News aus der Warmepumpenforschung
15. Warmepumpentagung vom 24. Juni 2009
BFE-Forschungsprogramm «Warmepumpen, Warme-K@bplung, Kalte»

Performance analysis of a solar heating system coupled
to a heat pump for building renovation purposes

Jacques Bony, Stéphane Citherlet
Laboratory of Solar Energetics and Building PhysitESBAT (HEIG-VD)
Avenue des Sports 20, CH-1401 Yverdon-les-Bainstzewand

Abstract

The aim of this study is to analyse the energyesahomic performances of different
types of facilities coupling a ground/water heampuwith an air-heater equipped
with solar thermal collectors. Different parametsugh as the annual coefficient of
performance or the power consumption were compbeteen various conditions.
The optimization of the control and energy storages investigated to reduce the
triggering time of the air-heater.

This study was performed by dynamic simulation gsifRNSYS. In the time

allocated to this project, the icing of the airdeeaas well as the defrost cycles could
not be studied as no numerical model takes intoowadc this phenomenon.

At current energy prices, the most economical gwiut the heat pump without solar
thermal collectors. However, from the energy pamtview, the overall annual

coefficient of performance of the system could Ibgproved by 15% to 36%

depending on the climate.

Introduction

Nowadays, solar installations are normally couplatth heat pumps (HP) through a
hot water storage tank for space heating or domesti water (DHW) applications.
The solar part of the installation occurs on thedamser side of the HP. Another
possibility is to use solar energy on the evaporside. While some studies present
the solar collectors integrated into the evaporatoouit [1, 3], other studies have
been performed with traditional thermal solar adlbes connected in series with
vertical borehole heat exchanger (VBHXx) to rechdahgeheat [4]. On the other hand,
it seems that the coupling of solar thermal collestwith an air-heater for a
brine/water HP is not currently subject of any stigation. This type of facility
could be used within the context of replacing a@asil boiler by a HP. Indeed, it is
not always technically or financially possible tmpose a ground source heat pump.

The purpose of this study is to explore the po&nise of solar collectors coupled to
a brine/water heat pump without geothermal proh#snith an air-heater. The solar
collectors are used to limit the defrost cycles amciease the evaporator inlet
temperature, thereby improving the annual coeffice performance (COPa).

Type of facilities studied

Different types of installations have been investiggl either by using the solar energy
on the evaporator side or a combination with a eatienal system using a DHW
storage tank. Table 1 shows the system schemati¢chef different facilities
considered.

For cases S1 to S3, three different types of cmliscwere used: unglazed (NV),
glazed flat-plate (V) and evacuated tube (TSV).



CaseS0

No solar collector: only the air-heatemf

provides energy to the HP.
* Serves as reference to estimate the
benefits of using solar collectors.
4@—/
CaseS1l-air BN
Air solar collectors: directly connected to| ™"
the inlet of the air-heater ‘@ @%
* simple design
* less investment
* simple control N
CaseS1
Solar collectors in series with the air-
heater

* simple design
* less investment
* simple control

CaseS2

» Energy management - Solar collectors
used either for the HP or for DHW:
* optimal use of solar collectors

* increased complex control

CaseS2bis

Energy management — direct use of solar
collectors for DHW (in summer) without
going through the HP:

Equivalent to SO case but with an added
solar system for DHW.

CaseS3
Energy storage at low temperature (15-
25 [° C]) for the primary circuit:
* increased performance
* higher costs

Table 1: Schematic diagram of the different cases studied




Simulation Parameters
For this study, TRNSYS version 16 was used. Thisasoe is commonly used to
simulate space heating and air conditioning ireti@ihs in buildings.

Reference Climates
Three representative types of climates have bdentsd for Switzerland. They allow
simulating the behaviour of facilities for the Ssviplateau, Ticino canton and
mountains:

* Berne

* Lugano

* Chéateau-d’'Oex

Weather data comes from METEONORM.

Reference Building
Two types of buildings have been selected to sitaulae performance of technical
systems with different heating requirements. Threy a

* Individual house

* Administrative building

Internal or external heat gains and heat lossetaliem into account by the building
model.

