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ABSTRACT

This article presents the concepts of an air-soHezz# Pump for Simultaneous heating and coolingSHP
designed for hotels and smaller residential, comiakand office buildings in which simultaneous dgén
heating and cooling are frequent. The main advantdghe HPS is to carry out simultaneously spaading
and space cooling with the same energy input. Antldie is used as a balancing source to run argeati a
cooling mode. The second advantage is that, duvinter, energy recovered by the subcooling of #fagerant
is stored at first in a water tank and used subeetiyuas a cold source at the water evaporatanpoave the
average performance and to carry out defrostirthehir evaporator using a two-phase thermosiptatike
conventional air-source heat pumps, defrostingisied out without stopping the heat productiorR407C
HPS prototype was built and tested. Its performamcdefined operating conditions corresponds taltta
given by the selection software of the compressamufacturer. The operation of the high pressurérobn
system, the transitions between heating, coolinhsimultaneous modes and the defrosting sequenee we

validated experimentally and are presented in¢lcersd part of this article [1].
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NOMENCLATURE
AHX air heat exchanger
C-mode cooling mode

H-mode heating mode



HP high pressure (Pa)

HPS heat pump for simultaneous heating and cooling
LP low pressure (Pa)

Q heating or cooling capacity (W)

r ratio (-)

S-mode simultaneous mode

T temperature (°C)
Subscripts:

aEv air evaporator

c cooling

CD condensation

d demand

EV evaporation

exp experimental

h heating

mod modelled

p production

WEvV water evaporator

1 Context and objectives

Energy efficiency of buildings is continuously inoping thanks to more and more stringent thermalledpns.
Besides, comfort requirements demand more and emerRyy. The demand for cooling is rising to compéans
internal heat gains caused by more and more holdseleztrical equipment whilst domestic hot wateHWV)
demands continue to increase. A better thermallepgemplies less energy for heating and more émliag.
Therefore thermal needs of new buildings followtitgad of more balanced energy demands betweembpeat
and cooling. ECBCS Annex 48 of the Internationatgry Agency deals with this issue [2]. An answeato
simultaneous energy demand in heating and codditigei heat pump, since it has simultaneously arfipat
capacity at the condenser and a cooling capacttyeatvaporator.

This study presents the design of a heat pumpcHrasatisfy fluctuating needs, simultaneous orindteating
and cooling. This heat pump with heat recoveryaisied HPS (Heat Pump for Simultaneous heating and

cooling). It is suited to buildings such as hoteleere DHW demands are high, small commercial uitis



groceries and petrol stations or glass-frontedmsouth oriented office buildings where simultareaaeds in
space heating and cooling are frequent.

The first objective of the HPS is to produce, @emfs possible, heating and cooling energies ukigame
electric energy input at the compressor. Chua. ¢§8hévocate a significant reduction in carbontfat using
improved heat pumps for heating and cooling. Mautyars work on such systems for simultaneous priaiuc
in various applications. For example, Liu and H¢flgcompare ground source heat pumps to variable
refrigerant flow systems, both able to provide lmepénd cooling energies to four perimeter zonesare core
zone of a simulated small office building. Whiteaét[5] expose the advantageous performance m@fnasdritical
CO, heat pump for simultaneous refrigeration and wagating. Gong et al. [6] present an air-conditigfieat-
pump system recovering heat for domestic hot wareauction. All these heat pumps demand more relear
and development but consume less energy than cbonahsystems.

The second objective is to propose an answer taceethe performance loss of air-source heat pumpsgl
winter. This aspect depends on the dynamic behawibthe HPS which is dealt with in part 2 of thidicle [1].
A HPS prototype was built and tested. The aim effitst part of the study is to verify that the feemance in

each mode of operation (heating, cooling and semelbus modes) is correct.

2 HPS concepts

2.1 Components

The HPS prototype (Fig. 1) produces hot and chilater using plate heat exchangers. A balancingadlir
works either as a condenser for heat rejectiondocding mode or as an evaporator for heat suéti@gnheating
mode. The air evaporator and the air condensarearer used at the same time. These functions tee b
assembled in the same three-fluid air coil (aghhpressure refrigerant and low pressure refriggfamrder to
decrease the finned surface area compared to sepairaondenser and evaporator. When the tubtseddir
evaporator are used the surface of the fins neatuttes of the air condenser are also used andeisa. A
subcooler is connected to the cold water loop toyaaut a short-time heat storage during winteuseges.
Depending on the mode of operation, the electropmnents (compressor, fan and electronic valvesddenr)
are managed automatically by a programmable cdetrof manually by the operator. The thermostatic
expansion valves are named TEV1 (connected to étervevaporator) and TEV2 (connected to the air

evaporator). Table 1 shows the general specificatad the components. The chosen refrigerant i“R40



which is widely used in heat pumping technologynMeturn valves named Nrvl and Nrv2 are placetiaat t

outlets of the air and water condensers.

