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ABSRACT

Inthis Thesisnew simulation codes for thevaluation ofthe seasonal performancef heat pump
systens are presented The codes apply to electric 4@-water and grounecoupled heat pump
systemsbased on a vapor compression cydeupled with buildings.

Heat pumpsare a very efficientechnology for building heatingoolingand domestic hot water
(DHW) productionywhich reached an important development during the last deceates have
been widely studied in the literature

This work is composed of threeain parts. In the first payhumerical models aréeveloped to
simulate different kinds of aito-water heat pumpsby means otthe binrmethod. Thelatter,
whichis derived from the European standaEtN14825and the Italian sindardUNI/TS 11304,

is hereextended in order ta@onsiderthe different operating modes of morcompressor oroff
heat pumps(ONOFF HPs)multi-compressor heat pumpgMCHPs)and inverterdriven heat
pumps (IDHPs) A code for heating and DHW productiorode during winter and a code for
cooling and DHW productiomode during summer g developedBy applying the codes, the
heat pumpsystem seasonal performanéeanalyzed in relation to the thermal characteristids o
the building, the climate of the location and the kind of hgaimp control systemThe results
show that thebest seasonal performande winter isobtained withiIDHR by adopting as bivalent
temperature the design temperature. For reversible heat pumgad in summer for cooling and
DHW production through condensation heat recovery, the primary energy saving can be higher
than 30% with respect to traditional solutions in which the heat pusypplies onlyooling and
DHW is produced by a gas boiler

In the second part of this Thesisumerical codes for th@ourly simulation ofair-to-water heat
pump systems are developed. The dynamic codes are implemantbd software MATLAB and
applyto ONOFF HPs an IDHPs for building heating, cooling and DHydpction, coupled
with storage tanks and integrated by a gas boiler or electric heaf#ne codesare used, in
particular, to evaluatedhe seasonal performancand the primary energy consumptiasf the
multi-function inverterdriven air-to-water heat punp employedin the retrofit of a residential
building in Bologna (ltalyYhe retofit interventionis expected to/ield a primary energgaving
of more than85 %with respect to the preretrofit scenario Thecodesare validated by comparing
the results obtained witlthose yielded byhe dynamic software TRNS{i®&ximum discrepancy
0.80%).

The predictions of the biimethod have been proved to bein agreement withthose of the
dynamic simulation only in particulaorditions, varying with the climate data and with the
considered heat pumfype. The discrepancies in the Seasonal Coefficient Of Perfornj@aeep
can be higher than 2% (ONOFF HPs with high bivalent temperature).



In the third part of this Thesis, @de for the hourly simulation of Grour@aupled Heat Pump
(GCHP) systenisdeveloped The code, whiclkemploys theg-functionsobtained by Zanchini and
Lazari (E. Zanchini, S. Laziz&nergy 59, 2013, 57@0), isimplemented in MATLAB and applies
to on-off and inverterdriven GCH$? usedfor buildingheating and/or coolingThe whole system,
composed by lie heat pump and the coupled Borehole Heat Exchanger (BHE) daldbe
simulated for several year3.he codes appliedto analyze the effectsf the inverter andof the
total length of the BHE field on the mean seasg@aformanceof a GCHP system designed for a
residential house with dominant heating load®ie results show tha40 %increase of the BHE
length canyield aSCORnhancement of about % in winter, while in summerthe Seasonal
Energy Efficiency RatiSEERemains nearly unchanged. The replacement of @¢OFF HBy
an|DHPyields aSCORnhancement of about 3% and éSEERNnhancement of about 52 The
dynamic code is validated by comparing the meaanthly temperatures of the BHE fluid
obtained by the proposed modelith those evaluated througtthe software Earth Energy
Designe(maximum discrepancy 2.28).



SOMMARIO

In questa Tesivengono presentati nuovi codici di simulazione per la valutazione delle
prestazioni stagionali di sistemi a pompa di calore. Tali codici sono riferiti a sistemi con
pompe di calore elettriche ariacqua o0 accoppiate al terreno, basate su un ci@lo
compressione idvapore eaccoppiate d edifici.

[ S LRYLS RA OF £ 2NB NI LILINB & Sy lriscgldamenttzy QS F F A
raffrescamento e prodzione di acqua calda sanita(l@CSheqgli edificjchedurante gli ultimi

decenni ha raggiunto un importante svilupgo che é stata ampiamente studiata in

letteratura.

Nella prima parte dguesto lavorosono sviluppati modelli di simulazione numerica per

diverse tipologie di pompe di calore aaaqug basati sul metodo binv dzS a G Qdzf ok Y2 I RS
dalla normeeuropeakEN 1482% dalla norma italian&NI/TS 11304, & qui esteso allo scopo

di considerare le divee modalita di funzionamento gompe di calore mon@ompressore

on-off (ONOFF HP), multompressoe (MCHP) e dotate di inverter (IDHP). E sviluppato un
codice perla modalita invernale di riscaldamento e produzione di ACS e un codice per la
modalita estiva di raffrescamento e produzione di AlG@fiegandoi codti, le prestazioni
stagionali d sistemia pompa di calore sono analizzate in relazione alle caratteristiche
G§SNX¥AOKS RSttt QSRAFAOAZ2I RSt OfAYl f20rtS S
calore.l risultati mostrano come le migliori prestazioni stagionali in inverno siano ottenute

con le IDHP adottando come temperatura bivalente la temperatura esterna di profetto.

le pompe di calore reversibili usate in estate per raffrescamento e produzione di ACS tramite
recupero del calore di condensaziorilesisparmio di energia primaria pud superare 190

rispetto a soluzioni tradizionali in cui la pompa di calore provuaddm®lo raffrescamento e
tQl/{ & F2NYyAGlr RI dzyl OFtRFAF I 3L ao

Nella seconda parte djuesta Tesi sono sviluppati codici numeri @esimulazione oraridli

sistemi a pompa di calore argcqua. | codii dinamici sono implementati ssoftware

MATLAB e si applicano alle @¥F HP e IDHP per riscaldamento, raffrescamento e
produzione di ACS in edifici, accoppiate a serbatoi di accumunlegrate da una caldaia a

gas o da resistenze elettriche. | codici sono utilizzati, in particgarejalutare le prestazioni
stagionali e il consumo di energia primaria della pompa di caloreaagaa multifunzione

con inverterimpiegata nel retrofitdi un edificio residenziale a Bologna (ltall@ntervento

di retrofit dovrebbe produrredzy’ NA & LJF NY¥A 2 RA Sy S N&HndspettoallblA Y I NR |



scenario preretrofit. | codici sono validati confrontando i risultati ottenuti con quelli prodott

dal software dinamico TRNSYS (massima differenza: 0.80 %)

Le previsioni del metodo bin si sono dimmadé in accordo con quelle delsimulazione
dinamica solo in particolari condizioni, al variare dei dati climatici e della tipologia di pompa
di caloreconsiderata. Le differenze nel Coefficiente di Prestazione Stagi@@@Rpossono
risultaremaggiori del 20 % (O8IFF HP con alte temperature bivalenti).

Nella terza parte dguesta Tesi & sviluppatonucodice di simulazione oraria psistemi a
pompadi calore accoppiatal terreno (GCHP)I codice, che impiega tefunction ottenute

da Zanchini e Lazzdgg. Zanchini, S. Lazzari, Energy, 59, 2013887@& implementato su
MATLAB e si applica a GCHPoffne con inverter, usate per riscaldamento e/o

NI} FTFNBaOFI YSyi2 RA SRAFTAOA® [ QA ydaSpNBisorid a G4 SYI = 02
geotermicheaccoppiato, pud essere simulato per diversi anni. llico@d impiegato per
analizzare gli effettiR S f f QA defiaSuNgh& ntofile del camgondesulle prestazioni
stagionali medie di un sistema GCHP progettato per un edificio residenziale con carichi
dominanti per riscaldamnto. | risultati mostrano ol un aumento della lunghezza delle
sondedel 40%puo produrre in invernain incrementadi SCOIEel 7 %circa mentre in estate

f QOLYRAOS RA 9 7F7FA OA SEHRrimageygSasiBrvariatcd Sostifuitl I3A 2y £ S 0
ONOFFMHP con una IDHP produce un aurttedi SCOHel 30 % circa e un aumentoSIEER

del 52 % circa. Il codice dinamico é validato confrontando le temperature medie mensili del
fluido nelle sonde ottenutecol modello proposto con quelle calcolatl software Earth
Energy Designer.
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1 INTRODUCTION AND ADHA THE WORK

1
INTRODUCTIOMND AIM OF THE
WORK

The economic growth of the #0century has been based on a progressive increase of the
world annual use of fossil fuels. The world annual use of primary enestijyyirecreasingand

fossil fuels represent even now the most important source of primary energy, as shown in
Figurel.l. The figurdllustrates the world annual use of primary energy by source from 1980
to 2012, according to EI] (US Energy Information Administration)
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Figurel.1: World annual use of primary engy by source from 1980 to 201@ataaccording to
EIA[1].

As evidenced bligurel.1, 86 % of the world primary energy uge2012 is due to oil, carbon
and gas. The fosdilel-based development has caused two important problems: the
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reserves of oil and natural gas are deaging and the emission of carbon dioxide and of other
greenhouse gases is causing a climate chdsge Ref[2]). As a consequence, all the
industrialized and developing countries amabpst of all, the European Union, are struggling
to shift the economic growth towards a sustainable development, basetvo main pillars:
the increase of energy efficiency and theewf renewable energy sources.

The energy policy dhe European Unionleeady obtained some success: the annual use of
primary energy of the Union is slightly decreasing from 2006, as shofigurel.2, which
illustrates the use of pmary energy of the European Union by sector from 1990 to4201
according to EurostdB] (European Commission portal for statistics)
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Figurel.2: Annual use of primary energy by secto Europe, from 1990 to 2@] dataaccording to
Eurostat[3].

Figurel.2 reveals that the fractions of energy use in the residential seaakin theservice
sector are quite ravant. The fractions of primagnergy use in sectors for 204are better
evidencedby Figurel.3, where it is shown that the sum of the fractions which refer to the
residential sector and to the service seci@e., the total fraction due mainly to building
operation) is 38.1 %.
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Figurel.3: Fractions of primary energy use in main sectors in Europe, in 2012ackateding to
Eurostat[3].

According to an official docuemt of the European Commissipi, buildings use 40 % of the
total European energy consumption and generate 36 % of greenhouse gases in Europe.
Asa consequencédmportant stegstowards the reduction of the use of fossil fuels in Europe
would be the enhancement of thenergy efficiency of buildings and the use of renewable
energy sources in building plants. particular, he European Commissidrasenactedthe
EPBD Recast Directijg, whichpromotes inthe Member States a transition to Nearly Zero
Energy Buildingsnamely buildings with very low energy negdwithin 2020. Inthe
Directive[5], the improvement of thehermal performance of théuilding envelopendthe
improvementof the heating, cooling and ventilating systeare re@mmended

Heat pump systemepresent useful solutions for building @ionditioning anddomestic lat
Water (DHW) productionyhich reached an important development during the last decades
(6], [7]). Heat pumpsan contribute to achieve thenentioned Europeanobjectives, since
aerathermal, geothermal and hydrothermal ergy are recognized as renewable energy
sources by thé&uropearRES Directivi8].

Thanks to theelative cheapnessf the plant arr-source heat pumps are good candiels for
the replacement or integration of gas boilers in retrefitof existing buildings.
GroundCoupled Heat Pumps (GCHPs) achieve better performdnderequre higher
investment costs andoil drilling. ©nsequentlythey are at present less widely use

A heat pump performance is strongly influenced by the varitielat load of the building
kind of control system and source temperatuiiéherefore, the calculation of the seasonal
performance is not an easy tadk.this Thesis, new simulation codes desveloped for the
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evaluation of the seasonal performance of-@wirwater and grounecoupled heat pump
systems for building heating, cooling and DHW production.

The evaluation of a heat pump seasomdliciency has beenwidely investigatedin the
literature; Chapter2 of this Thesigrovides a classification of thevailablemethods and
stresseghe differenceshetween those methods anthe new simulatiormodelsproposed
Chapter3 presentsnew mathematical codes fothe simulation of aifto-water heat pumps
through the binmethod. Differentcalculation method are employedor mono-compressor
on-off heat pumps (OMDFFHPS), multcompressor heat pumps (MCHPSs) and invedeven
heat pumps (IDHPSBy applyinghe codesthe seasonal efficiency of heatimp systemss
analyzedn relation to thecharacteristics of the building, local climate and kind of heat pump
control system.

In Chapter4, new codes for the hourly simulation of dio-water heat pump systems are
presentad. Thedynamic codeleveloped for winter operation is uséd analyzehe seasonal
performance of heat pump heating systemsadanction of the bivalent temperaturend of
the volume of thehermal storage tankMoreover, he dynamic codes are used to calculate
the primary energy consumption of tH®HPused inthe retrofit of a residential building in
Bologna (NortkCenter Italy).

Chapter5 presents a new code for the hourly simulation of growmlipled heat pump
systems The code employs ttgefunctionsobtained by Zanchini and Lazz@jiandis applied

to analyze the effects of the inverter and of the total lemgif the BHE field on the seasonal
efficiency of a GCHP system designed for heating and cooling a residential house with
dominant heating loads.

Chapter6 reports the conclusions of this Thesis and some opportunities for future work.
The developedtodes are showtin the Appendix while the publications and software
application derived from the woréf this Thesis appear in Chapt@&and9, respectively.
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2
HEAT PUMP SINIATION IDELN
THELITERATURE

In thischapter, a classification ofhe methods for the simulation ofieat pump systems is
presented. Design models, temperature class approaches and dynamic simulation methods
are described and compared to each other. In particular hitb&t pumpsimulationmethods
indicated bythe European standard EN 148@®] and the Italian stadard UNI/TS 11300

[11] are analyzed. Theydamic simulation of aito-water heat pumpsby meansof the
software TRNSY$Salso described.

Sme design methods of boreholesht exchanger fields for grourmbupled heat pump
systems are studietbo. The ASHRAE method, models based ongHfienctionsand the
software Earth Energy Designer are particylamalyzed.

2.1 HEAT PUMP DESIGN MDBE

Severahpproaches for a heat pump simulatioreaavailable in the literatureAs noticed by
Afjei and Dot{12], the different models @&n be classified on the basistbé level of detail of
the calculationsaim of the model and computational time required to riin

Thereexist models foa heat pump designyhose aim is to optimize the heat pump unit on
the level of the refrigerant cycle. These modeéxjuire high computational time and
representeach heat pump componenndividually, in order to optimize the interaction
between the evaporator, the compressdhe condenser and the expansion valve

Most of these modelsre empiricaland rely both on physical equations and amumerical
correlationsderived from experimental result§13]-[15]); fewer modelsare based on CFD
simulations
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2.2 TEMPERATURE CLASSEISD

Othersimulationmodelsfocus on the wholéeat pumpsystem With thisapproachthe heat
pump isablackbox with given performace @t fixedsource and sink temperatusg coupled

to a building in apecific climateand possibly provided with a thermal storage tank and a
backup system.n this casethe aim is to simulate thentire system and to optimize its
seasonal performance.

Some oflhesemodelsarebased ora temperature class approaclke the methods indicated
by the European standard EN 148P%)] and by the tialian standard UNI/TS 113@0[11],
which simulatea heat pumpbehaviorwith the binmethod. As will be explained idetail in
Qibsection 2.2.1, a bin represents the number of hoyr a selected time periodyith
approximately the same value of external air temperatufe.selected climate is thus
schematizedby means of a bin trend, which gives the lochdtribution of outdoor
temperature.

Frequently comparisors between different commercial heat pumps refersthe Coefficient

Of PerformanceCOP(ratio between thethermal power released and the correspongi
electric power used, in heating or DHW production moalefo the Energy Efficiency Ratio,
EERratio between the cooling power released and the corresponding electric power used,
in cooling modg of single operating conditions. In this case, tt®For EERs measured at
specific temperatures of the heat pumpsource and sinkaccording to theEuropean
standards EN 145112 [16] and ENL45113 [17]. With this method however, only
approximate comparison®r selected conditionsan be madgebut no estimations ofa heat
pump seasonadfficiency can be performedhemodelsindicated by thestandardg410], [11],

on the contrary, are able to give predictions about a heat pwepsonal performance
(Seasonal Coefficient Of Performan8&€OPand Seasonal Energy Efficiency R&EER by
weighting theCOPRor EERvbtained in each bilon the basis of its duration.

Cecchinatoet al.[18], for instance,evaluated the performance of vapor compression heat
pumps by means of simplified numerical method, basemh performance data anominal
conditionsand onrefrigerant circuit inbrmation. By solving a system of equationthe
methodestimates the heat pump cooling or heating capacity and power consumption at part
load conditiorsfor mono-compressor oroff, bi-compressorand inverterdriven heat pumps
The authorsapplied the methd to evaluatein four test conditionsthe EERat full load and

at part loadof two reversible aito-water heat pumpga monacompressor oroff heat pump
and an inverterdriven heat pumf. Hence they evaluated theSEERT the systens through

a simple temperature class approadty, employing theveighted average of th&ER/alues
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obtained in the four test conditions. This method refers t@raliminary version of the
standard EN 1482H.0], where weighting coefficientsepresentingconventional operating
times were provided for each of the four test conditionas functions of the heat pump
typology. Theso-obtained seasonal performance coefficient can be used referencefor
energycompaisonsbetweendifferent heat pumpsor for a first approximate evaluation of

the system energy consumption when detailed information about the building energy
demand is not availablélhe authors obtaineda good agreement betweethe predicted
SEERalues and the experimental results.

Kinab et al[15] employeda similarmethod to evaluate the seasonal performance af
air-to-water heat pump in heating modand in cooling mode. The authors developed a
model able to evaluate the heat punygerformancefor several system configurations by
means of detailed sulmodels for each heat pump component (heat pump design model).
Theheat pumpmodel was coupled to aodel for building energy simulatiotin order to
calculate the system seasonal performance paramet8GORnd SEERThe heat pump
model provide the values ofCOPor EERor different conditions ofpart load and outdoor
temperature,while the building modegbrovidesthe corresponding weighting coefficients. In
this casethe weighting coefficienis evaluatedasthe fraction of enegy whichthe system
deliversin a specific condition of part load and outdoor temperatureer the totd energy
delivered to the building.

Francisco et al[19] adopted a differentsimulation strategy, by employing computer
modeling in which the bimethod described by ASHREH)] is implementedin order to
investigate the influence of the climate on the seasonal efficiency @baiir heat pumps in
heating mode. The authors evaluated the system performance in each bin through a
simulation model which includgthe effects of the backup system (electric heaters) and of
the duct losses.The energy consumption of thdveat pumpobtained in each birwas
multiplied by the number of hoursf the bin and then summed to geeasonatesults.The
authors considered two climates of the Northwest United States and found that a heat pump
seasonal energy consumption is strongly affected by the climate, by the heat pump control
strategy and by the duct losses. Some common control stratéigesemploy great use of
backup heat, in particular, can seriously compromise the expected heat pump seasonal
performance especiallyif combined with important duct losses.

Sarbu et al[21] developed acomputational modefor the calculation of theseasonaénergy
performanceof air-to-water heat pump&mployed to provide building heating and domestic
hot water production The model is based aime binrmethod defined inthe European
standad EN 1531&!}-2 [22] and allows the evaluatioof a heat pumpSCORcalledin the
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standard [22] SPF namely Seasonal Performance Factdrhe authors performed a
comparative analysis different building heating solutiongnvestigatingthe economic,
energy and environmentahdvantages of employing heat pumps as heating generation
systems.

Themodelsbased on a temperature class approdwve a medium level of detail (e.g. they
cannot consider theharge and discharg# a thermal storage tan&oupled to a heat pumyp

but they are easy to use, do not require long computational teme can yield accurate
predictions about the seasonal behavioradfeat pump systemn addition, they can be used

for fast comparisons, in terms of seasonal efficiency, between different heat pump devices
or betweendifferent heat generation technologies

2.2.1 Heat pumpseasonal performance evaluation accordinfiutmpean andtalian
standards

The European standard EN 14§26] and the Italian standard UNI/TS 1130Q11] present
calculation methods for the evaluation of the seasonal performance of heat pumps in heating,
cooling and DHW production mod&he standard§l0], [11] suggest to model the outdoor
climate by means of the bimethod. A bin represents theumber of hoursduring a seleted
time period,in which the external aihas a value ofemperature within a fixed interval
centered on an integevalue of temperature and 1 K widgor instance, a bin duration of 20
hours in correspondence of an outdoor temperatuiig: equal to 15°C means that for 20
hours during a certain time period the external air temperature haglue between 14.5 °C
and 15.5°C.

The standard EN 1482%0] gives indication to calculatihe referenceSeasonal Coefficient
Of PerformanceCOJPof heat pumps in heating mode atige referenceSeasonal Energy
Efficiency RatioSEE}of heat pumps in cooling mode.

The standard10] splits Europe in three winter climates (Colder, Average and Warmer) and
directlyassignghe bin trends for theeferenceheating season afach climateThe duration

of each binis rounded to a whle numberand is derived fromveather datacollectedover
the 1982 ¢ 1999 period for thelocations ofHelsinki,Strasbourgand Athensselected as
representative of the Colder, Average and Warmer climate, respectively.

Figures 2.1-2.3 show the bin profileof the Colder, Average and Warmer heating season
derived fromRef.[10].

For selectecheat pump andbuilding,one can calculate value of Seasonal Coefficient Of
Performancefor eachof the three referenceclimate and compare different heat pump
models under the same reference conditions.
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Figure2.1: Bin distribution for the heating season in the Colder climate from standart4BR5.
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Figure2.2: Bin distribution for the heating season in theerageclimate from standard EN4825.
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Figure2.3: Bin distribution for the heating season in tiiéarmerclimate from standard EN4825.

Regarding the coolirgeason, the standand 0] suggest single bin profile for wHe Europe,

illustrated inFigure2.4.
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Figure2.4: Bin distribution for thecoolingseason from standard EN 14825.

It can be noticed fronfrigures 2.1-2.4 that the bin trends othe standard[10] are stopped in

correspondence of anutdoor temperatureequal to 16 °Cfor all dimates in cooling and

heating modeln the standard10], in fact, the heat pump is considered coupled to a building

whose load areexpressedas a linear function fothe external airtemperature Tex. The

method for the determination of this function, called Building Energy SigndBiEs}, is
described in theEuropean standard EN 156{(3]. The standardEN 1482510] considers
BESines which vanishes fofex: equal to 16 °C (in this Thesis called Zewd external air

temperature, T,). In Figure2.5, examples of linear BES lirsefor heating and for cooling are

shown.

10
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Figure2.5: Examples of Building Energy Signastioe heating (&ft) and for cooling (right)

In Figure 2.5, Pyes is the design loadnamelythe building load in correspondence of the
outdoor design temperaturelges With reference to the heating mode, the stand#§t@] sets

the outdoor design temperaturéelqesn, equalto -22 °C for the Colder climatel,0 °C for the
Average climate and 2 °C for the Warmer climate; the outdoor design temperature for
cooling Taes, is 35 °Clt can be noticed that, while the valueshifsn for the winter climates
coincide with the miimum outdoor temperature obtainable from the bin trends, the
summer bin profile presents values Gx greater than the summer outdoor design
temperature.

The standard10] sets the part loadconditions at which the heat pum@ORor EERmust be
evaluatedby the manufacturerin order to be used amput datafor the calculation of the
reference seasonal performance coefficientsdications are given for testing the heat
pumpsat part load conditions anébr measuring theiperformance with referenceto the
European standards EN 1452116] and ENL451%:3[17].

Ref.[10] differentiates the part load conditions on the basis of the heat pump typology
(air-to-air, airto-water etc.) and, referring to the heating mode, also on the basis of the
indoor heat exchanger temperature (low, medium, high and very high) and on thetelima
(Colder, Average, WarmerJ.able2.1 reports the part load condition#¢G at which an
air-to-water heat pump for low temperature applicatiom must be tested in ordeto
determine the referenceSCOI#n the Colder climate.

11
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Table2.1: Part load conditions for referenc®COPair-to-water units for low temperature
applicatiors, reference heating season Colder

Indoor heat
Indoor heat
exchanger
exchanger .
Part load . Text . inlet/outlet
- Part loadratio inlet/outlet
condition [°C] temperatures [°C]
temperatures [°C] .
) ] for variable outlet
for fixed outlet units )
units
A (-76516) / (Teeshb16)F c N -7 30/35 25/30
B (2L 16)/ (Taeshnb16)F o T 2 30/35 22127
C (7516)/ (Taesh b 16)F H O 7 30/35 20/25
D (125 16)/ (Taeshn b 16)F My 12 30/35 19/24
interpolation or
lation fromth
E (TOLL 16)/ (Tuesn b 16) | TOL 30/35 SR 1o 172
temperatures closest to
TOL
Interpolationbetween
F (Tovb 16)/ (Toesn b 16) | Tow 30/35 the upper and lower
temperatures closest to
Tb\v
-15t 16)/ b16)f
G ( )/ (Taesn b 16) 15 30/35 27132
82 %

In Table2.1, the part load ratio gives, for each of the@ conditions, the percentage of the
building design load at which the heat pump must be testeik possible to calculate the
seasonal performice coefficients of a heat pump for more than dlesvalue.

InTable2.1, TOLis the Temperature Operative Limit, nam#tg minimum value ofey, given

by the heat pump manufacturer, at which the heat pumpheao deliver heating capacity.
Twiv is the bivalehtemperature, namely the outdoor temperature at which the heat pump
capacity equals the building loaThese temperature valuegary fromcase to casethe
European standarflL0], however, indicates to use bivalent temperatures eqoabr lower
than-7 °C for the Colder climategqual to or lower thar2 °C for the Average climate and
eqgual to or lower thary °C for the Warmer climate

The part load condition @G applied in case of Colder climate if tHeOLis lower than-20 °C

For each part load condition, the inlet and outlet temperatures of the indoor heat exchanger
are differentiated betweerfixed and variable outlet heat pumps. The second heat pump
typology, which wilnot be analyzed in this Thesis, allows a variation of the indoor heat
exchanger outlet temperature as a function of the external air temperature.

12
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Table2.2 shows thepart loadconditions AF at which an aito-water heat pump for high
temperature applicatios must be tested in order to determine the referen&COR the
Average climate according to the standgid].

Table2.2: Part load conditions for referenc®COPair-to-water units for high temperature
applicatiors, reference heating season Average

Indoor heat
Indoor heat
exchanger
exchanger )
Part load . Text . inlet/outlet
- Part loadratio inlet/outlet
condition [°C] temperatures [°C]

temperatures [°C]
for fixed outlet units

for variable outlet

units
A (-7516) / (Tesh b 16)F  y )| -7 47/ 55 44 /52
B (2516)/ (Taesh b 16)F p 0 2 47/55 34 /42
C (7L 16)/ (Taeshb16)F o p 7 47 | 55 28/ 36
D (125 16)/ (Taeshb16)F M 12 47 | 55 22 /30
interpolation or
E (TOLL 16)/ (Taesn b 16) | TOL 47155 extrapolation frormthe
temperatures closest to
TOL
Interpolationbetween
F (Tovb 16)/ (Taesn b 16) | Tow 47155 the upper and lower

temperatures closest to
Toiv

FromTable2.2 one can note that the part load condition G, which refer3dgequal to-15 °C,
does not apply to the case of Average climate, whose minimum outdoor temperature is
Taesh =-10 °Cln addtion, if the TOLdeclared by thananufacturer is lower thafgesn Of the
considered climate, it maye assumeaqual t0Tgesh.

Table2.3 reports the part load conditions for a watén-water heat pump, or drine-to-
water heat pump for medium temperature heating applications in the Warmer climate.

13
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Table2.3: Part load conditions for referenc@COPwater-to-water or brine-to-water units for
mediumtemperature applicatios, reference heating seasafVarmer.

Indoor heat
Indoor heat
exchanger
Ground o exchanger )
) Brineinlet . inlet/outlet
Part load ) water inlet inlet/outlet
- Part loadratio temperature temperatures
condition temperature temperatures
[°C] . [°C]for
[°C] [°C]for fixed ,
) variable
outlet units ]
outlet units
(2 b 16)/ (Tdesh b
B 10 0 40/ 45 40/ 45
16)=100 %
(7 b 16)/ (Tdesh b
C 10 0 40/ 45 34/ 39
16)F cn
(125 16)/ (Taesh b
D | 10 0 40/ 45 26/31
16)F H ¢ 2]
Interpolation
. betweenupper
bivID M CTd hI: K
F (T = 10 0 40/ 45 and lower
16) temperatures
closest toTviv

FromTable2.3 one can note that the part load condition A (which refer§sp=-7 °C)xoes
not apply to the case of Warmer climate, whose minimum outdoor temperatufigds=2 °C.
The part load corition E refers tolex: = Taesh in the cases ofvater-to-water or brineto-water
heat pumps, therefore in the Warmer climate the condition E equals the condition B.
Tables 2.4, 2.5 showthe part loadconditionsfor the determination of the referenc8EERS
air-to-water heat pumpsand waterto-water (or brineto-water) heat pumps, respectively
In part load condition A (full load), theeat pump powelis considered equal to thieuilding
cooling load which means that the bivalent temperature for the cooling mode is 35 °C.
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2.2 TEMPERATURE CLASS KIGD

Table2.4: Part load conditions for referenc&E ERair-to-water units

Indoor heat
Indoor heat
exchanger | Indoor heat
exchanger )
) inlet/outlet exchanger
inlet/outlet )
Part load . Text temperatures| inlet/outlet
» Part loadratio temperatures
condition [°C] i [°C] for temperatures
[°C] for fixed )
variable [°C] for
outlet fan )
) outlet fan cooling floor
coil .
coil
351 16)/ Tdesc]: 16)=
A ( )/ ( ) 35 12/7 12 /7 23/18
100 %
(305 16)/ (Tdescb 16)F
B 30 12/7 13.5/8.5 23/18
74%
(255 16)/ (Tdescb 16)F
C 25 12/7 15/10 23/18
47 %
ZOE 16 / Tdesc]: 16)F
D ( )2:(L°/ ) 20 12/7 16.5/115 23/18
0

Table2.5: Part load conditions for referencdE ERwater-to-water or brine-to-water units

Outdoor heat exchanger Indoor heat exchanger
inlet/outlet temperatures inlet/outlet temperatures
Part load [°C] [°C]
conditio Part loadratio
n
Ground . .
) Dry Fixed | Variable .
Cooling | coupled Cooling
o coole | outlet outlet
tower applicatio . ) floor
N r fan coil | fan coil
(355 16)/ (Tdesc b 16) 50/
A 30/35| 10/15 12/7 | 12/7 | 23/18
=100 % 55
(305 16)/ (Tgesc b 16) 45/ 135/
B . 26/31| 10/15 12/7 23/18
F 1tn 32 50 8.5
(251: 16)/ (Tdesct: 16) 40 /
C 22/27| 10/15 12/7 | 15/10 | 23/18
F nt 272 45
(201 16)/ (Tdesc b 16) 35/ 16.5/
D . 18/23| 10/15 12/7 23/18
F HM 2 40 115
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2 HEAT PUMP SIMULATI®IRDELS IN THE LITEBRE

The standard[10] requires the determination ofn heat pump power, COPand EERIn
correspondere of the bins representative of tharedefinedpart load conditionslf for a
condition the heat pump poweat full load is equal to or lower than the required building
load, the correspondingower, COPand EERvaluesat full load must be used. fl the heat
pump power at full load is higher than the required building load, the heptimp
performancemustbe calculated depeding on the capacity control of the unit particular,
mono-compressor oroff heat pumps employ ooff cycles to match the building nesedAs
evidenced byHenderson et al24], on-off cycles cause an efficiency loss of teat pump,
sincethe electric energy consumption of the unit does not vanish during theaffe and
when theheat pumprestarts, itscompressor hs to reestablish the pressure

The efficiency losglue to onoff cyclesis taken into account by Ref{lQ] through the
correction factor fcor. The factorfen, evaluated for aito-water, waterto-water and
brine-to-water heat pumps according to E@.1), multiplies the heat pumCOPor EERat
full load in order taderivethe corresponding part load value.

- CR) . 2.1
fCOrr(i) Cc CR)i—'— ( 1 _ Q ( )

In Eq.(2.1), the letteri indicates thei-th predefined part load conditignCRis the capacity
ratio and G is the degradation coefficienfThe capacity ratidCRis the ratio between the
building load and the heat pump power at the same temperature conditions. If the heat
pump paver equals the building deman@Ris equal to 1 and theorrection factor for on

off conditionturns out equal to 1. The degradation coeffici€bimeasures the specific heat
pump efficiency decrease for aff cycles andghould be determined for each sgiic unit

by means of laboratory test#f G is not determined by test, then the default value of 0.9
shall be used.

Multi-compressor and invertedriven heat pump, on the contraryare able to adapt the
powerreleased in order to follow the buildingdd and delay the coff cycles activation. In
these cases, the standafti0] indicates to @étermine theheat pumppower, CORand EERat

the step of theheat pumpcapacityclosestto the requiredbuildingload. If this step does not
allow to reach théuildingloadwithin +10 % (e.g. between 8.1 kW and 9.9 kW for a required
buildingload of 9 kW)then the heat pump performancenust be evaluateét the steps on
either side @ the requiredbuildingload. The part loadheat pumppower, COPand EERare
then determinedby linear interpolation between the results obtained from these two steps
If the smallest control step of the unit is higher than the requineddingload,the procedure

for mono-compressor oroff heat pumps shall apply
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2.2 TEMPERATURE CLASS EIGD

The Europeanstandard[10] evaluates the heat pump power ar@ORor EERin each bin
through linear interpolationdetween the values of the two closest part load conditions.
Regarding the heating mod&e heat pump performancéor values ofTe above thepart
load condition Dis extrapolated from the valuest the part load conditionsC and D.
Regarding the cooling mode, for valuesTgf above the part load condition A or below the
part load condition D, the same heat pump performance in correspoaéof the condition
Aor of the conditionDisused respectively

Figure2.6 shows an example of winter BES asfdcharacteristic curvef an airto-water
ONOFF HP for high temperature application in the Average climdtere the heat pump
power hasbeen obtaine by interpolating the values ahe part load conditions é&F,
according toRef.[10].