Simple family house

The architecture of the simple family house is ta=h to that used during Task 32 of
IEA Solar Heating and Cooling program [6]. The @yereference area @\is 140
m2, The windows surface, represents 25% of thehsside, 10% of the east and west
facade and 6% of the northern front wall. Tableuthsharizes the main elements of
the building envelope.

Element U Vazlue
[W/m“.K]
Outer wall 0.49
Floor 0.56
Roof 0.38
Window with frame 2.70

Table 2. Summary of the U coefficients for a simple famiyde

The heating demand is 14'300, 10'900 and 18'90th[K&Y Bern, Lugano and
Chateau d'Oex, respectively.

Administrative building

The walls are made of rubble masonry with a thisknef 60 cm. The average U-
value is 1.3 [W/rfK]. The windows have double glazing insulation (&lue = 1.4
W/m?K). Internal heat gains are estimated at 20 [¥Yf&]. Table 3 summarizes the
main elements of the building envelope.



Element U Vazlue
[W/m“.K]
Outer wall 1.3
Floor 1.1
Roof 1.1
Window with frame 1.4t03

Table 1: Summary of the U coefficients for an administrabuéding

The Ae is 911 nf with a heating demand of 119'600, 162'300 and087[kRWh] for
Bern, Lugano and Chateau d'Oex, respectively.

Profile of domestic hot water needs

The time schedule of hot water drawoff and the amhai DHW during a day are
taken from [9] for the simple family house, 200d#& per day. For the administrative
building, the standard SIA 380 /1 defines a qugrdit355 litres per day. The flow
rate is equal to 600 litres per hour at each drawdfe inlet temperature of the cold
water is 12 [°C] and the mixed temperature is 80).[Thus, the daily energy is 8.8
[kWh] and 15.7 [kWh] for the simple family housedathe administrative building,
respectively.

General parameters of the simulated facilities

Figure 1 shows the main components of the faalisaudied. Table 4 and Table 5
specify the parameter values used in the simuldtorthe simple family house and
administrative building.
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Figure 1 : Diagram of the simulated installation



Case Solar Solar Storage  of the| Storage | Heating Pumps
studies - primary circuit of storage [14]
collectors | piping
system DHW
Slair - - 300 [litre]
S1 L =2 x 15|- 300 [litre]
m .
S2 10 & 20 (] - 600 [litre]| 200 [litre] 50 [W]
. m @ = 25 [mm] .
S2bis - 600 [litre]
u = 27
S3 [W/m2.K] 500 [litre] 300 [litre]

Table 2 : Parameters used in the simulation of a simple faimiuse

Case Solar Solar Storage of the| Storage Pumps
studies - primary circuit of .
collectors| piping Heating
system DHW storage [14]
Slair - - 300 [litre]
S1 L =2 x 40|- 300 [litre]
m .
s s0e | ] 1200 | 2000 flitre] | 200
, |9 =52[mm] [litre] W]
100 m
. U = 11 1'200
S2bis Wim?K] | lltre]
S3 5'000 [litre] 300 [litre]

Table 3 : Parameters used in simulation for the administtwuilding

For cases S2 and S2bis, the storage volume of D$lWore important than for the
other cases. In fact, for all others there is arsstiorage tank inside the DHW tank.



Heat Pump (HP)

The performance of heat pumps is provided by theZWm®Warmepumpen-
Testzentrum) with operating temperatures rangiognfr5 to 5 [°C] for the primary
circuit (evaporator) and 35-50 [°C] for the condemaircuit [10] (secondary circuit).
In reality, there is an important temperature range cover these values, a linear
extrapolation of the COP was performed at tempegattanging from -20 to 30 [°C]
and +20 to +80 [°C] for the primary and the secondarcuits, respectively. This
linear extrapolation is firstly performed for W3BcaW50 temperatures from B-20 to
B30. This is followed by another linear extrapaatfor temperatures B-20 B-10, BO,
B15, B30 W20 to W80. Figure 2 shows the differamtves of the COP for a HP. The
solid lines represent the measurements performéd/B¥. The dash lines represent
the values extrapolated. It should be noticed tfwat temperature W80, the
extrapolated COP was below 1. Being an unrealistlae, the COP was reset to 1.
However, the goal of this project is to compareesalvsystems with one type of HP
and not to compare heat pumps between themselves.
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Figure 2 : Interpolated COP for different operating temperasifor a HP
COP20 = W20; CPO80 = W80

