tool changes
depending on the thickness of the layer of insulation placed on
the ground.

The house is assumed to be tight and well insulated. In the
simulation moedel the main assumption is that the house is one-
story dwelling with the floor placed directly on the ground.
Comparisons are made between the heat transfer losses of the
house for two cases. The first case assumes that the heating
system consists of radiators. In the second case the heating
system comprises a floor heating system with a possibility of
supplementing it with conveclors.

Description of the simulation program. In order 1o
examine the effect of different temperature levels on the
performance of the selected heating system a simulation
program has been developed. The program gives also results for
the influence of different temperature levels on dimensioning
parameters as the borehole depth and the insulation thickness
under the floor heating consiruction. The main set variables in
the simulation toal is:

»  Heal source: The inlet brine temperature is taken constant
and equal to T in-b = -3, 5°C.

+ Heat pump unmit: The overall heat provided by the heat
pump is constant and equal to G0 = S000 W,

+  There is no sub-cooling,

*  There is a steady superheating of SH = 5K.
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* The egs. (1) and (2} allow for the calculaton of the
coefficient of performance for the heat pump. The
compressors averall efficiency (6q. (3)) depends on the
isentropic ¢fficiency, the electnic motor's efficiency and the
transmigsion efficiency.

CDH = CUFI +1 {n
o qy
COFy =n,, (== (1)
E\"
Nar = S (M Mets o) (1m
* Heat distnbution system: The owverall heat transfer

coefficient between the house and the surroundings (the
floor is not taken inlo account) is setl equal lo Xikdjw =
ol WK,

=  The overall heat transfer coefficient between the floor
without Moor heating and the ground is taken kdgrad = 25
WiK.

*  The overall heat transfer cocfhcient between the floor with
floor heating and the ground depends on the thickness of
the extra insulation layer undemeath the floor heating
construction (cg. 4).

kA, = f(AS) (V)

#  The extra transmission losses to the Noor due to the Noor
heating application depend on the heat flux rate and the
thickness of the extra insulation (eq. 5).

The room temperature is set to Tr = 20°C.

The outdoor lemperature is sel to Tur = -J0°C,

The ground temperature is set to Tge = 6°C.

Calculations for the domestic hot water are not included in

this paper.

¢ The eqs. (6) and (7) provide the transmission losses for the
house when a radiation system is applicd and when a floor
heating system is applied respectively.

¢  The factor z in eq. (7) determines the portion of losses that

comespond 10 the floor heating system when 1t s

supplemented with convectars,

Oy = ) (KA), (T, ~T,,)

. " o

+ kA (T, =T,) V1)
0, =Y (kA), (T -T,)
+M"(T:_—TF]+Q',W-Z (VI

Results. The sclection of the refrigerant plays an important
role on the operation and the design of the heatl pump system,
The simulation model has been developed taking into account

that R410A is the chosen refrigerant. Fig. 2 shows the
enhancement in COPO when R410A iz used in the model
compared to B134a. A refrigerant such as R134a gives much
lower discharge temperatures. A design for K134a would
probably utilize a subcooler. Consequently, the design criteria
should be different if another refrigerant is io be used.
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Figure 2. OOPO for the heat pump versus condensalion
temperature T for two different refrigerants.

Figs. 2 and 3 show the henefit of lower condensation
temperatures. Moreover, Fig. 3 indicates that a benter COPO
requires a lower logarithmic mean temperature in  the
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evaporator, in other words, more efficient heat exchanger.

Figure 3. COPO for the heat pump versus condensation
temperature TO for two different logarthmic mean temperature
differences in the evaparator.

Fig. 4 shows the isentropic efficiency, the electric efficicncy
and the compressor's overall efficiency versus the condensation
temperature 70, All efficiencies for the compressor increase
for this particular study. However, the increase is rather small.




D). Sakallar - P. Lundogvist: Towards anargy-uss optimisation of 8 domastic heating system

0,85 —r T Y T T T T T T T
i o ;._‘_._H——Q—D—
0,80
- —0—o——{—0—0———
0,75
. = Mg
EI.?CI -= nﬂ
Fﬂ.ﬁﬁ == M
o ___a__ﬁ.—ﬁ—-ﬁ-—ﬁ—"'ﬁ_ﬁ_rﬁ-_ﬁ_._
0,55 L i i n i i i i i i
M M 32 3 M 3 ¥M 7T B ¥ 4
T, [*C]

Figure 4, Compressor’s efficiencies versus the condensation
temperature 711,

The condensation temperature 701 has a counter influence on
the borehole depth x. For lower condensation temperatures 70
the COPO becomes substantially higher (as shown in figs. 2
and 3). Hence, more heat has to be extracted from the borehole,
which consequently has o be deeper. For this reason, when the
condensation temperature decreases the depth of the borehole
increases. Fig. 5 illustrates this effect. IF this effect is neglected
by assuming a constant borchole depth, then a lower
condensation temperature may result inoa system with a lower
COPO since the evaporation temperature will stabilize on a
lower value and this consequently implies a higher temperature
lift for the heat pump unit.
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Figure 5. Bore hole depth versus the condensation
lemperature T,