——BES
60 - —e—ON-OFF HP

Pkw]

TOL=
O Td?ShT T T T T T T T T T i T iT—I—bIY T % T T T T T T T 1
109-8-7-6-5-4-3-2-101234567 8 910111213141516

Text [K:]
Figure2.6: Examplsof Bulding Energy Signature awd characteristic curvef an airto-water
ONOFF HP iheating modehigh temperature applicatiorAverage climate.

In Figure2.6 one can notethe balance point, which e intersection between the BES and
the heat pump characteristic cunat full load The outdoor temperature corresponding to
the balance point i€dled bivalent temperature Tyi. AS previously mentioned, ati the
heat pump power equals the building loa@onsidering the heatingnode, for values ofText
between the TOLand Ty the heat pump power is lower than the building need and an
additional backup systemis necessary to fulfil the full heating loa@he standard10]
considersas backup systenonly electric heaterswhereas the codes developed in this Thesis
for the evaluation of a heat pump seasonal efficiedistinguish between electric heaters
and gas baer. For values ofex higher thanTy, the heat pump powerat full loadis higher
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2 HEAT PUMP SIMULATI®IRDELS IN THE LITEBRE

than the heating demandnd the heat pumgCORMust be corrected as previously described.
For values offex lower than theTOL. the heat pump is not running anahnly the backup
system is activated.

Considering the cooling mode, the heat pump power at full load is higher than the building
demand for values ofex below Twiv, Whereas for outdoor temperatures abovg, the heat

pump is not abléo completely satisfy theooling load, but no baelp systems are employed.
The European standafdO] takes into account the ree@ORor ER) values of a heat pump
only for a limited number of predefed conditions, among which linear interpolations are
employed. With this method, howevergonsiderable approximations are introduced,
especially for multcompressor heat pumps (MCHPs) and invedeven heat pumps
(IDHPs), in correspondence of the bimermediate between two part load conditions. The
codes developed in this Thesis, on the contrary, calculateCl@&or EER) values for each

bin, by using for MCHPs and IDHPs a number of characteristic curves corresponding to
different heat pump capagjt(see Chaptes).

Different referenceseasonal coefficients ardefined by the standard EN 148280]. The
SeasonafCoefficient OfPerformanceof the heat pump,SCOR;, is the ratio between the
thermal energy delivered by the heat pump during the heating season and the corresponding
electric energy used5COR: is evaluatedy Ref[10] as:

At )0 R
R L R0 RO
35 cory

2.2)

In Eq(2.2),iindicates thd-th bin, nis the total amount of bins for the selected winter cliraat
toin (i) is the time duration of theth bin, Py (i) is the thermal powerequiredby the building
in the i-th bin (obtainable from the BES multiplyiRg:sh by the part load ratio of thé-th bin),

P (i) is thepower released byhe electric backup system inthe i-th bin and CORj) is the
value of Coefficient Of Performance obtained for ik bin.

Obviously, lhe difference betwee®, » and Py, employed byRef.[10] to evaluate theSCOR:
value,is equal to the thermal power delivered by the heat pump. The energy supgutied
usedby the backup system, in fact, does not apply for the calculatio8G0OR:, which refers
only to the heat pump.

Another performance coefficient for the heatingseasonis the Seasonal Coefficient Of
Performance of thavhole system ¢omposed ofheat pumpand backup systen), SCOR,
evaluated as the total energy required by thelding during the heating season (covered by
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2.2 TEMFEERATURE CLASS MODELS

the heat pump and, if needed, by thmckup systemand the total electric energy used by

the system
A t,, 0P, 0
SCOP= =1 . 2.3
o 0RO, o @3
5" E COR)

The thermal powethat the backup electric heates giveis obviously equal to the electric
powerthat theyuse and both these quantities are indicatedRsin Eq.(2.3).

No backup systems are present for the heat pump cooling mode and only the seasonal
coefficientSEER is defined:

8 . OR,.0)
SEEA?::‘:l—Fg(D , (2.4)

whereR, (i) is thecoolingpower required by the building ithe i-th bin (obtainable from the

BES multiplyin@sesc by the part load ratio of theth bin) andEER)) is the value of Energy
Efficiency Ratio obtained for theh bin.

In Eq.(2.4), usingPy ¢ instead of theheat pumppower yields a small approximation due to
the bins with temperature higher tham,, (35 °C), wher¢he whole building demand isot
covered by he heat pump.

BothSCOR:, SCOR andSEER refer to the active mode of a heat pump, namely to the hours

in which the building load is present and the heating or cooling function of the heat pump is
thus activated. Energy consumptions can occur also when the heat pump is not used to fulfil
the buiding demand, such as the energy consumptiorthef crankcase heater or of the
standby mode of the unitnjode wherein the unit is partially switched off and can be
reactivated by a control device or timjeThese consumptions, which are considered by the
standard[10] with the definition of other seasonal coefficients, are not studied in the present
Thesis.

The talian standard UNI/TS 113@D[11] defines a calculation method to evaluate the
primary energy consumption of a heat pump system for building heating and/or domestic
hot water production According to he standard11], the calculatiorfor heat pumgs linked

to stable thermal reservoirs (i.e. water or grounglperformedwith time stepsof onemonth.

For airsource heat pumps,rothe contrarythe binmethod is recommendeth order to take

into account the variability of the outside temperature
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2 HEAT PUMP SIMULATI®IRDELS IN THE LITEBRE

Unlike the standard EN 148¢8)], which directlygivesthree winter bin trendsthe standard
UNI/TS 11304 [11] provides a bin calculation method, based on a normal external air
temperature distribution The methodhllows to evaluate thenonthlybin profile of a specific
location in Italyand the bin trend for the whole heating season can be obtained by summing
the corresponding monthly bin profiles.

The methodof the ltalian standarcemploys as input data: thenonthly average outdoor
temperature(Tm month), according to the standard UNI 103/&%|; the winter outdoor design
temperature(Tgesh), according to the national arex A of the standard EN 128[b] andthe
monthly average daily solar radiation on a horizontal pléthemonn), according to Ref25].
The mean value of thaormal distribution is assumedqual to Tmmonth and the standard
deviation,” month, IS evaluated as:

Smonth = 18 +016Hm month + ‘Qontl’ ’ (25)

where * montn is expressed in °Gmmonth IN MI/M? and N montn iS the standard deviation
correction:

Dsmonth = me ks ,month * (26)

The factoik s v 2 9fikg.(2.6) isgiven by the following Table:

Table2.6: Values of the factok s va.y i«

Month k svayik
January 1
February 0.5

December 0.5
Other months 0

In Eq(2.6), n maxis calculated as:

DSmax = 0502 0-15825111 -IZjeg,h ) 0'%375rr£,month1 -IZJes hg ) Olﬁ'lm month]'(2'7)

month,1

where the subscriptl indicates the month of January, assumed as the coldest month of the
year.
The bin density factoof the i-th bin of the month Kuinmontn (i), is evaluated as:

. 2,
R EéTexx(D' T, month 0

1 e 28 Smontn -, (28)

. =
Kbm,month() Smomh\/ZU
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2.2 TEMPERATURE CLASS KIGD

where Tex (i) is theexternal aitemperaturevaluecorresponding to the-th bin.
Thetheoreticalduration of thei-th bin of the month thinmont (i), iS given by:

t;)in,month(i ) :Kbin month(i) t montt ? (29)

wheretmonn IS the time duration of the considered month.
Since the theoretical normal distribution would extend to infinity, it is shortened by setting
to 0 the bn durationdower than 1.5%tmonn. The effective durationf thei-th bin, toin,montn (i),
is finally calculated as:

Loinmonnll)

i montl) =t month Tt . 2.10
bln,month() month a tbin,momh(i) ( )

i
For the performance evaluation ofnaelectric heat pump, the standardll] requires
manufacturer data of heat pump power andOPat full load at the source and sink
temperatures reported iMables 2.7, 2.8:

Table2.7: Reference conditions for performancatd provided by the manufacturer. Heat pumps for
heatingonly or heating and DHW production.

Sink temperature| Sink temperature| Sink temperature
Source temperature )
Source . [°C]¢ Air space [°C]l¢ Water [°C]¢ DHW
[°C] : . .
heating space heating production
Air -7 2 7 12 20 35 45 55 45 55
Water -- 5 10 15 20 35 45 55 45 55
Ground | -5 0 5 10 20 35 45 55 45 55

Table2.8: Reference conditions for performance data provided by the manufacturer. Heat pumps for

DHWproductiononly.
Sink temperature [°G] DHW
Source Source temperature [°C] .
production
Air 7 15 20 35 (45) 55 (65)

Alsoperformance dataat part load ratis different from lare neededfor the same source
and sink temperatures dfables2.7, 2.8, according to the reference climates Colder, Average
and Warmer déned by the stadard EN 1482§10].
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Unlike Ref[10], the standard11] indicates to evaluate th€OPat full load for conditions
different from those tabulated iTables 2.7, 2.8, through linear interpolation of theecond
law efficiency; .

- COI? (:Eld’ I:[)-t) CQ cold? hot-/r
' Coﬁax( ;l;ld’ f:l;t) M’ ,

hot -I;old

where Teoiais theheat pumpsource temperature andiho: is theheat pumpsink temperature
([°C]).As example d obtainthe CORvalue for a sink temperaturéq:xintermediate between
the two tabulated temperatureShot1 and Thot2, at the same source temperatur@og, the
following procedure is employed by REf1]:

COFP Fiar rhea)

(2.11)

hll,l hml +273 15 (212)
hotl -l';old
_COR Jis» rhi2)
2= -|-hOt2+273 15’ (2.13)
hot2 -Eold
TO X TO
le /11 ( |/,§ '||ﬁh[—hll (2-14)
hot2 -Eotl
T, +273.15
COR L» )=y, xh.l_t’f.r : (2.15)

hot,x cold

In particular, the linear interpolation 6f;is employed to obtaitCORvalues for intermediate
source or sink temperatures within the manufacturer datldi For temperatures outside
the data field (with 5 °C of maximum deviatioh),is assumed equal to that of the closer
temperature provided by the manufacturer.

To evaluate the heat pump power for conditiondéthin the manufacturer data field, but
intermediate betweerthose ofTables2.7, 2.8, a linear interpolation between the tabulated
power values is adopted.he heat pump power for values of,: outside the manufacturer
data field (with 5 °C of maximum deviatioily assumed equal to that of the closer
temperature provided by the amufacturer. The heat pump power for valueslgdsoutside
the manufacturer data field (with 5 °C of maximum deviation) is obtained by multiplying the
correspondingCOPvalue (calculated as just describdal) the electric power used at the
closer temperture provided by the manufacturer.
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To correct a heat pump performance in the case orofircycles, the standarfl1] employs

the CORcorrection factor defined bydg. [10].

The standard11] divides the heat pump systems into monovalent plants, where all the
building thermal demand is covered by the heat pump, and bivalent plants, where the
building thermal demand is covered bye heat pump and by an auxiliabackup system.
Unlike the standard10], Ref.[11] takes into account botimono-energeticbivalent plans
(wherethe backup system utilizes the same energy sourcdha heat pump;e.g. electric
heaters coisidering electric heat pumps) abdenergeticbivalent plantgwherethe backup
system utilizes different energy sourceg.g. gas boilers considering electric heat pumps).
Starting from the manufacturer data of heat pump power aB@PR the thermal energy
delivered by the heat pump and, if needed, by the bapksystem and the corresponding
primary erergy use are evaluated for each bin (or month, for waewurce and
groundsource heat pumps) of the considered period.

Ref.[11] is applicable to heat pumpshichprovide onlyheating, sly DHW or both heating
and DHW either with separate circuits for the two functions (not studied in the present
Thesis), omwith one circuit for combined service. In this latter case, the standadd
considers priority of satisfaction of the DHW demand and calculates for each bin (or month)
the residual time available for the heating function.

Unlike Ref[10], the Italian standardiL1] considers that a heat pumgan be switched off for
values ofTcoigbelowthe bivalent temgrature Ty (@lternate operation, belowthe heat pump
Temperature Operative LimitOL(parallel operatiofor below the cutoff temperatureTeytofr
(partial parallel operatioh Teuorf iS the value oficoq, possibly higher than th€OL, at which

the heat pump control systerawitches the heat pump off due to, for instance, economic
evaluations. See as examaure2.7, where an aksource heat pumgharacteristic curve
and a building energy signature ateawn as functiona of the outdoor temperature Jex:
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o BES

——— Heat pump in parallel operation

— . — Heat pump in partial parallel operatic
- — — - Heat pump in alternate operation

TOL Tcut—off Thiv TZI T

ext

Figure2.7: Examples of building energy signature andsaiurce heat pump characteristic curive
different operations.

In the alternate operation, for values @&f,alower thanTy, only the backup system supplies
the thermal energy required by the buildinth the parallel operationhelow Ty the heat
pump is not switched off and the back system provides only the missing enerdyy the
partial parallel operationf Tcoais lower thanTy,y, the backup system provides to the building
thermal need which the heat pump cannot cover, umiikos; below Teutorr ONlY the backup
system is swiched on.In the present Thesis, the parallel and partial parallel operations are
analyzed.

While the European standafd0] adopts a value of zermad external air temperate, T,
equal to 16 °C, Rdfl1] suggests a defaulk, value of 20 °C.

The codes developed for the simulation of-@irwater heat pumps described in Chapter
of this Thesis are built starting from the standaftig], [11]. Unlike the standards, however,
the codesconsider in detaithe specific operating modesf different heat pump typologies
(mono-compressor oroff heat pumps, multcompressor heat pumpand inverterdriven
heat pumps) and they can take into acnt the heat recovery mode fabHW production

2.3 DYNAMIC SIMULATION DELS

Amore detailed methodo evaluate themeanseasonal performancef a wholeheat pump
system ighe dynamic simulation, which &ble to take into account the dynamic variatioh

the building loadof the heat pump source tempature and, consequently, of the heat pump
performance. It can also consider the presence of a thermal storage tank coupled to a heat

pump.
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Normally, in these models thecalculatiors arecarried out atquasisteadystate conditions
namely at steadystate conditiondor eachtime interval, which isequal to the time step of
the calculation method of théuilding thermaload (usually 1 ur).

Performance mapbasedmodels are employed imost dynamic simulatiorsoftware (e.g.
TRNSY)Swhichmeans that the thermodynamic properties of the heat pump working fluid
are not modeled physically, birtterpolationsamonga number ofheat pumpcharacteristic
points, given by the userare employedin orderto model the heat pump behaviorThe
dynamic softwareTRNSY8ses the temperature of the heat pump sourcend sink to
evaluate thethermal powerdelivered andhe electric power needethy the heat pump in
each time steff{see 8bsection2.3.1). To simulate the whole heating (or cooling) generation
system, theTRNSY&er has taouple the model of the heat pump with models of the other
components of the system (e.g. thermal stoeadpuilding, borehole heat exchangerblo
direct calculations of a heat pump efficiency at part loads is performed by the software.
Bettanini et al.[14] proposed a mathematal model for theevaluation ofa heat pump
behavior at part load, observirtfat the seasonal performance of a heat pumpstsongly
influenced byits capacityto maintain high values défficiencyat part loads. The authors
applied the model to evaluatdynamicallythe seasonal performance skveral heat pump
systemsin heating and cooling modd& hebuildingenergyrequiremens, obtained froman
hourly simulation,were used toidentify the heat pump part load conditionsn the basis of
the reference waking curves of thdneat pumpat full load. Consequentlythe hourly mean
COPRr EERvascalculated and corrected hysingthe proposedmodelfor part loads Dividing
the mean hourly capacitgf the heat pumpby thisvalue of COPor EERthe mean hourly
electric consumption wasalculatedand the asonalparameters SCORnd SEERwere
obtained as thaatio between the satisfieduildingenergyrequirement integrated in the
season periodand thetotal electricconsumptionof the heat pump The authors found a
relative discrepancyalways less than 1 #etweenthe seasonaperformance parameters
calculated and the regdarameters measureftom monitoring of the machines.

Klein et al[27] investigated, by means of dyméc numerical simulations, the performance
of a hybrid system, composedan electriomono-compressor oroff air-to-water heat pump
for building heatingcoupled toa condensinggas boiler A thermal storagewasincludedin
the studyin order to increase the thermal inertia of the system aodeduce the number of
operating cycles of the heat generatgheat pump and gas boilerfhe heat generatonsere
connected in seriesyith the heat pumpdcated upstream of thgasboiler. Thestudy was
conductedby using Modelicgan equatiorbased modeling language for complex physical
systems simulationin the softwareenvironment Dymola 2012T'he weather was odeled
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by using theTest RferenceYear created by the German national meteorological service for
the Western Germany regiorThe building thermal needs were taken into account by
evaluating the building energy signaturéhe heat pump was simulated by mes of a
performance map based modeh whicha two-dimensional tabulated performance map
returned the heat pumpthermal capacity and electripower consumptioras functionsof

the source and sink temperatureflso the boiler model watable-based,by employing
experimental data The thermal storage, assumed as a stratified cylindrical tank, was
discretized in six water volumgeachwith uniform temperature; the heat flow between
adjacent layers was modeled by thermal connectiohgartial parallel ogration strategy
was chosen to operate the heat pump and the gas boiler (gbee§tion2.2.1). The building
insulation, the nominal heat pump capacity and thewoé of the thermal storage tank were
varied, in order to analyze their impact on the system performambeauthors attained lhe
highest seasonal performanogith mid-range heat pump capacities angell insulated
buildings Thevolume of the storage tanlon the other handhad avery limited impact on
the system performance.

Madonna and Bazzocc[28] developed amathematical modefor hourly simulationof a
small size aito-water inverterdriven heat pump in heating and cooling modée proposed
model used a linear relationship between the performance of the real refrigeration cycle and
that of the Carnot refrigeration cycle (ideal cy¢leperating & the same temperatureslo
take into account theheat pump efficiencydecrease due to owoff cycks, the authors
employed Eq(2.1) from the standard EN 1482R.0], with the heat pump capacity rati€R
evaluated as theatio between the thermal energy supplied by the heat pump in one hour
and the thermal energy whictould be supplied with the compressor continuously running
at the minimum inverter frequencyl.his second quantity actually depends on the heat pump
condensation and evaporation temperature$he model [28], however, neglecs this
dependeny andapproximaesthe denominator ofCRwith the energydeliveredby the heat
pumpin one hourby runningthe compressoiat one third ofits maximumcapacity On the
contrary, he heat pump simulation codes presented in the next chapters of thi®sis
evaluate the minimum energy that an inveridriven heat pump can supply in given
conditions, by taking into accoutite temperature values of the heat pump source and sink.
The calculatio of the buildinghermal energy needwasperformedin Ref.[28] throughthe

& A Y LJX Ahfedr®dR¢ dgnamic method described in the international standard
ISO13790[29] and the IWEC climate files were used to simulate the weatlerthermal
storage tanks or baelp systems were considered in the stud@iemodelwas calibrated by
meansof experimental datacollected in a field trial monitoring campaigand it was used

26



2.3 DYNAMIC SIMULATION BIELS

to evalate the heat pump performance tlifferent residential buildings and Italian locations.
The authorsnoticed that aheat pump gsasonal performancés strongly afécted bythe
climate andalsothe ratio between heating red coolingloads plays an importantole. Heat
pumpswhich aresized for the most severe seasaon particularcan result oversized during
the other seasoncausingexcessiveon-off cyclesand a corsequent eduction of the heat
pump efficiencydespite the use of an inverter

Al-Zahraniet al[30] analyzedthrough thedynamicsoftware TRNSY, & case study abouhe
integration of awater-to-water heat pumpwith a hot water anda cold water storage tank

for simultaneouscoolingand DHW mduction inresidentialand office buildingin a tropical
climate The authors evaluated the system performance at different operation modes and
storage tank sizes. Ddigne operation, nighttime operation and wholalay operation of the
heat pump were cosidered. Since all the waste heat rejected by the heat pump is stored in
the hot tank,the authors studied the influence difie tank volumes andf the heat transfer
balancing betweeithe storages imaintairing suitable temperatures in the storage tanks.
On the contrary, inlie codes devebped in this Thesis for the simulation of heat pumps in
simultaneous coolingand DHW production, the heat pump can also reject heat to the
external air, working in coolingnly mode, when all the building energy demaiod DHW
production is satisfiedAlZahraniet al.[30] found thatthe daytime operation mode requires

the smalest size of both storages, bigunable to provide domestic hot water sufficiently
hot during early morningynlikethe other twooperation modes which can suppliiot water

at the requiredtemperature

Dynamicsimulation models are more detailed tharhé previousmethods and require
greater effort to be developed; nevertheless, they can be easy to use and can require short
computational tme. Moreover, these models allow comparisons between different heat
pump systems in more realistic conditions and they are able to evaluate the system behavior
over bngterm periods (like the longerm sustainability oheat pumgs coupledto borehole

hea exchangers).

Chapter4 presents the codes developeid this Thesisfor the dynamic simulation of
air-to-water heat pumgg systemswhereas Chapteb presentsthe codes developed for the
dynamicsimulation ofsystems based ogroundcoupled heat pumps.

2.3.1 Dynamic enulationof airto-water heat pumpsvith the software TRNSYS

TRNSYS (TRaNsient SYstems Simulatioa) ggnulation program that uses buitt
subroutines to model the transiemperation of a variety of systemscluding heat pumps.
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TRNSYS is made upofenginethat reads and processes the input filed iteratively solves

the systempf a graphical interface (Simulation Studim)d of a library of componentsalled
Types each of which models one part of the syst€Ref.[31]). A Type is a prdefined
mathematical subroutines which represents a physical component of the simulated system.
The Types selected from the library aregiied and droppedinto the TRNSYABorkspace and
linked to each otherthe outputs of onecomponent are graphically caected to the inputs

of another, while the parameters of a Typan beset bythe user When a simulation is run,

for each timestep (defined by the user) the software iteratively soltbe equationsof all

the componentsand provides the achieved results an output file

Air-to-water heat pumpscan be modelled in TRNSYS by means of Type 917 or Type 941,
which are notdirectly available fronthe standard componentbrary, but from the TESS
component ibrary.

Type917 computs the change in humidity across the air side of tiemat pump, while in
Type917the humidityeffects are ignoredn this work the heat pump defrost cycles are not
taken into account (se8ection6.2) and this absection is focused on the TRNSYS Type 941
(Ref[32)]). Figure2.8 showsthe Type 941 general informatidnom the component proforma

file, that is thestandard method for documenting component model

General Description Variables | Files

Object: Air to Water Heat Pump
Author: Jeff Thornton
Organization: Thermal Energy System Specialists, LLC
Editor: David Bradley
Creation Date: October 2005 Last Modification: September 2010
Model Type
) Detailed () Simplified @) Empirical () Conventional

Validation
[v] Qualitative | ] Analytical [ |Numerical | |Experimental [«]In Assembly

Type Number : KeyWords :
941 ‘Cont_jitioning_ Device N
& |Cooling Device
- Allowed Instances : |Heat Pump
|Heating Device De

941.bmp (Riga di con

Choose icon ...

Figure2.8: TRNSYS Type 941 characteri$tas the component proforma

Type 941is based on usesupplied files containinghanufacturerdata of the heatpump
power delivered and used saunctiors of the temperature of the external air and of the
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water stream entering the heat pump A file contairs the cooling performance data and
anotherfile contains theheating performance data he required data can babtained from
the catalog performance data files typically provided by manufacturers in tabular farm.
both performancefiles, the values of powedelivered and used by the heat pungre
normalized to the rated conditio (set by the user). This impli¢sat, for givenoutdoor air
and water stream temperatures, the provided value of heat pump powaetiisensionless,
because it iglivided by the power of the device at its rated conditi@y. rormaliang the
data, the process of creatinthe performancefilesistime consumingput saves time when
the simulatedheat pumpis changed with different sized unitas only theated parameters
must usuallybe adjusted(on a normalized basis heat pump performance is not heavily
dependent uporits size.

Therated powerused bythe device ad the correspondingnormalized values in the data
files must contain the compressor power arttle outdoor blower fan power bumust not
contain the auxiliary heater power.

In the performance fileghe tabulatedvalues ofenteringwater temperature (in°C) must
appear on the first row anthe tabulatedvalues ofexternal air temperature (inC) must
appear on the second line. Thrmalizedvalues ofheat pump performancenust then
appear orthe followinglines for each corbination of provided air and water temperatures
Any text following an exclamation point (!) on a line is interpreted as a comment and is
ignored by TRNSYSgure2.9 shows arexample of input filgorovided by the softwardor a
heat pump in heating mode.

s 30 35 40 45 50 IT_water_in

2.2 7:2 12.2 15 20 IT_air_in

0.759 0.787 !Fraction capacity and power at T_air = 2.2 deg. C and T_water_in = 25
1.080 0.868 !Fraction capacity and power at T_air = 7.2 deg. C and T_water_in = 25
1.137 0.843 !Fraction capacity and power at T_air = 12.2 deg. C and T_water_in = 25
1.233  0.843 !Fraction capacity and power at T_air = 15 deg. C and T_water_in = 25
1.403 0.844 !Fraction capacity and power at T_air = 20 deg. C and T_water_in = 25
0.737 0.860 !Fraction capacity and power at T_air = 2.2 deg. C and T_water_in = 30
1.048 0.938 !Fraction capacity and power at T_air = 7.2 deg. C and T_water_in = 30
1.106 0.923 !Fraction capacity and power at T_air = 12.2 deg. C and T_water_in = 30
1.199 0.924 !Fraction capacity and power at T_air = 15 deg. C and T_water_in = 30
1.359 0.924 !Fraction capacity and power at T_air = 20 deg. C and T_water_in = 30
0.714 0.944 !Fraction capacity and power at T_air = 2.2 deg. C and T_water_in = 35
1.017 1.044 !Fraction capacity and power at T_air = 7.2 deg. C and T_water_in = 35
1.075 1.016 !Fraction capacity and power at T_air = 12.2 deg. C and T_water_in = 35
1.165 1.017 !Fraction capacity and power at T_air = 15 deg. C and T_water_in = 35
1.314 1.018 !Fraction capacity and power at T_air = 20 deg. C and T_water_in = 35
0.692 1.027 !Fraction capacity and power at T_air = 2.2 deg. C and T_water_in = 40
0.986 1.136 !Fraction capacity and power at T_air = 7.2 deg. C and T_water_in = 40
1.043 1.108 !Fraction capacity and power at T_air = 12.2 deg. C and T_water_in = 40
1.131  1.109 !Fraction capacity and power at T_air = 15 deg. C and T_water_in = 40
1.269 1.112 !Fraction capacity and power at T_air = 20 deg. C and T_water_in = 40
0.670 1.132 !Fraction capacity and power at T_air = 2.2 deg. C and T_water_in = 45
0.955 1.255 !Fraction capacity and power at T_air = 7.2 deg. C and T_water_in = 45
1.012 1.224 !Fraction capacity and power at T_air = 12.2 deg. C and T_water_in = 45
1.097 1.226 !Fraction capacity and power at T_air = 15 deg. C and T_water_in = 45
1.224 1.229 !Fraction capacity and power at T_air = 20 deg. C and T_water_in = 45
0.648 1.249 !Fraction capacity and power at T_air = 2.2 deg. C and T_water_in = 50
0.923  1.385 !Fraction capacity and power at T_air = 7.2 deg. C and T_water_in = 50
0.981 1.352 !Fraction capacity and power at T_air = 12.2 deg. C and T_water_in = 50
1.062 1.355 !Fraction capacity and power at T_air = 15 deg. C and T_water_in = 50
1.180  1.359 !Fraction capacity and power at T_air = 20 deg. C and T_water_in = 50

Figure2.9: Example of heating performance file for Type 941.
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The numbeminimum 2and maximum 1Pof specifiedvalues ofexternalair andwater inlet
temperature in the data filesmust coincidewith the correspondingparameter in the
O2YLRYSYyiQa LINPF2NXYI ©

Type941 linearly interpolateamong theperformance points as function of the houstglues
of outdoor air ard inlet water temperature The component does not extrapolatbeyond
the data range provided, so,values outside the data range are provided, the maximum or
minimumheat pumpperformance valuearereturned.

The heat pump conditions the primawyater stream by absorbing energy from (heating
mode) or rejecting energy to (cooling mode) an-&irrefrigerant heat exchangemheheat
pump can beequipped with an optional desuperheatehat can be used to heat secondary
water streamsuch as @omestichot waterservice.To disable the desuperheatgt suffices
to setto zeroits inlet flow rate (an input of Type 911To usdt, the TRNSYB8serhas to
provide the conditions of thevater stream entering the desuperheater and must specify a
heat transfercoefficient between the refrigerant and theater stream both for heating
mode Udespr,) and cooling modéUgespr.9.

In cooling mode, the desuperheateraoversa partof the rejected energy.In heating node,

it causes the heat pumim absorb theelectricenergy requiredboth for spaceheatingand
for domestichot water production at the same time.

If the heating control signabf Type 941lis on (equal to or greater than 0,5)hen the
component calls the TRNSYS data interpolation routine to deterthe power supplied and
usedby the heat pumpn heating modeas functions ofhe external air temperature and of
the water inlet temperature by reading the data of the heating performance fiext, the
model calculates the amoum.r ¢0f the total capacityPspused to heat the secondakyater
stream (DHW streangndthe resulting DHW outleemperature, Tw,out,oHw

PHP, a= Udespr I‘( Tdespr - Tw in DH\)/ ) (216)
T =T LY 2.1
'w,out,DHW — ‘w,in DHW '~ ' ( . 7)
My Chw

Tuespristhe temperature of the refrigerant entering the desuperheatéf,inprwandl pnware
the DHW streaminlet temperatureand mass flow rate and,« is the waterspecific heat
capacity at constarpressure

Theelectric power usedby the compressqQiPeomp, is computed by Type 941 as the power
read from the data filePupus minus the blower power (whicls entered asa model
parametr).
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Thepowerreleasedo the condenserPong and thepowerabsorbed by the evaporatoRevap,
are then:

(2.18)

P.=P,-P (2.19)

evap compi *

If the heating capacity of the heat pump is insufficient at saime during the simulation, it
is possible to specify in Type 941 an additional heating capedtitgh is handled by the Type
as an electric heatefThe auxiliary heatingapacity P, is a parameter ofType941and its
control signal is an input.

If the auxiliary heating control signal is on (its inputdsial to or greater than 0)5the entire
capacity of theauxiliary heater is applied to therimary waterstream.The primarywater
stream outlet temperatureTuy ou, iSthen:

Pt PR

Tw,out :-I:N in ' C?nd o ’ (220)
m,Gow

where Ty,n and i  are the primary water streaminlet temperature and mass flow rate,
respectively.

TheCOPRof the device, consisting tieat pump and auxiliary heatgsevaluated by Type 941
as

cops R * R (2.21)
HP, us+ Pbk

If the coolingcontrol signal of Type 941 is othe procedureto determine the heat pump
cooling performances the same as the procedure ftihe heating performance. The heat
pump is abldo use a desuperheateo heatasecondary watestream(typically for domestic
hot water production)while cooling the primaryvater stream (heat recovery mode)The
values othe heat transfer coefficient between the refrigerant and tiater streamandthe
temperature of the refrigerant entering the desuperheatsmn be different from the values
used in heating mode.
The energy rejected by the condenser and the energy absorbéekbgvaporatorin cooling
modeare:

Pond = I:I>-|P +R -Ei,P ’ (222)

[ compr

P.=P.. (2.29)

evap

31



2 HEAT PUMP SIMULATI®RIRDELS IN THE LITERRFU

The outlet temperatureof the primarywater streamis:

P
Tw,out :Tw,in . = (224)
m, G w
and the EEPof the heat pump is
F:zva
EER 22 (2.25)

HP, us

In conclusion, ite TRNSY®ype 941 can be used to simulate the dynamic behavior of
air-to-water heat pumps, but it has some limitations.

First of al, TRNSY® not able tosimulate directly inverter-driven heat pumpsor multi-
function heat pumpsThe codes presented in this work, on the contrary, empl@pecific
mathematical proceduréor eachheat pump typology.

Type 941 moreover,does notacceptthe buildingenergy need as a diredghput: for each

time stepit evaluates thevalues of heat pump powend CORor EERas functions of the
external air temperaturelnstead, he codesleveloped in this Thesis cheattomatically the
building energy demand anchn consequently evaluate thenergy delivered and used by
the heat pump.

In Type 941 desuperheatetis used to produce domestic hot water, simply assuming that a
part of the heat pump capacity (in winter) or of the condensation heat (in summer) is used
to heat a secondary DHW stm@aTRNSYS has not the possibility of modeling, directly into
the pre-defined Type 9413 heat pump performancén DHW mode (or heat recovery mgde
different from that in heating mode (or coolingnly mode) It would be possible to
implement heat pump perfemance values specific for DHW production into the
performance datafile, read by Type 941, in correspondence of a differamtter inlet
temperature In this way, however, during each hour of the simulation, the heat pump would
be able to work only in DHW mode (heat recovery mode) or only in heating mode (eooling
only mode), without taking into account hours with building energy needs both for DHW
production andfor heating (cooling), wish are usually the majorityOn the contrary, he
codes desabed in the following chaptersan take into accounfor each time stepdifferent
simultaneousenergy needs of the building, such as heating and DHW ptiaduar cooling

and DHW productionthe correspondingvalues of heat pump power andORor EERare

then returned by the codes.

If the auxiliary heating control signal of the TRNSY&® 941is on, then the entire capacity

of the auxiliary heater isndiscriminately applied to the primarywater stream, yielding a
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variation of the primarywvater stream outlet temperatureln the simulation codesubject of
this workthe outlet temperature of the wateheated by the heat pumjs fixed and the
building energyeed not covered by the heat punipevaluated andupplied by the backp
system.In the codegresented in this workmoreover, the auxiliary heater capacity can be
used not only for heating, but also for DHW productifumthermore,the auxiliary devicean
be eitherelectric heatesor agas boiler.

Finally, naCORor EERcorrections for oroff cyclesare consideredby Type 941. In the codes
developed in this Thesithe correction factors indicated by the standarflQ], [11] are
employed.