2.2 Operating modes

Three operating modes can be run.

e The simultaneous mode produces hot and cold wafaguhe water condenser and the water evaporator
(electronic valves Evrl and Evr3 are open).

* The heating mode produces hot water using the watatenser, the air evaporator (electronic valwe? E
and Evr3 are open) and also the subcooler to gtersubcooling energy in the cold water tank.

e The cooling mode only produces cold water usingviager evaporator and the air condenser (electronic
valves Evrl and Evr4 are open).

A production ratia, can be defined following Eq. (1) using heating andling capacities. For a simultaneous

production mode this ratio is close to 1.3.

=

P
Q (1)
A demand ratiay can be defined following Eq. (2) using integrabegting and cooling demands.

_ heatingdemand

¢ cooling demand

(2)

Depending on the building’s demand ratiptwo sequences can be run:

» if rg >rp, heating demand is higher than cooling demandséigience starts in the simultaneous mode and
continues in the heating mode when the cooling dehmsatisfied;

« if rq <rp, cooling demand is higher than heating demandséigeience starts in the simultaneous mode and
continues in the cooling mode when the heating dehmmsatisfied.

The variability of operating times in each modeldea the control system to adapt hot and chilletewva

production to heating and cooling demands.

2.3 High pressure control

The high pressure control system is based on thpdeature control of refrigerant in a liquid reaivHigh
pressure is controlled depending on the hot saeroperature. The whole operation is describedarsétond

article on this work concerning the dynamic behawid].



2.4  Comparison between the HPS and a standard reversiblheat pump

The HPS is able to produce simultaneously hot afdl water whereas the standard reversible heat pump
cannot. Over a year, if the simultaneous demateating and cooling is important, using a heat pwritp heat
recovery such as the HPS enables to achieve stibstmergy savings. If not, the reversible heahpwould
be the best techno-economical choice.

The HPS heat exchangers and connexions are sidenpéimized, each of them for a unique applicatfeor.
example, the water evaporator will never be usesl\mater condenser. This is not the case for stdnda
reversible heat pumps: heat exchangers efficierzidgthus overall performance usually decreaseen t
reversed mode [7].

Because the HPS components are dedicated eitbgapmration or condensation, pressures vary incogm
manner during transitions between modes. The Iahgef/the HPS compressor is increased comparéigeto
one of the reversible heat pump subjected to inapbrnechanical strains during switches of the i@ugrvalve.
The operations of the HPS and a standard reversiibte-water heat pump installed in a hotel of#slrooms
situated in Rennes were analyzed in yearly simaratusing Trnsys software [8,9]. Both plants wereigped
with electric auxiliary heaters and produced hepsind cooling energy for space heating, spacerapalid
DHW production. The results showed an annual eteetrergy saving of 19.8%. The annual performance
improvement of the HPS reached 16.6%. These inilega®sults were obtained thanks to the simultaseo
mode of production, to the use of the cold watek t@s a short-time heat storage during winter saecpgefor

performance enhancement and to the two-phase tegrhom defrosting technique.

3 Experimental study

3.1 Experimental setup

A HPS prototype was built and connected to a wditdribution system (Figs. 2 and 3). The watereysis
used to limit the temperature variation of hot anltl water. It is composed of two water tanks,rautation
pump and four fan coil units (FCU) that dissipdte heating or cooling energy produced by the hewatpp The
heating and cooling nominal power of the FCU ipessively 1.85 kW (50°C/40°C) and 1.5 kW (7/12°C).
Temperature and humidity of the air circulatingotigh the AHX are controlled, namely in order toaiivt
frosting conditions at the air coil.

Type K thermocouples were placed on every inletauttet of the refrigeration cycle components on
refrigerant, water and air sides. All thermocoup(ésr example the ones givirfge; gas Taey aNATye, ShOWn in

Fig. 1) were placed in contact with the copper sutved recovered by a lagging tape. The uncertaimtjese



measurements is + 0.5 K. High and low pressurecsert®me from the P299 series of Johnson ConfFblsir
accuracy is + 1%. The sensors were connected ac@uisition unit using a time base of 1 secondtaritle
control computer through which were also manageditfierent electric devices. Electric energy canption

was given by a pulse electric meter. Water mass fides were calculated using water meters.

