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Determination of a domestic hot water annual performance factor of an air to
water heat pump

Sami Barbouchil, Jean-Benoit Ritz'.

'EDF R&D, "Energy in Buildings and Territories" Department, 77818 Moret-sur-Loing, France,
(sami.barbouchi @edf.fr).

ABSTRACT

HSPF (heating seasonal performance factor) is an important coefficient that characterizes the seasonal
performance of heat pumps for heating; and it does not take into account the production of domestic hot water.
As such, it is also possible to calculate a performance factor that characterizes the annual performance of the heat
pump for domestic hot water production.

The aim of this study is to calculate this factor for an air to water heat pump in different climate zones in France.
For this, the system consisting of the heat pump and the storage water tank has been modeled and the calculation
has been carried out on a simulation tool. The simulation has been realized over a year with hourly outdoor air
temperature data. Furthermore, the hot water requirements vary; so different domestic hot water tapping cycles
have been studied.

Key words: air source heat pump, domestic hot water, annual performance.

1. INTRODUCTION

Most common air to water heat pumps cannot supply water at a temperature greater than 50°C. However, recent
heat pumps can produce hot water up to 65°C, even at low outdoor air temperature, with the use of a two-stage
compression cycle. Thus, it is possible to produce domestic hot water (DHW) without adding an immersion
heater in the storage water tank.

The goal of this study is to calculate the DHW annual performance factor of such heat pumps. The DHW annual
performance factor corresponds to the ratio of the heating energy delivered and the electrical energy consumed
by the heat pump over a year. The gap between the DHW consumption and the heating energy delivered by the
heat pump is mainly due to the heat losses of the water tank.

The DHW consumption is usually determined by a binning analysis method. Haglund Stignor et al. (2004)
presented an application of this method. The DHW consumption can also be calculated by simulating the hot
water production system (Morrison, 2004). In this study, the calculation of DHW consumption is also based on
simulation. The hot water production system (Figure 1) consists of a high temperature heat pump and a water
storage tank with an internal heat exchanger. Thereafter, the models used for each component are presented. The
results of simulations and the influence of parameters such as the tapping cycles and weather conditions on the
DHW annual performance factor are analyzed.
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Figure 1: Domestic hot water production network.
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2. A model for each component of the system
2.1. The air to water heat pump

For this study, an air to water high temperature heat pump is considered because common air to water heat pump
cannot provide water at a temperature higher than 50°C. This heat pump is equipped with a vapor injection
compressor and uses R-407C as refrigerant. Consequently, this heat pump can reach a water temperature of 65°C
at the outlet of the condenser. The heating capacity and the power input of the heat pump are correlated to the
water and the air temperature at the inlet of the heat pump. The correlation is represented by a bilinear
interpolation of measured data (Figure 2).
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Figure 2: Bilinear interpolation of the heating capacity and the power input of the heat pump.

With heat pumps, the domestic hot water is not produced instantaneously but with a water storage tank. The
water tank is equipped with an internal heat exchanger in which flows hot water heated by the heat pump, so the
heat pump does not directly heat up the water in the tank. Thereafter, the models used for the water tank and the
internal heat exchanger will be explained.

2.2. The water tank

The water tank is considered as a cylinder with external insulation. It exchanges heat by conduction and
convection with the ambient air temperature fixed to 20°C. As such, the heat losses of the tank are taken into
account. A uniform water temperature in the tank is assumed, i.e. as if the water in the tank were always well
mixed, so the water tank temperature is equal the water temperature at the outlet of the water tank.