Air-heater
Modelling of the air-heater was made in TRNSYS gsarheat exchanger with a heat
exchange coefficient in W/K [11]. In this studygethklefrost cycles of the air-heater
have not been modelled. Indeed, there is no madéelRNSYS to simulate the
complex phenomenon of icing which depends on thmpésature and humidity of air.
This simplification leads to a higher COP as coragao real values as the defrost
cycles generates an additional consumption of gnerg

Solar collectors
We took into account four different types of cotlas:

e air ©0=0,8;al=16,7;a2=0)[13]
» flat-plate glazed (n° SPF C303)

* unglazed (n° SPF C420)

e evacuated tubes (n° SPF C815)



Definition of the annual coefficient of performanceCOPa

It is possible to define different annual coeffitie of performance:

* COPaup (annual coefficient of performance of the HHhis coefficient is
calculated only with the energy supplied by the dmrser divided by the
electrical energy required by the compressor.

CO Pa,HP - WQcondenser (1)

electcompressor

*  COPgacioba (overall annual coefficient of performancdhe calculation of this
coefficient is achieved by dividing the heat reqdi{fQDHW + Qheating ) by the
total electricity consumption of the HP, the aiatex and individual circulators,
except from the heating loop which is anyway neagss a boiler installation.

QDHW + QHeating

COPR = 2
ioba electcompressor+Welectair—heater +We|ect, pumps ( )

With:
Q condenser = thermal energy supplied by the HP for heating BHW
Qheating = thermal energy for heating
QoHw = Thermal energy for the DHW (tank losses incti)Jde
Welect, compressor = electrical energy supplied to the compressahieyHP
Whelect, air-heater = electrical energy supplied to the air-heater
Welect, pumps = electrical energy supplied to pumps

Only the COP4 ciobal IS representative of the performance of the facdis a whole.
Its definition allows a comparison between différeystems and it is directly related
to the total consumption of electricity.

Energy analysis
Figures 3 shows the results of COPa for the sifgotely house and Bern’s climate
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Figure 3: COP for climate of Bern and the simple family how#é 10 and 20 m2 of
flat plate collectors (V)

It can be seen that the gain for CQBas small, except for case S3 which has a
buffer storage tank on the primary circuit. Withdhe buffer storage, the solar
collectors are less used because in case of sueather the heating demand is small.
COP,ciobal Shows that the solar collectors facilities usintasdirectly for domestic
hot water can reach a significant gain. For thesottlimates, similar results are
obtained. For the administrative building, givea #mall energy demand for DHW in
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comparison with that for space heating, cases $2Si#bis are less interesting to
evaluate.

Comparison by collector type

The comparison was made for the three types oéctolfs considered earlier. This
analysis was performed for cases S2 and S3, bethesar collectors (Slair) and
case S1 do not seem to have an attractive gain a@chgo the reference case SO.
Figure 4 shows the COP for Bern and the simplelfahduse.In the legend, "10 f
V" means 10 rhof flat plate collectors.
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Case S2 (direct sunlight) Case S3 (primary circuit storage)

Figure4 : COP for climate of Bern and the simple family howite 10 and 20 fof
flat plate collectors (V)

Despite three climates and two types of buildirigs, differences between the types
of collectors are similar and of the same ordemafgnitude. The evacuated tube
collector is slightly less efficient than flat-ptatcollectors (glazed or unglazed).
Indeed, flat-plate collectors perform well for lowemperatures such as those
encountered in this study.