3.2 Performance verification

The performance of the HPS in terms of instantas€@P was assessed during operations in heatiolingo
and simultaneous modes. The COP is defined byatiee of thermal capacity over electric power inptthe
compressor. In the simultaneous mode, heating aolihg capacities are summed. Refrigerant supearteet
taken into account. Thermal capacities are caledl&ir a O K subcooling. Tables containing the itesaf COP
calculations displayed in Figs 4 to 6 are availablte appendix for each test in the different exd-or each
measurement, these tables also present the condisgevaporating temperature, condensing temperatnd
superheat.

Figs. 4 to 6 show the COPs of the HPS prototydeeating, cooling and simultaneous modes in propoitt
modelled COPs. The modelled COPs are calculated) lse selection software of the compressor maiwrfeic
depending on condensing and evaporating tempesatuseful superheat (in the evaporator) and subwgpol
Minimum suction superheat admitted by the software K. This suction superheat value was takenher
model. The uncertainty of the model is 5%. The ity of sensors and counters produce uncert@ntin the
measurements of thermal capacity and electric poferspectively 3.72% and 0.33%. However, resshtsw
discrepancies up to 15% between experimental arttbieal values for the lower values of COPs. Theelow
values of COPs appear for the higher differencésden the temperatures of hot and cold sources. mbans
that the difference between operating temperatmedshe ambient temperature of the laboratoryghéni. In
spite of the attention paid to setting up the senaad isolating them thermally, the metrology amiyarantee an
uncertainty interval of 15%. Nevertheless, it iffisient to state that the special tubing of thecgit does not
affect the heat pumping performance.

The variation of the composition of the refrigeramkture R407C influences the system performante. T
presence of a liquid receiver can cause a moreriapomodification of the refrigerant compositiamdaan

increased COP reduction [10]. Figs. 4 to 6 showttiia effect is not significant for the HPS.

4  Conclusions

This article presents the design of an air-sousz# hump for simultaneous heating and cooling (HR&)

offers improved performance compared to standarerséble heat pumps. Apart from producing simultarsty



hot and cold water, the configuration enables tidckwfrom the air evaporator to a water evapordtoing
winter sequences. This machine proposes an answedtice the performance loss of air-to-water paatps
under low ambient temperatures by the use of ojpgraequences alternating between an air evapaatba
water evaporator. Moreover, while standard air-seueversible heat pumps are penalized by defgpéitireak
in the heat production, decrease in COP), the HPSes out defrosting using a two-phase thermosiphith
increased heat pump performance. Thanks to théaspeanagement of produced energies, simulatioos/sti
an annual performance increase of 16.6% when cangptire HPS to a standard reversible heat pump [9].
The HPS performance was verified in the three djpgranodes: heating only, cooling only and simuttains
heating and cooling, by comparison with the sebectioftware of the compressor manufacturer.

In part 2 of this article [1], the phenomenologytleé HPS operation is studied on a dynamic poiniexf. The
concepts of high pressure control, transitions betwmodes and the two-phase thermosiphon defrosting

technique are analysed and validated experimentally
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Fig. 3. Photograph of the experimental setup
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Component Specificatior

Compress( Swept volume: 14.5 m¢
Brand: Copeland Nominal cooling capacity
Type: Scroll (Tey=0°C / Teq = 40°C):

Ref: ZB38KCE-TFD

11.5 kW

Water heat exchang:
- condenser
- evaporator
- subcooler

Type: plate heat exchan:
50 plates, 2.45 m?

34 plates, 0.8 m?

14 plates, 0.16 m?

Air heat exchang

Type: finned tubes, 68 |
6 rows of 30 tubes
(=750 mm, @ =10 mm)

Working fluid

R407C

Table 1. Specifications of HPS components




Appendix: Results of experimental and modelled CORcalculations for performance

verification

superheat Tev (°C) Teo (°C)

Test cC) (dewpoint) (dewpointy ~ COr e COPmog
28 05 36.7 487 5.0
2.1 14 36.8 478 476
47 12 37.1 4.68 476
47 16 37.8 458 4.60
2.1 17 38.3 4.48 452
35 13 39.0 453 450
15 2.0 30.8 4.43 431
2.6 15 413 418 420
23 14 414 430 421
11 2.0 43.0 4.04 3.95
31 12 432 4.06 4.02
15 17 43.9 415 3.89