The TRNSYS Type 941 will be used to validaseme simple casethe dynamic codes
developedin this Thesi$or the simulation of aito-water heat pumpsgeeSectiord.4).

2.4 DESIGN AND SIMULATE@MNGROUNDOUPLEBEAT PUMBYSTEMS

The design of Groun@oupled Heat Pump (GCHP) systemusually divided in two parts: the
design of the Borehole Heat Exchanger (BHE) field; the choice of the heat pump and the
evaluation of its seasonal performance.

Most design methods of BHE fieldts the literature are based on theevaluation of the
temperature distribution in theborehole field, as a function of timeln these studies,
groundwater movement is usually neglected and the ground is considered as an infinite solid
medium with constant theno-physical properties. The problem to be studiedhat of
conduction in the groundyhichis a problem ofransient three dimensional conduction, for
which approximate solutions, either analytical or numerical, are usually employed.

Analytical solutionsare normally available with reference to the following classification:
Infinite Line Source (ILS) models, Infinite Cylindrical Source (ICS) models, Finite Line Source
(FLS) model#n these modelsaborehole heat exchanger is considergther as an infiitely
longline, asan infinitely longcylinder or as a linwith finite length respectively.

Solutionsof the temperature distributiorare often presented in dimensionless forbetus
introduce thefollowing dimensionlessorm of theradial coordinate, vetical coordinatez,

timet, and temperaturet:

,
*
I

, (2.26)

ol-=

Nx»
Il

, 2.27)

OlN
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. _ag
v="0 (2.28)
T =k T(’q L , (2.29)

where D is the BHE diametef, ky and Ty are the ground thermal diffusivity, thermal
conductivity and undisturbed temperature, respectively, apds a reference heat flux per
unit length.

As mentionede.g.by Do andHaberl[33], Philippeet al. [34] and Yang et al.35], the ILS
model is knowralsol aY Sif GA Y Qa A S & R ¢abldtSppkcBtién2oNthis
approach was developed by Lord KeMihe ILS solution fa BHE subjected to a constant
heat transfer rate per unit lengtfy) wasdeduced byCarslawand Jaege}36] and isreported
e.g.by Foss§37], Philippe et al[34] and Yang et al35]. With reference to the dimensionless
quantitiesof Eqs(2.26)-(2.29), the solutionhas theexpression

»u

T(r t)—

ﬁ 2.30)
a

Approximatesolutiors of Eq.(2.30), which contains aexponential integrglare employedn
thermal response test® evaluatethe ground thermaephysical properties.

The ICS solutiowasobtained byCarslawand Jaegef36] and is reported for instance py
Zanchini and Pulvirenfi88]. In dimensionless forpwith reference to Eq92.26)-(2.29), it is:

12 ®eR0 () J@TY XOhi- e
TEORER € 2oy ;

where J, is the Bessel function of the first kind with ordeand Y, is the Bessel furion of
the secondkind with ordern.

ThelCSsolution byCarslawand Jaegef36] is employed by Kavanaugh and Raff¢&$] in
the design method for BHE fields recommended by ASHBR\See SubsectioR.4.1).

The analytical solution of the FLS model was determined by Claesson and E4k]ldd4]
and is reported e.g. by Zanchini and LaZ2hinh dimensionless forpwiththe dimensionless
quantities defined irfEqs.(2.26)-(2.29):

}eerfc 05,[r +(z u) /\/7 ﬂerché[ ( I)F/\/T g
, idu , (2.32)
Jr + z -u Jr 4z

a
@u , (2.31)
b

—>

1
T(,Z, f)—am

— —
\<T> —_—
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wherel” =L/ Dis the dimensionless BHE length amftisthe complementary error function.

Zeng et al[43] pointed out that Eq(2.32) evaluated at the middle of the length of the BHE
yields an overestimation (up to 5 %) of the mean temperature field at the BHE surface. The
authors recommended to use the value given by that expression valieraged alonghe

BHE lengthwhichis calledg-function Theg-functionsare timedependent expressions of

the dimensionless temperature, averaged along the BHE length, due to a uniform and
constant heat load which starts at the time instanrt 0. Theg-functionexpression based on

the FLS model, i.e. on EB.32), is given by:

1 L?erf 5/r +(z u)zlx/_ﬂerfco (+z l)f/
i
[

G dr )= = dz ,(2.33)
4 o R,

A simplifiedform of Eq.(2.33) was proposed by Bandos et d44]. By employing the
dimensionless quantities of Eq2.26)-(2.29), the solution of Bandos et 444] is:

:SZ
< = %_—-)—> >

3 e-lGL’ZL? _464[26 -2
* ﬂ_ dl-y
2Jplu gu

(e t)——n e4erf (A u) -2erf (4Lu)
2J—@

(2.34)

where erf is the error function.Bandos et al[44], moreover, analyzed the effects of the
geothermal gradient and of the surface temperature oscillations.

Another simplified form of Eq2.33) was proposed bjzamarcheand Beauchamg45].

By employing the results obtained by Bandos ef4d], Fossd37], [46] proposed simple
approximate expressions f@g s which require low computational time and usenpirical
coefficients determined throughthe analysis of different BHE fields.

Accurate analytical expressions of thlgefunctions were determined by Zanchini and
Lazzar[9] for fields of BHEs with differenwvalues of length and diameter (see
Subsectior?2.4.2). Theseg-functionsare based on the Finite Cylindrical Source (FCS) model
and are expressed in the form of polynomial functions of the logarithm of the dimensionless
time.

Numerical simulations of BHE fields can be performed by means of software like i E
Designer (EED), which is entirely dedicated to borehole heat exchangers (see
Subsectior?2.4.3), or software like EnergyPlus or TRNSYS, which can perforgyanatysis

of the whole buildingplant system

EnergyPlus simulates BHE fields by employing dHeanction model developed by
Eskilsorj41] by means of arnhancedalgorithmby Yavuzturk an&pitler[47]. As reported
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by Yang et al.35], this algorithm is based on terdimensional, fully implicit finite volume
calculationsand the numerical results are expressed in terms of short te@ response
factors g-functiong.

In order to simulate BHE fields, the software TRNSYS enthb®opsict Srage (DST) model
developedoy Hellstrén48], whichwas adapted to be run on TRNSYS by Hellstrom[d&l.
As reported by Fossa andmghio[50], the DSTmodel employspatial superpositionf three
basic solutions of the conduction equatiaie globaltemperature difference betweethe
heat storevolume and the undisturbed ground temperatyrealculatednumerically the
local temperature response inside heat store volume calculated numerically the
additional temperaturedifferencewhich accounts for théocal steag heat flux calculated
analytically

Despite its complicated structure, the DST modetomputationally efficient, butit is
developed forcompact and regular dispositisnof BHES and does not provigescise results
for in line boreholsand unbalanced heat loagas evidencetdy Fossa and Minch{0].

In order to simulate the whole GCHP system, the TRNSYS user has to couple the Type of the
BHE field with that of the heat pump, which, hewver, is not able to take into account
inverter-driven heat pumps.

2.4.1 The ASHRAE method

The American Society of Heating, Refrigerating andGainditioning EngineersASHRAE,
recommends a&imple design method for BHfields(Ref.[40]). The methodvasdeveloped
by Kavanaugh and Rafferfg9] andis based on the solution of the equation for the heat
transfer from an infinitely long cylinder placed in a homogenesmlgl mediumdetermined
by Carlslaw and Jaeg@6].

Byanalogy with the stationary casene has

T-T. =Rq R . (2.35)

g ,m
ot

In EqQ.(2.35), Ty is the undisturbed ground temperature Tm is the BHE fluid mean
temperature Ris the thermal resistance per unit BHE length arid the thermal load per
unit BHE lengthgiven by theatio between the thermal loadQ) and the total length of the
boreholes (o).

From Eq(2.35), one can find:

L, =R (2.36)
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The thermal resistancR must take into account both the BHE internal resistance and the
(equivalent) ground thermal resistance, which depends on the duratfatheo considered
thermal load.Themethod considers thesuperposition otthe effects of three heapulses
each with a constant power, which account for seasonal heat imbalances, manthigge
heat load during the design month, and peak heat pulse dulieglesign day, respectively.
Two different expressiorare suggested to determine thalue ofl,:, one validif the design

is based on the building heating load&.(2.37)) and one valid if the design is based on the
buildingcooling loads (Eq2.38)):

L[ — Pny %,yly+( Iges h~ EJ)S ?)( %HE +PLtﬁy ,B’nly fﬁly )5( (2 37)
ot h Tg _ _I;'m --E y .
I-[m .= I:;/Iy |%,yly +( Ei)es c Es )( I:%HE +PLrﬁy ,Bnly -l,-ﬂly )sn . (238)

T Tim -1

In Eqs(2.37), (2.38), Ry is the mearyearlyvalue of the thermal power exchanged between
BHE and groundobtained by considering as positive the energy drawn from the ground for
heating and as negative the emgrreleased to the ground for coolindPsesis the building
design load (positive for heatingyes,n» Negative for coolingRuesc); Pus is the electric power
used by the heat pump and the circulation pump®$at Rexeis the BHE thermal resistance;
Ryyy is the ground thermal resistander (pluri-)annual heat pulsesi;my is the ground
thermal resistance for monthly heat pulsd®;qy is the ground thermal resistance for daily
(actually of 6 hours) heat pulseBLFy is the partial load factor of the design month; is

the short circuit factor (due to theon-perfect thermal insulation betweea BHE supply and
return) and T, is the temperature penalty for thermal interference betweBREgpositive

for heating and mgative for cooling).

From Eqgs(2.37), (2.38) one can note that, the higher the difference betwe&mandT; m, the
lower theresultanttotal BHE length.

The total length of the boreholeshould bethe greate between Liotnh and Liotc; if Liotc iS
greater thanLoth, however, it is possible to install a toBHHength equal td.:n and couple

a cooling towerthus obtaining a balance of the seasonal loads.

To evaluateRyyy, Rymy and Ryay, three heat pulses are considered, one of 10 years (3650
days), one of 1 month (30 days) and one of 6 hours (0.25 days). Three corresponding time
instants,t, are definedas
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ty, = 6 hours =0.25 days
t., =1 month +6 hours =30.25 days : (2.39
t,, =10 years + 1 month + 6 hours =3680.25d

Time(t) is nondimensionalized by means of the Fourier numben,
Eoz 28t
DéHE ,

whereh 4 is the ground thermal diffusivity ariteneis the borehole diameter.
The threeFourier numbergorresponding to the threeime instants of Eq2.39) are:

(2.40)

Fo, = itw. o ABm . g L8 (2.41)

Y B IXHE 1 DZBHE , ﬁBHE
For each Fourier number, the corresponding value ofGiactor is evaluated. Th& factor
is the dimensionless temperature at the Bbiund interface due to a estantheat load
per unit lengthqo, definedas
Toe o T K
(;:(E‘HE@‘—Q)g , (2.42)
Qo

where Tangg IS the temperatire at the BHEround interface andg is the ground thermal
conductivity,
ASHRAE gives the correspondence betwemsnd Gthrough a table and a seAvgarithmc
diagram reported inFigure2.10.
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Figure2.10: Fourierc G factor graph from Ref39].

By interpolating the values of the table it is possible to find a polynomial express®awof
a function of the logarithm with base 10 B which is given by:

G=0.00033¢ logFo]) - 0.005348 lofd’) +0.030407 ldg§ ) £1D234log(Fp 042788. (2.43)

A plot of Eq(2.43) is reported inFigure2.11.
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Figure2.11: Gfactor values andourth order polynomialinterpolating function.

Once obtained the three values of ti@factor Gy, Gny, Gay) corresponding to the three
Fourier numbersKauy, Fany, Fauy, respectively)the ground thermal resistancedg;yy, Rymiy
and Ry qy are evaluateds:

Qﬂyk'g G, R % ; Ray ;K(;iv _ (2.44)
The decrease in borehofgerformancedue to short-circuiing heat exchangeetween the
upward and downward flowing legs thfe U-tube istaken into account in Eq§2.37), (2.38)
by means ofhe short-circuitingfactor, R The values dfcare given inrable2.9 as functions

R =

of the fluid flow rate and of the number of BHE in series.

Table2.9: Short circuit factor values.

) ] Fluid flow rate [mn?%(s kW)]
BHE in series
36 54
1 1.06 1.04
1.03 1.02
1.02 1.01

Usudly Utubes are piped in parallgbut in the cas®f two or three loopgiped in series the
short-circuiting heatexchange iseducedandthe correspondingralues ofFscin Table2.9 are
smaller.

The values of temperature penalty for thermal interference between BRfEsire given by
ASHRAE as functionstbé distance between adjacentts and of the equivalent full load
hours for heating/cooling (se€ables2.10, 2.11).
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Table2.10: Temperature penaltyfp for 10 x 10 BHE field after 10 years.

Equivalent full load hours Distance between TEC]
heating/cooling adjacent BHERN] P

1000/500 4.6 Negligible

4.6 2.6
1000/1000

6.1 13

46 4.2
500/1000 6.1 22

4.6 71

6.1 3.7
500/1500 76 19

4.6 Not advisable

6.1 58

0/2000
76 31

Table2.11: T, correction fctors forother BHE gd patterns.
1x 10 grid 2x10 grid 5x 5 grid 20x 20 grid
0.36 0.45 0.75 1.14

Typical distances between adjacent BHEs are from 6 to 10 m. The farther thetigH@&@ser
the thermal interferences(but the bigger the occupied argaUnder equalboreholes
separation, an inline giihas less interference than a squarerectangular grid.

The values oT, provided by ASHRAE are not completely reliafoleinstance,considering
the temperature p@alty as negligible in the first row diable2.10 seemsoptimistic. More

reliablevalues ofT, after 10 yearsare given by Bernier et §b1] in dimensionless formTy’,

defined in Eq(2.45)), for several BHE field geometria@sd groundproperties (sed able2.12).

T :_szc‘:‘% . (2.45)
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Table2.12: Dimensionless temperature penalfy after 10 yearsrom Ref[51].

Grid Distance between hg[m?/s]
adjacent BHEs [m] 1.03 x10° 6.481 x107
5 51 4.2
1x8 6 4.4 3.6
7 3.8 3.0
5 14.9 12.3
3x8 6 12.8 104
7 10.9 8.7
5 16.7 13.7
5x5 6 14.3 11.6
7 12.1 9.7
5 30.3 23.3
10 x 10 6 25.2 19.1
7 20.7 155

The partialload factor of the design montf Lk, appearing in Eq$2.37), (2.38), is defined
as:

R.may days of occupanc (2.46)
P days of the montr’ :

b,maxdly

PLE, =

where Py, m.ay is the mean building load during a typical day of the design month (for the
heating or cooling season) amymaxdy is the corresponding peak load. To evaluBlery,

the building load profile during a typical daytbé design month must be knowRigure2.12
shows an example of load profifer a residential building from Refb2], where the peak
load is almost twice the mean daily load
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Figure2.12: Ratio between the building thermal load averaged over 4 hours and tteanrdaily load
during the day with maximum heating load, fresidential building in Bologna (ltaly), with indoor
temperature 20 °C by day and 18 °C by nifjgti(e from Ref.[52]).

The ASHRARethod is limited to 10 years of operation and, thus, does not guarantee the
long-term sustainability for several decade$ borehole fields with unbalanced seasonal
thermal loads

2.4.2 A recent studyfor ground-coupled heat pump systendesignthrough the
g-functions

RecentlyZanchini and Lazzd€l] presented amethod, based on the-functions to evaluate
the longterm temperature dstribution in a field of long drehole heat exchangers subjected
to a monthly averaged heat flux, under the assumption that the effecthefyoundwater
flow are negligibleln Ref[9] each BHE is considered afirate cylindrical heat sourcé~CS
model), with diameterD and lengthL, subjected to a uniform heat load per unit lengtf,
which is constant duringach month but varies during thesar. Theheat loadq is considered
negative during winter (heagxtracted from the ground) and positive during summer (heat
released to the ground).

In a broad range of values of the dimensionless timgsfunctionis deermined br each
dimensionless BHE length = L/ D, andeachdimensionless radi distancerom the BHE axis,
r' =r/D, by means offinite element simulationsandiswritten in polynomial fornmby means
of accurate interpolations.

The authors assumed th#te ground is a semnfinite solid medium with constant thermo
physical propertiegundisturbed temperaturdy, thermal diffusivity? ¢, thermal conductivity
Kg), without groundwater movement.
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On account of the axial symmetithe temperature field in theground is a function of the
radial coordinater, the vertical coordinatez, and timet. Theauthorsadopted a cylindrical
referenceframe centered in thdHEaxisand a cylindrical computationdbmain around the
BHE, with an external dimensionlassliusequal t02500 and a dimensionless depth equal
to L' +2000(sizes that ensural results independent of the domaiextensior).

At the initial time instantt =0, the temperatureT is uniformand equal toTg. Fort >0, a
uniform heat flux per unit areaq’, is applied to the boundary surfadeetween BHE and
ground,

=%
q'= D FY , (247)

whereqo is the magnitude of the highest (lowest if negative) heat flux per unit length applied
to the BHEground interface and(t) is a dimensionless function of time, with values between
-1 and 1. Negative values Bft) correspond to winter operatigrpositive values to summer
operation.

The diffeential equation to be solved is

M Br (2.48)

The lateral and bottom boundaries of the computational domain are considered as adiabatic.
The upper boundary (ground surfaces0) isassumed to bdsothermal, with constant
temperature equal tdly,

T(r,0,)=T, . (2.49)

The effects of the external air temperature changes are neglected, because long BHEs are
congdered.
The boundary condition at the BHffound interface is:

k(e ;% R, (2.50)

wheren is the outward unit normal.
By consideing the dimensionlessperator 1" =Dn and the dimensionless quantitiesf
EQs(2.26)-(2.29), one can rewriteEqs.(2.48)-(2.50) in the following dimensionless form:

“—sz BT, (2.51)
pt
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T(r,0,t)=0, (2.52)

- ( _ lgy. 2.53)
r =1/2 p

The dimemsionless initial condition i§ = 0 forthe whole computational domain.

F(t") is a periodic function athe dimensionless time, with period one year, constant during
each month andstepwise variableThe authorsassumedthat all months have the same
duration (730 hour$ anddenoted byt; the dimensonless duration of each monthvhich
depends orDand" 4). Considering period ofn months,F(t") canthus be expressed as

n-1

Ht)=&

i=0

a{Hgt -it gH tg(k Dk}, (2.54)

whereHis the Heaviside unit step functio@ is the ratio between thé-th value ofg anddpo,
and the following recursive relation holds:

A+12 = A - (255)

Since EQ92.51)-(2.53) represent a system of linear equations, the dimensionless
temperature Tm, averaged along the BHE length, produe¢d by a BHE subjected to the
dimensionless heat load given by Ef54), can be expressed as:

T;(r*,f)=gA{ggf bt gerg (- D) (2.56)

where g(r’,t") is the g-function at the dimensionless distanceé and dimensionless time
instantt”.

Theaveragedimensionless temperature at the surface afy boreholeof the field can be
evaluatedas the sum othe average dimensionless temperatyseoduced by the BHE itself
on its surface, and dhose producedby the other BHEs of the field at their dimensionless
distances fronits axis(superposition of effects in space)

The dimensionless goveing equationg2.51)-(2.53), with the initial conditionT" =0, were
solved bythe authors bymeans offinite elementsimulations withthe software CMSOL
Multiphysics An unstructured mesh dfiangular elements was adopted, witimer size near
the BHE andoarser sizéowardsthe boundariesAdirect linear system solvevas employed,
based on the Unsymmetric MultiFrontal method (UMFPACK) and a backward differentiation
formula with an interpolating polynomial of the fifth order.

The authors plotted each g-function versus x=Ilogio(t"). The numerical results were
interpolated in a very broad range of values of the dimensionless foiyeneans of two
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polynomialfunctions ofx, the first valid for low values of and the second for high values of
X, as reporéd in the following equation

9(x)=0 if -4 % X
gx)=g ¥ \a X 4 X a&x atk ax a +if x x ;. (2.57)
g¥=h ¥ HH X HKX BX bk pbx p +if x x<6

ForD=10 cm and'¢=10%m?s, the considered interval of time ranges fronsto 13°s

(about 317 years

The authors evaluated the values of the constamtX, as; bo,X, bgs; Xo; X1 in correspondence
of several values df (2000, 1400, 1000, 7Génd, in Ref[53], 500) and of" (0.5, 30, 40, 60,
80, 120, 170, 230, 300, 400, 600).

Table2.13 reports theg-functionconstants for the case &f =1000 andFigure2.13 shows
the plots of theg-functionsat the BHE surface’ (= 0.5) forl’ =2000, 1400, 1000 and 700.

Table2.13: Values of the constant®, as, as, as, as, az, a1, ao, andx, be, bs, ba, bs, b2, b1, bo, for

L =1000.

r Xo as as as as a ar ap

0.5 3.72 0.000072 0.000495 -0.000492  -0.006093 0.021673 0.148764 0.195869
30 1.406 0.022977 -0.311470 1.715928 -4.894902 7.639513 -6.204900 2.055385
40 1.732 0.012103 -0.187776 1.177887 -3.808313 6.712151 -6.139983 2.286260
60 2.1 0.012134 -0.213351 1.526737 5.677042  11.585585  -12.334074  5.364861
80 2.408 0.013381 -0.250674 1.919240 -7.669695  16.877065  -19.409867  9.124934
120 2.812 -0.028220 0.398616 -2.045276 4.560451 -3.750200
170 3.088 -0.02873 0.437099 -2.431959 5.904104 -5.299886
230 3.37 -0.027941 0.451622 -2.681060 6.964124 -6.701557
300 3.588 -0.028345 0.480094 -2.998636 8.217026 -8.357324
400 3.83 -0.029194 0.518305 -3.406821 9.851624  -10.594886
600 4,184 -0.020485 0.389076 -2.739891 8.496694 -9.805977
r X1 be b5 b4 b3 b2 bl bo

0.5 1.4 0.0002093  -0.0044515 0.03708526  -0.158007  0.3625348  0.2443693 0.37623
30 3.0 0.001317 -0.027382 0.213648 -0.791010 1.546621 -1.304216
40 3.62 0.002860 -0.063489 0.547974 -2.320022 4.995565 -4.412737
60 3.92 0.008711 -0.178599 1.323852 -4.114005 4.614348
80 4.0 0.009565 -0.196992 1.472420 -4.647859  5.2934296
120 417 0.010329 -0.215061 1.632139 -5.273427 6.15343
170 44 0.010620 -0.224153 1.730175 -5.720348 6.84812
230 4.8 0.013842 -0.297518 2.356776 -8.100110  10.203761
300 4.92 0.022198 -0.483624 3.911578  -13.875862  18.227086
400 5.02 0.026129 -0.574998 4709802  -16.981824  22.742842
600 5.13 0.025927 -0.580556 4.849463  -17.884039  24.560770
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Figure2.13: Plots of theg-functionsat r* = 0.5, forl” =2000, 1400, 1000,00, figure from Ref[9].

Thediscrepancy betweethe interpolated and the numerical value$the g-functionsisvery
low, as shown b¥igure2.14.
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Figure2.14: Discrepancy between the interpolated and the numerical values of#umctionfor
L' =1000 and” =30, in the neighborhood of. = 3.0, from Ref9].

With respect to themethods of Refq42], [44], [45], the method of Zanchini and Lazz48
is much faster in computations, becauies basedon g-functionsexpressed in polynomial
form. On the other hand,tihas the disadvantagef requiring interpolations to obtain
g-functionsfor values ofr" and L' not tabulated (however, the interpolations aréast and
precise.
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Thecode for the hourly simulation of GCHipstems presented in Chaptbrof this Thesis
employs theg-functionsobtained in Ref[9]. Theseg-functions as wdl as those presented in
Refs[37], [41], [44], [45], allow to determine the time evolution at the interface BEiBund,

for each BHE. The time evolution of the working fluid is then obtained by assuming that the
heat transfer within the BIE is stationary, and thus employing the BHE thermal resistance
Rere

New g-functions which consider also the internal structure of the BHE and allow to
determine with higher accuracy the time evolution of the working fhade been presented

in a more recent work by Zanchini and Laz&#j. The newg-functions however, apply only

to double Utube BHEs with given ratios between tubdernal diameter and BHE diameter
and between tube spacing and BHE diameter

2.4.3 The softwardearth Energy Design&ED

Earth Energy Design(EED) is commercialsoftware for borehole heat exchanger design
(see Figure 2.15), developed by HellstromSanneret al. [54], whichis able toperform
long-term calculations othe temperature profile of the BHE fluid, as a function of the field
configuration ground properties and building thermal loads

Earth Energy Designer - EED
3.21 (Unicode)

798 configurations (0-797)

Figure2.15: Earth Energy Design (EE@§ktop.

EED performs simulatisnon a monthly basis,by employing g-functions and the
superposition of the effects in spac&ED korithms are derived from modelling and
parameter studiegperformed byHellstromet al. (Refs[55], [56]). The g-functions, which
depend on the boreholdield geometry and derive fronwo-dimensional finitedifference
numericalsimulatiors, are stored in a data file, which is accessedliny software.
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The EED user has fwovide input data about ground parametersproperties of pipe
materials and heat carrier flujgimulation timemonthly average gating and cooling loads
00F f f SR daloadditdn, dn2xtrapiilsedor peak haw orcooingloads over several
hours can be considered at the end of each mothtabase$or some materials properties
are directly provided by the software.

The inputs about the ground include the ground thermal conductivity, for which a database
according to the type of rock or s@l provided,fino measured data from the site.(e from

a thermal response tesgre available Arecommended valuef thermal conductivityand
the minimum and maximum values found time literature are given.The volumetric heat
capacity of the ground, thannual aerage ground surface temperatuesndthe geothermal
heat flux are also required’heundisturbed ground temperature for half of the borehole
depth isthen calculatedby the software.

The user has to select the type of borehole heat exchaagaong coaxialsingleU pipe,
double-U pipe and triple-U pipe. The EED input menu f@ doubleU pipe borehole heat
exchangeis shown irFigure2.16.

Borehole

Type Double-U v
Config 2 ?
Dep‘: ("3: 1x 3, line") D i
Spacing 10.0 m
Diameter 110.000 | ?
Contact resistance pipe/filing 0.0000 mK)Ww
Filing thermal conductivity 0.600 ? W/(mK)
Vol. flow rate Q:
() for all boreholes (@) per borehole [W Ifs
[_-_ Qbh=Q=2l/s
U-pipe
Outer diameter 32.000 mm
wall thickness 3.00 | ? mm
Thermal conductivity m W/(mK)
Shank spacing 70.000 mm

T Shank spacing
m— \;l 78
‘ = 45.255

Figure2.16: EED input data for a dou_t;ldz pipe borehole heat exchanger.

—
10
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The boreholegrid geometry (e.g. single BHE, in line, rectangular) is chosen frdist af
possible configurationsn order to selectthe adequateg-functions The borehole depth,
spacingand diameter are asked and the softwackecls if the diameter is large enough to
house the pipesThe thermal contact resistance between pipe and boreholarfid thegrout
thermal conductivityare also required, as well #se wolumetricflow rate through the pipes
the pipe outer diameter,wall thicknessand thermal conductivityand the shank spacing
(distance betweenthe ceeNB 2 F (G KS dzLJ | y RE, se8Figyfe2ll8p T8 a Ay S| OK
borehole thermal resistancean be either calculated by EEDstated, ifit isknown e.g. from

a thermal response testhe user carthoose whetheto take into accountthe internalheat
transfer between thaup and down flows of individual pipes.

Regardingthe heat carrier fluid,thermal conductivity, specific heat capacity, density,
viscosity and freezing point are input data.

The inpus for buildingheating and cooling loads are dieil into base load and peak load.
As for the base load, EED accepts two input meshibe first onerequiresthe whole annual
heating and cooling load{in MWHh), which arddistributedto eachmonth by means ofa given
load profile the secondmethod requires the heating and cooling load for each month
separateinput valuecan be enteredor the annual building energy need for domestiot
water, whichis spread out equally for the whole yday the software.

To switch from the buildingaseloads b the loads required to the BHE field, the software
needsa meanvalue of theSeasonal Performancedetor, SPEThe &asonalPerformance
Factor is equal to th&COM the casef heating and DHW productianode, while it is equal
to the SEER the case bcoolingmode, one SPFvalue for heating, one for DHW production
and one for cooling can be provided by the usEne thermal loadQ exchanged between BHE
and groundsthen evaluated by EED for thi¢h month as:

. SPF 1
Q)= B(DW ) (2.58)

wherePR, is thebuilding loadthe sign-is used for heating and DHW production mode, while
the sign + is used for cooling mod&n example of annual profilef B, and Q is shown in
Figure2.17, where cooling loads are assumed as negative.

50



2.4 DESIGN AND SIMULATIORGROUNDOUPLED HEAT PUMBTEMS

v [@ oHw

[V Il Hest base load
¥ Il Cool base Load
[V == Total base Load
v Earth base Load

JA‘N FEB MA‘R APR  MAY JUN JdL AUG SEP OCT NOY DEC JA‘N
Figure2.17: Annual trend of building heating and cooling base &t corresponding thermal load
exchanged between BHE and ground (earth base load).

For each month, the heating azooling peak power and its duratioare provided as
separated inputdata. Peak loads are useay the softwareto estimate the maximuniluid
temperature variations. The heat extractifnom, or rejectionto, the ground dudo the peak
load is added to thbéase load at the end of each mon(ivhichisusually the worst scenario)
The resulting fluid temperature are calculated andtored to show the minimum or
maximum temperaturevaluesreached by the BHE fluid

The base loats employed to determinghe time evolutionof the mean temperature of the
fluid and of the BHE surfacén regonse to the heat extraction anidjection, whereas the
peak load gives the maximurtemperature variations.Since EED performsmonthly
calculations, temperaturgaluesare giveronly atthe end ofeachmonth (orat the beginning
of eachfollowing month, which is the same).

The number of yearsf simulationandthe starting monthare alsostated. Simple cost data
(e.g.fix cost per boreholgix cost per boreholéor soil drilling can be specified to evaluate
the economic impact of the simulated BHE field.

The simulationscan be performedn two different ways:calculation of the mean fluid
temperature at given load and BHE fieldayout, or alculation of tke required borehole
length at givenloadsandfluid temperaturelimits. The optimization optionmoreover gives
the minimum total borehole length (or cost) for a given set of parameters (land area, number
of boreholeX).

Once the software has completeéde calculation, a window showing the inpaihd output
datais displayed (see an exampleFigure2.18).
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CALCULATED VALUES BASE LOAD: MEAN FLUID TEMPERATURES (at end of month) ['C]
Year 1 2 5 10 25
Total borehole length 10 m JAN 8.94 1.51 1.38 1.29 1.2
FEB 8.94 1.69 1.56 1.47 1.38
MAR 8.94 2.63 2.5 2.41 2.32
THERMAL RESISTANCES APR 8.94 3.76 3.63 3.55 3.46

MAY 8.94 5.34 5.21 5.13 5
gorehole therm. res. internal 0.62 (m-K)/w JUN 8.94 13.84 13.71 13.63 13.55
JuL 8.94 15.26 15.13 15.04 14.96
Reynolds number 1.981e4 AUG 8.94 15.05 14.93 14.84 14.76
Thermal resistance fluid/pipe 0.00305 (m-K)/w SEP 6.24 6.44 6.31 6.23 6.15
Thermal resistance pipe material 0.07868 (m-K)/w ocT 4.95 5 4.88 4.8 4.72
contact resistance pipe/filling 0 (m-K)/w NOV 3.5 3.49 3.37 3.29 3.21
DEC 2.15 2.12 2 1.93 1.85

gorehole therm. res. fluid/ground 0.1465 (m-K)/w

BASE LOAD: YEAR 25
effective borehole thermal res. 0.1466 (m-K)/w Minimum mean fluid temperature 1.2 'C at end of JAN
Maximum mean fluid temperature 14.96 'C at end of JuL
SPECIFIC HEAT EXTRACTION RATE [w/m]

Month sase load peak heat  Peak cool PEAK HEAT LOAD: MEAN FLUID TEMPERATURES (at end of month) ['C]
JAN 20.85 0
FEB 19.91 0 0 vear ) Z 5 10 25
MAR 16.81 o o JAN 8.94 1.51 1.38 1.29 1.2
APR 13.32 0 0 FEB 8.94 1.69 1.56 1.47 1.38
MAY 8.61 0 0 MAR 8.94 2.63 2.5 2.41 2.32
JUN -16.94 0 0 APR 8.94 3.76 3.63 3.55 3.46
JuL -19.93 ] o MAY 8.94 5.34 5.21 5.13 5.04
AUG -18.43 (] ] JUN 8.94 84 13.71 13.63 13.55
sep 8.2 0 0 JuL 8.94 15.26 15.13 15.04 14.96
ocT 11.7 0 0 AUG 8.94 15.05 14.93 14.84 14.76
NOV 15.74 0 0 SeP 6.24 6.44 6.31 6.23 6.15
DEC 19.37 0 0 ocT 4.95 5 4.88 4.8 a.72
NOV 3.5 3.49 3.37 3.29 3.21
BASE LOAD: MEAN FLUID TEMPERATURES (at end of month) ['c] DEC 2.15 2.12 2 1.93 1.85
v
< >

Figure2.18: Some sections of the EED output text report.

Outputs are alsoprovidedin graphic form examples othe fluid temperature profile over
the months of the last year of simulati@ndof the evolution of the highest and lowe8tid
temperatures for eachyear of the simulation periodare plotted in Figure 2.19 and
Figure2.20, respectively.

¥ —— Peak cool load

¥ =—— Peak heat load
¥ =—— Fluid temperature

--------------------------
Ll T T T : : T : : T
JAM  FEB MAR  APR MAY  JUW  JUL AUG  SEP OCT  WOYW  DEC
Year 25

Figure2.19: Fluid temperature profile for the last year of simulation.
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Figure2.20: Maximum and minimum fluid temperature over the simulatioeriod.

As usual, the effects of the groundwater flow ai@ taken into account by the software.
As highlighted by Sarbu ai®kbarchievidic7], for cases with borehole lengitor distances
betweenboreholes not considered in the stored-functions EED interpolatebetweenthe
availableg-functions with consequent computing errors.