Combining cases S2 et S3
Cases S2 + S3 allows operating directly with tHarsmllectors in the summer and in
winter to have an energy storage on the primagudifFigure 5).
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Figure5: Schematic diagram for S2 + S3 variant




For collector areas between 10 and 2§ simulations have shown performances
between those of S2 and S3 cases with a smalfgai® nf. In fact this surface area
is not enough to provide power to the primary diratiorage and DHW tank. For
small collector areas (10-20 m2), the overconsumnptif the air-heater penalises S2
+ S3 in comparison to S2. For larger collector ssre@ducing the number of
operational hours of the air-heater leads to adni@i®P, cional than for case S2.
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Figure 6 : Overall evolution of the COP based on the collestsurface for different
cases (climate: Bern)

Economics

In this section, cases Slair and S1 were not tadkterconsideration as they appear to
offer a small energy potential. Cases S0, S2, $S8S#h+ S3 were considered. For
case S3, although not very efficient, it seemsfter some potential for optimization.
These facilities are also compared with an oil &zen

Costs are relative to the price lists of differsappliers [19, 22]. Since the purpose of
this study is to compare different facilities f@enovation purposes, it does not include
capital gains due to manufacture of the chimneg;fthe fuel tank and the additional
volume required for the tank and machine room. Mwoee, we do not take into
account the cost associated with the common pdriall dacilities (e.g. heating
circuit). In contrast, the operation costs (constiomp and maintenance) and
installation costs of solar collectors are accodifite.

It should be noted that the price of oil at thediof the study (122 CHF/100 litres -
value in May 2008) had a strong influence on thauah cost, accounting for
approximately two thirds of the total annual c&u. for the heat pump without solar
collectors (case S0) the price related to the fodaver consumption is equivalent to
one third. It was taken into consideration a lifsspf 15 years with a fixed interest
rate of 4.87% (UBS in July 2008).

Figure 7 shows the evolution of the annual coseddmg on the case used and the
collector surface. The flat plate collectors amefull line while the unglazed are
dashed. From the point of view of cost case Sthésrhost advantageous. In this
figure, the annual cost is calculated by addingdaheual fees related to the initial
investment, maintenance and energy consumption.

Annual cost = annual fee + maintenance + energguwoption
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Figure 7: Evolution of the annual cost as a function of thlkector’s area for
different cases for the simple family house, clenBern. V = flat plate; NV =
unglazed

In this figure, incentive funds were not taken iatount, whether related to solar or
HP (Geneva). In fact, these vary from one cantomrtother, so it is difficult to
establish a comparison for each case. Energy \lageplate collectors are slightly
more efficient than unglazed ones. On the othedh#éme lower cost of the latter
leads to a more interesting annual cost than ttepfate collectors and the vacuum
tubes.

It is possible to financially analyse the price p&Wh “useful” to compare the
different case studies. The kWh "useful" is defimadthe heating demand added to
that for DHW. Tables 6 and 7 show an example of the price [dén Kuseful” for
case SO (HP without solar system) and case S2 dedoally more efficient with a
collector area of 10 firfor different climates.

Demande Colt Prix du
Chauffage ECS annuel kWh "utile"
[kWh] [kWh] [CHF] [CHF]
Berne - Maison individuelle 14'300 3'250 2'390 0.136
Lugano - Maison individuelle 10'900 3'250 2'200 0.155
Chateau-d'Oex - Maison individuelle 18'900 3'250 2'680 0.121

Table 4 : Cost per kWh "useful” for the SO case (single famiuse)

Demande Colt Prix du
Chauffage ECS annuel kwWh "utile"
[kWh] [kWh] [CHF] [CHF]
Berne - Maison individuelle 14'300 3'250 3'130 0.178
Lugano - Maison individuelle 10'900 3'250 2'940 0.208
Chateau-d'Oex - Maison individuelle 18'900 3'250 3'400 0.153

Table5: Cost per kWh "useful” for case S2 with 10m2 of ameydl solar collectors
(single family house)
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Conclusion
In this study, the performances of a standard pestp were compared with those of
a HP coupled with different types of solar there@lectors

It appears from this study that the coupling ofisstallation type S2 with 20 frof
solar thermal collectors improves overall perforgcemompared to traditional HP
(S0) by 15% for Chateau d'Oex’s climate and 36% Lfogano’s climate (COPa
global).

