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Abstract

PV and heat pump system with a seasonal storagedlesisproposed and investigated. Specific compsree
been developed (ground-air source heat pump witlale speed compressor and desuperheater, combined
storage tank with a division plate, low cost seassitorage), built and installed in experimentahifst house.
System simulations have shown a potential to aehéevery low need for external electricity from téd and

to reach strict requirements for nearly zero endmgjiding. The long-term monitoring of the systeaststarted

in October 2017 and results representing the syitantionality are presented.
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1. Introduction

European Directive on Energy Performance of Bu@dif2010) has brought a clear vision and an oppibytto
transform the building stock to nearly zero endogildings (NZEB). There is a number of measurestoease
the energy performance of modern buildings todgpac® heating demand could be minimized to limits of
technical and economical possibilities in case afgve houses (envelope insulation, triple glaziegtilation
with heat recovery, etc.). Domestic hot water gysteould use energy saving showers, insulatiorobfMater
piping, time and temperature control of hot watssutation run, etc. Further savings can be exmkai¢h use of
heat recovery from the waste water. Electricity dathhas been continuously reduced with an intréolucif
appliances with energy class A and better and impigation of modern daylighting principles togethgth
proper control of LED artificial lighting.

Logical step ahead to decrease the energy demalndildings is an application of renewable energyrses.

Heat pumps use the renewable energy from ambieditoement, however they also need grid electrieity
valorize the renewable heat to useful temperatwel ffor space heating and hot water preparatiomweyer, the
grid electricity in Europe in general has high mgimenergy conversion factors (Molenbroek, 201Petelent
on the share of renewables in the grid in eachteguhhe grid electricity in Czech Republic origiaa from non-
renewable fuels (brown coal and nuclear power pjamthich disqualifies the use of electricity in tieg

applications within the frame of building certiftaan (primary energy factdPEF = 3.0).

To improve the balance, combination of the PV systand heat pumps represents a trend to nearlyerergy
buildings with minimized non-renewable energy dechduropean Commission has recommended for oceanic
climate area (also Czech Republic) specific valnleson-renewable energy demand at level 30 kV§la/rim
annual energy balance (European Commission, 2@d&xpite the fact that calculation of the non-rendea
criterion is generally based on simple annual ledretween imported and exported energy, it isnaliteous
target. However, the export of local renewableteigty production to external grid has been alreadmplicated
in number of countries by significant reductionfeé¢d-in tariffs. New PV installations focus on tbeal use of
renewable electricity in buildings. Coupling of Rid heat pump system with low cost seasonal staragje
significantly increase the local use of PV eledlyitcn summer, reduce the electricity use from exat grid in
winter and achieve the target values of NZEB alsth wealistic evaluation of usability of locally guuced
electricity.
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Paper shows the results of simulation and monigorifi energy system which has been developed and
demonstrated with the motivation mentioned abovee $ystem combines the PV system and heat pump for
family house to achieve high share of renewablegnfor space heating and hot water, to increaseséif-
sufficiency and to meet the strict goals definedN@ZEB.

2. Description of the system

The presented energy system for space heating etndidter preparation in a family house is basedhen
combination of PV system with an advanced heat pyrhptovoltaic (PV) system and the low cost grobedt
storage built within the foundation perimeter unther house. The system concept and function is showig. 1
with the main components used. The heat pump,ditiad to usual components, has a variable spesgbEssor
and desuperheater to use effectively heat fromreepéed refrigerant at high temperature. Heat piantipe case
of sufficient PV power production in summer seasalapts its power input to PV system power outpat an
extracts the heat from the ambient air by heat &xgér (6) and rejects it to the building for hotevagroduction
with higher set-point in combined storage tank (olkarges the volume of storage tank to 55 °C) ayrémnd
seasonal heat storage (at low condensation teruper25 to 40 °C) while heat from the desuperhg@jecan be
used for hot water preparation in the top part afawstorage tank (hot water zone). Such a fundfd?V heat
pump system could be achieved without any gridtetéty input (see Fig. 1).
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Fig. 1: Scheme of the PV heat pump system concept: summer operation (left), winter operation (right)

If the building requires the heat but PV system @ohas decreased under threshold electric poveerduring
winter time or during the night, the electric demidor heat pump system operation is automaticaliyeced from
the external grid. Then, the heat pump extractbéae stored in the seasonal ground storage aghigmperature
(from 10 °C to 35 °C) than ambient air temperatreonventional ground borehole and thus systematgs
with higher efficiency (see Fig. 1, right).