H-mode n°1 13 16 44.3 3.94 3.85
2.2 14 45.1 3.92 3.81
1.0 1.8 46.6 3.74 3.60
2.0 14 47.1 3.80 3.59
13 13 47.9 378 353
1.0 17 49.3 3.55 3.36
2.3 14 49.8 3.58 3.34
2.7 12 50.5 351 3.30
15 13 51.1 3.45 3.24
1.9 12 51.8 3.44 3.19
0.9 17 52.9 3.28 3.05
17 12 535 3.32 3.04
14 12 55.2 3.10 291
2.0 16 200 4.88 4.82
11 2.1 40.0 4.47 4.26
12 43 40.0 4.24 3.97
13 5.7 40.0 4.03 3.78
15 6.9 40.0 3.87 3.64
14 78 40.0 3.84 353
1.2 87 40.0 373 3.42
16 -10.0 40.0 3.63 3.28
11 -106 40.0 3.60 3.22

Hmode 2 0.6 113 40.0 351 3.14
0.3 114 45.0 3.02 2.78
0.7 121 45.0 3.07 2.73
16 -10.9 45.0 311 2.83
2.6 76 45.0 3.41 3.13
47 46 45.0 3.62 3.44
5.4 25 45.0 3.81 3.68
44 17 45.0 3.97 377
3.7 12 45.0 4.06 3.84
48 05 45.0 415 3.92
47 0.2 45.0 4.01 4.02
75 48 306 6.62 6.79
10.1 5.0 416 4.96 5.14
9.4 47 423 4.90 4.99
8.0 5.0 434 472 4.90

H-mode n°3 7.5 4.4 43.8 4.62 4.74
8.0 48 45.6 4.44 457
8.1 4.9 46.3 4.67 450
9.8 5.4 48.0 4.43 435
10.1 5.5 49.6 4.26 4.18

16
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superheat Tev (°C) Tep (°C)

Test ©C) (dewpoint) (dewpoint)  _Or e COProg
78 18 247 6.70 713
8.1 17 26.4 6.53 6.84
85 2.0 2756 6.32 6.72
8.2 2.2 27.9 6.47 6.70
8.0 17 28.7 6.29 6.47
8.3 2.2 29.6 6.15 6.43
7.4 1.9 30.3 6.16 6.27
7.7 18 31.4 5.73 6.08
7.9 2.0 32.0 5.79 6.02
7.1 16 32.9 5.48 5.80
73 17 33.8 552 5.70
6.6 1.9 34.6 557 5.62
6.7 19 35.3 5.43 5.52
72 2.0 36.0 5.35 5.44
5.3 16 36.9 5.24 5.23
5.6 1.9 37.8 5.08 5.15
57 2.0 385 5.18 5.09

H-mode n°4 6.5 2.0 39.3 5.05 4.98
6.3 2.2 40.0 4.92 4.91
45 16 40.8 4.87 471
4.8 1.9 41.6 4.67 4.65
52 2.0 42.3 472 4.59
5.8 18 43.2 452 4.44
6.5 2.3 44.9 421 4.30
4.7 1.9 45.0 4.40 4.23
5.2 2.0 46.1 4.29 4.13
4.6 1.9 46.7 4.33 4.04
53 2.1 47.6 417 3.97
55 2.0 49.2 4.07 3.77
53 1.9 49.6 3.96 3.73
4.4 2.4 50.4 4.09 3.70
4.0 1.9 50.8 3.93 3.61
55 2.3 52.9 3.70 3.44
4.8 2.4 53.7 3.80 3.37
5.2 2.2 54.6 3.58 3.26
25 51 34.9 571 6.17
17 3.4 34.9 5.86 5.85
35 2.2 34.9 553 5.63
2.0 0.2 34.9 5.40 5.28
2.4 -1.3 34.9 5.14 5.03
33 2.9 34.9 4.86 4.76
2.0 -4.8 34.9 4.64 4.46
2.0 5.9 34.9 458 4.29
18 -8.0 34.9 4.39 4.00
16 -9.2 34.9 4.29 3.83
15 -10.4 34.9 413 3.67

H-mode n°5 15 112 34.9 3.98 3.57
12 -12.4 50.2 2.58 2.40
2.4 107 50.2 2.70 251
2.4 -9.0 50.2 2.94 2.63
2.1 7.9 50.2 3.05 2.72
38 4.4 50.2 3.27 3.02
2.6 2.5 50.2 3.54 3.20
4.0 1.7 50.2 352 3.28
5.4 0.0 50.2 3.57 3.45
4.6 11 50.2 3.79 3.57
3.0 15 55.0 3.47 3.16
2.4 2.0 55.0 3.56 3.21
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superheat