However, these results must be used with cautfdhgiinvestment cost of the solar
system is to be taken into account. Indeed, thenvHilfout solar thermal system (S0)
is financially the most profitable as the cost g#&h is the smallest. For example,
with a HP (SO0) for a simple family house in Bettme kWh capacity is less than 7
cents / kWh compared to case S2 with 1®ahsolar thermal unglazed collectors
(Tables 6 and 7).

It should also be remembered that in this studg,dffect of the frosting/defrosting
cycles was not included in the simulation becausset is currently no model
available. Therefore, it is difficult to provide adequate comparison between all
cases. However, the additional consumption of e&#gt by the defrost cycle
represents about 10 % of the total consumptioh@HP.

Finally, it must be remembered that these resvét®aly the outcome of simulations
without any experimental measurements.

11



References

[1]

[2]
[3]

[4]

[5]

[6]
[7]
[8]
[9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

[18]
[19]
[20]
[21]
[22]

12

O. Kara, K. Ulgen, A. Hepbasli : Exergetic assesgn@é direct-expansion
solar-assisted heat pump systems: Review and ngleRenewable and
Sustainable Energy Reviews,12 (2008), p. 1383-1401.

Huang, J. P. Lee et alHeat pipe enhanced solar assisted heat pump water
Solar energy, 78 (2005), p. 375-381.

Anderson, T. N and G. L. MorrisonEffect of load pattern on solar-boosted
heat pump water heater performan&mlar Energy, 81(2007), p. 1386-1395.

V. Trillat-Berdal, B. Souyri, G. AchardCoupling of geothermal heat pumps
with thermal solar collectorsApplied Thermal Engineering, 27 (2007), p.
1750-1755.

S Citherlet, J. Bony, B. Nguyen : Analyse des penfinces du couplage d'une
pompe a chaleur avec une installation solaire thligrenpour la rénovation,
Rapport final OFEN, 2008.

R. Heimrath M. Haller The Reference Heating System, the Template Solar
Systemreport of IEA SHC task 32, (2007).

R. Payot :Projet de rénovation de la Maison des Associatidravail de
diplome HEIG-VD (2007).

C. Brunner, N. Herzog Conditionnement des locaux : études de, cas
Programme RAVEL.

U. Frei, P. Vogelsanger, D Hombergddomestic hot water systems: testing,
development, trengd&urosun (2000).

Bulletin du WPZ, édition 02-2007.
TRNSYS, manuel de référence, University of Wisconsi
http://www.solarenergy.ch/

Sgren Pstergaard Jensen, M. Bosar@annectable solar air collectorSolar
Energy Centre Denmark, Danish Technological Insjt(février 2002).

Pompe a chaleur, Planification, construction etl@tgiion des installations
de pompes a chaleur électriques, RAVEL (cahier3).

L'énergie thermique dans le batiment, norme SIAB30

W. Streicher et al. Simulation models of PCM storage uniBeport C5 of
Subtask C from IEA SHC Task32, (2007).

S. Citherlet, J. Bony, System Simulation ReportlGff. Subtask C from IEA
SHC Task32, (2007).

J. Bony, S. Citherlet, Rapport Power-PCM, OFENO&0
Catalogue AGENA, Moudon (2007).

Catalogue Guntner, Allemagne (2007).

Offre Viessmann, Chavornay (2008).

Offre Kapag, Zumikon (2008).



Annex
Trnsys deck diagram about S3 case

Légende :
- ‘U’ pour Unit dans le deck
-“T" pour Type de TRNSYS System_ctrl
-'9,1” > 9 = Unit dans le deck et 1 = Sortie n°1
ctrl_fan_aero = ctrl_pump_stk*[80,1]
pump_stk_on = or([81,1],[80,1))
pump_stk_off = and([83,11,182,1])
ctrl_pump_stk = and(pump_stk_on,not(pump_stk_off))
Ctri_ch = [85,1]*ne([10,11,0)
; ; Ctrl_pac = or(Ctrl_ch,[84,1])
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Ph_kJh = ([10,11+([86,1]"0.1°[10,1]))*3600