Fig. 6 is the result of the attempt to investigate the possibility
of gaining the same enhancement in COPO by changing
anather parameter than the condensation emperature. For this
reason the condensation temperature is constant and the values
of COPO in the y-axis correspond to those of fig. 3 (0 = 4
K). Fig. 6 shows that the isentropic efficiency must be higher
T;n one in order to retain the same COPO as when 701 =

h o

.‘2 i i " A i i A 4 "
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Figure 6. COFO versus the isentropic efficiency fjis.
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Congidering the heat distibution side, fig. 7 gives the
dependence of the heat transfer coefficient for the amount of
energy that transfers from a heated floor W0 the ground on the
waier supply temperature Ts. Fig. 7 indicates the need for lower
water supply temperatures consequently lower condensation
temperatures. Moreover, the insulation thickness is an imporiant
factor (o be considered.
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Figure 7. Heat transfer coefficient for transmission by a
heated floor 1o the ground versus the water supply temperature
Ts.

A low-temperamre floor heating system is favorable because
it lowers the condensation wemperature. It is also favorable
because it lowers the transmussion losses. The indoor
temperature is usually taken as constant when a heating system
is designed. However, a lower indoor temperature is
advantageous too. It decreases the overall transmission losses
and at the same time increases the possibility for using lower
supply water emperamres. Fig. 8 illustrates the transmission
losses of a heated Noor 1o the ground for different indoor
temperatures Tr. A lower heat flux is also beneficial.
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Figure B. The transmission losses of a heated floor to the
ground versus the indoor temperature Tr.

In fig. 9 the relation between the overall transmission losses
of a house with radiators and the transmission losses of a house
with floor heating system is plotted versus the thickness of the
exlra insulation layer AF required on the ground when fleor
heating iz applicd. When the relation is ane, the losses are equal.
When it is lower than one, the losses from applying a floor
heating system are bigger. When = = [ then all the energy
demand in case that a Nloor heating system is applied, is covered
twtally by the floor heating system. The relation is improved
when the floor heating system is supplemented with convectors
(z=05 =08,
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Fipure 9. The relatian hetween the transmission losses of a
house with radiation system and with floor heating system
versus the thickness of the exira insulation layer AF on the
ground in the case of floor heating.
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Conclusions. The resulis showdelearly that lower temperature
levels and smaller steps in the heat exchanging processes favor
the heat pump and the heat distnbution system. Since we deal
here with the heating system and not the heat pump only the
dependence of the condensalion temperalure on the waler
supply temperature of the heat distribution system and vice
versa are taken into account. Cormrespondingly, the water supply
temperature depends on the specific energy requiremenis of the
house and the energy requirements are affected by the tightness
of the house. In other words, the design parameters in the
heating system depend on each other. It 15 not possible to 1solate

one process and to work imtensively on improving ils
performance since this process is in a chain reaction with
another part of the system. Hence, changing ane parameter in
ant end brings results and effects on the other end. Approaching
the heating system as a whole gives the possibility 1o see how
the design temperature levels of the system affect it and every
single process in it. Taking this approach into account it is ¢ven
possible to find the energy savings for different sizes and
different designs of the heating system (Forsén, Granryd, 1999).
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NOMENCLATURE 1
Coellicient of performance for the heal pump Corn = 1
Coefficient of performance for the refrigeration process cordd — :
Compressor's efficiency 7 ot I
[

overall = i
Rt i

electric = 1
M '

isentropi — I

[} P "'?l', .
transmission n — !
m ]

Factor of heat demand cavered by floor heating F —_— |
Heat flux g Wi :
Heat pump's averall energy output Q0 w :
Heat transfer coefficient for transmission to the ground fora  heff’ Wim'K I
heated floor I
Loganthmic mean temperature difference in the evaporator fi K 1
Molar mass I Kg/kmol :
Superheating SH K !
Temperature T s :
brine inlet Tin-b °C I
condensation Yy C d
evaporation TO hS :
ground Ter 'C I
indoor Tr *C !
outdoor Tur *C :
Ourdoor Design apT T 1
water supply T: C I
Overall heat transfer coefficient WK :
between the floor and the ground Mw WK |

I

between the heated floor and the ground kA WK :
¥ I

between the house and the surroundings E(H} WK |
w I

Thickness of extra insulation layer Af o :
Thickness of msulation 8 m i
Transmission losses w '
of the house with floor heating system Ql w :
of the house with radiation system 0 W :
K rou I

1o the ground due to floor heating o) w i
B oz i

Volumetric compression work € Ym? |
W I

Volumetric refrigerating effect q, Jim® :
I

I
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