Tev (°C)

Teo (°C)

Test cC) (dewpoint) (dewpointy O COPmog

23 91 243 715 241

38 7.8 47.9 3.79 371

38 71 491 3.44 3.45

38 6.5 51.1 3.22 313

32 6.4 52.7 3.02 2.93

3.9 5.4 53.1 2.92 2.78

36 48 54.3 2.80 258

38 43 55.4 2.60 2.43

3.9 4.0 56.3 252 2.32

40 36 57.5 235 217

42 31 58.1 2.29 2.08
C-mode n°1 42 26 58.3 2.29 2.02
42 24 58.7 217 1.97

4.0 2.1 58.8 2.12 1.94

49 1.9 59.7 2.08 1.86

42 17 59.8 2.03 1.83

41 13 60.1 2.03 1.78

41 0.9 59.7 2.00 1.78

41 06 60.0 1.88 1.73

43 0.1 59.4 1.91 1.74

43 -0.2 60.1 1.88 1.67

41 0.4 59.7 1.81 1.68

43 .08 59.9 1.79 163

16 25 44.7 3.56 334

26 1.0 45.4 3.40 3.07

3.0 06 45.8 3.25 2.98

. 27 0.2 46.0 3.24 2.85
C-mode n"2 238 0.7 46.1 3.16 278
3.0 1.0 47.0 3.03 2.66

3.0 14 46.8 2.97 263

2.9 17 46.8 3.00 2.60
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superheat

Tev (°C)

Teo (°C)

Test ¢C) (dewpoint) (dewpointy O COPmog
30 09 314 1063 10.88
3.7 0.3 313 10.77 10.66

Smode n°l 5.6 0.0 32.8 10.13 10.12
5.2 0.8 317 9.91 10.14
5.9 12 315 9.84 10.07
45 17 315 9.91 9.88
3.9 6.7 411 10.20 10.00
3.0 5.7 413 9.99 9.61
43 5.4 414 9.41 9.48
35 45 42.3 9.29 8.91
43 3.9 44.2 8.65 8.21
44 3.3 455 8.31 7.73
48 2.9 47.3 7.75 7.22

Smode n°2 46 25 47.8 7.63 6.99
47 2.0 49.4 7.21 6.54
46 16 49.9 6.91 6.34
49 1.2 50.2 6.80 6.17
46 0.8 51.4 6.47 5.86
4.9 0.5 53.4 6.07 5.44
49 0.1 53.8 5.91 5.29
43 03 55.3 5.74 4.97
47 05 55.8 5.61 4.86
35 59 415 9.77 9.61
7.1 3.8 415 8.81 8.91
3.4 6.0 431 9.59 9.19
5.1 2.8 431 8.81 8.18
3.0 35 435 9.0 8.30
43 2.7 45.1 8.32 7.67
5.0 2.6 45.4 8.00 7.58
5.3 2.2 47.0 7.57 7.07

S-mode n°3 5.1 1.7 47.3 7.51 6.90
4.9 13 48.3 7.18 6.58
5.1 0.9 49.2 6.96 6.32
5.0 0.4 50.6 6.52 5.93
5.0 0.1 515 6.32 5.70
5.1 0.2 52.0 6.21 5.55
5.1 06 53.4 5.93 5.22
5.0 -0.9 54.6 5.74 4.99
5.5 12 55.3 5.48 4.82
2.8 6.6 49.9 750 755
15 45 49.4 7.86 7.14
2.2 2.7 50.3 7.27 6.50
3.9 2.3 49.9 7.20 6.48
44 1.9 50.0 7.04 6.39
35 1.7 50.2 7.06 6.28
3.7 1.4 50.5 6.78 6.15
3.9 11 50.8 6.75 6.04

S-mode n°4 40 0.8 51.8 6.44 5.79
42 0.6 51.7 6.45 5.78
48 0.3 52.4 6.27 5.58
3.8 0.1 53.1 6.19 5.42
43 0.1 52.9 6.22 5.45
3.7 0.2 53.0 6.11 5.37
3.3 04 52.8 6.20 5.37
35 05 53.9 5.98 5.17
3.7 0.7 54.0 5.90 5.12
12 40 %55 10.95 10.73
2.3 2.0 355 10.43 10.04
2.6 18 355 10.24 9.95

Smode 3.7 11 355 9.99 9.70
3.7 0.3 355 9.77 9.43
3.6 03 355 9.69 9.24
3.9 07 355 9.47 9.09
3.7 13 35.5 9.34 8.91