Subsequently, different equations for calculation are presented. First, the overall heat transfer coefficient on the
lateral surface of the water tank is calculated,

-1
at = 1 1 ln[ Dmnk + 25insulat0r ] 1 (1)
at — >
Alat 2rm tank j'imulator Dzank ”(Dzank +25insulazar )H tank hair ~_free_convection
and than the overall heat transfer coefficient at the top and the bottom of the water tank,
s -1
1 .
Ubottom :Utop = —+M (2)
hair ~_free_convection ’{insulator

In the equations (1) and (2) the heat transfer coefficient h,;, fiee convecrion 15 fixed at 10 W.m?.K". Thus, with

the equations (1) and (2), it is possible to calculate an overall heat transfer coefficient of the water tank,

(Ulat Alat +2 Uzap Azop )

Utank = (3)
Atank
It is also necessary to calculate the thermal capacitance of the water tank,
D 2
D tank
mpc; = M H tank Pwater € p,water H 13k TDtank S teel Psteel Csteel 4).
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So as to determine the temperature at the outlet of the water tank, an energy balance is applied on the water tank,

drT, .
tank,water __ -
mc; dt - mdraw—oﬁ Cp, water (Ttank, water,in ~ ¥ tank,water )+ Utank Atank (Tambient — Ltank,water )+ Q[HEX (5),

with Qyypy the heat transfer rate of the internal heat exchanger.

Consequently, it is possible to take into account the inertia of the water tank and the heat losses of the water tank,
but also to calculate the evolution of the water temperature at the outlet of the water tank in transient conditions.

2.3. The internal heat exchanger

The water in the tank is heated up with an internal heat exchanger through which hot water circulates. This water
comes from the heat pump. The internal heat exchanger is usually a helically coiled tube, but for the
determination of the correlation, it will be considered as a horizontal tube. For the calculation of the overall heat
transfer coefficient, a forced convection inside the tube and a free convection outside is assumed. First, we will
calculate the thermal capacitance of the steel of the heat exchanger,

2 2
D D;
MgteelCsteel = ( Sxt j _[ ém j TLIHEX PsteeiCsteel (6),

and the thermal capacitance of the water inside the heat exchanger,

2
— int
Myater € p,water — [ 2 J ”LIHEX Pwater€ p,water (7) .

So, it is possible to determine the thermal capacitance of the internal heat exchanger by the equation (8) while
taking into account the thermal inertia of the internal heat exchanger.

MyCy = MgpeeiCsteel T Myvater€ p,water (8)

The water temperature at the outlet of the internal heat exchanger is calculated by performing a heat balance on
the internal heat exchanger,

ATy
 water __ .
myCz dt - Uext Aext (Tzank - TIHEX, water )+ Mint € p,water (TIHEX, water,in — TIHEX, water,out ) (9)

However, to carry out the calculation, the overall heat transfer coefficient U,,, of the internal heat exchanger has
to be determined. This coefficient is a function of the internal and the external heat transfer coefficient. The
internal heat exchanger coefficient is determined by using internal flow heat transfer correlation. The correlation
used depends on the flow conditions i.e. on the Reynolds number,

4my,,
— (10)

ReDint =
int Mwater

If Rep ~>2500, the correlation of Petukhov Popov (1963) is used,

72 )Repy. P
M=) “Ding' " (11),
1.07+12.7(12)2\Prs - 1)
and the friction factor is calculate by a correlation proposed by Shah (1987),
f=0.00128+0.1143Re;) " (12).

int

And if Rep, ~ is lower than 2500, the flow is laminar and the equation (13) proposed by Kays (1980) is used.
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Nu=3.66 (13)
So, it is possible to calculate the internal heat transfer coefficient with the equation (14).

h‘ — j'water NM (14)

int
D

int

On the external side of the heat exchanger, free convection is considered and the internal heat exchanger is
assumed to be a horizontal tube, so it is possible to use the correlation of Churchill and Chu (1975) that is

verified if Rap <10,

0.387Ra}}
ext 7 (15)

Nu=|0.60+
[1 +(0.559/Pr)s ]8

Thus, it is possible to calculate the external heat transfer coefficient with equation (16).

A Nu

h — water

ext —
Dexz (16)

Finally, knowing the different heat transfer coefficient, it is possible to calculate the overall heat transfer
coefficient U,,, with the equation (17) and uses it in the equation (9).