EB cannot perform hourly simulations evaluates the fluid temperaturenonthly, by
placing the effect of hourly peak loads at the end of each month. More®ED does not
simulate the heat pump, but only the borehole field aimdprder to calculate th&HHEluid
temperature it employs a mean value of tHeeat pumpSeasonal Performance Fact@mn
the contrary, the real hourh\COPor EERdependson the BHE fluid temperatureo be
evaluated, so that a hourly simulation of the whole system would be negessa

In Chapter5 a dynamic code for the hourly simulation loéth the borehole fieldand the
coupled heat pumgwith or without inverter) is presented.

The codeis based on theg-functionsobtainedby Zanchinand Lazzaf] and canevaluate,
for the i-th hour of the simulatecperiod (severalyearg, the heat pump performancethe
thermal energy exchaeg between BHE and groundhe temperature at the surface
BHEground and the updated value dhe fluid temperature. For borehole lengths and
distances intermediate between the tabulated values, the code does not interpolate
between the g-function coefficents, but between the corresponding dimensionless BHE
temperatures.

Earth Energy Designer will be used to validate the qo@sentedin this Thesis for the
simulation of GCHRseeSection5.3).
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3

SMULATIONCODES FORIRTG
WATER HEAT PUMRSROUGHHE
BINMETHOD

This chapter presents numerical models for the evaluation of the seasonal performance of
different kinds of electric aito-water heat pumps based on a vapor compression cycle,
coupled with buildingsThe model is bai on thebin-method derived fromthe European
standard EN 1482A.0] andltalian standard UNI/TS 113@(11], but takes into accounalso

the different operating modes of mmm-compressor oroff heat pumps, multcompressor
heat pumps and invertedriven heat pumps.

Frst, the codedeveloped for heating anBHWproduction during wintelis describedthen

the codedeveloped for cooling an®HW production during summer is presentediving
particular attention tothe possibility of DHW production through condensation heat
recovery, which is not takeinto account by the standard&0], [11].

Resultsderived by applying the proposed simulation codesg, finally discussedhe system
seasonal performancis analyzedn relation to the thermal characteristics of the building,
the climate profile of the location and the kind of heat pugntrol system

3.1 MATHEMATICAL MODERRRINTER OPERATION

By applying the bimethod, anumerical codéhas beerdevelopedto evaluate theseasonal
performance ofheating and DHW production systems basedetectric airto-water heat
pumps, possibly integrated by a bag system.The topic of this section is discussed in
Ref.[58].
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3.1 MATHEMATICALQODEL FOR WINTER OFEEGN

3.1.1 Bin distribution

The winter bin distribution for a European location is directly provided byBhmpean
standard UNI EN 1482%0] on the basis of the climate zone (i.e. Colder, Average or Warmer)
The Italian standard UNI/TS 113@0[11], on the other handsuggestsa bin calculation
method based on a normal outdoorrtgperature distribution, obtainable, as described in the
previous chapterstarting from the local data of nmthly average outdootemperature,
outdoor design temperature and monthly averadgly solar radiation on a horizontal plane
On theother hand, it is possible to derive the bin distribution of a spetfiation by using
the hourly values of the exterriaair temperature Tex Of the TestReference Yeafor the
selectedlocation.

Figure3.1 showsthe bin distribution ofthe city of Bologna(North-Center Italy; 4429 °N,
1120 °E)obtained by applying the method of R§E1] for the conventional heating season,
whichstarts on October 15and ends on April 5of each year. By observing the distribution
of Figure3.1, it is possible to note that the minimum outdoor temperatusdich occurs in
Bologna is equal te4 °C(while the outdoor design temperaturdgesn, for Bologna is5 °C)
andthat the mode d the distribution is equal to 6C.

400 4

350 - 333
316 327 99326 a1

300 -

bin [h]

250 -

200 -

150 -

100 -

50 -

5-4-3-2-1012 3 456 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25
Tex[°C]
Figure3.1: Bin distribution for the heating season in Bolodaly).

3.1.2 Building energy signature

Regarding the heating medfor the analysis of the energy interactidmetween a building
and the coupled heat pumRes. [10], [11] indicateto use theBuilding Energy Signature
(BES), definedisseen in 8bsection2.2.1, asthe thermalpower required by the building at
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the outlet of the generation subsystenthea pump) as a function of the outdoor
temperature Tex:

When a building can be characterizieg means of a linear BES curireprder to draw the
BESt is sufficient to knovthe valuesof T, (outdoor temperature in correspondence of which
the building heding demand vanishegnd of the desighoad, Psesh, in correspondence of
the outdoor design temperaturelgesh.

InFigure3.2, a linear BES is represented with a dashedirex] drawn by considering a design
thermal load of the building equal to 40 kiWcorrespondence of a dgn temperature equal
to -5 °C, and aalue ofT, equal to 16 C
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Figure3.2: Examples of trend of theinter building energysignature and characteristic curve of a
mono-compressor oroff air-source heat pump.
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The heating power required ke building Byn) as a function ofhe outdoor temperature
canthus be written as

eT,- T
Fl)),h(i): F(ges, zl ext(D , (31)
eLi-T

es

wherethe notationPy (i) indicatesthe thermal power required by the building in tivh bin.
Obviously, iPyn(i) turnsout lower thanO, it is set equhto O.
Thebuilding thermal energy demartg, is evaluated in correspondencé eachbin as

En()=Rn0 G (), 32

wheretyin (i) is thetime duration of thei-th bin.
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3.1.3 Building domestic hot water demand

The domestic hot water volumdaily needed by a residential building,, is evaluated
according to the standard UNI/TS 113P(69] as:

V., =a,3 th, (3.3)

where S, is the building floor area and the coefficieatsandb,, are obtained fronirable3.1:

Table3.1: Values of the coefficientsy and bw.

S [mF SX op 3B5<SXK pJ 50<SK HAN S > 200
aw [I/(m? day)] 0 2.667 1.067 0
bw [I/day] 50 -43.33 36.67 250

The buildingdaily energydemandfor DHWproduction,E, ¢ 4ay IS thus evaluated according to
the standard59] as:

Eb,d,day = rwcpw\“ -!;/ out, DHW ~ -l;/ in DHV)/ ) (3.4)

In Eq.(3.4) "w isthe water density set by he standard59] equal to 1000 kg/rfj G, is the
water specific heat capacity at constant pressurset by Ref.[59] equal to
1.162x 10° kWh/(kgK) Tw.outpHwis the DHW supply temperatureset bythe standard59

equal to40 °Cand Tw,inprwis the cold water inlet temperatureset byRef.[59] equal to the
local annual mean outdoor temperature frotine standardUNI 1034925].

Theenergy neededby the buildingn correspondence of each b{&, «(i) in Eg.(3.5)) can be
obtained allocating, on the basis of tlturation of thei-th bin, the daily energy neeat the
outlet of the generation subsystem (heat pump):

tbin(i) Eb,d,day
24 hem,d /ais d

In Eq(3.5)," emaand' gisgare the emission and distribution efficiencies for DHW, respectively.

(3.5)

Eb,d(i)z

3.1.4 Heat pump characterization

In the sameTex, P) chart reported irFigure3.2 it is possible to draw the characteristic curve
of an airsource heat pumpby considering that the thermal power delivered by the heat
pump E.p) depends on the outdoor temperature, for adid valueof the temperatureT,, of
the hot waterproduced by the heat pump.
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The heat pumpharacteristic curvean be obtained fronthe technical datasheets given by
the heat pump manufacturerDifferent kinds of electric aito-water heat pumps, like
mono-compressor ONDFF Heat Pumps (@DFF HPs), Mul@€ompressor Heat Pumps
(MCHPs) and Invertddriven Heat Pumps (IDHPsave different characteristic curvds fact,
for an ONOFF HPhe thermal power delivered by the heat pumpdsly a function of the
temperature of the two sources (aifex; Water: Ty) between which the heat pump works
(Pap=T (Text, Tw)). On the contrary for MCHPshe thermal power delivered by the heat pump
depends also on the number of compressors switched ofPup=f (Tex:, Tw, N)), While for
IDHPst is a function of the inverter frequency (Pup=f (Tex, Tw, )).
The model presentedn this workconsiders a fixedrialue of Ty, hence ON-OFF HPare
represented by a single curve in the chdi{ P; MCHPs are represented Mycurves (with
N equal to the number of the heat pump compressors) and |IDdi@epresentedby a family
of curves obtained by varying the inverter frequency between the maximumaf and
minimum ( min) value.
A typical characteristic curve of mono-compressor oroff heat pump working in heating
mode is shownin Figure 3.2 together with the BES previoustiefined The heat pump
characteristic curvés stopped in cogspondence of the Temperature Operative LiffiD(),
that is theminimumvalue ofTex, generally given by the heat pump manufacturrywhich
the heat pump isible to deliver heating capacity
Inthe caseof an ONOFF HRthe BE&ndthe heat pump characteristic cunie heating mode
have onlyone common point, called balance point, in correspondence of which the heating
power delivered by the heat pump equals the heating demand of the buildiageen in
Qubsection 2.2.1, the outdoor temperaturecorrespondingto the balance point is called
bivalent temperature Twiv). When the outdoor temperature is lower thaf, the building
heating demandcannot be completely satisfied by the heat pump andf present,an
integration systen{backup system)nust be activatedd.g.electric heatersgas boiler. On
the contrary, when the outdoor temperature is higher tham,, the heat pump heating
power exeeds the building thermal request and-off cycles need to start in order to match
the energy demand.
In Figure3.3, the same graplis drawn for MCHPs and IDHEe two characteristic curves
correspond to the maximum (blue line) andnimum (black lineheating power deliverable
by:

1 a MCHP, wh all the compressorswitched on K/ N), or with only one compressor

switched on I/ N);
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1 an IDHPwith the inverter setat the maximum frequency may) orat the minimum
frequency( min).
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Figure3.3: Typical trend of thevinter building energyignature and characteristic curves of a multi
compressor oaninverter-driven airsource heat pump.
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In the cases of MCHPs and IDHFgure3.3 shows that it is possible to define, in addition to
the bivalent temperatureT,y, a secondary bivalent temperaturel,(), which is the
maximum outdoor temperature that the heat pump camanage without starting off
cycles.

In addition to the knowldge of the heat pump characteristic curvéor a complete
characterization o heat pumpworking in heating or DHW production moilés mandatory
to know the value of the heat pum@OFn corespondence of givemalues of the external
air temperature and othe water temperature Ty. Similarly to the heat pump characteristic
curves,CORcurves as functions of the outdoor temperature alefined.

The model developeih this Thesigequires as input for the heat pump characterization:
values(given by the manufacturegf the heat pump power an@OPRiIn heating and in DHW
production mode,for a fixed value ofl, and for different external air temperaturesin
correspondencef the activation of each compressor (MCHPSs) orarrespondence of the
maximum,minimum and at leasan additionaintermediate inverter frequencfiDHPs)The
modelcan thus derive the heat pump power ag@®Rcurvesby interpolating the input data
asfunctions of the outdoor temperatureusing seconérder polynomial functions.

For monecompressoon-off heatpumps,it is possible to write:
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Pe()=a(T) TZ2O +b(T) LO +« J
CoR)= a( J) FOI+H .7 JOitC.J

In thisway, Phpand COFbecome functions of théth bin consideredThe six coefficientas,

(3.6)

az, bn, by, ¢, @ are functions of the hot water temperaturg, for amono-compressoon-off
heat pump.

For amulti-compressor heat pumghe heat pump thermal power an@OPchange if the
numbern of activated compressors changes; this means that the six coeffiggras by, by,
¢, @ depend also on the maber ofcompressors switched on

FI)—iP,HN(i)zq,MN(TW) -I;x%()-f-p,hl\(-l;) Ix()' _:tcln!( -b/-
CORO= ayn( 1) FOi+h( J JOited J

The notation n/N means that the corresponding quantity is evaluated by considening

withn=mZINXZ (3.7)

compressors switched on among thecompressors of the heat pump. In this way, a MCHP
with N compressors can be completely characterized by meansiEéeafficients.

The situation is siitar for the characterizationfaan inverterdriven heat pumpin this case
the heat pump power an€ORchange with the inverter frequency, as well as with the hot
water temperature. By fixingyl values of frequency from min t0™ max, declared by the
manufacturer, the values of the heat pump thermal power aB@Pcan be evaluatedy
knowing 6 coefficients:

Rer,(0=35 (T) TEO +0 (1) TO 4ec( )
COPO)= a: (1) FOI+h (W JOI56( )

The values of the coefficients recalled insH§.6)-(3.8) are obtained by interpolating the

withj=m Z M Z (3.8)

input data given by the heat pump manufacturer.

3.1.5 Energy calculatiofor winter operation

Once selectedhe buildingand the heat pumpthe program evaluates the energy delivered
and used by the heat pump in each pbaonsideringpriority of satigaction ofthe building
demand for DHW productignand, secondly, of the building demand for heatifidne
heatingonly mode, @ DHWonly mode, can be simulated by sety equal to zero the
building DHW demand, or the heating demand, respectively.

Firstly, thetime tq(i) taken by the heat pumpn thei-th binto deliver the energy needed by
the building for DHW productiois evaliated. Considerings an exampléhe case of a MCHP
with two compressors:
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ty()=E, 4 ()/ Rip g212() (3.9

where the subscriptd indicatesthe DHW modeand the notationn/N indicatesn activated
compressors out oN. In Eq.(3.9) it has been considered that the heat ppmvorks at its
maximum capacityo satisfy the building DHW demand, leavindghei-th binas much time
as possible to satisfy the building heating damd and, consequently, avoiding if possible the
backup activation.Obviously, it4(i) turns out greater than the bin duratidgi (i), ta (i) is set
equal to tyin (i); this situation means that in théth bin the heat pump is not able to
completely séisfy the DHW demand and theetivation of the backip system is required.
TheenergyBpr.q(i) delivered by the heat pump for DHW is obtained multiplyihg heat
pump capacityby tq(i) and the corresponding electric energy used by the heat pump
BEip.a.udi), is evaluatedividingBp «(i) by theCOPat maximum capacity

If a backup system is presenthe thermal energybixq(i) it delivers for DHW, if needed, is
obtained by subtractine.d(i) to B.q(i) andthe corresponding energy usgh.q,usi), is equal
to the ratiobetweenEy «(i) andthe efficiency uk Of the backup systembE.q,usiS an electric
consumption if the backip system is composeby electric heaters, while it is a primary
energy consumption in the case of a gas boiler.

The residual timés(i), availablein thei-th bin for heating mode, is given by the difference
betweentyin (i) andtq (i).

If B (i) is higher than the produdietween the maximum heat pump capacityheating
modeandts(i), the thermal energy delivered by the heat purigp heating,Bp (i), isequal

to the product between the maximum heat pump capacity ardi), otherwise,Bipn(i) is
equal toky (i).

The heat pumpCOFN heating modeCOR, (in correspondence of each actigempressor,
for MCHPs, or in corspondence of eacbf the M inverter frequendes consideregfor IDHPS)
is evaluated for each bin by means ofsE€B.6)-(3.8). The actualCOPvalue, COR«:, Which
takes into account the losses linked to the-afificycles is obtained as:

COE,)eff( ): CQP) i(:o;rr ( ) ! (310)

where feor is the COPcorrection factor for oroff condition evaluated according to the
standardq10], [11] (seeQubsection2.2.]).

ForMCHPs and IDHRSOR«t is evaluated bysing the valuef CORNn correspondence of
the activation of onlyone compressoy or in correspondence ofhe minimum inverter
frequency andby using the value of.orr Obtained with the capacity ratio evaluated:as
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B ()

CR)=—2n2
Rj Fl)—iP, h1/2(i) tres(i)

(3.11

for MCHPs, owith the capacity raticevaluated through Eq3.11) replacingPup n 12 With

Pue i .. fOr IDHPSIf CRi) turns out greater than 1, it is set equal to 1.

In fact, for a MCHP or IDHBRe on-off cyclesstart when the energy needed by the building
becomes lower than the energy that the heat pump would deliver with only one compressor
activated or at the minimum inverter frequency (situation corresponding Tg: > Toiv2,
considering the heatingnly mode).

For an ONOFF HRthe electric energ¥enufi), used by the heat pumfor heatingin thei-th

bin, is:

Brnud)=Ep()/ CORL) . (3.12)

For a MCHP, in order to evaludigr i), for each bin it is mandatory to know how many
compressors are activated and how long. In fact, ittbatingpower required by the building
is higher than tl heat pump capacity corresponding to the activatiomebmpressors, but

it is lower than the heat pump capacity corresponding to the activatiomdfcompressors,
then n+1compressors are activated for a certain period of time arambmpressors for the
remaining time, so as the total energy delivered by the heat pump equals the building energy
demand.

As an example, if in thieth bin a MCHP with twaompressordias to provide an amount of
energy intermediate between the energy which would be delivevét one compressor and
with two compressors working for thBme t.s(i), then the time period with twoworking
compressorstfes22 (i)) can be estimated as:

Eb,h(i)_ PHP, hllz(b tres(i)
FI>-|P,h2/2(i)_ FLR m/z(D .

tres,2/2(i)= (313)

Consequently, théime period in which the MCHP works with omlge compressor switched
on (tres,1/2(1)) is equal to:

tres,1/2(i ) :t res( ) 't re2/2 ( ) . (314)

The electric energy consumption of the MCHP is:
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€ Ep (D . .
’:‘ COE,’eff( ) if Eb,h ( ): FI’-IP, h1/2 ( )tres ( )
T Peno( tee© Pup s () gz € o |
B nud) ‘i COP,.,() ' CQR,() | if Pip e () 8 CE () R oo () Les). (3.19)
1 Ep D . .
o 6 U Bor Ot 0)

Asan IDHRs able to change the invertérequency in order to follow théuilding demand
to evaluate the electric energy used by the heat puimpheatingit is mandatory to know
the actual values of poweP(: s ,-andCORCOR- _,) at which the heat pump isorking.
Once evaluate®p i ., (i) as the ratio betweetip n(i) andtres(i) (if Pue i , (i) turns out lower
than Pupp . (), it is set equal tdPueps ., (1)), COR 55 is obtainedthrough interpolations
between theM values othe heat pump power an€€CORlerived from Eq(3.8).

The electric eergy consumption of the IDHP is therefore

,é EHP,h(D ; i i
im if By (0< Rie., () tes)
I\
Eﬂh@i% P, () 1l CE, () By (DUl (316
7
iCXiHEZ—Fh(ai)()l if B, n(D2 Re e, () tedll)

For each kind of heat pump, if the heat pump capacity irithebin is lower than the building
thermaldemand Text < Toiv, CONsiatring the heatingonly mode) the missing energin(i) is
delivered by the backip systemif present The corresponding energy usé&y the backup
for heating Bxnus(i) is equal to the ratio betweeByn (i) and' pi.

The seasonal valuasf energydelivered and used by the heat pump and the bapksystem
are obtainedby summing the corresponding values of each e mean season& OFof
the heat pump,SCORy, and of the whole system, consistirgg electric airto-water heat
pump and electric baters as backip system,SCOR, are evaluated according to the
standardq10], [11]:

A Ep )+ ABnd)
SCOPp = L , 3.1
k a B nud )t aEHPduU (347
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@amwamm&%mm+&A»{
SCOR=—- € ; : L (3.18)
gaEHPnus()"' aEHPduU H+ éaEnkhLQ) + &bde(s)l

Obviously, if the baclip system is representeloly a gas boiler, only the coefficieBCOR:
can be defined.

Another seasonaperformance parameteevaluated by the code is the Fuel Utilization
Efficiency FUE which is the ratio between the totéhermal energy provided by the system
and the correspoding primary energy used:

%amwa%@%-&mi+@miﬁ

FUE= 1€ i u (3.19)
ea EHPh,us()+ aEdeuO 8. )
é ﬁga B, prim() +_aEbk,d, i )
é el g i i

In Eq.(3.19), ' «is the thermodynamic efficiency of theeelkricity system of the countrgfor

Italy equalto 0.46 according to the Italian Regulatory Authority for Electricity, Gas and
Water) and By n prim@nd B g primare the values of primary energy used by the baplsystem,

for heating and DHW production, respectiveyin,prim (Bok,d,prim) iS€qual to Bk p,us (Bokd,ug if

the backup system is composed laygas boiler, whil@ is equal to the ratio betweeln,us
(Bxa,u9 and' e in the case electric heaters are used as bapksystem.

The draft standard prUNI/TEL3005 [60], not yet piblishedat the moment of writing this
Thesisjs about to change thevaluation of a system primary energy ubg consideing a
renewable primary energy factor and a rmmewable primary energy factéor eachenergy
carrier.

3.2 MATHEMATICAL MODERBOMMER OPERATION

By applying the bimethod, a numerical code is developed to evaluate the seasonal
performance of cooling and DHW production systems based on eleetr@rsibleair-to-
water heat pumps, possibly integrated by a bagksystem for DHW production. The code
takes into account the possibility of simultaneous product@incooling energy for air
conditioning and thermal energy for DHW through the condensation heaexg.The topic

of this section is treated in R¢61].
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3.2.1 Bin distributionpuilding energy neednd heat pump characterization

The standard EN 1482%0] directly provides a single European bin profile for the cooling
season, whereas the standard UNI/TS 1138(Q01] derives the bin distribution of a selected
time period starting from the local data of temperature and radiation. The model presented
in this Thesispplies the bin calculation method proposed ¢tgndard[11] to evaluate the
local hourly bin distribution during the cooling season.

The histogram oFigure3.4 represents the bin profile obtained for the Italian city of Bologna,
considering a cooling season from May'16 September 1%
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Figure3.4: Bin distribution for the cooling season in BologHaly).

From Figure3.4 one can noticehat the outdoor temperature irBolognaduring summer runs
from a minimumvalueof 9 °C to a maximum oraf 35 °C, with a mode of the distribution
equal to 23°C.

For the charaterization of the building cooling loads, the summer building energy signature
is used,according toRef.[10]. In the case of a straight BEEBrve like the red line drawrin
Figure3.5 asan example the cooling power required by the building in correspondence of
each bin Ryc(i), can be obtained through E¢3.1), knowingthe values of the zeroload
outdoor temperature and of the cooling power required by the building in correspondence
of the sunmer outdoor design temperature.
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Figure3.5: Typical trend of the summer building energy signature and characteristic curves of a
multi-compressor or invertedriven airsource heat pump

The corresponding cooling energy requitadthe buildings:

B ()= R.() &,(0). (3.20)

The energyneedeal by the building in each bin for DHW productit®g(i)) is obtainedas
described in 8bsection3.1.3

The cooling powePRp, delivered by a reversible asource monecompressoron-off heat
pumpdepends on the outdoor temperaturky, for a fixed temperaturdy ¢ of the cdd water
produced. Asexplained in Gbsection 3.1.4 the heat pump characteristic curve can be
obtained by interpolatiorof the manufacturer data of power as functions of the outdoor
temperature, by using seconarder polynomial functionsFor MCHPs and IDHRIse heat
pump characteristic curve is actually a number of curves equal to the nuiNbef
compressors (MCHPs), or it is represented by a family of curves obtained by varying the
inverter frequency between the maximum and minimum value (IDHPs). Blue lines in
Figure3.5 are examples of characteristic curves at maximum capacity (all the compressors
activated,or maximum inverter frequency) and minimum capacity (only one compressor
activated, or minimum inverter frequency).

Similarly, the curveof the heat pump Energy Efficiency RatiBER are obtained through
interpolations of the manufacturer technical dafsee 8bsection3.1.4).

Pupc and EERare thus functions of théth bin.

The heat pumps considered indimodelare able to recover the thermal energy releasd

the condenser during the coolifignctionin order to produce at the same time domestic hot
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water (condensation heat recovery). In thigy, it is possible to avoid or reduce the
activation of a backip systenfor DHW.

The coolingopnly mode, or DHW Nly mode, can be simulated by setting equal to zero the
building DHW demand, or the cooling demand, respectively.

It is important to observe that the hegtump operates like an aito-water heat pump only
when DHW productiofis absent. On the contrary, during the heat recovery mode, the heat
pump does not release the condensation heat to the outdoor air, but to a storage tank for
DHW production, working as a water-water heat pump. As a consequence, in this mode
the heat punp cooling powerR4p,) andEEREER depend only on the temperatures of the
cold water Tw,¢ and hot water Twa) produced,and they are not influenced by the bin
consideredseegreenlines inFigure3.5).

3.2.2 Energy calculation for summer operation

Once selected the building and the heat pump, the program evaluates the energy delivered
and used by the heat pump, consideritiigt in the generid-th bin the building camequire

at the same time cooling energy for @onditioning &, and thermal energy for DHW
production &g4).

For eactbin, the timein which the heat pump works in heat recovery mode, releasing at the
same time cooling energy and thermal energy f6\ViD, must be evaluated.

By considering the case of a MCHP with two compresdoed)dat pumpvirtual activation

times in heat recovery modewith both compressors ont(z.ir) and with only one
compressor ontf1.irt), can be evaluateaccording toEq.(3.21) and Eq(3.22), respectively

D:

0 i Epe i >R it O
1 Eye ) R o) tonl) . 321)

if Rip 172 () Loin OS By o 0) R 2 () tin

tr,2/2,virta): 0
Eb’C(D- Re Ellz(b t.(D
R r2i2()- Rig a2 ()

—_— =) =) —t—)—) —)

D:

0 FE . 1 X B 1 )T ()

E,() L e
Pe 1() ifE e 1O 2 1(Bin 10 . (322

’Iitbin(i)_ tr,2/2,virt ( ) if PHP, r1/2 ( )t binK ) Eh c () Ru? 2/2 0 tbinQ)

tr,1/2,virt (i ) =

—) —r——)

The consequent thermal energy available at the heat pump condenser for DHW production,
Bavailcona Can becalculated:
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_ e R o) 2 ()
Eavail,cond(i)_tr,2/2,virtgPHF,’ ;2/2(D %i y t';1/2 virt rgmz() % (3.23)

If in thei-th bin B4 is equal tog or higher thang Ewailcong the heat pumpeffective activation
times in heat recovery modewith two compressors activatedt,zze) and with one
compressor activatedtr i), are equal to the corresponding virtuactivation times
Otherwise, the heat pump provides cooling energy to thiding in heat recovery mode
only until the DHW thermal demand is satisfiedjz e andt; 1.2.err are then evaluable through
Eq.(3.24) and Eq(3.25), respectively:

’? Eb () If Ebc(i)> I:I)-IPr2/2 (I)tblnq
1 ) ()+ HP r2l2() ' v
:‘l HP, 1,2/2 EERZ/Z( )I
{2 ()71 0 f Eye i3 P e Ul i, (3:29)
1
i B
:\:\ (') HP r2/2() + r1/2 wrt(l)ep () PHF’, r1/2 (I) gelse
I e EER, () Lzun (O ™27 EER,() ifj
A.e.
!
iO if Eb,c (i)> PHP, r2/2 (') tbina)
I\
tnon 0= 20— 1 E, 1) R Olan O @29
i Rub, sz*_ﬁ/z()i
1
T r,1/2 vm() . . H H p .
Ttr 212 eff ()tr Jain () if PHP, r1/2 ():bin '(9: En c '( )<PHP 2I2 ():bin I(

The cooling energiiesupplied by the heat pump in heat recovery mode is given by:

E—|P r() HP IZIZ(D tr2/2, eff +FI)-|P 12 (D trl/2, ef 1 (326)

while the thermal energ¥e.arecovered at the heat pump condenser for DHW production
is:

E—IP,d(i):minéEo\vail conu(D; Epd(‘/b . (3.27)

If Bipis lower thank, ¢, that is if in heat recovery mode the heat pump has canpletely
satisfied the building cooling demand, duritige residual timeof the binthe heat pump
delivers coolig energy releasing the condensatiogat to the external aifThe residual time,
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tres, IS evaluated by means &fg.(3.28), whichtakesalsointo account the time lost ithe
case of heat pump ooff cycks

tres(i)= tbino) gt r,2/2,virt i-r,llz,virt) (t- r,2/2,eff t r,-'l-/2,eff) ) (328)

tr ,2/2 virt +t r,1/2 yirt

Theheat pumpactivation timesn coolingonly mode with two compressors activatedc.(/,)
and with one compressor activated (.), are obviously equal to 0 B4 is higher than
Eawvailcong €lS€Can be evaluated through E€g.29) and Eq(3.30), respectively:

tr G) if Ebc i(') EHF,’r i( )>PHP,Q/2 ():resi()
0 it Epe i (Bor | Reparn 1 0ed) ( (329
() Bod) -Rean() tel) o o R s O wslKEy o) -Eup () By ()t

Rie c222()- Rip a2 ()

7
1
|
tc,z/za) |
1
i
f

éo fFEei-8er i >Bper I L)

! EDFE)—EF)r() If beC I( )-EHF? r () Rﬂ? a2 (Xres I() . (330)
) HP, g1/2

’|i () tczlz() If I:>HP, a/z(i)tres()<Eb,c(i) _EHF,' r(l) R—IP /2 (I) tres(i

cllz()

The energy B that the heat pump deliverdo the building for aiconditioning in
coolingonly mode is

EHP c() HP ;2/2() @12 (') HP, /2 () t,r/z G - (3.3

The electric energysed by the heat pump in heat recovery mdégs, . and in coolingpnly
mode (B+r ¢y arecalculatedoy means of Eq3.32) and Eq(3.33), respectively:

HP r2/2() - PHF’ r1/2()
- t 212, eff + .1,1/2, eff .
Sieod eEERm() azal) *gep (i (fueal) (832
By ()=irezed gy Reae() tan) (333

&EER,, ()i EER, () icof ()

wherefeor andfeoncare theEERorrection factors for oroff cyclesjn heat recovery mode
and coolingonly mode, respectivelyeorrandfeorcareevaluated according tRef.[10], using
the values of the capacity rati@Robtained through Eq3.34) and Eq(3.35), respectively:
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R.:()
= 3.34
(j HP I'l/Z() ( )
CR( ): Eb,c( i)- E”D, r( ) (335)

Fl)—iP, cl/2 ( i) t res(i ) .

If the capacity ratio turns out greater than 1, it is set equal to 1.

A similar procedure can be adopted in order to model an IDHP.

If in thei-th bin B4 is higher thangipg, the backup system for DHWif present)must be
activatedin order to supply the missing thermal ener@y. The corresponding energy used
by the backup systemEu.us is equal to the ratio betweeby and the efficiency o« of the
backup system.

Finally,the seasonal energy values are obtained by summingctheesponding values of
each bin, and theseasonal performance coefficients of the system can be evaludtesl
Seasonal Energy Efficiency RaB&EREQ.(3.36), from Ref.[10]), isthe ratio between the
total cooling energy provideby the heat pummand the corresponding electric energy used.
The Fuel Utilization EfficiendylUE(EQ.(3.37)), for summer operation ishe ratio between
the total energy delivered to the building by the heat pump dahd backup system (for
air-conditioning and DHW production) and thermsponding primary energy used

a B ()+ aEHpU
SEER (3.36)
aE-iPrus()+ aEHPpug)

a Ee ()+ aEHp&) * Fef) * &U
FUE=- . .
a.E—(Prus()-l_ a.EHPcué) (337)
+a Ebk,prim(i)

h

el

In Eq.(3.37), Bxprim iS the primary energy used by the baax system for DHW production,
equal toEx usin the case of a gas boiler, or equal to the ratio betwé&sn,sand' «/in the case
of electric heaters.
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3.3 CASE STUDIES

Thetopics of this section are discussediafs[61]-[64].

3.3.1 Seasongberformance of aito-water heat pumps for heating

The mathematical model for winter opation presented inSection3.1is here applied to
evaluate the seasonal efficiency of monecompressor oroff, multi-compressor and
inverter-driven heat pumpsintegrated by electric heateras backup systemand used to
provide heating teseveral buildingdocated in different Italian climate3he influence of the
outside clinate on the seasonal performance of different kinds of heat puisips/estigated
Figure3.6 shows the bin distributiorior the heating season of three different liah cities:
Brescia (45.32N, 10.12°E), Florence (43.4#N, 11.15°E) and Trapani (38.0N, 12.32°E).
The conventional heating season is from Octobel’” 16 April 18" for Brescia, from
November #to April 158" for Florence and from Decembet o March 3F for Trapani.
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5 300 -
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50 -
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m Florence

Trapani

-7-6-5-4-3-2-1012 3456 7 8 910111213141516171819202122
Text ['CC]
Figure3.6: Bin distribution for the heating season in Brescia, Florence and Trapani (Italy).

By observing theharts ofFigure3.6, the difference in terms of weather among the selected
localities is clear: Brescia, in the North of Italy, is characterized by the lowest external
temperature with a minimum, equal tdgesh, at-7 °G and a mode of the bin distribution
equal to 7°C; Florence, Nortenter Italy, is characterized by a valud®t, equal to 0°G

with a minimum external air temperaturef 1 °G and amode of the distribution equal to

7 °C; Trapani, Southern Italy,asaracterized by aninimum outdoor temperature, equal to
Taesh, at5 °G and a mode of the distribution equal &2 °C

In order to take into account the effects of the buildihgatingloads on the heat pump
seasonaperformance, several linedauildingenergy signatureare considered, bgettingT;
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equal to16 °C according toRef.[10]), and by varying the value &esh. In Figure3.7, the
dashed linds an example oBESdrawn by considering a building withdesignload Pyesh
equal to 43.13 kWTgesn =-7 °Q, while the dotted line represesta building having a design
load equako 71.88 KW Phes,).
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S ®e, — — BES
i 80
o P‘des,h oooooo
70 - BES
60 - ON-OFF HP
50 ™~
40 - Pdes,h
30
20 -
10 A e,
] f ~
0 TOL  Tiesh %Tbiv %Tbiv \'-le
-2 -10 8 6 4 -2 0 2 4 6 8 10 12 14 16 18 20
Text [A:]

Figure3.7: BES and characteristic curve of the-ORF HP.