This concept reduces the grid electricity use andiléaneously increases the usability of availd®ié system
production within the whole year. Compared to canimal PV and heat pump systems the proposed gnerg
system has a several advantages:

« application of desuperheater for hot water preparat high temperature without increased eledyrici
demand — increase of usable energy and effectifitje heat pump;

» use of excess renewable electricity for heat puyspesn to charge the storage tank to higher setpoit
increase of stored heat to bridge the daily loagkpe- coverage of hot water energy demand mostly by
renewables in summer;
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e use of excess renewable electricity to charge thergl heat storage by transformed ambient heat —

increase of heat pump energy efficiency in winesson by use of stored heat at higher temperature;

* power input control for heat pump according to poaatput of PV system — operation of the heat pump
completely without need of external electricity folarge part of the year;

e operation of ground heat storage with water instefaahtifreeze mixture.

The energy system has been designed, simulatediesinoinstrated for a specific family house in Hanktljrnsko,
Czech Republic). Family house has two floors wipace volume of 935%and total living floor area 190%m
Family house was designed in low energy house @indevalues of individual envelope constructions maet t
recommended values for such high performance mgigdiFoundations has been realized by sacrificiahfvork
insulated by extruded polystyrene of thickness 8. Base floor has been assembled from concrdis, slaper
insulation has been realized from extruded polgstgrwith a thickness of 240 mm and floor heatirgieay layer.
Envelope brick system is based on cellular claghkddilled with insulation and external mineralutestion system
of thickness 180 mm. Saddle roof has a slope ofvrfsouth-north orientation and roof thermal ilagion layer
thickness is 240 mm.

Design heat loss of the house is 4.5 kW for desigibient temperature -15 °C. Low temperature flquace
heating system has been used with design flowhetater temperatures 40/35 °C. Ventilation is pded by air
handling unit with maximum flowrate 275%n using a heat recovery. The proposed system stensf the
advanced heat pump with heat output 5.5 kW at B&\(%8 Hz) and combined storage tank of volume 90ith
internal heat exchanger with surface area?9investor considered the large PV system instatlatvith peak
power 6 kW to increase the energy independency of the houseation.

During the construction stage the seasonal groeati $torage has been realized with use of pipedxeatnger
(see Fig. 2) with size of 14.4 m x 8.0 m within fbandations of the house, which are 1.5 m deeptlaewnally
insulated at external surface. Internal perimetén® ground storage volume is also thermally iatad but only
to depth of 0.5 m in order to eliminate the thermatiges from the charged storage to interior thhothe
envelope and foundations. Heat exchanger is magtastic piping DN32 burried in the trenches 300 aheep
filled with cement and silicate sand mixture to\pde a good thermal contact between the pipe andngt.

Distance of pipes in the heat exchanger is 0.6 eatldxchanger has been realized in two loops, efalemgth

100 m. Two loops have been designed to reduceukiiany demand of circulation pumps. Redundantrited

insulation with thickness 100 mm has been appletvben the seasonal storage volume and the flowrete
slabs.

Fig. 2: Realization of simple and low cost ground seasonal storage

3. System simulation
The building and the system simulation has beefopaed in TRNSYS environment. The objective of the
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analysis was to proof the functionality of the systconcept and to compare the performance with the
conventional PV and heat pump system. Computerlations have been performed with a time step ofriutas

and always two years of operation have been siedilbecause of ground massive use in both proposkd a
conventional heat pump system. Results have besdnated from the second year of simulation. Bugdimodel

has been built also in TRNSYS based on construgilans and used for separate simulations to rethee
calculation time. Results for the space heatingtantdvater load have been used as inputs to systaaiations.
Space heating demand is 3400 kWh/a and hot wateari® is 3060 kWh/a.