-1
U, = ! + ! — 1 ln[ Dexy H (17

=
N At | @D Ligipx hint ) (Do Liptex hexs) 27 Ligggx Asteet \ Dit

2.4. Control for the production of domestic hot water

The standard EN 13203-2, (2006) defines different tapping cycles depending on the use. These tapping cycles
are expressed in terms of energy consumption of hot water over time. In the standard EN 13203-2, five different
tapping cycles are defined, but in this study, only the tapping cycles n°2 and n°3 are considered (Figure 3).

4 16
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3.5 14
37 1.2 A
= =
Z 251 g 11
5 5
2, 4 1
2 g 08
w w
S 15+ S 06
X I
[=] =]
1 0.4
05 0.2
0 ] | NN ] ] ] 1 ] ] [ ] 0 Il”ll I ” | | I ”ll
o (=3 o o (=] o o (=3 o o o o (=3 (=3 o (=3 (=] o o o o (=3 o o o (=3 o o (=] o o (=3 o o o o
2 3 § 8 I -8B ¥TB I -3 BITaaQ- S 3 §I R IS8 B IFTHI=-3BFT Q=
~ ~ @ [o2] o -~ o o @ < w © ~ ~ © o (= - ~ ~ @ [o23 = o o ™ < wn © ~ ~ © (=2 o —
56883382222k 22 & & s 382 -2z & &
Time (h:min) Time (h:min)

Figure 3: Tapping cycle n°2 et n°3 according to the standard, NF EN 13203-2 (2006).

With the defined tapping cycle and knowing the water temperature at the inlet and at the outlet of the water tank,
it is possible to determine the mass flow rate of water through the water tank with the equation (18).

Opuw

mdraw—oﬁ‘ = At Xc (18)

p,water (Ttank,out - Ttank,in )

The temperature in the water tank controls the on/off of the heat pump. The set point corresponds to the
temperature at which the heat pump starts. If 7, 2 Tyepppins +5°C , the heat pump stops and if T, < Tierpoins » the

International Refrigeration and Air Conditioning Conference at Purdue, July 14-17, 2008



2408, Page 5

heat pump starts. Furthermore, a minimum working time of 300 s and a minimum stop time of 600 s are fixed for
the heat pump.

3. Results

3.1. Results of the simulation

The simulations have been performed under Matlab/Simulink with the toolbox Simbad 4 (CSTB, 2004). The
results have been evaluated using a 1 min time step model. For the first result, the different parameters are fixed
as indicated in the Table 1. At first, the simulation was performed with the French standardized weather
condition in the city of Trappes (Figure 4). The simulation was performed over a year in order to evaluate the
annual DHW consumption. The gap between the energy delivered by the heat pump and the DHW consumption
corresponds to the heat losses of the water tank. In this case, the DHW APF was found to be 2.48. Regarding to
the DHW consumption, a consumption of 2.13 MWh was found. The heating energy at the outlet of the heat
pump is equal to 2.32 MWHh, thus the water tank presents annual heat loss energy of 8%, hence the importance of
the insulation of the water tank.

Table 1: Input data for the simulation.

hair_free_convection 10 w~m—2-K—l Htank 1.4m
Aol 15W.m" K Dok 0.47 m
Ainsulator 0.03 W.m' K 7 250 L
Cpowater 4180 J.K' kg Linex 1.7 m
Careel 500 J.K ' kg Diex 0.0254 m
é‘insulator 0.05m Tsetpoint 50°C
§tank,szeel 0.005 m Tcolzl water 15°C
Puwater 1000 kg.m'3 Tapping cycle |n°2

Psteel 8000 kg.m'3 Weather area | Trappes

2000

1800 1~ —|mH1a Trappes
1600 4 | ™ H2a Rennes
m H3 Nice

e

N
=)
S
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Figure 4: Outdoor air temperature distribution of three climate area in France (RT2005, 2006).