The redline in Figure 3.7 representsthe characteristic curve ofhe consideredelectric
air-source monecompressoron-off heat pump obtained for avalueequal to 35 °®f the
temperature Tyn Of the hot water produed for heating The curve is stopped in
correspondence ofa value of Temperature Operative Limitgiven by the heat pump
manufacturer,equal to-10 °C and the intersection between théneat pump characteristic
curve and the building energy signature yields a bivalent temperature equd.20°C,
considering the dashed BES, and equdl.8°C, considering the dotted BES.

Tables 3.2, 3.3 show themanufacturerdata for theconsideredON-OFF HP, M@HandIDHP.

Table3.2: Heat pumps technical data.

Heat pump typology ON-OFF HP MCHP IDHP
TOL[°C] -10 -10 -18
N 1 2 1
" range [Hz] 50 50 30-120
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Table3.3: Heat pumps thermal power arfdORat maximum and minimum capacity.

T Ton ON-OFF HP MCHP power [kW] andCOR | IDHP power [kW] andCOFR
power [kW] and _ _
[°C] [°C] n=1 n=2 min max
(CoRp

TOL 35 23.30 (2.75) | 12.30 (2.76) 23.10 (2.70)| 5.58 (2.48) 19.90 (1.86)

-7 35 25.50 (3.07) | 13.20 (2.95) 25.00 (2.90)| 6.87 (3.05) 26.10 (2.85)
35 32.70 (3.83) | 16.70 (3.71) 31.20 (3.59)| 8.68 (3.86) 32.40 (3.49)

7 35 36.60 (4.23) | 19.30 (4.26) 34.80 (3.98)| 10.00 (4.48) 36.40 (3.91)

12 35 42.60 (4.86) | 22.30 (4.89) 40.80 (4.65)| 11.60 (5.25) 41.70 (4.45)

By comparing the data shown ihable3.3, it is evident that with the sametemperature of
the two sources (airTex, water: Tw,n), the heat pumps selected are characterized by very
similar values ofhe maximumthermal power delivered.

The seasonal performance of thsystemis evaluatedby means of the modeif Section3.1

in different conditions by varying the combinationsf heat pump (ONDFF HP, MCHP, or
IDHP)¢ building (different building energy signatures)location (Brescia, Florence, or
Trapan). Somesignificantnumerical results are reported ifiable3.4.

The values ofT,y, and, for the MCHP anthe IDHP, also of the secondary bivalent
temperature, Tyiv.2, are reportedin Table3.4 together with the seasonal energy values and
the obtainedSCOR;and SCOR.

The values oEpnushighlightas the ONOFF HP uses more electric energy than the MCHP
and IDHPin similar conditionswhile thevalue ofE s (equal toBx g is an indication of the
level of undessizing of the heat pump with respto the building thermal needs.@iously,

if Baknisequal to0 (no backup activationneeded) thevalue ofSCOR equals that of SCOR..
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Table3.4: Numerical results of some case studies.

Heat
Tdesh  Pdesh Toiv  Thiv,2 Eoh Edrn Erphus Eok h
pump SCOR: SCO&
[°C] [kW] [°C] [°C] [MWh] [MWh] [MWh] [MWh]
typology
ONOFF
-7 28.75 e 53 / 51.21 51.15 17.82 0.066 2.87 2.86
ONOFF
-7 115.00 Hp 8.3 / 204.86 126.17 36.41 78.68 3.47 1.78

-7 28.75 MCHP -4.8 25 51.21 5112 1396 0.0939 3.66 3.65

-7 115.00 MCHP 86 11.6 204.86 121.83 31.31 83.02 3.89 1.79

-7 28.75 IDHP 55 7.8 5121 51.16 1249 0.051 4.10 4.08

-7 115.00 IDHP 84 13.6 204.86 125.84 32.05 79.01 3.93 1.84
ONOFF

0 30 . -0.3 / 58,55 5855 1841 0 3.18 3.18
ON-OFF

0 110 Hp 101/ 214.67 129.37 35.16 85.30 3.68 1.78

0 30 MCHP 03 6.0 5855 5855 14.57 0 4.02 4.02

0 110 MCHP 104 12.7 214.67 124.25 30.32 90.42 4.10 1.78

0 30 IDHP  -0.3 10.1 5855 5855 13.07 0 4.48 4.48

0 110 IDHP  10.2 14.2 214.67 128.32 3140 86.35 4.09 1.82
ON-OFF

5 34.38 . 4.8 / 37.54 3754 10.91 0 3.44 3.44
ON-OFF

5 75.63 Hp 101/ 8259 7129 1826 11.30 3.90 2.79

5 34.38 MCHP 52 94 3754 37.52 8.63 0.02 4.35 4.34

5 75.63 MCHP 104 12.7 8259 69.62 15.63 12.97 4.45 2.89

5 34.38 IDHP 49 123 3754 37.54 7.66 0 4.90 4.90

5 75.63 IDHP  10.2 14.2 8259 70.78 1552 11.81 4.56 3.02

In Figures 3.8-3.13 the SCOR: and SCOR trends as functions of the bivalent temperature
are showrnwith continuous linedor each building location and type of heat pump considered.
As pointed out byFigures 3.8-3.13, the bestSCOPalues are almost always obtained with the
inverter-driven heat pump, while the ORFF HP gives the lowest results.
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Figure3.8: SCORtand bin distribution for Brescia.
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Figure3.9: SCOR and bin distribution for Brescia.
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Figure3.10: SCORt and bin distribution for Florence.
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Figure3.12: SCOR:and bin distribution for Trapani.
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Figure3.13: SCO& and bin distribution for Trapani.

As highlighted byFigures 3.9, 3.11, 3.13, there is a value of bivalent temperature which
maximizes thesCOR, which means that there ésts an optimal choice of the heat pump

size for a fixed building and location.

The highest values COR: and SCOR are achievable in the hottest climate (Trapani) by
selecting an IDHP having a bivalent temperature equal to the design temperatiie=
5°C). This result is confirmed also for Brescia and Flor&ingeré 3.8-3.11). Therefore, tiis
possible to conclude that the best seasonal performance of an IDHP can bealbene

obtained by adopting as bivalent temperature tlesign temperature.
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This conclusion is not valid for MCHPs and especiallpfe®OFF HPdn these cases, the
results ofFigures 3.9, 3.11, 3.13demonstrate that, in order to maximize tHeCOR, there
exiss an optimal bivalent temperature, but this value is always larger than the design
temperature.

In terms of SCOR;, the trend is monotonically increasing with the valu€elgf, apart from

the case of IDHP, for which tI®COR: trend in each climate has a peak in correspondence
of a value ofl,iy equal to the design temperaturdgesn.

TheSCOR trend, which always shows a maximum point in proximityi@{, for the IDHP,
and towards larger values of the bivalent temperature for the MCHP andDBN HP, is
maximized with a value Gk higher for hotter climates.

The difference in both th&COR: and SCOR values caused by the different types of heat
pumps becomes more andore negligible with the increasing of;.

The SCORalues of the dashed lines Figures 3.8-3.13 have been obtained, in comparison
with the SCORalues of the continuous lines, by adopting a different value of the degradation
coefficient, G, used in the evaluation of th€OPcorrection factor for on-off cycles (see
Eq.(2.2)).

The numerical valuef the degradation coefficiemust be experimentally quantified by the
manufactuer, but, in absence of indications, the standafti§], [11] suggest to use a value
of G equal to 0.9: this value df has been used for the evaluation of tiECORhown in
Figures 3.8-3.13 with continuouslines

However, as demonstrated [28], the value ofC. suggested by the standards has proved to
be too optimistic in order to take into account the real losses linked to the impact of the
on-off cycles on theCOPof a real heat pumpAs a consequence, the same calculation has
been repeated by considering a valug®équal to 0.7similar to that foundn Ref.[28]) and

the obtainedSCORalues are stwn by using dashed curvesHhigures 3.8-3.13. In thisway,

it is possible to highlight the impact of the degradation coefficient on the evialuaif the
seasonal performancef the airsource heat pumpwith different sizing conditions
Obviously, the degradation coefficient value is more influent on the value ocE@@Ror
ON-OFF HPs, with respect to MCHPs or IDBiRsg for external air temperatures higher
than Teiv, mono-compressoon-off heat pumps must start the eaff cyclesm order to follow

the building demand, while, for MCHPs and IDHPs, thefbbcondition is avoided untilexis
higher thanTyiv,2.

The difference between thECOR values obtained witl; equal to 0.9with respect to the
ones calculated in the same conditions w@fequal to 0.7ranges from ®%,(IDHP infrapani
with Twiy =12.9°Q, up to 42%(ON-OFF Hih Trapani withTyy, =-5.3°Q.
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The role of the degradation coefficient becomm®re significantfor lower values of the
bivalent temperature Ty, Which means thatC is more important when heat pumps
over-sized with respect to the building needs are adopted. A lower valugpfin fact,
corresponds to a lower value Ofwiv2 (Which regresents the mamum external air
temperature atwhich the onoff cycles can be avoided)b@ously, T2 coincides withT,y
for an ONOFF HP.

The difference between the results obtained with the differ€nvalues is also enhanced at
hotter dimates ¢€ompare Figures 3.8, 3.9 with Figures 3.12, 3.13, respectively. the bin
distribution is shifted to higher temperatures, with a consequent iaseeof the numbeof
the seasonal off cycles.

3.3.2 Summer performance of reversible-irwater heat pumps with heat recovery
for domestic hot water production

The mathematical model for summer operation presente@eaction3.2is here applied to
evaluate the seasonal performance of two commerciak@iwater reversible heat pumps,
with similar fullload capacitya MCHP with two compressors amah IDHPwith frequency
range 30- 88 Hz. The hegiumpsare placed at the service of several buildings in Palermo
(Southern Italy38° 06' N, 13° 21' E) and are integrated by electric heaters as bapk
system for DHW.

Figure3.14 shows the bin distribution obtained for Palermmgnsidering a cooling season
from May 1%' to September 198. It can be noticed fronFigure3.14 that the outdoor
temperature in Palermo during summer runs from a minimum value of 9 °C to a maximum
one of 35 °C, with a mode of the distribution equal to 23 °C.
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Figure3.14: Bin distribution for the cooling season in Paler(italy).
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Table 3.5 shows the heat pumps technical data declared by the manufactdoe the
maximum and minimum capacity, in cooliogly mode {Twc =7 °C) and in heat recovery
mode for DHW productionTy,q =55 °C)

Table3.5: Heat pump<ooling power andEERat maximum and minimum capacityu(c= 7 °C).

MCHP power [kW] andEER IDHP power [kW] andEER
Text [°C] n=2 n=1 " max " min
20 25.10 (4.49) 14.40 (4.81) 26.80 (4.41) 10.3 (4.88)
25 23.90 (4.06) 13.20 (4.19) 25.80 (3.88) 9.89 (4.31)
30 22.70 (3.55) 12.50 (3.69) 24.60 (3.38) 9.49 (3.83)
35 21.40 (3.04) 11.80(3.17) 23.30(2.93) 9.04 (3.37)
Twd = 55°C 17.90(2.10) 9.70 (2.37) 20.40 (2.22) 7.51 (2.60)

The effect of the building cooling load on the seasonal efficiency is andlyza#ling into
account different building energy signatures, in whigtis set equal to 16C according to
Ref.[10]) and Pgesc in correspondence Ofgesc (35 °C) is varied. As no baugk system for
air-conditioning is present, the choice of the buildigdneat pump combinations has been
made in order to havehe building cooling demand fully covered at the highest outdoor
temperature.

Different building loads for DHW production are also considered, by varying the ratio
between thebuilding total DHW demandg, 410, and total cooling demand, ¢ ot

Figure3.15 showsthe SEERas afunction of the ratio betweerg, 40t and B, ¢1or, Obtained

with the selected heat pumpsvith several buildingooling loads.
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Figure3.15: SEERvith different building loads.
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The obtainedSEERanges from 2.80 (MCHPyesc = 10 KW, 4,10t =50 %E; ¢ o) t0 3.96 (IDHP,

Piesc =20 KW, By a0t =5 % By c1o) and it decreases with the increase of the building DHW
demand, because of the increase of time in heat recovery mode, where the heat pump
releases the condemsion heat at higher temperaturel{yq =55 °C versuJgesc =35 °C).

In addition, for a selected heat pump and fraction of DHW building demand, worse seasonal
efficiency isobtained with lowerPgesc: in thiscase the heat pump is oversized with respect

to the building cooling demandavith consequent increa&of the heat pump onoff cycles.

On the same conditions, the IDHP (blue curve&igure3.15) reaches bettelSEERuvith
respect to the MCHP (red curvedHigue 3.15), thanks to higheEER/alues at partoad and

to a lower number of ovoff cycles (the IDHP is able to reach a minimum capacity lower than
that of the MCHP).

This result isonfirmed byFigure3.16, where the correction factofer on-off cycledcorand
feorrcare reported as functions of the outdoor temperature fgsc =20 kKW antg g0t / B c tot
=15%.
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Figure3.16: fcorrin coolingonly and heat recovery mod@desc = 20 kWb d,tot/ Eo,cot = 15 %), BES,
bin trend.

The correction factors arequal to 1 (no oroff cycles) forhigh values ofTex, While they
decreasavhenTexdecreasesThis result is due to the increaselodé number of oroff cycles,
owingto the decrease of both théuilding cooling demand (low BES values) dredDHW
demand (low number of bin hours).

The curves shown inFigue 3.16 highlight that the IDHP is characterized \glues offcorr
higher than those of the MCHP, both in cootlmgy mode and in heat recovery mode.
Figure3.17 shows the trend of th&UEas a function of the building cooling and DHW demand,
obtained with the selected IDHP integrated by electric bagkand with a traditional system,

in which the reverible heat pump only provideair-conditioning and the domestic hot water
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is entirely produced by a gas boiler. The comparison has been made by using for the
traditional system the same IDHP (without heat recovery mode) and a gas boiler with an

efficiency of 0.98
2.10
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Figure3.17: FUEof IDHP and traditional system with different building loads.

On the same conditions, tHeUEof the studied system is higher than that of the traditional
system and this gap is enhanced for high DHW demB&hldE£t 2.03 versu§UE= 1.45 for
Paesc =20 KW, By a0t =50%E;, ¢ 10r). In fact, even if thenmmary energy used for cooling lbiye
traditional system is lower (heat released to the outdoor iy, at lower temperatures, with
consequenbetter EERvalueg, the primary energy used by the gas boiler (which provides to
all the DHWdemang is higher than that wed by the electric backp (which only supplies
the energy for DHW which the chiller canmwbvidein heat recovery mode).

Figure3.18 showsthe primary energy savingbtainable by usinghe studied systenwith
respect to the traditional solutiorwith different building cooling and DHW demands
Theprimary energy saving ikigher for higher DHW fractions and wittie IDHP than with
the MCHP. In particular, the primary energy saving obtaitesd reach 324 by using the
inverter-driven heat pump with a building design load equal2® kW and with a total
domestic hot water dmand equal to 50 % of the total cooling demand.
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Figure3.18: Primary energy saving, with respect to traditional system, with different building loads.
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4
DYNAMIC SIMULATICBDDESFOR
AIRTOWATER HEAT PUMPS

In this chapter, numericalcodesfor the dynamic simulation oklectric airto-water heat
pumpsare presentedThe codes, executable through any programming language and here
implemented in MATLAB, apply to the hourly simulation of@water heat pumps used for
building heating, cooling and domestic hot water production, coupled with storage tamik
integrated by a gas boiler or electric heatéFbe method applies both to mormtompressor
on-off heat pumps and to invertedriven ones.

Unlike the binmethod, the dynamic simulation is able to take into account the presence of
a water storage tankas itcan evaluate, hour by hour, the mean temperature of the water in
the storage and theorrespondingenergy contained.

The firstsectionrelates to the code developed for heating and DHW production during winter
and presents some numerical results obtained in a test case. The sseotidndescribes

the code developed for summer operation, during whticé heat pump providesooling and
DHW production, with the possibility of heat recovery motlee application of the dynamic
codesto evaluate theseasonaperformance of the multfunction inverterdriven heat pump
used in the retrofit of a residential building then presented

Then, tle dynamic models are validated bgmparison with results obtained in simple case
studies with the software TRNSY®ally, the hourly simulation methods for aito-water
heat pumpsare compared with thdin-method.

4.1 MATLARBODE FOR WINTER GQHEBN

A numerical method for the hourly simulation of aib-water heat pumps for heatingnd
DHW productionwritten on the software MATLABSs presented
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4.1 MATLAERODE FOR WINTER QHEBN

The studied systernonsistsof a multifunction airto-water heat pump, used in wintefor
both heating and DHWroduction, coupled with a storage tank foeatingand a storage
tank for instantaneous DHW productigand integrated by electric heaters or a gas boiler.
The topics of this section are treated in R¢&5], [66].

4.1.1 Climate implementation

To perform a dynamic simulation of an-awurce heat pump, the hourly vada of the
external air temperature must be known. Thegalues carbe takenfrom local weather
station recordingsbeingthusthe effectiveoutdoor temperature values for a selected period
and location.Otherwise, theTypical Meteorological Year (TMYke the Meteonorm TMY
available on the software TRNSYS for several cities worldeatebe used.
InFigured.1theexternal air temperature profileaccording tahe Meteonormfile on TRNSYS
is plotted for the heating season irthe Italian city of Bologna, while ifigure4.2 the
correspondingmonthly average outdoor temperatureare compared with those of the
standardUNI 1034925]. The heating season in Bologisehere considered fror®ctoberto
April, included

Text [OC]

-10
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time [h]

Figure4.1: Hourly trend of the external air temperature during the heating season in Bologna (ltaly)
from Meteonorm TMY
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Figure4.2: Monthly average outdoor temperatures for the heating season in Bologna (Italy).

FromFigure4.2 one cannotice that during winter, the minimummonthly average outdoor
temperature (which occurs in Januarig equal t02.1°C according tdef.[25] and 1.7°C
according to the Meteonorm profilavailable onTRNSY,Svhile the maximum monthly
average outdoor temperaturgoccurring in Octobeliy equal tal4.9°C according tRef.[25]
and14.4°C according to the Meteonorm profile.

4.1.2 Building hourly energy need for heating

The hourly values of the thermal energy needed by the building for hed&ing), are input

data for theheat pumpdynamic simulation code and can derive from a dynamic simulation
of the building, performed by means of software like TRNSYS, EnergyPlus doBS6usly,

the hourly values of the energy required at the outlet of the generation subsystem (heat
pump) must be used, which means that the hourly values of the energy properly needed by
the building must be divided by thproduct of the distribution, emission and control
efficiencies for heating.

If a dynamic simulation of the building is not avakalain approximation of the hourly energy
need can be obtained by using the building energy signaBES)Oncethe valueTex(i) of

the external aitemperaturein the i-th houris known the hourly valueof the thermal power
required by the building is, through the BES, a functiofiegf the correspondingalue of
Bn(i) is obtainedby multiplying thevalue ofthe thermal power by the hour duration.

86



4.1 MATLARODE FOR WINTER R®HON

4.1.3 Building hourly energy need for domestic hot water

A residemial building daily energy need for DHW production is evaluated according to
Eq.(3.4) from Ref.[59]. The energy needed in correspondence of eachr, 5,4(i), can be
obtainedaccording to Eq4.1):

%,a(F% p (0. @)
where pq (i) is thehourly load coefficient for DHW residential buildingsaccordingo the
standard UNI/TS 11300[11]. The value opq (i), whichgives the fraction of the daily energy
demand charged to thé&th hour (on the basis of the daily profile for DHW provided by
Ref.[11]), repeats itself every 24 hours within the selected simulation time period
Table4.1 provides the harly values of the coefficient defined byRef.[11].

Table4.1: Hourly load coefficierd for domestic hot watein residential buildings

Hour 1 2 3 4 5 6 7 8 9 10 11 12
pa[%] | 250 2.80 2.80 0.00 0.00 0.00 1390 13.90 13.90 2.80 2.80 2.80
Hour | 13 14 15 16 17 18 19 20 21 22 23 24
pa[%] | 280 0.70 0.70 0.70 0.70 13.90 1390 2.80 2.80 280 0.00 0.00

Table4.1 showsthat Ref.[11] considers a peak of energy demand for DiWesidential
buildingsfrom 6:00am to 9:00am and from 5:0¢m to 7:00pm.

4.1.4 Heat pump and thermal storage characterizafmrwinter operation

Tocharacterie the airto-water heat pump, useth winter for heating and DHW production,
the procedure described in &bsection 3.1.4 is used. Through interpolatisnof the
manufacturer data by using secowdder polynomial functions, curves of the heat pump
power ard CORin heating mode and in DHW mode, are thus obtained as functions of the
external air temperatureJex, for a fixed value of the hot water produced. thre case of
inverter-driven heat pumps, a family of curves for the heat pump power and a family of
curves for the heat pumg@OPare obtained by varying the inverter frequency between the
maximum and minimum value.

Combiningin a single bin all the hours with the same external air temperatune, t
bin-method (Chapter3) is not able to simulate a thermal storage tank, sificeannot
evaluate the energy stored in a tank during a specific time, to be used later, if necassary.
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4 DYNAMIC SIMULATIONDES FOR AIRDWATER HEAT PUMPS

MATLAB dynamic simulation caglen the contrary,have the possibility taonsider the

presence of storage tanksupled withthe heat pump.

A scheme of the studied system is reportedrigure4.3, showingthe different components
of a multi-function heat pump coupled witla storage tank foheatingand a storage tank for
DHW(in this case integrated by electric heaters)

Electric back-up

- - <4
oHw € DHW -
tank
- DHW water
Water supply A 4 condenser

A 4

VY

— 1 4
g \/\/\A/

Heating water
condenser

A =TT 1

P ~ ’_ | 1

Heating 1 Terminal 1

tank « 1 units | Lamination
! I valve
. 1
Compressor Electric back-up

A

Air evaporator

1AM

Figure4.3: Plant scheme for winter operation.

It is important to observe that the storage tank for domestic hot water here considered is
used forinstantaneous DHW productiorwhich means that the watecoming from the
agueduct is heated while passing through the coil heat arger in the storage tank,
whereasthe water stored in the tank is not used as domestic hot water and, consequently,
no measures against the legionella bacteria are needed.

The temperature of thevater in the thermal storage tank34, for the heating tank andsg

for the DHW one) can range from a fixed minimum to a maximum @ u@in and Tsnmax

for heating andTs4min and Tsgmax for DHW. As a consequence, the heat pump power and
CORnput data must be givefor both thesetemperaturesof the hot water producedgnd

the procedure of Bbsection 3.1.4is repeated both fixindsn equal to Tsnmin @and t0 Tsh max
(heating mode), oboth fixing Tsg equal toTs gmin and t0 Ts gmax (DHW mode).
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4.1 MATLARODE FOR WINTER R®HON

To evaluate the storages heat losses, the hourly values of temperature of the storage room,
Ts.room(i), Mmust be knownlf not available, the values @% 0om(i) can be estimated by means
of Eq.(4.2):

Ts,room(i) = Tnt - bj[ -iEt :gxt(x ) (4.2)

where Tiy is the selectedinternal air temperature(typically equal to 20Cin winter for
residential buildings)@and b, is the temperature reduction factor of the storage room
according to thestandard ENL2831[26]. The value ob, can range from O (thermal storage
placed in a heated room) to 1 (storagy@aced outside)b, can be set equal to 0.5 the case

of thermal storage placed in a basement.

Duringeach hour of the heating seasoinet heat pump considengriority of satisfaction of

the building demand for DHW production, and, secondly, of the building demand for heating.
The heatingonly mode, or DHWnNly mode,are obtainableby setting equal to zer the
building DHW demand, or thauildingheating demand, respectively.

4.1.5 Hourly energy evaluations for winter operation

The input parameters ofhe MATLAB codér the dynamic simulation of the heat pump
system in winter operatiomre: the hourly value3ex(i) of the external air temprature for
the heating seasarthe hourly values of the building energy demand for heatig(i), and
for DHW &4 (i); the thermal storage volum® Vs for heating andvs « for DHW the imposed
minimumand maximunvaues of the water temperature in the thermal storagélsh minand
Tshmax Tsamin@Nd Tsamax, the storageheat loss coefficierst Usnfor heating andJs «for DHW,
the heat pump power an@ORlata from the manufacturetthe efficiency w« of the backup
system the hourly valus of temperature of the storag®om, Ts reom(i).

Once evaluatedthe heat pump power andCOPcurves as functions ofex (through
interpolations as described inuBsection 3.1.4), for each hour of the heating season the
MATLAB code evaluates, througtioa loop: the maximum power available from the heat
pump, the energy supplied by the heat pump and by the hgzkystem (if any), the mean
temperature of the water in the thermal storaganks and theenergystored in the tanks
the energy lost by the storaggethe energy used by the heat pump and by the baglsystem.
Firstly, the cubff temperatures in heatingnode, Teutofin, and in DHWWMode, Teutortd, are
evaluated.Let us notethat the cutoff temperature is the external air temperature below
which the heat pump iswitched off, on the basis @ie heat pump control system, and can
be higher than the Temperature Operative Limit. The logic implemented in the MATLAB code
turns off the heat pumpand leavesn operationonly the backup systemfor the values of
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4 DYNAMIC SIMULATIONDES FOR AIRDWATER HEAT PUMPS

Text at wWhichthe primary energy uskby the heat pump becomes higher than that used by
the backup system This guation occurs wheithe heat pumpCORecomes lower thathe
ratio between' v« prim @and ' e ' bkprim IS the backup efficiency, w, in the casethe backup
system isa gas bder, whereasit is the thermodynamic efficiency of the electricity system

" o, in the casethe backup system is composed lgyectric heaters

In Figure4.4, examples oturves of the heat pum@ORand of the ratio between u primand

' e are plotted as functions of the external air temperature. Obviously, the tatigim/ ' e
does not varwith the value ofTex:and isrepresented bya horizontal straight line in thplot

of Figure4.4.

P/ P,

COP

' '
bk,prim/ el

L-----9

TOL Tcut—off T

ext

Figure4.4: Examples of curves of tli@OPand of theratio ' vkprim/ ' el @asfunctions of the external air
temperature.

As put in evidence bffigure4.4, the cutoff temperature coincides with the value Ofex
corresponding to the intersection between the parabolic curve of @t@Pand the straight
line of" vk prim/ ' el.

Aheat pumpCORlepends not only on the value &y, but also on thevalue of temperature
of the hot water produced by the heat pump, and, for IDHPs, also ovatue of the inverter
frequency, parameters changing hour by hour. For the calculation of thefttemperature,
the CORcurves corresponding tdshmax in heding-mode, and toTs gmax, iN DHWmMode, are
chosen for precautionary reasons, and, for IDHPs, the maximum inverter frequengyi$
considered.

The cut-off temperatures in heatingnode and in DHWhode are respectiely evaluated
according toEqg. (4.3) and Eq.(4.4), where the case on an IDHP is considered and the
coefficient of Eq(3.8) are recalled:
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Thewater temperatures in the storages are initializegliring the first hour of the heating
seasonthe mean temperatureof the water in theheatingstoragetank, Tsn (1), is setequal
to the storage room temperatur€els oom(1), whereas thanean temperatureof the water in
the DHWstoragetank, Tsqa (1), is setequalto Tsamin (COnsidering the DHW function working
all year long).

Thei-th values of the thermal energystored in the tanks for heatinds n(i), and for DHW
production,E (i), are evaluated through the equations

Es,h(i):rw Vo pré'Eh()"Etmm : (4.9)
Ea0=7y Yo GuBTal) - Tomn - (4.6)

Thei-th values of the energylost by the storagesH os:n(i) for heatingand E; jost a(i) for DHW
production)are evaluateds:

Es,lost, h( i) = thourUs héTs I( D - Ts roon( ) ) 4.7)

Es,lost,d( i) = thourUs déTs c( D B Ts roor( ) , (4.8)

wherethour is the time duration of ondour.
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The MATLAB code reads thth value ofTex and evaluates through linear interpolations
with respect tothe water temperature in the storages, the powttie heat pump is able to
deliver and the correspondinQORin each operation mode (heating mode, DHW mode).

For inverterdriven heat pumps, the heat pump input data are given for at least the maximum,
the minimum and an intermediaténverter frequency and the interpolation method is
repeated for each frequency value, obtaining a vector for the heat pump power and a vector
for the correspondingCORin each operation mode.

The heat pump power an€€COPcurves & stopped in correspondence of the eoff
temperature of the related operation mod&@tofth OF Teutoft,d).-

In thei-th hour,the heat pump works at its maximum capacity to satisfy the building DHW
demand(if present) leaving as much time as possibb satisfy the building heating demand
and, consequently, avoiding if possible the bapkactivation

The code evaluates the temperatuligq(i), which the water in th®HW storagevould reach

if the heat pump deliverethe maximumenergy, corresponding to the heat pump maximum
power (Pyras -, (i) for IDHPsyupplied for the whole-th hour:

(4.9)

T (D .I.PHP'd'Fmax(i) Lhour™ Ebd(D 'Esloqu
s d Vs,df c .

wp,w

Ts',d(i):

Since theDHWSstorage temperature cannot exce@damax, if Ts.a(i) is equal tg or lower than
Tsamax the energyee (i) supplied by the heat pumjs the maximum one:

B d)=Re d:max(b Thou » (4.10)

otherwise, in thei-th hour the heat pump only delivers the energy needed to satisfy the
building DHW demand and the energy needed to covekrVtank thermal losses and to
increase the water temperature t@4max

Erd)=E o) *Eoad) M WGl Taw T (4.11)

The corresponding electric energy used by the heat pump in DHW mBge,us(i), is
evaluated dividindzr.«(i) by thevalue ofCOPRat maximum capacity.

The thermal energy.q(i) deliveled for DHWproductionby thebackup system if needed,
is obtainedas:

Ebk,d(i): Ei,d() +Elostd(j _Ed()l EP((}, (4.12)

and the corresponding energy usdfiyq.us(i), IS equal to the ratio betweeBsq(i) and its
efficiency ' pk.
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The residual timees(i), available in théth hour for heating mode, is given by

tres(i):t hour Ld(i) " (413)
Rear ., ()
To evaluatghe energy supplied by the heat puntpheating moden thei-th hour, the code
first calculateghe temperatureTsn (i), which would be reached by the water in theating
storage if the heat pump deliveratie maximum energycorresponding to the heat pump
maximum powel(Pupyi; . (i) for IDHPS) suppliefbr the whole residual timetes(i):
. R ] max(i) tres(i)- E (I) _Es o h(D
Ts,h(l):TSh(i) L HP.hF VS‘hr Cbh lost ]

w ~p,w

(4.14)

Since theheatingstorage temperature cannot exced@nmax if Tsp (i) is equal tg or lower
than Tspmax the energygen (i) supplied by the heat pumis the maximum one:

= ()= Re tFmax(D tedi), (4.15)

otherwise, in the-th residual timethe heat pump only delivers the energy needed to satisfy
the buildingheatingdemand and the energy needed to cover tieatingtank thermal losses
and to increase the water temperature ®nmax

E—IP,h(i): Ebh() +§Iosth() M" wqf)v[ I,max -I(l)] (416)

If B4p.n(i) is evaluated by means of E4.16), the energy delivered by the heat pump is lower
than the maximum available and, consequently;ashcycles are employed by GDFF HPs.
IDHPs, on the contrary, can decrease the invefitequency until min, after which oroff
cycles must start.

The value of the heat pump powand of the correspondinGORnN heating mode are known
from the previous interpolations for G®FF HPs; for IDHPs a vector for the heat pump power
and a vector fothe correspondingOFare obtained from interpolations

The valueof the heat pump powefor IDHPSP : s & ), canbe obtaineddividingEqp (i) by
tres(i), butif P ¢ s @) turns out lower thanP ¢ s g £i), it is set equal td ¢ s g £i) (Situation
corresponding to ooff cycles).ThecorrespondingCOPvalueg COR 55 (i), is then obtained
by applying a secondrder polynomial interpolatiorof the COPvector, as a function of the
heat pump power vector.

The effectiveCOPiIn heating mode (COR«f), which takes into account the heat pump
efficiency decay irthe case of oroff cycles, is evaluatedaccording toRes. [10], [11],
multiplying the obtainedCOPvalue by theCOPcorrection factor for oroff condition,
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evaluated according to E@2.1), where the capacity rati€€R(i) is evaluated as the ratio
betweenBEip (i) and the product oP : s g @) multiplied bytres(i).

The hourly value of the electric energy udmdthe heat pumpn heating modeBipn,us(i), IS
evaluated dividindgen (i) by COR e (i).

Eq.(4.17) evaluates he energysuppliedin thei-th hour by the backup system for heating,
if the building heating demandnd the heating storagehermal lossesexceed the energy
delivered bythe heat pump andhat availablefrom the storage

Ebkh ) % +Elosth ) Eh( EP}() (417)

The corresponding energy usdy the backup system for heatinggknus(i), is equal to the
ratio betweenBxn (i) and' pi.

Finally, themeantemperaturesof thewater in the thermaktorages for thesubsequent hour
Tsn(i+1) andTsq (i+1), aredetermined

Eﬂp,h(b"' Exi() "Ei() Eigd)

f \/shcpw

To(i+1) =10,

(4.18)

Erd )t B d) "B Eoud)

T a(i+1) =T () VG
w Vs, d “pw

(4.19)

By adding together the hourlgnergy values the MATLAB code evaluates tlemergy
seasondy required by the building and the energgasondy delivered and used by the heat
pump and by the baclp system.

The seasonadfficiency parametersire then obtainedthe mean seasonalOPof the heat
pump SCORy) and of the whole system witblectric heaters as baelp system $COR) are
evaluated according t&q.(3.17) and Eq.(3.18), respectively, whereathe Fuel Utilization
EfficiencyFUB is obtained by means of E@.20):

é. B ()t é.'%,d()
FUE= . (4.20)
ga E—!Phu4)+ aEHPdug)

h

el

uea Ebkhpnm ) +aEbk,d pnm()
Q

@CD

The building total energy demand for heating and DHW productgatigfiedby the heat
pump and, if necessary, also by the bagksystemhas been useds numerator in Eq4.20),
excludingthe energy delivered to cover the stomganks thermal losses, which mot
considered asin useful effectbut only asafactor of energy consumption increas
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The quantitie$k h primand Bug,primat the denominator of Eq4.20) are, as already explained
for Eq.(3.19), the values othe primary energy used by the baclp system, for heating ah
DHW production, respectively.