Conventional heat pump system with a borehole &relhanger (75 m), standard combined water stoge t
(900 I) and PV system (6 kywhas been modelled for given house as a referegme Total grid electricity use
of the conventional system is 2200 kWh/a and ttstesy operates with seasonal performance f&RBr= 2.9.
Monthly values of systen®PF ranges around this value (see Fig. 3). The maasome of low operation
effectiveness for the conventional reference cat@ e share of hot water heat demand in genenabimed with
necessity of charging the hot water zone in theag®tank to temperature of 55 °C to eliminatecileetric back-
up heater operation. Despite the high installedgraf PV system, there is high external electriagg and low
utilization of PV electricity production by the hgaump system. The reason is the mismatch betweewdter
peak loads (morning, evening), space heating peads| (winter season, night time) and PV electrigiduction
(summer season, daytime). PV system covers annoally420 kWh from total 2620 kWh system electsicit
demand, despite the installed power 6.kMbduces about 6020 kWh/a of electricity.

60 +

— proposed system

— conventional reference

system seasonal performance factor SPF

month
Fig. 3: Seasonal performance factor of the proposed system compared with conventional system

The developed system concept has been modelledusétlof both newly developed models (variable spead
pump with desuperheater) and standard models ¢&tdemk, seasonal storage). The models of crisigstem
components have been calibrated by results frotim¢ed otal electricity demand (heat pump, circidatpumps,
auxiliary heater, external air cooler) with subteacPV production used for system is 1069 kWh/athadystem
operates with seasonal performance faSR¥i = 6.1. The system operates with very low energyated outside
the heating season and mont8BF values are above 30 (see Fig. 3). Advanced cootrmdmpressor allows the
operation of system completely with use of PV eleity for charging of combined storage tank anddbarging
of ground storage. Coverage of energy demand ftesyoperation by renewable energy achieves at®oWi.8
Thus the specific demand of non-renewable primasrgy for the space heating and hot water preardtir
given family house is under limit of 20 kWhra and house reaches reliably NZEB requirement®deanic
climate zone. Moreover, this value results fronlisdia balance of energy utilization, not from fieé balance of
PV electricity export to the external electric gaidd annual electricity import.
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Fig. 4: Charging and dischar ging of ground seasonal storage during theyear (March, June, September, December)

Fig. 4 shows the simulation results for the grostmtage charging/discharging during the year. Tigbest
temperature in the ground storage occurs in Sepgrndwest in December. The thermally insulatechfiations
are clearly visible in the figures. Fig. 5 shows tourse of average temperature in the groundgeomass within
foundations during the year.
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Fig. 5: Temperaturein theground storage during the year

4. Demonstration and monitoring

The main components of the energy system: heat puithp desuperheater and varable speed compressor,

combined storage tank with division plate and ugornd storage have been developed, built, tesigéthatalled
in respected family house in Hamry (Hlinsko, CZJidg season 2016 / 2017. Whole system has beerectath
to intelligent controller and monitoring system.tW#Wa respect to demonstration nature of the ensygtem,
specific components were installed in additionropesed system to allow the experiments, furthgekb@ment
and optimization of critical components. Centrakavastorage tank and back-up ground loop has beglied.

Scheme of realized demonstration system is shovginG.

Heat pump installed in machinery room of the haigse Fig. 7) extracts the heat from air cooleremtr@l water
storage to which heat from seasonal ground staadd®ack-up loop (in case of insufficient tempeto ground
storage) is delivered. Controller automatically suthe ground heat sources according to priority sed
temperature difference (winter season). Surplustrid@y production from PV system is convertechieat by a
heating element in central water storage in sungeason and heat is be delivered to evaporatorabfuenp or
to ground storage. Simultaneously, the heat frorhiamt air can be pumped through combined storage tta
charge the seasonal ground storage. Space heatintilation and hot water heating loops are coretkdd
combined storage tank. Heat pump is connectedribited storage tank by 4 pipes for separate chguafihot
water zone and space heating zone. Controller alldvarging of the space heating zone by condenshéat
while hot water zone is charged by heat from deshgager to high temperature (more than 60 °C). ©@tat

evaluates required setting of compressor speeddingaio measured PV system power and power inpthieo
compressor, in order that heat pump is not consgyiraity external grid electricity during the grouridrage
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charging. Similar strategy is used in case of oeating of combined storage tank above standarpaet-in case
of sufficient PV power.
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PV system has been commissioned in October 201argiily of seasonal ground storage has startectatét
was not possible to reach sufficiently high tempeefor winter operation. Therefore the system waming
during winter in emergency regime with use of bapkground loop periodically alternating with seasaground
storage. Because both the back-up loop and loapgrémind storage are operated with water (not rawstie),
controller precisely evaluates operation tempeegtat evaporator and central water tank, in ordetango under
freezing temperature. Controller starts the heatgpwith minimum rotations 20 Hz to avoid suddenlcap

Fig. 6: Scheme of realized demonstration system

down at evaporator.