The Figure 5 presents results of simulation on one day, such as the evolution of the water temperature in the
water tank. The water temperature at the outlet of the heat pump can reach 65°C. On Figure 5, it can be seen that
there is a gap between the temperature at the outlet of the water tank and the temperature at the outlet of the
internal heat exchanger. By increasing the surface of the internal heat exchanger, this gap may be reduced. Thus,
the water temperature at the outlet of the heat pump will decrease and the COP will be improved.
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—— T heatpump,out (C) —— TIHEX,out (*C) —— Ttank (°C)
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Figure 5: Evolution of the water temperature at the outlet of the heat pump and inside the water tank.

3.2. Effects of different parameters on the results

As the COP of the heat pump is function of the outdoor air temperature, simulations are performed for different
weather zones in France. These weather zones are defined by the RT2005 (2006), which is a French thermal
regulation. Calculations are performed for each weather zones. With the input data of the Table 1, it can be seen
on Figure 6 that the DHW AFP varies between 2.46 and 2.60 in France.

Ared
= 250426
I = 256 4 258
[ de 254 4 256

[ de 251 4254 B fpentras 2.56

[ de 2513251

[dez2szazs
[ Jdezscazas
Figure 6: DHW APF for different weather area in France.

[lde 2463246

In order to see the effect of 4 factors (Table 2), a complete experimental design has been performed. Each factor
has been varied between a maximum and a minimum level; the purpose being to evaluate the effect of these
factors on responses such as the DHW consumption, the DHW APF and the heat losses of the water tank.

Table 2: Maximum and minimum level of each factor.

Ttank in (OC) Ttlmk ipoil (OC) Vtank (L) Tapplng CYCIe
Minimum 14 49 200 n°l
Maximum 16 51 300 n°2

The results are summed up in the Table 3, it can be seen that an increase of the set point temperature reduces the
DHW AFP by 3%. The DHW AFP is slightly sensitive to the temperature of the cold water and the volume of

the water tank. On the other hand, the volume of the tank can significantly increase the heat losses of the water
tank.

Table 3: Effects of factors on the DHW consumption, the DHW APF and the heat loss energy of the water

tank.
DHW consumption | DHW APF Heat losses of the water tank
T yonkin +2°C ~0% ~0% ~0%
T seipoint +2°C ~0% -3% 7%
Viank +100L 3% ~0% 89%
Tapping cycle n°2 to n°3 167% 2% -38%
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4. CONCLUSIONS

This study has allowed determining the annual performance factor of a high temperature heat pump for the
production of DHW. For different French climates, a mean value of 2.5 has been found. This value shows the
significant benefit of high temperature heat pump to produce DHW. Nevertheless, the real benefit of high
temperature heat pump is to produce not only domestic hot water but also heating with the same device.
Subsequently, the model used for the water tank should be improved by considering the stratification.
Furthermore, it would be possible to reach higher temperature in the water tank by increasing the size of the
internal heat exchanger.

NOMENCLATURE

A Area (mz)
c Specific heat d .K’l.kg’l)
Cp Specific heat at constant pressure (JK'kegh
D Diameter (m)
h Convection heat transfer coefficient (W.m2K")
H Height (m)
L Length (m)
m Mass kg)
m Mass flow rate (kg/s)
0 Energy (J) or (kWh)
0 Heat transfer rate (W)
t Time (s)
T Temperature °C)
U Overall heat transfer coefficient (W.m2K")
1% Volume (m’)
o Thickness (m)
A Thermal conductivity (W.m" K ')
u Viscosity (kg/m.s)
P Mass density (kg/m’)
Nu Nusselt number
Pr Prandtl number
Ra Rayleigh number
Re Reynolds number
APF Annual performance factor
Cop Coefficient of performance
DHW Domestic hot water
IHEX Internal heat exchanger
int Internal
ext External
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