The MATLARput file andscript developedor the dynamic simulation ofulti-function
air-to-water heat pumpsin winter operation are reported in Appendi®ection7.1.

4.1.6 Case study

As an example of application of teénulationmethod, the MATLAB cods used toanalyze
the performance of an airsource heat pump heating system located in Bologna
(North-Center Italy) as a function othe bivalenttemperature and of the volume of the
storage tank

The heating plantconsideredis composed ofin electric aito water inverter-driven heat
pump, provided with a water storage tank and integrateg electric heatersas bak-up
system. The hourly values of the external air temperatdog the heating season
(October- April) are takenfrom the Meteonorm TMY on TRNS¥®eFigure4.1) and the
hourly values of the energy required by the building for heatingobtained starting from
the building energy signaturgBES). To evaluate the optimal value of the bivalent
temperature, several BES are considetadfixing T, = 16 °Gnd by varying the BES slope
Several storage volumeég, are taken into account anthe heat loss coefficient of the
thermal storageUs, is expressed a& linear function of the storage volume:

U=a, V., . (4.21)

By nterpolating technical data provided by some manufacturers for storage volumes in the
range 0.168& 2.2 n?, the following values of the coefficients of E4.21) were obtained:
asnh=1.023 W(m? K) and bsn=1.293 W/K The manufacturer data and the interpolating
function areillustrated in Figure4.5. Eq.(4.21) is assumed asalid in therange of Vsp

0.1¢ 2 m3; if no thermal storage is employet; »is obviouslyequalto O.
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Figured.5: Manufacturer data and interpolatinfyinctionfor the heat loss coefficient of the thermal
storage versus storageolume.

The selected maximum and minimum tempenas of the water in the storage tank are,
respectively,45°C and35°C.The hourly values of temperature of the storage room are
evaluated through Ed4.2), where atemperature reduction factor of the storage rogim,
equal to 0.5 thermal storage placed iabasemen} and aTi.: value of 20 °C are adopted
InTable4.2 the data of the inverter-drivenheat pump powergiven by thenanufacturer, are
reported, for severakxternal air temperatureslex, and five inverter frequencigsboth for
the minimum andthe maximum storage temperatur€lspmin and Tshmax respectively)in
Table4.3, the correspondingcORJata given by the manufacturer are reported.

Tabled.2: Heat pump power [KW] at the minimuand maximuntemperature of tke storage.

Ts,h,min Ts,h,max
Text

[°C]

Frequency [Hz] Frequency [Hz]
110 90 70 50 30 110 90 70 50 30
-7 8.09 637 483 336 201 | 780 6.08 458 318 1.90
1060 845 6.41 449 269 | 10.14 798 6.05 422 253
1250 9.78 743 525 3.14 | 11.82 928 6.99 493 295
12 | 1430 11.30 866 6.07 366 | 13.69 10.82 818 575 3.44
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Table4.3: Heat pumpCORat the minimumand maximuntemperature of the storage.

Ts,h,min Ts,h,max
Text
] Frequency [Hz] FrequencyHz]
110 90 70 50 30 110 90 70 50 30
-7 301 313 317 3.08 278 | 247 254 257 251 229
375 394 402 395 360 | 299 312 318 313 289
433 452 463 461 421 | 339 354 360 358 3.32
12 497 525 542 538 497 | 385 4.06 416 414 384

The cutoff temperature, equal to the heat pumpOL.is-10 °C.

Figure 4.6 shows, together with one of the employed building energy signatures, the
characteristic cures of the heat pump at the highest and lowest inverter frequencies, at the
minimum storage temperature. In the case reported-igure4.6, the bivalent temperature
Twivturns out equal to2 °C.

P[kW]

O -9 T T T T T T T T T T T T v T T
-12-10 8 6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
TEXI[OC]

Figure4.6: Building energy signature and heat pump poweTstmin for maxand  min.

Figure4.7 shows the energy and temperature trends obtained in a cold day of the heating
season, namely January",Jor the simulation witiVsn= 1 n¥ and Ty, =-2 °C.During this

day the external im temperatureTex OScCillates around the bivalent temperatuiigy, which
slightly varies during the day on the basis of tioairly value of the inverter frequency
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Figure4.7: Hourly trends offext, Toiv, Eo.h, Bip.h s, Bok, for January 18.

As can be seen iRigure4.7, the building energy need for heating,, decreases wheflex
increases, and vice versa. During the first hours of this daysttinage has no energy, but
whenTex becomes higher thafi,iy, the heat pump supplies enerdiie . both to the building
and to the thermal storage, whose energy;, starts toincreaseE nis then used during the
last hours of the day, wheme goesback belowTy,. Thanks to the storage, the baak
systemdeliversenergy B n, only during the first hours of the day.

In order to study the effects of the bivalent temperature on the Seasonal Coefficient Of
Performance of the system, several simulationsrarewith different slopesof the building
energy signatureAlso the effect of the storage volume othe SCOR is analyzed, by
consideringvalues ofVs ,between 0 and 2 rh

Plots of theSCOR as a function othe storage volumgfor several valuesf the bivalent
temperature are reported ifrigure4.8.

—— T,,=6°C
—= T, =-4°C
—— T,,=-2°C
—— Ty=0°C
—=— T,;,= 2°C

—— Ty, = 4°C

scop
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Vs,h[ms]
Figure4.8: SCOR as a function o¥snfor different values offbiv, IDHP.
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4.1 MATLARODE FOR WINTER R®HON

As highlighted byrigure4.8, without a thermal storage the best seasonal performamse
obtained byselectingvalues of the bivalent tempeature between-6 °C and2 °C.Despite
the difference in the climate profile (TMY versus binsjs tresult was found also by the
simulations with the birmethod of $ibsection 3.3.1, wherethe best seasongerformance

of IDHR wasobtained by adopting as bivalent temperature the design temperaftise’C

for Bologna)

The curves ofFigure4.8 showthat the effect of the storage volume on tI®COR is notvery
significant in agreement withthe results obtained by Klein et ft7]. Regardless ofs, the
value of Tyiy which gives thehighestSCOR is -2 °C For T,y = -2 °C the highestseasonal
performanceis obtained with no storage tan@/s,= 0) and is equal to 3.21.

With abivalent temperaturelower than the optimal one, i.e. with a heaump oversized
with respect to the buildinghermal need an increase of thetorage volune yields a slight
decrease of th&sCOR, mainly on accournf larger thermal losses from theorage.On the
contrary, if the bivalent temperature is much hightian the optimal one, i.eif the heat
pump is significantlyindersized with respect to the building, the use of a large thermal
storage volume slightly increases the seasonal performanfithe system.

Whereas for a conventional heating system based on a condensing boiler the Fuel Utilization
Efficiency is very close to 1, for the heat pump system here considerdeltBfEq.(4.20))
reaches 1.48, with the optimal bivalent temperature and with no storage tank.

The analysis of the effeof the bivalent temperature and dhe storage volume on the mean
seasonalCOHs repeatedor mono-compressor oroff heat pumps:n order to evaluate the
increase oB5COR produced by the inverter compressor, the same heat pump is considered,
constrained to operate at thenaximumfrequency.

%5 2.8 {\
- s e - ——a—— _ _ . =-6°
8 \p — g — —m— — 88— — - e —m——n * Thiv 6°C
—— - o,
2.7 \\.:_—_—_:::-i"‘—';__‘___‘——*——ﬁ—__‘ —= - T;=-4°C
\ —e— T,=2°C
2.6 —_—
- —a -I——I-——.___.___.__ ——— — - TbiV: 0°C
\ _ e———— %
25 \ ——— —a - Ty = 2°C
\:~" /_r__"_-f——‘__ o
T —e - T,;,= 4°C
2.4 T T T T T T T T T T 1
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Vs,h[m3]
Figure4.9: SCO#R as a function o¥snfor different values offbi, ONOFF HP.
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As shown irFigure4.9, the value oSCOR achieved by the OXDFF HIs always lower than
that obtained in the same conditiotyy theIDHPand the optimabivalenttemperature Q °G
is higher tharthe previous caseasalsoobserved in Gbsection 3.3.1with the simulations
through the binmethod.

With the optimal bivalent temperature, theighestSCOR is achieved with no storage tank,
as inthe previous case, but it iow equal to 2.81, i.e. more than @lower.

The study performed with thenono-compressoron-off heat pump confirms thaan increase
of the storage volume yields a moderate decreaséhef seasonal performanceith low
values ofTyy, Whereas a large storage volungan slightly increasthe SCOR with high
values ofTyy. The highesvalue of theFUEs 1.29, almost 186 lowerthan that achieved by
the inverter-drivenheat pump

4.2 MATLABODE FOR SUMMER QHEBN

A numerical methodmplemented in MATLABT the hourly simulation of aito-water heat
pumps forcooling anddomestic hot wéer production is presented.

The studied systemonsistsof a reversiblemulti-function airto-water heat pump, used in
summae for both cooling and DH\froduction,able towork in heat recovery modedcovely
of the condensation heab supply cooling energy arttbhmestic hot water at the same time
The heat pump igoupled with a storage tank for agonditioning and a storage tank for
instantaneous DHW production, aigintegrated by electric heaters or a gas bofl@r DHW

4.2.1 Climateimplementationand building hourly energy needs

The hourly values of the external air temperature are input data for the dynamic simulation
code.

In Figure4.10 the external air temperature profile, according to the Meteonorm Typical
Meteorological Year (TMY) from the software TRNSY®tted for the cooling season in the
Italian city of Bologna.
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Figure4.10: Hourly trend of the extaral air temperature during the cooly season in Bologna (Italy)

from Meteonorm TMY

In Figure4.11 the monthly average outdoor temperatures obtained from the Meteonorm
TMY are compared with those reportedtie standard UNI 103425] for the cooling sason
in Bologna (considered from May to September, included).
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Figure4.11: Monthly average outdoor temperatures for tteolingseason in Bologna (ltaly).

FromFigure4.11 one camotice that the minimum monthly average outdoor tempdure in
summer(which refers to Mayis equal to 18.2C according t®ef.[25] and 20.2°C according
to the Meteonorm TMY, while the maximum monthly average outdoor temperature
(occurring in Julyls equal t025.4 °C according tdref.[25] and 24.4 °C according to the

Meteonorm profile.
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4 DYNAMIC SIMULATIONDES FOR AIRDWATER HEAT PUMPS

The hourly valuek (i) of the energy needed by the building foooling,at the outlet of the
generation subsystem (heat pump), aréherinput data for theMATLARode and can derive
from a dynamic simulation of the buildingr can be approximatelgbtained by using the
summerbuilding energy signature (BEBiultiplying by the hour duratioftnour) the thermal
powerfrom the BES in correspondence of the outdoor temperature ofitiiiehour, Tex:(i).
The hourly valueskq(i) of the energy needed by the building f&HW productionare
obtained as explained iruBsection4.1.3

4.2.2 Heat pump and thermal storage characterizatiorstonme operation

Theconsideredreversible aitto-water heat pumgare usedin summerfor cooling and DHW
production and can work in cooliFonly, DHWonly or heat recovery mode.

Figure4.12 shows ascheme of the reversible multiinction heat pump, coupled witla
storage tank forcoolingandwith a storage tank foinstantaneousDHW production (in this
caseintegrated by electric heaters); the refrigerant fluid path in heat recovery mode is
highlighted.

Electricbackup
- - d
pHw € DHW D
tank
Wa?e-rétp_p_ly v
Watercondenser A 4
EEEEE b |
Compressor |

Lamination
valve

Aircondenser
————— (coolingonly mode)
or evaporator
(DHWonly mode)

\/\/\/ Water

evaporator

L4

; Terminall Cooling 4
! units 1 tank

Figure4.12: Plant scheme fosumner operation
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4.2 MATLARODE FOR SUMMER R®HON

The temperature of the water in the thermal storage tanks: for the cooling tank andsg

for the DHW one) can range from a fixed minimum to a maximum vadugi{and Tscmaxfor
cooling andTsgmin and Ts gmax for DHW).

Input data of the heatpump power andEERin coolingonly mode are required by the
dynamic code for different values @fx, andfor Tscmin and Tsemax (@nd, for IDHPSs, also for
different values of the inverter frequency).

Similarly, input data of the heat pump power aG@®Fn DHWonly mode arerequired for
different values ofTex, andfor Tsamin and Ts gmax (2nd, for IDHPS, also for different values of
the inverter frequency).

Through interpolations of the manufacturer data@escribed in @bsection3.1.4, aurves of
the heat pump powerEERand COPR in coolingonly mode and in DHWnly mode, are
obtained as functions of.x, for a fixedtemperature of the cal (or hot) water produced

In heat recovery mode, the lae pump releasethe condensation heat to a storage tank for
simultaneousDHW production, working as a water-water heat pump without being
influenced by théhourly value of the externalir temperature. hput data ofthe heat pump
cooling powerand EERn this male are required forrach combination of thenaximum and
minimumwater temperaturein the tanks (Tsc.max Tscmin Tsdmax Tsdmin)-

The heat pump power anBERn heat recovery modare expresseghrough interpolations

as linear functions dhe temperature of the water in the DHW storafea), for a fixed value

of temperature of the water in the cooling stora@& cmax0r Tscmin).

For IDHPs, a family ofirves for the heat pump power and a family of curves for the heat
pump EERor COPare obtained, in each operation mode, by varying the inverter frequency
between the maximum and minimum value.

To evaluate the thermal energy lost by the DHW storage ardhrmal energy entering
the cooling storage, the hourly values of temperature of the storage ro®nem(i), are
needed. If not availabléom a dynamic simulatigrthe values offs0om(i) can be estimated
throughEq.(4.2).

Simulations of a heat pump employed only for cooling, or for DHW production, are
achievableby setting equal to zerahe building DHW demand, dhe building cooling
demand, respectively.

4.2.3 Houly energy evaluations for summer operation

The input parameters for théynamic simulation of the heat pump in summer operatava:
the hourly valuesTex(i) of the external air temprature for the cooing seasonin the
considered locationthe hourly \values of the building energy demand faoling, B (i), and
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4 DYNAMIC SIMULATIONDES FOR AIRDWATER HEAT PUMPS

for DHWproduction E,4(i); the thermal storagsvolumes, Vs for cooling andVs qfor DHW,

the imposed minimumand maximumvalues of the water temperature in the thermal
storages, Tsemin @nd Tscmax Tsamin @Nd Tsgmax; the storagesheat loss coefficierst Us: for
coolng andUs ¢for DHW; the heat pump powerCORnd EERJata from the manufacturein
each operation modgthe efficiency p« of the backup systenfor DHW the hourly values of
temperature of the storage roonig room(i).

Once evaluatedhe heat pump power EERand COPcurves through interpolations as
previously describedhe code evaluate$or each hour of the cootig seasonthrough afor
loop, severalparameters, including: the energy supplied by the heat pdarpooling the
energy recovered by the heat pump for DHW production in heat recovery ntioel@&nergy
supplied by the heat pumim DHWonly mode the mean tenperatures of the water in the
thermal storage, the energy used by the heat pump aifidctivated for DHW productioby

the backup system.

The water temperatures in the storages are initialiZedthe first hour of the cootig season

the mean temperatureof the water in thecoolingstoragetank, Tsc(1), is setequal to the
storage room temperatureTsoom(1), Whereas thanean temperatureof the water in the
DHWstoragetank, Tsq(1), is set equalto Tsqmin (CcOnsidering the DHW function working all
year long).

The MATLAB code reads thth value ofTex: , Tsc and Tsq and evaluates, through linear
interpolations, the powethe heat pump is able to deliver and the correspondiiefor COR

in each operation modecbolingonly, DHWonly and heat recovery mode

For inverterdriven heat pumps, the heat pump input data are given for at least the maximum,
the minimum and an intermediate inverter frequency and the interpolation method is
repeated for each frequency value, obtaining a vector for the heat pump povekaaector

for the correspondindeERbr CORIn each operation mode.

For eachhour, the MATLAB code determines in which operation mode the heat pump is
working. First, the hourly values of the energy stored in the cold and hot water tBnks,
andEq4(i), respectively, are evaluated as:

Es,c(i):rw Vsc pré-lgcmax - -E&) ) (4.22)

Es,d(i):rw Vg prél'd() - Tamn - (4.23)

Then the code evaluates the hourly values of the thermal energy entering the cold tank from
the storage roomks gain (i), and of the thermal energy lost by the hot tafkpstq (i):
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4.2 MATLARODE FOR SUMMER R®HON

Es,gain, c( i) = thourUs ngTs roor( D - T,s £ ) ) (4.24)

Es,lost,d( i) = thourUs déTs (( D - Ts roon( ) . (4-25)

If Eq.(4.26) is satisfied, the energy stored in thelddank in thei-th hour is enough to cover
both B, c(i) and E gaini). Therefore, the heat pump covers the thermal energy required by
the building for domestic hot wateE{q(i)) working in DHWAbnly mode.

Eb,c(D+ ggain c() ¢E(,() (4.26)

In the case in the-th hour the heat pump works in DH@Ahly mode the code evaluates
through Eq(4.9), the temperatureTsq(i), whichthe water in the hot tank would readhthe
heat pump deliveredhe maximum energy correspnding to the heat pump maximum
power (P ¢ = g ) for IDHPS) supplied for the whalkeh hour.

If Ts.q(i) does not exceedsymax the energyg.p «(i) supplied by the heat pumis the maximum
one (see Ed4.10)). Cherwise,the heat pump only delivers the energy needed to satisfy the
building DHW demand and the energy needed to cover the hot tank thermal losses and to
increase the water temperature t6,amax (s€e Eq(4.11)); in thiscase, agp «(i) is lower than
the maximum energy the heat pump would be able to deliverpffrcycles are employed by
mono-compressoon-off heat pumpsinverterdriven heat pumps, on the contrary, are able
to decrease theinverter frequency and, consequently, the power delivered, until the
minimum frequency is reached, after which-off cycles must start.

The value of the heat pump power and of the correspondi@ in DHWonly mode are
known from the previous interpolations for GOFF HPs; for IDHPs a vector for the heat
pump power and a vector for the correspondi@@Pare obtained from interpolations.

The valueof the heat pump powefor IDHPSP+p s, (i), canbe obtaineddividingB+p «(i) by
thour, DULf Prp.s, (i) turns out lower thanP « s g £i), it is set equal tdR « = g £i) (Situation
corresponding to oroff cycles).ThecorrespondingCOPvalue, CORs, (i), is then obtained

by applying asecondorder polynomial interpolatiorof the COPvector, as a function of the
heat pump power vector.

The effectiveCOPin DHWonly mode COR«), which takes into account the heat pump
efficiency decay ithe case of oroff cycles, is evaluate@ccording toRef.[11], multiplying
the obtainedCOPvalue by theCOPcorrection factor for oroff condition (see Eqg2.1)),
where the capacity ratic€CR(i) is evaluated as the ratio betwedfipq (i) and the product of
Pup &, () multiplied bythour.
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The hourly value of the electric energy usediy heat pumpn DHWonly mode Bipg,us(i),

is evaluated dividingprq (i) by COR« (i).

Inthe case the energy supplied by the heat pump and the energy stored iDiWtank are
insufficient to cover the building demand for DHW and the hot tank thermal losses, the
backup systendelivers the energiax (i), evaluated through Ed4.12), andthe energy used

by thebackup systenis given by the ratio betweeBx(i) and" u.

Finally, the temperatures of the water in theolingtank and in theDHWtank for the
subsequent hour are obtainday means of Eq4.27) and Eq(4.19), respectively

Eb,c( i)+ ggain c( )

' ry V. C

s,c “pw

Inthe caseEq.(4.26) is not satisfied, the heat pump has to deliver cooling enénghe i-th

hour. The heat pump is also able to supply thermal energy at the same time through
condensation heat recovery, if needed to cover the building DHW demand, the hot tank
thermal losses and to increase the temperature of the water inDh#&Ntank to Tsamax I
Eq.(4.28) is satisfiedno thermal energy is needed atide heat pump works in coolingnly
mode.

Eb,d(D+ E,Iost,d() -'[-gdmax It{)ﬂ( \{é’ w%v) 0 (4-28)

Inthe caseof coolingonly mode the code evaluatethe temperatureTs, (i), whichthe water

in the cold tank would reacit the heat pump deliverethe maximumenergy, corresponding
to the heat pump maximum powédP, : s g£i) for IDHPS) supplied for the whal¢h hour:

-I-SC(I):-I;C(D .|: Fr)-|P,quax(i) thour Eb c(i) Es gain&b .

‘ V. .r.c

s,c’ wYpw

(4.29)

If Tsc (i) is equalto or higher thanTscmin, the energyaie (i) upplied by the heat pump is the
maximum one:

E—|P, c( i) = R—|P F max ( D thou . (430)

Otherwise, the heat pump only delivers the energy needed to satisfy the building cooling
demand, the energy needed to cover the heat entering the cold tank and the energy needed
to decrease the water temperature 8 cmin:

E—!P,C(D: Ebc() +Esgain((j -Ivs,c; pr\[/ IQ)I ,:I;min]- (4-31)
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The value of th@powerPqp ¢ , (i) delivered by the heat pump in theth hour in coolingonly
mode, and the value of the correspondiftERare obtained through the same method
describedfor the heat pump power an@ORn DHWonly mode.

The effectiveEEREERS) in coolingonly mode, which takes into account the heat pump
efficiency decay ithe case of oroff cycles, is obtainedccording toRef.[10], multiplying
the obtained EERvalue by the correction factor for eoff cycles (Eq(2.1)), where the
capacity ratioCR() is evaluated as the ratio betwedtp:(i) and the product ofPyp e, (i)
multiplied bythour.

The hourly value of the electric energy useate heat pumpn coolingonly mode Bipeus(i),

is evaluated dividinGuec (i) by EER« (i).

If the heat pump is undersized with respect to the building, the cooling energy delivered by
the heat pump and stored in the cold tank can be insufficient to satisfy the buitdioling
demand and to cover ththermal energyentering the call tank from the stoage room. Tis
missing energ¥unco(i) is:

Emcov( D = E)c( ) +E,gain, c( ) -E c( )I EP ( : . (432)

Thewater temperatures in the cold tank and in the hot tank for the subsequent hour are
then obtained:

_ELb,c(i)+ &gainc() - E—|P(() -Exmv()

T, (1+1) =, () TV o (4.33)
T+ () el Bemel), 434

Finally, if mither Eq.(4.26) nor Eq.(4.28) are satisfiedn the i-th hour, the heat pump is
required to deliver both cooling and thermal energy, workingeat recoverymode. In this
casethe temperatureTs ¢(i), reached bythe water in the cold tank the heat pump delivered
the maximum coolingenergy corresponding to the heat pump maximum powiar heat

recovery modeP : s yf£i) for IDHPS) supplied for the whakeéh hour is:

Tslc(i)Z Tsc(i) .:PHP'r’Fmax(i) thour Ebc(i) ESgainc(D.
| \V..r.,.C

s,c! w-pw

(4.35)

If Tsc(i) is equal to ohigher thanTscmin, the energyBavai, (i) whichthe heat pump isble to
deliver in heat recovery mode ke maximum one:

Epveil e ()= Pe F oo () thou - (4.36)
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Otherwise, theenergy that theneat pumpis able to deliveis lower than the maximurone
and has the same expression&s (i) in Eq.(4.31).

The valus of the correspondingcooling powerPaerr, ., (i), and EEREER- _, (i), are obtained
through thesame method described in DHuvily mode.

The thermal energivaicond(i) recoverable at the heat pap condenser for DHW production
is:

B (DG ey ()

e, () gR*F" ) EER. ()i (4.37)

Eclvail, cond( i) =
The code evaluates the temperatufeq (i), whichthe water in the hot tank would readhall
the energyEuvaicond(i) were delivered to the hot tank:

J_Eavail,cond(i)_ Eb d( ) - g lost 0( ) . (438)

A e

w ~p,w

To()=T.4()

If Tsa(i) does not exceedsamax, the energyEad (i), deliveredto the DHW storage tank
through condensation heat recovery, is equalBgaicond(i) and the cooling energp (i)
supplied by the heat pump is equal Eaine (). Ctherwise, Exnd (i) has the same expression
asBira(i) in Eq.(4.12), B ,«(i) has theexpression

T W S—— (4.39)

P I
F|)-|er (D"' HP,r,Fe,f().
et EER ()

and for the remaining time of the houts(i) (Eg. (4.40)), the heat mmp works in
coolingonly mode if not all the needed cooling energy has been supplied

tres(i ) =t hour Econd( i) (440)
Rie e, (1
R—iP,r,Fe"(i)-'-EEi-
R, O
If Tsc(i) is not reduced belowlscmin, the energyBqp¢(i) delivered by the heat pump in
coolingonly mode is the maximum one (product of the maximum heat pyower in
coolingonly modeandtes(i)); otherwise,Bip (i) is evaluated as:

E—|P,c(i): Ebc() +E3gain((j (I'Vs/c’ wcpv)[ -I;()I ,:I;min] EIF(r: (4-41)

Thecorrespondingcooling power(Pqp.c, (i)) and EEREER ~, (i)) are obtained through the

eff

same method described in DHUvily mode, wheré es(i) substitutestour.
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The effectiveEER/alues EERs in heat recovery mode anBERs: in coolingonly mode are
obtained multiplying therespectiveEERvalues by the corretion factor for onoff cycles
where the capacit ratiois evaluatedas the ratio betweetkp, (i) and the product oPp s, (i)
multiplied by (thour C tres(i)) (heat recovery mode), oas the ratio betweerkp¢ (i) and the
product ofPup s, (i) multiplied bytres(i) (coolingonly mode)

The electric energy used by the heat punmpheat recovery mode andf needed, in
coolingonly mode respectivelyBipufi) and Bipcudi), are evaluated dividindse, (i) by
EER« (i) and Bip (i) by EER: (i), respectively.

In the case the energy recovered at the heat pump condenser and the energy stored in the
DHW tank are insufficient to cover the building demand for DHW and the hot tank thermal
losses, the backip system delivers the enerdgsik(i), evaluatedthrough the following
equation(the enagy used by the baelip system equalthe ratio betweenbx (i) and" uy):

Ex(0=Eq() tEiqa() £ EL). (4.42)
The uncovered cooling energy present, is
Elncov(D: gc() +E,gain c() -Ec( )I EP ( )I EP( . (443)

The water temperatures ithe cold and hot tanks for the subsequent hour:are

Tsc(|+1) :Tsc(i) E+b,c(i)+ E,gainc()r_\E;Pr(g -E—<P£)I ﬁmv(), (444)

s,c “pw

Econd(i)-i- Ebk() - Ed() _Elom d( )| .

rw Vs,d Cp,w

Ta(i+1) =T 4(0)

(4.45)

The MATLAB code evaluatbs total seasonaknergy values by summing the corresponding
hourly values.

The seasonal performance of the system is then evaluated thrthegSEERsee Eq(3.36))
and the Fuel Utilization Efficienci#UWEin the following equatiofy, which gives the ratio
between the total energy deliverea the building by the teat pump and the baclip system,
for cooling and DHW productioand thecorresponding total primary energy ed.

a Eb,c(i)- aﬁmov() +_ a%d()

FUE= —; " " (4.46)
ga E—!P,r,us(i)+ _aEHl?cu() +_ aEHP,d L(s) ?
& o 18 Bopm()
é ° g
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The MATLAB input fiknd script developed for the dynamic simulation of mfutiction air
to-water heat pumps isummer operation are reported in Append&ection7.2

4.3 APPLICATIODF THE CODES THE ENERGY REMROFA RESIDENTIAL
BUILDING IN THE FRERMWORK OF THEERBROJECT

The codes developed for the dynamic simulation of electridcawater heat pumps for
heating, cooling and domestic hot water productimave beerused toevaluatethe seasonal
performance of the multfunction heat pump used in the energy retrofit ofrasidential
building in the framework of the HERB proje€he topic of this sectiolis discussed in
Refs[67]-[70].

The Eropeanproject HERB (Holistic Enerefficient Retrofitting of residentiaBuildings)
which started in October2012, aims to develop innovative technologies for teaergy
retrofitting of residentialbuildingsand toperformretrofit demonstrationsn seven European
Countries: United Kingdonitaly, Portugal, Greece, Spain, Swiland and Netherlands
(Ref.[71]).

4.3.1 Building subject to retrofitting and energy retrofit intervention

In Italy, the demonstration concerns a residential buildm@obgna(North-Center Italy, a
detached socighouse with siapartments owned by the Municipality of theity.

The housewhich has a total heated floor area of 282,18 composed byhree floors, with
two apartments each, an attic and a basemdfigure4.13 showsstreet views of the house
in the preretrofit state, whileFigure4.14 illustratesthe 3-D modes.

Figure4.13: Sreet views of the housdNortheastside (left) and Soutlest side (right)
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4.3 APPLICATION OF THIDES TO THE ENERGNRREIT OF A RESIDENBUILDING INME FRAMEWORK
OF THHERBROJECT

Figure4.14: 3-D models of the housélortheastand Northwestsides (left) Southwest and
Soutteastsides (right)

FromFigure4.14it can be noticed that the first floor is larger than the second and the third.
Plans of the apaments are reported irFigure4.15: the first floor is represented on the left,
the second and the third floor (which are identical) are represented on the right.
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Hgure4.15: Plans of the apartments: first flogleft), second and third flooright).

In the preretrofit condition the externalwall, 31 cm thick,is made ofsolid bricks and is
uninsulated mostwindowsare single glazedith wood frame space heating is supplied by
means of a gas boilén the basementnd radiators in the rooms, addHW is supplied by
singleapartment electric boiler§except for one aparhent, which has agas boile). No
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summer airconditioning is present beforeetrofit and lighting is obtained with incandescent
lamps.

With referenceto the Meteonorm Typical Meteorological ¥ar (TMY)on the software
TRNSY,She pre-retrofit annual use of primary energy for heating, DHW digtiting is
332.5kWh/m?. Among theefficiency tagets ofretrofitting prescribedby the HERBroject,
there are a reduction of aleast 80% in the primary energyseandan annuakonsumption
of primaryenergy less than 50 kWh/fexcluding appliancés

The retrofit intervention includes. thermal insulationof the external walls and floors
replacement of windowsby double glazed windows with wood framimstallation of a
multi-function airto-water heat pump foheating, cooling and DHWe&placement of theold
radiaors by highefficient fan coé and low temperature radiatoydnstallation of new
distribution systems for heatingooling and DHWLED lightingnstallationon the roofof PV
panelswith conversion efficiency 14.5 %, ar2a.25 nt andpeak power.24KkW.

A reduction in the use of primary energy equal to 86,%eduction of C&emissionequal
to 86.3 %and an annual use of primary energy equal to 44.8 kWHincluding summer
cooling and dehumidifying) are expected to be reached.

Dynamic simultions of the buildingn the preretrofit and postretrofit scenarios have been
performed through TRNSYS 1ffe Meteonorm TMYfor Bolggna available in that program
has beenemployed.The hourly values and thenean monthlyvalues of the external air
temperature are reported inFigures4.1, 4.10and inFigures 4.2, 4.11, respectively.

The Meteonorm TMY has beemployed also foriie heat pumpdynamic simulatias, which
have beenperformed by means ofhe two MATLAB codes described Section4.1 (for
operation in heating and DHW production mode, with heating from OctoBéo April 30")
and Section4.2 (for operation in coolinglehumidifying and DHW production mode, with
coolingdehumidifying from May %tto September 31).

The evaluation of the electric energy producky the PV system Isabeenperformed
accoding to the rationalstandards UNI/TS 113@@ [11] and UNI/TRL1328&;1[72].

4.3.2 Input data for the bat pump dynamic simulations

The dynamic simulatiorsf the buildingthrough TRNSYS 17 allowtedietermine the energy
need for heatingywhichfrom 59.05 MWh/year beforethe retrofit becomesl6.67 MWh/year
after the retrofit (set point:20 °Q, and the energy need for cooligghumidifyingafter
retrofit, 8.15 MWh/year(set point: 27 °C50 % relativehumidity).

By dividing thehourly building energy demand after retrofit by the distribution, control and
emissionefficiencies(each oneequal to 0.98, the energy requiredat the outlet of the
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generation subsystem (heat pumpy determinedand used as input for the heat pump
dynamic simulation codes.

The hourly valuesof the thermal power the heat pump has to supgty heating in the
Meteonorm TMY from TRNSYS d&ver exceed1 kW.

Thebuildingthermal energy need for DHW productiowhichis determined by applying the
national standard UNI/TS 113§P[59] (see Sbsection 3.1.3, is equal t06.22 MWHhyear.
The postretrofit emission and distribution &tiencies for DHW can be assumed ecoal
0.95 and 0.96, respectively.

In the postretrofit scenario, a multifunction aito-water inverterdriven heat pump(IDHP)
provides heating, cooling and DHWvith the possibility of heat recovery mode for
simultaneous production of cooling and DHWhélpresentgas boiler, installed in 200%
kept as backup system for heating and DHWofminal power 62 kW efficiency ' vk 0.93).

The capacity of the thermal storage for DHW is 13QV4) andthat of the thermal storage
for heatingcoolingis 0.2 ni (Vsh=Vs,9; the storages heat loss coefficierase 2.3 W/K for
DHW Usq and1.1W/K for heating/cooling sy = Usc). A by value of 0.5 thermal storage
placed inthe basemen} and aTi: value of 20 °C, during the heating season, and of 27 °C,
during the cooling season, are adoptegte 8bsection4.1.4).

The new fan coils and radiators operate, during the heating season, with a water inlet
temperature between 40 °Clspmay and 38 °QTshmin. Table4.4 reports the \alues of the
thermal power supplied by the heat pump in heating madw of the correspondin@OP
(COR), with water delivered at 40 °C and return temperature 34 °C, for several valdls o
external air temperaturde: and of theinverter frequency .

Values of the thermal poweaand correspondingcOHN heating mode, with water delivered
at 38 °C and return temperature 32 °C, for several values of the external air tempefature
and of the inverter frequency, are reported iriTable4.5.