Fig. 7: Heat pump, storage tanks and external air unit for heat pump

The whole energy system is monitored and evaludted.monitoring system includes the energy balafi¢d/
system, heat pump, hot water and space heatingrsy&lowrates and temperatures are monitored ih efc
operation loops and storage tanks. Temperaturd fielseasonal ground storage is monitored by Scaért



T. Matuska et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

borehole probes with temperature sensors in 5 teigith 1 m distance. The probe #1 is located éndéntre of
the ground storage. Moreover, the heat pump hasneenitoring of internal refrigerant loop. Measudata are
saved and accessible via webserver of Regulus aonfpathe research purposes.

Fig. 8 includes the graph with main quantities o the function of ground storage charging by hmahp
during one selected day (April 2018). Heat pumpvee$ heat into combined storage tank, from whicls i
extracted and fed into ground storage. From thepaoison of PV power and heat pump power input durin
charging, there is an evident speed control ofcthrapressor and adaptation of compressor power topBY
power output with a certain provision, that thethmamp will never use external grid electricity waheharging
the ground storage by extracted ambient heat. idlgmiwer input of the heat pump slightly increadesng the
charging, which is associated with increase of ai@n temperature.
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Fig. 8: Adaptation of heat pump power input according to PV system output during ground storage charging

For the same day, Fig. 9 shows the function of pedweater. While condenser output temperature guha
ground storage charging is maintained at low valaose to condensing temperature, three-way vahesgyiated
in the heat pump controls the flowrate from conéemaitput to desuperheater by PID algorithm. Oufpurn

desuperheater has then significantly higher tenipexghan the condenser output. While condensqrubus

supplied into ground storage through space heatimg of combined storage tank, desuperheater oistped

into hot water zone of storage tank. Temperatuth®fvater in hot water zone is about 65 °C attie of heat
pump operation.

The graph in Fig. 10 represents the time coursieedfemperatures in seasonal ground storage iogefiOctober
2017 to end of August 2018 for a borehole probiéated in the central part, in the layers of 13,2} a 5 meters
under the base slab. While the temperature is ngrgiuring charging and discharging in the uppeefayith
installed pipe heat exchanger, the temperatureaser is supressed in deep layers. There are aiftevihe
fallouts of the monitoring during the season. Terapee in upper layer of seasonal ground storagalbereased
down to 7 °C. Back-up ground loop and seasonahgtowas a heat source for the heat pump duringmviftom
the beginning of March 2018 the charging of thesesal storage has been started again and achitheetd of
August almost 30 °C, which is in good correlatiathva simulation.
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Fig. 9: Desuper heater function for hot water preparation during the charging of ground storage
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Fig. 10: Temperaturesin the central part of the ground storage

5. Conclusion

The energy system combining the advanced heat pemMsystem and low cost seasonal ground storagerund
the house has been proposed. The simulations havenssignificantly reduced electricity demand frerternal
grid. Coverage of energy demand for system operéyarenewable energy achieves about 83 % andgtuifie
demand of non-renewable primary energy for thesp@ating and hot water preparation for given fammduse
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fall far under NZEB requirements.

The system has been demonstrated and the moniwfrifognctionality runs for the first season. Theteyn has
been operated in “emergency” mode during the fiister because ground storage was insufficientigrgad
due to late installation of PV system. However, ¢éixperience was positive, the ground water loopisated

enough energy for the house without freezing exeheé climate area of highlands. The new chargirodechas
started in spring 2018 and at the end of Augusbatmeaches the predicted value (about 2 K loviRgkults of
monitoring has also shown the function of advano@aiponents as charging of the ground heat storadpedt
pump with adapting of power input to PV system powgtput or use of desuperheater for hot watergragjpn

in storage tank at high temperatures without irsmez electricity consumption.
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