Table4.4: Heat pump power [KW] andJOPR in heating modeJsh= 40 °C

T [°C] _ Frequency [Hz] _
110 ( max) 90 70 50 30 (' min)
-15(TOk) | 6.06 (2.29 4.73 (2.31) 3.54 (2.25 2.45 (2.09 1.47 (1.77)
-7 7.63 (2.65) 6.01 @.71) 4.53 .67 3.15 .51 1.89 @.15
9.99 (3.27) 7.91 B.38 6.01 8.39 4.19 B.2)) 2.51 .79
11.70 8.7H 9.14 8.8H 6.95 B.89 4.90 B.72 2.93 B8.22
12 13.50 4.29 10.60 4.449 8.09 4.49 5.66 @.30) 3.41 B.79)

113



DYNAMIC SIMULATIONDES FOR AIR>WATER HEATRIPS

Table4.5: Heat pump power [kW] an@COP in heating modeTsh= 38°C

Frequency [Hz]
Text[°C] — =
110( max) 90 70 50 30( min)
-15(TOL) 6.10 (2.39 478 (2.40) 356 (2.33) 2.48 (2.17) 1.48 (1.83)
-7 7.71 (2.76) 6.08 (2.82) 4.58 (2.78) 3.19 (2.61) 1.90 (2.23)
2 10.10 (3.42) 8.01 (3.55) 6.07 (3.53) 4.23 (3.35) 2.54 (2.89)
7 11.80 (3.94) 9.26 (4.05) 7.04 (4.07) 4.96 (3.90) 2.96 (3.36)
12 13.70 (4.53) 10.70 (4.68) 8.20 (4.74) 5.73 (4.52) 3.45 (3.94)

When the heat pump works for DHW productidbHWmode during the heating season,
DHWonly mode during the cooling seasomater is delivered with highest temperature
50 °Tsgmax andlowest temperature 48 °{s 4min); the corresponding returtemperatures
are 40 °C and 38 °C. Values of beat pump power andCOPfor DHW productionwith
evaporatorin external air and water delivered at 50 °C, deweral values of the external air
temperature and of theénverter frequency, are reported iffable4.6.

Table4.6: Heat pump power [kW] andJOF in DHWmode; Tsg = 50 °C

T [°C] _ Frequency [Hz] _
110 ( max) 90 70 50 30 (' min)
-10(TOl) | 6.49 (2.02 5.00 (2.08) 3.74 (1.99 2.56 (1.85 1.53 (1.60
-7 7.27 (2.19) 5.67 (2.22) 4.24 (2.19 2.94 (2.06) 1.76 (1.79
9.50 (2.64) 7.42 (2.71) 5.60 (2.70 3.90 (2.57) 2.33 (2.2H
11.00 (2.97) 8.62 (3.06) 6.46 (3.04) 4.56 (2.94) 2.71 (2.57)
12 12.7 (3.36) 10.00(3.49) 7.54(3.49 5.29 (3.37) 3.17 (2.97)
20 15.90 (4.15) 12.60(4.35) 9.50 (4.36) 6.67 (4.24) 3.98 (3.79
25 18.10 (4.69) 14.30(4.89) 10.80(4.93 7.51 (4.76) 4.49 (4.22
30 20.30 (5.21) 16.00(5.44) 12.00 (5.47) 8.38 (5.29 4.97 (4.66)
35 22.40 (5.71) 17.60(5.97) 13.30(6.00 9.24 (5.8)) 5.49 (5.19

In coolingonly mode and in heat recovery modesold water is delivered ahaximum?7 °C

(Ts,gmax) @nd minimum 5 °CI{min), andreturns at 12 °@r 10 °C, respectively}alues of the
heat pump cooling power anBERfor several values of thexternal air temperature and of
the inverter frequency are reported inTable4.7 (Ts cmax) and inTable4.8 (Ts cmin).
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Table4.7: Heat pump power [kW] and=ERin coolingonly mode; Tsc= 7°C

Frequency [Hz]
Text [°C] — =
110 ( max) 90 70 50 30 ( min)
20 11.20 (4.78) 9.13 (5.22) 7.06 (5.43) 5.06 (5.34) 3.07 (4.62)
25 10.60 (4.08) 8.68 (4.45) 6.72 (4.63) 4.81 (4.56) 2.92 (3.98)
30 10.10 (3.48) 8.22 (3.80) 6.37 (3.96) 4.56 (3.92) 2.76 (3.45)
35 9.54 (2.97) 7.76 (3.24) 6.02 (3.39) 4.30 (3.36) 2.61 (3.00)

Table4.8: Heat pump power [KW] andEER in coolingonly mode; Ts¢= 5°C

Frequency [Hz]
Text [°C] — —
110( max) 90 70 50 30( min)
20 10.60 (4.48) 8.56 (4.85) 6.64 6.04) 4.73 4.91) 2.87 6.24)
25 10.00 (3.83) 8.14 (4.16) 6.29 ¢.30) 4.50 4.22) 2.73 8.67)
30 9.48 (3.28) 7.71 (3.57) 5.96 B.70) 4.26 B.64) 2.58 B.20)
35 8.93 (2.80) 7.26 (3.04) 5.63 B.17) 4.02 8.14) 2.43 @.78)

Values of théneat pump power andEERn heat recovery modecondensation heat supplied
to DHW), either at Ts ¢max O at Tscmin, are reported inTable4.9, or Table4.10, respectively

Table4.9: Heat pump powe[kW] and EERinheat recoverymode; Tsc= 7°C

Frequency [Hz]
Ts,d[OC] — —
110( max) 90 70 50 30( min)
48 8.86 R.45)  7.11 @59) 545 @.63)  3.84 @.54)  2.30 @.23)
50 8.62 2.30) 6.92 @.42) 5.31 @.47) 3.74 R.40) 224 p.11)

Table4.10: Heat pump power [kW] andEERin heat recoverymode; Tsc = 5°C

Frequency [Hz]
Ts,d[OC] — —
110 ( max) 90 70 50 30 ( min)
48 8.25 @.30) 6.64 2.43) 5.07 @.46) 3.58 @.39) 2.14 @.08)
50 8.03 (2.15) 6.44 @.27) 4.93 .30) 3.48 @.23) 2.07 @.95)
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4.3.3 Results of the heat pump simulations and retrofit achievements

The amount o&lectric energy used by the heat pump for heating aid\W from Octoberst

to April 30", determined by the MATLAB hourly simulation coder winter operation
described inSection4.1, is 6536 kWh. By considering the efficiency of tledectricity
production system in li§ ( e = 0.46 according to theltalian Regulatory Authority for
Electricity Gas and Watdy one finds acorresponding use of primary energy ef209 kWwh.
The primary energy used by the gas boiler, fugating and DHWntegration during the
heating seasonis 414 kWh. Therefore, theasonalise of primary energy for heating and
DHWis 14623kWh. Thevalue ofthe FUEN winter operationis 1.44.

The amount of electric energy used by the heat pump for coalgigumidifying and DHW
from May F'to September 30, determined by the MATLAB hourly simulation code for
summe operation described iGectiord.2, is2905kWh, which corresponds to 6315 kWh of
primary energy usedThe primaryenergy used by the gas boiler for integration of DHW
during this period is about 1 kWihe obtained-UEor summer operation is thereforg.75.
The PV system providesup of the electricenergy used by the heat pump and the fan
coils andused for lightingTable4.11 reports the annuatlectric energy use of the building,
the amountof electric energy produced by the P¥nelsthe amount of electric energy from
the PV system employed for sei$e and that supplied to the grithe electric energy taken
from the grid and thecorresponding primary eneygused.According to Ref[11], [72], the
previous electric energyalance are evaluatednonth by month

Table4.11: Annual electric energy use and corresponding primary energy consumption.

Total building 9869 kWh/year
PV 4663 kWh/year
Seltuse 4251 kWh/year
To grid 413 kWhlyear
From grid 5619 kWh/year
Primary 12215 kWh/year

Table4.11 shows that the annual use of primary energdye to the use of electric energy
from the grid is12215 kWhBy adding the primary energy used by thas boiler, 415 kWh,
one obtains the a@tal annual use oprimary energy of the building, 12630 kwWh, which
correspondsto 44.8 kWh/nt. The retrofitintervention, therefore, yield a primary energy
savingwith respect to thepre-retrofit scenario 0f86.5 %, complying with the HERB project
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efficiency targets, and providingummer cooling and dehumidifying, a service agdilable
before the retrofit

4.4 VALIDATIORF THE BMERICAL COBE

At the moment of writingthis Thesis, the energy retrofitlescribed in the previousection

has been started but not completed. Oncfnished the interventions a postretrofit
monitoring of the buildiig and of the plants is planned (s&ection6.2). In partcular, a
monitoring of the multifunction airto-water heat pump system will be performed, in order

to measure the heating and cooling energy delivered and the electric energy used by the heat
pump, as well as the primary energy used by the gas boilek{lgasystem).

A comparison between thebtainedexperimental results and thgredictions of the dynamic
simulation codesleveloped in this Thesigill then be made

Thissectionpresents aaumerical validation of the codes through the software TRIN®Ni&h

allows to perform dynamic simulations of buildings and of several plants.

4.4.1 Inputs ofthe TRNSYS simulaton

As described irBubsection 2.3.1, the softwareTRNSY8an be usedo execute dynamic
simulations of heat pumps; aio-water-heat pumps, in particulacan bemodelled by means
of the pre-defined TRNSYS/pes 917 or 941.Type 941 has been chosen for the numerical
validation, aghe change in humidity @oss he air side othe heat pumpis not taken into
account

The reversible heat pump describedSectiond.3is simulatedput constrained to perate
atthe maximum fequency, as th@ RNSY&mponentis not able to simulate invertedriven
heat pumps.

A simulation of the heapumpin heatingmode anda simulationin coolingonly modeare
performed with TRNSY &igure4.16 shows he workspace othe TRNSYS simulatiomgth
the Type for the heat pumpT{pe 94}, together with the other Types employed and the
respective connections
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Figure4.16: Workspace of the TRNSY'S simulations

Domestic hot water production is not considered for the validattbthe codesbecauseas
explained in Bbsection2.3.1, Type 941employs a different and more simplified methol
produce domestic hot water

The dynamic MATLAB codes employ seeomtr polynomial functions to interpolate
among the manufacturer data of heat pump power aB@®R or EEROn the other hand,
Type941employslinearinterpolations ofthe heat pump input data of power delivergand
used at different external air temperaturegTex), Without extrapolaing beyond the data
range providedsee 8bsection2.3.1). Consequenthyif values ofTex outside theheat pump
data range are providedhe maximum or minimum performance valuage employedoy
the componentHence, m order © avoidincorrect evaluationsf heat pump powerCORand
EERthe file of the heat pump performance data read by Type @é% compiledalsofor
values ofTex below and abovehe extreme temperatureseached in the season by the
selecta climate.

Tables 4.12, 4.13 report the input data of power delivereédnd used by the heat pump at
different outdoor temperatures, in heating mode and in coolomy mode respectively. fie
data are expressed d=sactionsof the heat pump pwer at rated conditions, as required by
Type 941.
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Table4.12: Heat pump performance inpuis heating moddor Type 941 of TRNSYS

Tw,n = 40 °Ciflet water temperature: Tw,inh =34 °C)
Text [°C] Purn/ (Papn at rated conditior) Phrhus/ (Parnusat rated condition

-15 0.52 0.85
-7 0.65 0.92

2 0.85 0.98
1.00 1.00

12 1.15 1.01
26 1.58 1.03

Puen at rated condition =2120kJ/h; Pupnusat rated condition =11232kJ/h

Table4.13: Heat pump performance inputa coolingonly modefor Type 941 of TRNSYS.

Twe =7 °C [nlet water temperature: Tw,inc=12 °C)
Text [°C] Phrc/ (PHrc at rated condition) PHpc,us/ (PHrcusat rated condition)
10 1.11 0.82
20 1.00 1.00
25 0.94 1.11
30 0.90 1.24
35 0.85 1.37
45 0.76 1.63
Purcat rated condition #0320kJ/h; Pyrcusat rated condition =8424kJ/h

No correction factoffor on-off cycles ixonsideredin the simulationsas Type 941 has no
pre-defined methodolog to evaluate the associatetieat pump performance decrease
manuallyintroducing the same equi@mns used bythe MATLAB codesomld obviouslyyield
the same results.

No backup system is considerel for the comparison because as explained in
Qibsection2.3.], if the auxiliary heating control signaf the TRNSY&mponentis on,no
evaluation of the needed energy is made by Type 941tle@ntire capacity of thauxiliary
heater is applid to the primarywater stream

Type 156 (see Figure 4.16) is employedin the simulations with TRNSY& read the
Meteonorm climate file of Bologna (Italy) and is linkedTiype 941 to provide the hourly
values of the external air temperature needey the heat pump component

Type 14hwhich can definatime dependent forcing function, is used to provitie heating
or cooling control signato the heat pump TypeHeating is on from January'to April 30"
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and from October %to December 3%, while cooling is on fothe remaining period of the
year.Asdescribed in the mathematical referenéar the standard componentitbrary of the
software[73], the pattern of the forcing functioaof the Types established by a set discrete
data points indicating the value of the function at various timgsoughout one cycleA
linear interpolation is provided in order to generate a continuous forcing function from the
discrete dataln this casghe times of the data points correspond to the first hour of January
1stand of October $and to the last hour of April 30and of Deember 3F. The value of the
function for the simulation in heating mode is equal to 1 from Januérp JApril 30" and
from October 1'to December 3% and is equal to zerfor the remaining time (the opposite
values are adopted for the simulation in cooliogly mode).

The data readeflype9e is employed to read the hourly valuestbé energyneeded for
heating and coolin@py the buildingcoupled with the heat pumjthe bilding subject of the
energy retrofit described i®Sectiond.3is considered.

As he TRNSYS Type 941 does not support the builgimeggy need as an inpusee
Qbsection2.3.1), an equation component added in the TRNSYS simulati¢gee the Type
VIEYSR a9yl t yREidugd.16)ih dzdet to detérmine the hourly energy supplied
to the building for heating or cooling and the corresponding electric energy consumption of
the heat pumpThe equation component evaluates theurly value of the energy delivered
by the heatpump, BE+#(i), as:

Ep()=ming R} ; R() @hou - (4.47)

where the module ofthe heat pump powerP4r (i) is needed as the heat pump power
evaluated by Type 941 is negatimecooling modep; (i) is the hourlyenergy needed by the
building for heating or cooling ang..ris the hour duration.

The corresponding electric energy used by the heat puap.di), is evaluated through the
equation component as:

Feud)= 2 S GECOR) 107 (4.48)
where CORj) is the hourly value o£OP(or EERfor the summer simulation) obtained by
Type 941 The term101° at the denominatorand the gt-expression at the nmerator of
Eq.(4.48) areadddd to avoid a value d&e i) equal to infinity for the hours without building
energy needs (heat pump ofEOPor EERequal to zero).The gt-expression is a TRNSYS
pre-defined function, which turns out equal to 1 if the first term (the hourly valu€ofor
EERis greater than or equal to the second term {90 Thereforeif in thei-th hourthe heat
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pump is off the gt-expressiorand, consequently, thgalue ofGipusturn out equal to zerg

whereas, if the heat pump i3n, thegt-expression is equal to 1 and the heat pump electric
consumption is equal to the ratio between the energy delivered andd@#or EERvalue
(summingl1G° practically letghe valueunchanged).

The integrator Type 24 is employadd linked to Type 9e and to the equation component

in orderto obtainthe total (seasonglvalues of energy needed by the building, supplied by

the heat pumpand used by the heat pump.

CAYylLttes Fy2GKSNI Sljdz (A 2 Figudfly)lisasgdty évaluaté { / ht 3
the heat pumpseasonaperformance(SCOR:or SEER as the ratio between the total energy

supplied by the heat pump for heating (or cooling) and the total electric energy used.

4.4.2 Results and comparisons

Type 25&printers Y I YS R & h d&iguidall @) IsJusaditd prirt tfie outputs of the
simulations with TRNSY®he simlation in heating mode yields value ofSCOR: equal to
3.39. Thevalue ofSCOR: derived from the samsimulation peformed through the dynamic
MATLAB code for winter operati@n3.42. The relativéiscrepancyf the MATLARode with
respect to TRNSYsthus 0.80 %. The simulation in cooling myigddsa value oSEERqual
to 3.85 according to TRNSYS and equal t@ 8®ording to theMATLABRIynamic code for
summer operation. The relativdiscrepancyin this case is 0.38 %he results of the
comparisons are summarizedTiable4.14.

Table4.14: Seasonal performance coefficients obtained with TRNSYS and with the MATLAB codes

TRNSYS MATLAB code Relativediscrepancy
SCORt 3.39 3.42 0.80 %
SEER 3.85 3.87 0.38 %

Type 65d0 2y £ AyS LX 2G0SNJ) 6A(K2dzii Figuted1) plgisof SR &/ h
screen the hourly values @ORor EERevaluated by the TRNSYS Type Bijure4.17and
Figure4.18compare the hourly trends c€OPand EERf the MATLAB codewith those of

the TRNSYS simulatiomsshighlighted by the @ts, and especially by theoomed portions

reported as examples on the right of the figures, the hourly valu€3@fand EERbtained

with the MATLAB codes are always very similar to those obtained with TRNI&YS.
maximum discrepancy observed is equalth7% and refers to th€OP

121



4 DYNAMIC SIMULATIONDES FOR AIRDWATER HEAT PUMPS

The very low values of relative discrepancy obtained by the comparisons allow us to conclude
that the codes developed for the hourly simulation oftmirwater heat pumps are validated
numerically.
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Figure4.17: Hourly trend ofCORaccording toTRNSYS artd the MATLAB codefrom October 1to
April 30".
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Figure4.18: Hourly trend ofEERaccording toTRNSYS arid the MATLAB ates from May F'to
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4.5 COMPARISON BETWEER SHUULATION METHOGDR AHHOGWATER
HEAT PUMPS

In Sectiors 4.1 and 4.2 the codes implemented in MATLAB for the dynamic simulation of
air-to-water heat pumps wereescribed, whil&Sectiors 3.1 and 3.2 presented the codes for
the heatpumps simulation through the bimethod, developedtarting fromthe European
standard EN 1482H0] and theltalian standard UNI/TS 113@(11].

The difference between the two methodologies, in termsewBluation of a heat pump
seasonal performancean be negligible or significartepending on the examined caJéde
aim of thissection whose topic is treated in Ref74], is to compare the results ofhe
bin-method with the results deducted by usinibe dynamic simulationfor heat pump
systens used fo heating The values of the seasonal index@€0OR: and SCOR obtained
with the different methods, both for ONOFF HPand for IDHPs integrated by electric
heaters,are evaluged and compared to each othebifferent buildingsplaced in different
Italian climatesare usedin order to highlight the main conditions which are responsible of
the differences between theresultsobtained with the binrmethod andwith the dynamic
hourly simulation

4.5.1 Implementation of the climate, buildi and heat pump

In the dynamic simulation code, tHwourly climate dateof the Test Reference YedfRY)
definedby the Italianthermotechni@l committee CTI(Comitato Termotecnico Italian@ye
used,for the ltalian townsof Naples(40.50°N, 14.15E),Bologna(44.29°N, 11.2C°E) and
Milan (45.28°N, 9.11°E)

The standard UNI/TS 113@(0J11] evaluates the bin trend of an Italian location by assugnin
a normal distribution of the externalir temperature,Tex, Obtainable starting from the local
values ofoutdoor design temperatie, monthly average external air temperature and daily
global solar radiation on horizontplare. The simulations with bimethod are performed
throughthe bin distributiors for the heating season in Milan, Bologna and Naples indicated
by the Italian standrd and thosederived from the hourly values @« according to the TRY
defined by CTI

The conventionaheating seasoisfrom October 15 to April 18" for Milan and Bologna and
from November 18 to March 3% for NaplesThe obtained bin profileaccording to Ref11]
are shown inFigures 4.19-4.21 (blue colour), together with the bin trends derivéar the
same locationfrom i K S TRY¥ [red &olour).
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Figure4.19: Bin profiles foMilan according to the standard UNI/TS 113D&@nd derived from the
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Figure4.20: Bin profiles for Bologna according to the standard UNI/TS 2430 derived from the
/ ¢LQa ¢tw, @
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Figure4.21: Bin profiles for Naples according to the standard UNI/TS 1430@d derived from the
/I ¢LQa&d ¢w, &

It is evident fronFigures4.19-4210G K| 4G G KS o6Aya OF f Odz Itlio§R o6& dz
evaluated withthe method proposed bthe standardUNI/TS 1130@ [11] are different. For
instance, the bin profiles evaluated accordingRef.[11] are characterized by an average
temperature of 6.8C in Milan7.3°C in Bologna and 12°C in Naples, versus the values of
7.4°C (Milan), 9.2C (Bologna) and 10°C (Naples) obtainedtb dza Ay3 G KS / ¢LQa
The thermalbehavior ofthe building during the heating seasois introduced inthe
simulationsby using thebuilding energy signature, BE®$1 order to consider different
building loads and their effect ahe heat pump seasonal performance, several BES lines are
considered, by fixingqual to 16 °@he value of the external temperature where the builg
heating demand becomes zefB, and by varying the value of the building design ldzek,

in correspondence of the outdoor design temperatLifgsn.

In order to compare the results obtained from the firethod with those derived from the
dynamic simulation, the hourly values of the energy required by the building in the dynamic
simulation ae calculated, in each case studied, by means of the #E#ine as that used

in the simulation with the binmethod.

Figure4.22 shows the characteristic curvéBup) of the ONOFF HP andf the IDHP(at
maximum frequency3electedfor the simulations. The curves apbtained by interpolation

of the manufacturer data in correspondence of a temperature of the hot wateduced
equal to 35°C (i.e. for radiant paneleating systems). In the same graph the corresponding
curves of the electric power used by the heat pur(fs .J are also plottedPp usis obtained

as the ratio betweerPpand thecorrespondingcOP
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Figure4.22: Characteristic curves of theeat pumpswith corresponding electric power used.

FromFigure4.22 one cannotice that the selected heat pumps are characterized by similar
values of the power deliverecand usedat full load at the same outdoor temperature

conditions.

Table4.15 shows the IDHP power andOPdata given by the manufacturer for several
inverter frequencies and external air temperatures (for a fixed hot water temperatfire o

35°C).

Table4.15: IDHP power [kW] andOOR for different inverter frequencies and exterrait

temperatures.

Text Frequency [Hz]

[°Cl 857 ma) 69 53 36 207 min)
15000 | 9.15 (2.50)  7.43 (257) 571 (2.56) 3.94(2.42)  2.17 (1.98)

7 1110 (2.84) 9.06 (2.94) 7.00 (2.95) 4.86 (2.81) 2.67 (2.32)

2 1430 (350) 11.60 (3.61) 893 (3.64) 6.28 (3.54)  3.42 (2.91)

7 16.20 (3.93) 13.20 (4.08) 10.30 (4.16) 7.23 (4.06)  3.94 (3.36)

12 | 18.80 (4.53) 15.30(4.73) 11.90 (4.85) 838 (4.73)  4.60 (3.95)

By comparing t@ach other the data shown ifiable4.15it is evident that, while the values
of Pypobviously decrease with the reduction of the inverter frequency, the values o @ie
become higher until a frequency around half the maximum neached, after which they

decrease.
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As the bimmethod cannot simulate a storage tank, no thermal storages are taken into
account in the performed comparisons.

45.2 Results and discussion

First of all, he coherence of the bimethod with the dynamic simulation has been tested.
{GFNIAY3 FTNRY GKS [/ ¢L G#nade iwterm3 GBROPayMusingyhe | O 2 )
dynamic simulation and the bimethod in which the bingre calculated by using the same

TRY data used in the dynamic simulation. The dataigfire4.23show theSCOR andSCOR:

obtainedin Milanwith the ONOFF HP and IDH& several buildingéseveral values of the

bivalent temperature;Toi).

_ 4.0 -
& %7 ONOFF HP S IDHP
(@]
3 35 - B 35
3.0 - 3.0

2.5 | —e— SCOR bin from TRY
—&— SCOpR dynamic TRY
—»— SCOR,bin from TRY
2.0 { —e— SCOR,dynamic TRY

2.5 | —e— SCOR bin from TRY
—a— SCOR, dynamic TRY
—»— SCOR,bin from TRY
2.0 { —e— SCOR, dynamic TRY

15 , , , , . . , 15 T T T i
6 -4 2 0 2 8 6 4 2 0 2

4 6 4 6 8
Tbiv [m] Tbiv [K:]

Figure4.23: SCORs function ofThiy with dynamicsimulationand bin simulationf N2 Y / ¢AONQ& ¢ w,
OFF HR€ft) and IDHPright), Milan

As evidenced b¥rigure4.23, the achieed resultsin terms of SCORvith the two different
approachesarein agreement with each otheflhe maximum discrepancy recordéedabout

9 %and is referred to the&SCOR, of the ONOFF HP in the service of a building with a value
of Teiv equal to 6.6°C (rightmost point on the red and blue curvegsaph on the left of
Figure4.23). Similar results are obtained in the climates of Bologna and Napteés.means
that the binrmethod is able to giva prediction of the seasonal performance coefficients of
the heating plant in good agreement with the more accurate results avaifabia the
dynamic simulation of the system, if the two methods use the same climatic data as input.
The results reported ifrigures 4.24-4.26, on the other handshow the differencsin the
Seasonal GCafficients Of Performange obtained by following the bimethod by
UNI/TSL13004[11]F YR G KS Reyl YA O aAYd, forbuildngslozdted SR 2y
in Milan, Bologna and Naples
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Figured.24: SCORs function ofTkiv with dynamic simulation and bin simulatiorom UNI/TS 11300
4, ONOFF HP (left) and IDHP (rigilan.
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Figue 4.25: SCORs function ofThiv with dynamic simulation and bin simulatiorofn UNI/TS 11300
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Figure4.26: SCORs function ofThiv with dynamic simulation and bin simulatiorof UNI/TS 11300
4, ONOFF HP (left) and IDHP (right), Naples.

Snce these approaches are based on climatic data not exactly coinckigntgs 4.24-4.26

evidencedifferencesin the SCORalueslarger than thosef Figure4.23. More in detail, the

two approaches tend to show largdifferencesin the valuesof SCOf correspondence of

high bivalent temperatues, i.e. with heat pumps undsized with respect to théuilding

thermal demand.The differences in terms oBCOR are mainly related to the baekp

activation whichis more relevant at larger values Giiv and in colder climates, conditions

corresponding toa higher number of hours witfex under Toiy (With consequent backip

activation).

Ashighlightedby Figure4.19, the bin distributiondfor Milan derived from the TRahd from
the UNI/TS 11304 [11] method are very similar (the average temperature frdm TRY is
0.6°C higher than the valug the Italian standarplandthe values o5COBbtained with the

two methods tand to be very close to each oth@eeFigured.24).

In Bologna (seé&igure4.25) higherSCOPare obtained with the dynamisimulation with

respect tothe binmethod,because of the climate differences (the¢ L Qa ¢ w

RE G F

average temperature 1.9C larger with respect to the bin distribution callated through

Ref.[11]).

It is evident by comparingigure4.24 andFigure4.25that in Bologna the differences in terms

of SCOR obtained by using the dynamic simulation and the-tviathod are larger with

respect to the differences obtained in Milan. In addition, fofixeed value of the bivalent
temperature, the difference iterms ofSCORis largerfor the ONOFF Hiethan forthe IDHP.
The difference in terms GCOR:is very limied for both Milan and Bologna.

In Figure4.26 the same evaluatiois made for Naples. In this case the dynamic simulation
and the binmethod give very similaraluesof SCOR and SCOR;, both for the ONOFF HP
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4 DYNAMIC SIMULATIONDES FOR AIRDWATER HEAT PUMPS

andthe IDHP. When the bivaté temperature is reduced (ovsized heat pump) th&COP
increase due to the hotter climatef Ref.[11] is reduced by the increase of the number of
on-off cycles andhe seasonal performance coefficients tends to become equal by using the
dynamic simulationgolder outdoor temperatures, lower number of afif cycle3 and the
bin-method based orthe UNI/TS 1130@ [11] distribution otter outdoor temperatures,
higher number of oroff cycles.

Figure4.27 shows, as function ofl,y, the SCORlifference obtained from the dynamic
simulation and the bimmethod. The choice of the calculation method influences especially
the value ofthe SCOR, whose relative difference reaches 226A(ON-OFF HP in Bologna
with Twiy = 6.6°C rightmost point on tle green continuous line, graph on the right of
Figure4.27), while the maximum relative difference dine SCOR: is very limited 8.4 %for

the IDHP in Bologna witfy = 3.5°C). These results highlighthat the largest relative
difference in terms 08COR isgenerallyobserved for the ONOFF H®vith high values of the
bivalent temperature.
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Figured.27: Relatve differences on the seasonal coefficiemts functions of the bivalent
temperature

To sum up, hie obtainedresultsput in evidence hovthe predictions of the birmethod are
in agreement with the results of the dynamic simulation only in particular comditidhe
discrepancies inthe SCORaluesbetween the two approaches cdme higher than20 %,
varying with the climate data and with tle@nsideredype of heat pump.
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5.1 MATHEMATICAL MODEL

5

A DYNAMIC SIMULATIONDE FOR
GROUNECOUPLED HEAT PUMP
SYSTEMS

In this chapter a code for the hourly simulation & round-Coupled Heat Rimp GCHP
systemsbased on theg-functionsobtainedin Ref.[9], is presented.

The code, executable through any programming language and here implemented in MATLAB,
appies to mono-compressor oroff and inverterdriven GCHPuysed for building heating
and/or cooling Both the heat pump and the coupled Borehole Heat Exchanger (BHE) field
are simulated, even for several years.

The code is employed to analyze the effects ofitiverter andof the total length of the BHE
field on the mean season&OPand on the mean seasonBERf a GCHP system designed
for a residential houswith dominant heating loads

The dynamic code is validated by comparing the mean monthly temperaifites BHE fluid
obtained ina 50year simulation by means of the proposed model and of the software Earth
Energy Designer (EED).

The topics of this chapter are discussed in Ré&.

5.1 MATHEMATICAL MODEL

A numerical code for the hourly simulation of GCHPs for building heating and cooling, written
on the software MATLAB, is presented. The studied system is compbadatineto-water
heat pump, coupled with a borehole heat exchanger figlde simulation period careach
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5 ADYNAMICISIULATION CODE FORCE/NBECOUPLED HEAT PUMBTEMS

several yearsvith low computational time; everal decades can be simulatetth the aid of
monthly simulations.

5.1.1 Building and heat pump characterization

Aninput of the dynamic simulation codes the vector B, of the meanhourly loads ofthe
building during a whole yeaat the outlet of the gneration subsystem (heat pumpyr
heating or cooling The values of,, whichcan derive from a dynamic simulation of the
building,must be set as negative for the heating season and as positive for the cooling season.
Thecorresponding hourly valug (i) of the energy needed by the building in tieh hour of

the simulated perid isevaluated as:

E ()=t R(i -8760 fyear() 1, (5.1)

wheretnour is the hour duration angear(i) is the number ofhe year of the-th hourwithin
the simulated period, which can lalculatd inMATLAB by using theeilfunction (rounding
to the nearest greater integer):

year()= cei; 7I60 . (5.2)
The water(brineXo-water heat pump is characterized by employthg sameprocedureas
described in @bsection3.1.4 where,in placeof the external air temperature, the BHE fluid
supplytemperatureTiou (heat pumpinlet temperature)is used
Therequiredinput datain the case of mon@ompressor oroff heat pums (ONOFF HPs)
are the values,given by the manufactureiof heat pump powerCOPand EERn heating
modeand in cooling modefor a fixed value ahe hot (or cool)water produced,Tw, and for
different BHE fluidsupply temperatures Forinverter-driven heat pumps (IDHRghese
values must be given correspondence dghe maximum, minimum and at least an additional
intermediate inverter frequency
Through interpolations of the manufacturer data byeans ofsecondorder polynomial
functions, curves of the heat pump power a@DHFAn heating mode andurves of the heat
pump power andEERN cooling modeare obtainedby the codeas functions ofTiou, for a
fixed value ofTy. In the case of invertedriven heat pumps, a family of curves the heat
pump power and a family of curves for the heat pu@@Ror EERare obtained, by varying
the inverter frequency , between the maximum and minimum value.
The heat pump power an@ORor EERcurves are stoppeith correspondence of the cuff
temperature of the related operation mode. In fact, a minimum temperature of the BHE fluid
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could be admitted in winterg.g. in order to prevent freezing, if just water is used as BHE
fluid) and a maximum temperature in suner.

5.1.2 Borehole heat exchangers characterization

Regarding the borehole fielthe BHE diamete), length {) and hermal resistance per unit
length (Reng must be setas wellasthe number of boreholes antheir layout patternand
spacing Obviously, tle total length of the boreholed.:, is equal to the number of BHESs
Neres Multiplied by the BHE length,

The mean dimensionless temperatusethe BHEground interfacds evaluated by the code
employingthe analytical expressions of tlgefunctions obtained by Zanchini and Lazzgj.
The polynomial coefficientsf the g-functionstaken from Ref.[9] are implemented in the
codefor several values of the BHE dimensionless lerigth,l/ D, and for several values of
the dimensionlessadial distance from the BHE axis, = r/D. Tables 5.1, 5.2 report the
g-function coefficientsay, ..., as, b1Z X0 X and x; for differentr” at L' = 500 and” = 700,
respectively.
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Table5.1: Values of the constants), as, as, a4, as, az, a1, ao, andxi, be, bs, b, bz, b2, b1, bo, for

L =500.

r Xo as as a as a a1 ao

0.5 -3.826 0.000068 0.0004271  -0.0007473  -0.0061278  0.0221063  0.1477453  0.1955375
30 1.458 0.014241 -0.195288 1.079672 -3.062256 4715197 -3.755953 1.214788
40 1.748 0.0064649  -0.0997785  0.6124448  -1.8967375  3.1285719  -2.6082876  0.8565059
60 2.184 0.0072125  -0.1248228  0.8692397  -3.1008077  5.9715622  -5.8818568  2.3078553
80 2.414 0.0103164  -0.1961421 15189119  -6.1234437 135714625 -15.709289  7.4338477
120 2.672 0.0146456  -0.3033699  2.5802257 -11.5255014 28.5308593 -37.1454893 19.8916775
170 3.116 -0.0302216  0.4490819  -2.4544879  5.8758636  -5.2151692
230 3.372 0.0101022  -0.2273364  2.0084646  -8.7053136  18.5362496 -15.5406194
300 3.61 0.0063342  -0.1563745 14988034  -6.9977183 15976323  -14.317663
400 3.79 0.01092804  -0.2904565  3.18835846 -18.508177  59.95404  -102.815066 72.9655685
600 4.102 -0.00360603 0.07326077 -0.58416854 2.27894721 -4.32926784  3.1784414
re X1 bs bs b4 bs b, b1 bo

0.5 1.35 0.0001913  -0.0034131  0.0233535 -0.0818113  0.1538121  0.0308441 0.23595
30 3.15 -0.0022582  0.0625441  -0.7084645  4.1978044  -13.7461932 23.7790033  -17.04851
40 3.6 -0.0039354  0.1105962  -1.2782469  7.775852  -26.291753  47.0563098  -34.93571
60 3.93 -0.0069936  0.1801604  -1.8344654  9.1972591  -22.584824  21.75163
80 421 -0.004601  0.1196875  -1.2262057  6.1549494  -15.0212218  14.2404
120 4.3 -0.0060394  0.1583825  -1.6424229  8.3928008 -21.0365441  20.6612
170 4.4 -0.0085694  0.2263958  -2.373444  12.3203117 -31.5859797  31.960534
230 4.77 -0.0234604  0.6284542 -6.71044 35.683985  -04.4436902  99.504275
300 4.91 -0.0100843  0.2321316  -2.0066071  7.723773  -11.134982
400 4.8 -0.02101006 0.56733137 -6.1109557  32.8098137 -87.7648196  93.540235
600 5.13 0.01326315 -0.37404103 4.21824322 -23.7816547 67.0375427  -75.595094
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Table5.2: Values of the constants), as, as, a4, as, az, a1, ao, andxi, be, bs, bas, bz, b2, b1, bo, for

L' =700.

r Xo as as a ag a a ao

0.5 -3.744 0.0000602  0.0003791  -0.000782  -0.0059429  0.0223416  0.1479999  0.1957826
30 1.404 0.012854 -0.179416 1.006941 -2.891011 4.496224 -3.611105 1.175785
40 1.718 0.012256 -0.189756 1.188060 -3.835042 6.750014 -6.167077 2.293675
60 2.198 0.009892 -0.171661 1.205961 -4.371805 8.624575 -8.783231 3.606016
80 2.428 0.005890 -0.108667 0.804090 -3.028911 6.084805 -6.113070 2.343819
120 2.77 -0.025958 0.364657 -1.860178 4.122394 -3.368229
170 3.118 -0.030379 0.458294 -2.536415 6.138353 -5.501501
230 3.358 -0.028830 0.460843 -2.713457 7.004499 -6.707967
300 3.624 -0.029577 0.494949 -3.063677 8.337908 -8.435821
400 3.852 -0.029006 0.507944 -3.301615 9.458998  -10.092800
600 4.126 -0.019533 0.363737 -2.519211 7.701607 -8.778263
r X1 be bs bs bs b, by bo

0.5 1.40 0.000592 -0.011075 0.074007 -0.232928 0.526146 -0.0138
30 3.15 0.001166 -0.021041 0.133924 -0.357863 0.465240 -0.283612
40 3.6 -0.000555 0.021022 -0.275049 1.619706 -4.291400 4.2286
60 3.93 -0.004239 0.113492 -1.199785 6.226007  -15.721993  15.477299
80 421 -0.007545 0.198622 -2.074376  10.707169  -27.174483  27.11978
120 4.3 0.005540 -0.105878 0.715649 -1.933295  1.6864797
170 44 0.005586 -0.108992 0.759158 -2.159854 2.05198
230 4.77 0.004161 -0.081650 0.567966 -1.589673 1.422575
300 491 0.010411 -0.220445 1.723757 -5.867642  7.3381866
400 5.02 0.011885 -0.255941 2.044459 -7.155734  9.2577487
600 5.13 0.013103 -0.289712 2.386961 -8.671377  11.716229

Theproperties of theBHE heat carrier flui@specific heat capacity at constant pressuce,
density,” r, and volumetric flow ratetf) and of the ground ttermal conductivityky, thermal
diffusivity,h 4, andundisturbed ground temperatur€ly) are alsmeeded.

5.1.3 Calculation bthe GCHRBystem seasonal performance

In order to invoke the properg-function coefficients the code calculates the BHE
dimensonless lengthlL" = /D) and the dimensionéssradial distances from the BHE axis
(" =r/D) required to evaluate themean temperature at aBHE surface through the
superposition of the effects in spacks example, for the case of three in line boreholéth
L=105m, D=0.15m and a distance between adjacent BHEs onh,6the g-function
coefficientsare needed in correspondenad L equal to700 and™ equal to0.5(BHEground
interface) 40 (central BHE lateral BHE distance) and 8@igtance betweerlateral BHES
distance).
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If the g-functioncoefficients are not tabulated in correspondence of theuiegd value ol
(or r"), the closer lower value and the closer higher vaddi¢” (or r') are considered by the
code.

Thedimensionless duration of one hqufou, isobtained as:

_agt

t;our _% ' (53)

At the beginning of the firshour of the simulated period, the BHE fluid is in thermal
equilibrium with the surrounding groundiience, he BHE fluid mean temperaturé ) and
supply temperature Tou) are both initialized as equal to the undisturbed ground
temperature {).

For each hour oftte simulated period, the MATLAB code evaluates the setsahich the
hour belongs

(g1 if 1+876[yeari() |1 i¢ 5088 8#pgeari ()] 1 -

seasof )=}

11 if 5088 87¢geari()]1k 8760 8f6@ari (] (5.4)

Eq.(5.4) is written for a heating season from October to April and a cooling season from May
to September, by starting the simulation on the first hour of OctolsetrlEq.(5.4), seasor{i)

= -1 indicates the heating seasdheat extracted from ground)whereasseasor{i) =1
indicatesthe cooling seasotheat supplied to the ground)

Thecode reads the value ot at the beginning of théth hourand, if seasor(i) =-1 (1), it
evaluates through theheat pumpsecond order polynomial functions, theating(cooling)
power that the heat pump is able to deliver anthe correspondingCOP(EER For
inverter-driven heat pumps, avector for the heat pump power and a vector for the
correspondingCORor EERare obtained.

If the product between the maximum heat pump capacity arg is higher than the energy
required by the buildingn thei-th hour, B (i), thenthe energy delivered by the heat pump,
B (i), isequal toE (i), otherwise it is equal to the product of the maximum heat pump
capacity thourand seasoni) (seasorli) is employed in order to obtain negative valuegdf)

for the heating seaso.

For ONOFF HPs, the values of the heat pump power @Por EERn the i-th hour are
known from theprevious interpolationsThe valueof the heat pump powerfor IDHPs,
Pus; (1), canbe obtaineddividingthe module ofgip(i) by thour, butif Pys; (i) turnsout lower
than Pye; (1), it is set equal toR ¢ 3 (i) (situation corresponding to ooff cycles).The
correspondindcORor EERCOP,, (i) or EER , (i), is then obtained by applying a secearter
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polynomial interpolationof the COPor EERvector, as a function of the heat pump power
vector.

The effectiveheat pumpCORYr EERCOR: or EER¥), which takes into account the efficiency
decay inthe case of oroff cycles, is evaluated accordingthe standards EN4825[10] and
UNI/TS113004 [11], multiplying the obtainedCORor EERralue by thecorrection factor for
on-off condition,feor (i). The coefficientco (i) iscdculated according to Eq2.1), where the
capacity raticCR() is evaluated as the ratlzetweenEqp(i) and theproductof the heat pump
power and thour.

The hourly value of the electric energy used by the heat pua.i), is evaluated dividing
B+r(i) by COR (i) (or EERX (i)).

To check if the GCHP is able to cover all the energy required by the building for heating and
cooling, the possible uncovered enefyo(i) is calculated:

Eren(D=|E () { Bo() - (5.5)

The thermal energy exchangé&dthe i-th hour between the borehole heat exchangers and
the ground,Q(i), is evaluated as:

seaso(w)

Q)= E—|P()el COR)

, (5.6)

where CORi) is obviously substituted B¥ERi) during the cooling seasoQ.(i) is negative if
Er(i) is negative, namely Heat is required by the building (extracted from the ground,
during wintey.

The mean value of the heat flux between BHE and ground per unit BHE lg(ijths:

~ - Q)

qo)—m , (5.7
The dimensionless load amplitude of theh hour, A(i), is given by the ratio betweeq(i)
and a referencéhermal load per unit lengtlgo. For the evaluations of the next secticghge
mean value off, during Januarywhich isusually the month with the highedteating
demand), divided b, is adopted as valuef go.
At the end of the-th hour, the dimensionlessemperatureTn ~ (i), averaged along the BHE
length, producedat the dimensionless distangé from the BHE axiby a timedependent
dimensionless heat loaavith steps of one hour and valugsvenby the coefficientd\ is

T 0=a AR 484 Bh BG (BRI} 9
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where the symbolg denotes the g-functiors. Eq.(5.8) is derived from E(2.56), by
considering thafli is calculatednly at theend of each interval of one hour
Eq.(5.9) explicateshe evaluation ofTy, at the end ofthe first three hoursas example

T 0= ARd. (o) -d. O g
Tl @= AR, @) -4 o)A@ B b)) & O g .(5.9)
Tn:|r' (3= ALRY: Ghouw) G @ ) AR 8 Gow ) & o ) AR 't )G -)O

By observing E5.9), one can note that, for each hour, only two ngunctionsare needed,
whereas theothers are already calculatedbim the previous hours. Thereforey reduce the
computational timethe MATLAB code stores tlgefunction values obtained in each time
step, in order to reutilize them for the following hosir

By means of E(5.8), Tm at r' =0.5 (BHEyround interface) and at the dimensionless
distanceshetweenthe BHE, is calculatedIf the g-function coefficients were not tabulated

in correspondence of the required valuelof(or r), two hourly values ofr, are calculated

by the code, in correspondence of the lower and higtieseravailable values df (or r").

The actual hourly value of the dimensionless temperature is then obtained through linear
interpolation as function of (or r*).

The mean dimenginless temperature at the surface of a sifec borehole of the field is
evaluated as the sum of thealue ofTy, produced by the specific BHEr" =0.5, and of those
produced by the otheBHE of the field at their dimensionless distances from the specific
BHEaxis(superpositiorof the effects in spage

By taking as example a BHE field with three in line borehdliediameters spacedhe mean
dimensionless temperaturat the surface of theentral borehole is given by §§.10), that

of the two lateral boreholes by E¢p.11) and the mean dimensionless temperature of the
BHE fields evaluated according to E.12):

Troemaerd =T (VR TL (1, (5.10)
o= T O +TL 0 F 0, (5.11)
Tr;,BHE fie|((i) - Tr;,central BHI{i) +32 Tm lateral BHQ) ) (512)

The definition of dimensionless temperatuigee Eq(2.29)) yieldsthe mean temperature of
the BHE fieldt the end of thei-th hour, T, re fieidi):
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Tm,BHE fieI()(i) = q_o Tm BHE fiel(ii) +T . (513)

Ky

In the quasistationary approximation, the definition of BHE thelnmrasistance per unit
length, Rewg yieldsthe fluid mean temperaturet the end of the-th hour, Trm (i):

Tf,m(i): -Ir-n,BHE fieIo(D +qD RBH\ ’ (5-14)
and the corresponding fluid supply temperaturgeu (i), is obtaineds:
. 0.5 [
T (D=T 4 (D Q) (5.15)

\7frf %,f thour nBHEs .

The fluid supply temperaturat the end of the-th hour, Trou (i), corresponds to that at the
beginning of thesubsequen{(i+1)}th) hour and is used by the MATLAB code to evaluate the
heat pump performancat the subsequent hour, through far cycle.

Once known the values @t for each hour of the simulated periothe mean, minimum
and maximum values of the BHE fluid temperature for each ye#reogimulation can be
used to check the lonterm sustainability of the BHE field in the caseuobalanced building
loads.

Theseasonal performance of thground-coupled heat pumpluring aselectedyearcan be
finally evaluatedEq.(5.16) andEq.(5.17) calculate, respectively, the Seasonal Coefficient Of
Performance and the Seasonal Energy Efficiency Ratio of the GCHP duldstytbarof the
simuation period:

- a min[0; B (i}
SCOR e 870 % (5.16)

8 mingdEp ()

iZing 8760 %

last

- a ma{0E, ()
SEER T 870 ¥ (5.17)

last

é. ma'XéO;E-iP, usQ)

iSijae 8760 I

whereistis the number of the last hour of the last yeBiq.(5.16) andEq.(5.17) are written
by considering thaB4r(i) and B i) are negativeduring the heating season and positive
during the cooling season.

In the next section, aimulation ofa GCHP system is performed B®veral decadesy
employing hourly simulationswith the aid of auxiliary monthly simulationtn the case of
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monthly simulation monthly building loads are giveas inputsandthe same mathematical
model of the hourly simulation can be used, by substituiimghe equationsmour with the
month duration(tmoent) andthe numbes 8760 with 12and 5088 with 7.

Since the moth dimensionless duration has not a fixed value, but changes from month to
month, Eq.(5.8) cannot be used to evaluate the dimensionless temperafiie- (i), and
must be replaced by:

T (028 AD 6, 6 Abow® G0 68 bow® 1. (5.19
IR - a 1

e
e
k 14

Fi <

Moreover, contrary to what happens in E§.9), every noavanishing time instant at which
a g-functionis evaluatedoccurs only once, so that ripfunctionvalue can be reutilized in
order to save computational tim&ee as examplie Tr, values at the end of the first three
months:

Tl 0= A1) 4. &t @ g9 O
Tl @= A1) 4 Bl @ %o @89, L8 @ 8@ 8@ - gD
Tl @)= A1 4 Bl © Ao @ Erns @G B o @) it J

A @Y B @ @Y T80 B & {8 foond B gl

Neverthelesswith the same number of simulated years, the monthly simulation (12 steps

. (5.19)

per year) i®bviouslymuch faster than the hourly simulation (8760 steps per year).
The MATLAB input file and script developed fortibarly simulation ofgroundcougded heat
pump systemsre reported in Appendix, Sectioh3.

5.2 APPLICATION OF THBEO

The codedeveloped in this Thesis for the simulation of GCldRsnployed to malyze the
effect of the inverter of the heat pump and the effeaf the total length of the BHEeld on
the seasonaperformanceof aGCHP system designed farilding heating and cooling

5.2.1 Building characteristics

Theresidential building object of the ERB project (in the posétrofit scenario) is chosen
for the analysis (see SubsectidrB.]). Figure5.1 shows the building loads at the outlet of
the generation subsystem (heat pump), as functions of time, from Octobar September
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30". The heating season is set from October to April, included, while the cooling season from
May to September, included.

=

——— Heating loads

Py (kW]

—— Cooling loads

RPOOOUSTAONIRORNWAUIONOOO
T T S S

'
[

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
Time [h]
Figure5.1: Building loads for heating and coolidghumidifying, from Octobersito September 30"

In Figure5.1 heating loads areonsidered negativewhile coolingdehumidifyingloadsare
consideredpositive, as required bthe MATLAB cod@he highest magnitudes of thénourly
heatload required by the building are0.46kW forheating and 9.32 kW for cooling

In Figure5.2 the correspondingnonthly averagedbuilding loads are reported.

Py (kW]

Figure5.2: Building monthly averaged loads.
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FromFigue 5.2 one can note that the heating loads are dominant compared to the cooling
loads

5.2.2 Characteristics of thergund-coupled heat pummand of the borehole heat
exchanger field

The selectedroundcoupledheat pump used to provide heating and cooling to the building,
is an inverterdriven brineto-water unit Water is delivered at 40C (return temperature
35°Q during winter and at 7 °C (return temperature’l® during summer. The manufacer
data of heat pump powelCORandEERare shown irTables 5.3, 5.4 for several values of the
BHE fluid supply temperatur@;o., and of the inverter frequengy .

Table5.3: Heat pump power [KW] anddOP in heating modeTwn =40 °C

Frequency [Hz]
110 ( max) 90 70 50 30 ( min)
5 1260 (4.41)| 9.91 (4.67)| 7.45 (4.84)| 5.19 (4.92)| 3.08 (4.82)
6 13.00 (453 | 10.20 (4.80)| 7.68 (4.99)| 5.34 (5.07)| 3.18 (4.98)
7 13.40 (4.66) | 10.50 (4.94)| 7.92 (5.14)| 551 (5.22)| 3.28 (5.13)
8
9

Trout [°C]

13.80 (4.79 | 10.80 (5.09)| 8.15 (5.29)| 5.67 (5.39)| 3.38 (5.30)
1420 (4.93 | 11.10 (5.24)| 8.40 (5.45)| 5.85 (5.56)| 3.48 (5.47)
10 14.60 (5.07) | 11.50 (5.39)| 8.65 (5.63)| 6.02 (5.74)| 3.58 (5.65)
11 15.00 (5.22 | 11.80 (5.56)| 8.89 (5.79)| 6.20 (5.92)| 3.69 (5.83)
12 15.40 (5.37) | 12.10 (5.73)| 9.15 (5.97)| 6.38 (6.11)| 3.80 (6.03)
13 15.90 (5.52 | 12.50 (5.90)| 9.41 (6.16)| 6.57 (6.31)| 3.91 (6.23)
14 16.30 (5.69 | 12.80 (6.08)| 9.68 (6.36)| 6.76 (6.52)| 4.02 (6.43)
15 16.80 (5.85 | 13.20 (6.26)| 9.95 (6.56)| 6.95 (6.73)| 4.14 (6.65)
16 17.20 (6.03 | 13.60 (6.46)| 10.20 (6.77)| 7.14 (6.96)| 4.25 (6.88)
17 17.70 (6.20 | 13.90 (6.66)| 10.50 (6.99)| 7.34 (7.18)| 4.37 (7.13)
18 18.20 (6.40 | 14.30 (6.87)| 10.80 (7.21)| 7.54 (7.43)| 4.49 (7.37)
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Table5.4: Heat pump power [kW] ancEERIn heating modeTwc=7°C

Frequency [Hz]

110 ( max) 90 70 50 30 ( min)

35 12.10 (4.20)| 9.61 (4.52)| 7.28 (4.74) | 5.08 (4.85)| 3.01 (4.74)
34 12.20 (4.35)| 9.73 (4.69)| 7.38 (492)| 5.15 (5.03)| 3.05 (4.93)
33 12.40 (4.50)| 9.84 (4.86)| 7.47 (5.11) | 5.21 (5.22)| 3.08 (5.12)
32 1250 (4.67)| 9.96 (5.04)| 7.56 (5.30) | 5.28 (5.43)| 3.12 (5.32)
31 12.70 (4.84)| 10.10 (5.24)| 7.64 (5.49)| 5.34 (5.63)| 3.16 (5.52)
30 12.80 (5.02)| 10.20 (5.42)| 7.73 (5.71) | 5.40 (5.85)| 3.20 (5.74)
29 1290 (5.20)| 10.30 (5.63)| 7.82 (5.92)| 5.46 (6.07)| 3.23 (5.97)
28 13.10 (5.40)| 10.40 (5.85)| 7.92 (6.16) | 5.52 (6.31)| 3.27 (6.20)
27 13.20 (5.60)| 10.50 (6.06)| 7.99 (6.38)| 5.59 (6.56)| 3.31 (6.45)
26 13.40 (5.81)| 10.70 (6.29)| 8.09 (6.64) | 5.65 (6.83)| 3.34 (6.71)
25 13.50 (6.02)| 10.80 (6.54)| 8.17 (6.90) | 5.71 (7.11)| 3.38 (6.98)
24 13.70 (6.26)| 10.90 (6.78)| 8.24 (7.11) | 5.73 (7.22)| 3.39 (7.03)
23 13.70 (6.29)| 10.90 (6.82)| 8.24 (7.11)| 5.73 (7.22)| 3.39 (7.03)
22 13.70 (6.32)| 10.90 (6.84)| 8.24 (7.11) | 5.73 (7.22)| 3.39 (7.03)
21 13.70 (6.34)| 10.90 (6.84)| 8.24 (7.11) | 5.73 (7.22)| 3.39 (7.03)
20 13.70 (6.36)| 10.90 (6.84)| 8.24 (7.11) | 5.73 (7.22)| 3.39 (7.03)
19 13.70 (6.38)| 10.90 (6.84)| 8.24 (7.11) | 5.73 (7.22)| 3.39 (7.03)
18 13.80 (6.40)| 10.90 (6.84)| 8.24 (7.11)| 5.73 (7.22)| 3.39 (7.03)
17 13.80 (6.41)| 10.90 (6.84)| 8.24 (7.11)| 5.73 (7.22)| 3.39 (7.03)
16 13.80 (6.42)| 10.90 (6.84)| 8.24 (7.11)| 5.73 (7.22)| 3.39 (7.03)
15 13.80 (6.42)| 10.90 (6.84)| 8.24 (7.11) | 5.73 (7.22)| 3.39 (7.03)

Trout [°C]

The following ground properties are sa@=14°C ky=1.8W/(m K),h 4 =8.814x 107 m?s.
The BHE fieldoupled to the heat pumjs composed of three itine double U boreholes,
6 m spacedwith diameter D=0.15m and length L either 105m or 75 m ¢orresponding
dimensionles8HE lengthd: =700 andL’ =500, respectively).

The BHE fluid volumetric flow ratef) is 16 I/min.For the simulations witlh=105m, the
BHE fluid is waterywhose density’ is 999.2%g/m?® and specific heat capacitg, is
4.1896kJ/(kg K) (properties a4 °C). fie corresponding winter cenff temperature of the
heat pump is 2Cand the BHE thermal resistance per unit lengbivtéined through a
numerical steady state simulation of the BHE cross secis®0687(m K)/W.

The simulations with.=75m would causetoo low water temperaturesiuring winter, so
water is replacd by a mixture of waterglycol (nonoethylenglycol20%), whose’s is
1032kg/m® and ¢, ¢ is 3.89%J/(kg K) (properties at 14, from Ref[76]). The corresponding
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5 ADYNAMIC SIMULATIGRDE FOR GROUNDUPLED HEAT PUMBTEMS

winter cut-off temperature of the heat pump 8 °Cand the BHE thermal resistance per unit
length is0.0732(m K/W.

5.2.3 Analysis of the results of the simulations

A 10year hourly simulation of the GCHP system is performeih the selected
inverter-driven heatpump, for the case df =700.

Figure5.3 shows the hourly values of the BHE flmidantemperature obtained during the
lastyearof simulation. Each year is statt®n October I and is ended on September 30

22

Tim [°C]

20
18
16
14
12

10

0 500 100015002000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
Time [h]
Figure5.3: BHE fluid temperature during the t@ear,L” = 700, inverterdriven heat pump.

In Figure5.4 the maximumvalues of the meatemperature of the BHE flui@: mmay, reached
in each of the 10 yearsis reported, whileFigure5.5 showsthe corresponding nmimum
values(Ttm min).
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Figure5.4: BHE fluid maximutemperatures,l’ = 700, invertedriven heat pump.

144



5.2 APPLICATION OF THIDEO
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Figure5.5: BHE fluid minimum temperaturek, = 700, invertedriven heat pump.

FromFigure5.4 one can note that the maximumaluereached byT: starts from 21.9XC
(first yeal) and decreaseantil 21.61°C(last yeaj.

An urexpectedpeak ofT: mmin Can be seen ifkigure5.5in correspondence of the second year
of simulation. This is due to the fact that tfiest year starts with the heating season, which,
unlike the heating seasons of all the other years, ispreceded by a cooling season (that
would enhance the fluid temperature). From the second year on, an equilibbieimveen
heatextracted from and released to the ground is obtained &ndnin has a decreasing trend
(from 5.03°C to 4.78C).

Thevaluesof SCORINd SEERf the GCHRluring the last year of the simulatioperiod are,
respectively5.32 and6.74.

The simulation is repeated considering the cas& ef500. Figure5.6 shows the values of
Tt mmaxduring the 10simulatedyears and=igure5.7 shows the values Off m min.
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Figure5.6: BHE fluid maximum temperaturds,=500, inverterdriven heat pump.
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Figure5.7: BHE fluid rmimumtemperatures,L” =500, inverterdriven heat pump.

Comparingrigure5.6 with Figure5.4 and Figure5.7 with Figureb.5, it is evident thaf with

L =500, the BHE fluid reaches higher valueS@fmaxand lower values 6fmmin, cOMpared

to the case of’ =700, mainly due to higher heat loads per unitBleéngthIn addition, the
BHE fluidtemperature difference between the firgtear (for Timmax Or second yearfor
Timmin) @nd the last year is higher than the previous case.

The value of Seasonal Coefficient Of Performance for tHigdér is 4.97 and that of Seasonal
Energy Efficiency Ratio is 6.74.

To analyze the influence of the heat pump inverter on the system seasonal performance
during winter and during summer, the simulations are repeated forcing the heat pump to
work at its maimum frequency, as a morcompressor oroff heat pump(ONOFF HR)The
seasonal coefficient®btained during the last year of simulaticeree SCOR 4.00 and
SEER4.45, for the case withL' =700; SCOR3.82 and SEER 4.42, for the case with

L =500.

Table5.5 summarizes the values 8ICOBbtained in each of the four simulated cases, while
Table5.6 shows thecorrespondingralues ofSEER

Table5.5: SCORalues with or without inverter.” equal to 500 or 70010" year.

L ONOFF HP IDHP
500 3.82 4.97
700 4.00 5.32
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Table5.6: SEERvalues with or without inverterl,” equal to 500 or 70010" year.

R ONOFF HP IDHP
500 4.42 6.74
700 4.45 6.74

By comparing the seasonal performance value$aifles 5.5, 5.6, it can be noticed thathe
increase of the BHE length yieldS@ORnhancemenbf about 5% ONOFF HR)7 % (IDHR)
while the SEERemains nearly unchangethe replacement of thenono-compressoon-off
heat pump by an invertedriven one yields SCOmcreaseof about 30% (L =500)¢ 33 %
(L =700)and aSEERNnhancement of aboubl % ( =700)¢ 52% (L =500). Adopting both
the IDHP and the higher BHE length improves the winter performaredeoaft 39%and the
summer performance of about 3. The mossignificantimprovemens on the seasonal
performanceare obtained thanks tahe inverter. The effect of the invertermoreover,is
greater on the summer efficiency (lower building loads, higher numben-afff cycle$ than
on the winter efficiency (higher building loads, lower number obfircycles).

Figure5.8 andFigure5.9 show, respectivelythe hourlytrend of Tim and of theeffectiveheat
pump CORobtained fromNovemberto January of the last yeawith and without inverter,
for the case of” =700.
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6.50 - Ik W P AN
5.50 Y1 ‘
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745 945 1145 1345 1545 1745 1945 2145 2345 2545 2745 2945
Time [h]
Figure5.8: Hourly trend ofTi,m from November to January0" year,L” = 700.
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Figure5.9: Hourly trend ofCORs from November to January, Gear,L” = 700

Figure5.10 and Figue 5.11 show, respectively, the hourly trend @ and of theeffective
heat pumpEERfrom June to August of the last year, with and without inverter Lfer 700.
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Figure5.10: Hourly trend ofTim from June to August, f0year,L” = 700.
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Figure5.11: Hourly trend ofEER: from June to August, #0year,L” = 700.
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Figures5.9, 5.11 highlight the better hourly efficiency of the invertdriven heat pump with
respect to the monecompressor oroff one, thanks to the possibility of tHOHP oflelaying
the on-off cyclesactivation

Despite the better performance of the IDHP, the hourly values of the BHE fluid mean
temperature are vensimilar between IDHP amdNOFF HP (sefigures 5.8, 5.10). This is
due to the fact that in the developed MATLAB codbge computation of the bat flux
betweenboreholeand grounds based on the hourly averaged pow@nerefore, the on-off
cycles of the heat pump do not affect the ground, but only the heat pG@@por EERFurther
investigations are planned to take into account the influence of theficycles onlim (see
Section6.2).

A simulation of the GCHP system is performed Gy&ardy means ofmonthly simulations,
by employing amodified version of he MATLAB codes explained in Subsectiénl.3

The maximum values and the minimum value§iaf reached in each of the 50 yeawgth
the IDHP andl’ =700, arereported inFigure5.12 and Figure5.13, respectively

18.10

Timmax[°C]

18.00
17.90
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17.60

17.50
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Time [years]

Figure5.12: BHE fluid maximum temperaturds,= 700, IDHP, monthly simulation.
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Figure5.13: BHE fluid minimum temperatures,= 700, IDHP, monthly simulation.

FromFigure5.13, it can be noticed that the minimum value &f, after 50 years is higher
than 6 °C, hence ni spite of the building unbalanced heat loads, the studied GCHP system
does not reveal longerm sustainability problems

By comparing the valuesf Timmax and Timmin for the first 10 years ofigure5.12 and
Figureb.13with the corresponding values &igure5.4 andFigure5.5, one can note thathe
BHE fluid in the monthly simulation reaches peaks of temperature less extreandrttthe
hourly simulation. In the monthly simulation, in fact, each calculated valiig,d$ a monthly
averaged value, due to a monthly averagedlding load.The hourly simulation, on the
contrary, is able to consider tHauilding hourly peaks of deand.

Figure5.14 shows the trend of the difference in the valuesTaf,maxbetween ae year and
the following ong(nTimmay), Obtained with the monthly simulation of the IDHP wiith= 700.
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Figure5.14: Yearly differencén the values offimmax IDHPL = 70Q monthly simulation
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Figure5.15 shows the yearly differenda the values offi mmin (N Tt,m,min)-
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Figure5.15: Yearly differencén the values offtmmin, IDHPL" = 70Q monthly simulation

The first valueof nT: mmin reported inFigure5.15 is negative because, a&sarlier explained,
the second value oF:mminis higher than the previousne.

After 50 years, the differences in the yearly valueSi@fmax and Timmin reach asymptotic
values close to 0.

The hourly simulation of the system after 50 years can be perforbyeglssuming that the
hourly values of ta BHE fluid supply temperature are equal to those obtained at tie 10
year through hourly simulation, properlyranslaied. The translation constantis the
difference between the mean annual valueTf, at the 10" year and that at the S0year,
obtained through monthly simulation.

The accuracy of the assumptiof employing a monthly simulatiois tested by comparing
the difference between the mean annual valueTgf at the 5" year and that at the 10year,
obtained through the monthly simulation, with thecorrespondingdifference obtained
thoughthe hourly simulation. The relativéiscrepancybetween the twodifferencesnever
exceeds 3.36 in the examined caseBheaccuracy of the assumption of employingn@an
annual vale astranslation constants tested byanalyzing the difference between thwurly
values ofT;m at the 3" year and those at the 0year, which is plottedn Figure5.16 for the
case of the IDHP withh =700.
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Figureb.16: Hourlyvalues othe difference betweerim at the 5" year andTim at the 10" year,

IDHRL =700

Theplot of Figure5.16 shows that this difference is always very close to its mean annual

value; the maximum deviation from the mean valu®.81°C

The seasonal performance coefficients obtained withhtbarly simulatios for the 50" year

are reported inTables5.7, 5.8.

Table5.7: SCORalues with or without inverterl,” equal to 500 or 700, S0year.

C ON-OFF HP IDHP
500 3.81 4.93
700 3.98 5.28

Table5.8: SEERvalues with or without inverter,” equal to 500 or 700, 30year.

L ON-OFF HP IDHP
500 4.43 6.74
700 4.45 6.74

By comparing the values @fbles 5.7, 5.8 with the corresponding values giables 5.5, 5.6,
it is clear that the heat pump seasonal efficiencies remain nearly constant between the 10

and the 50" year.
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5.3 VALIDATION © THEMATLABCODE WITH THE SOFRB/BARTH
ENERGDESIGNE(EED)

The MATLAB code developed in this Thesis for the simulation of GCHP systems is validated
by comparing the values of the BHE fluid mean temperatdig) (obtained in50-year
monthly simulatiors performed bythe code andythe software Earth Energy Designer (EED).
A monthly simulation of the borehole field is performed with EED, considelireg
double-U boreholeswith dameterD= 0.15 m and length=105 m placed in line and 6 m
spaced fom each other

The thermal conductivity of thgrout is 1.6/N/(m K), the contact resistance pipeffilling set
equal to Qas it is no considered by the MATLAB codlee volumetric flow rate per borehole
is 16l/min; the pipe outer diameter is 3gim, thewall thicknes$ mmand the shank spacing
85mm,; the pipe thermal condctivity is 0.359V/(m K)

The borehole thermal resistance fluid/ground directly imposed in EEDequal to
0.0687(m K)/W, without &aking into account the internal heat transfer

The BHE fluid is water, with thermal conductivi®.5875W/(m K), pecific heat capacity
4.1896kJ/(kgK), density 999.2kg/m?, viscosity 0.00116Bg/(ms) and freezing point €C.

The ground has a thermal conductivity of W8(m K), avolumetric heat capacity of
2.042MJ/(m? K) and an undisturbed temperature of P& (obtained by typing in EED a
ground surface temperature of 14 and a geothermal heat flux of 0).

The building peak load is set to 0.

The building base load miven in EEDby meansof monthly valuesof energy directly
exchanged between BHE and grouwhating winter (Octobeig April) and summer (May
September) in order to avoid the implementation offactitious SPRvalue (vhich would be
constant inEED, but variablmonth by monthin the MATLAB codeAs thesoftware EED
does not simulate the heat pumpvbich intervenes in the calculations only with a constant
performance coefficientone for the heating season and one for the coolingssed,also in
the MATLAB codthe monthly vdues of energy exchanged between BHE and ground are
directly supplied as input data and kept constant year after year.

Theinput valuesof energy exchangethonthly between BHE and grourare obtained as
follows. The residential buildingbject of the HERB project in the pesdtrofit scenariois
considered (see Subsectidr8.1). A I-yearmonthly simulation is run with the MATLAB cqde
by considering thecase ofL’ = 700 and the invertedriven groundcoupled heat pump
described in Subsectidn2.2 The obtained monthly values ehergy exchanged between
BHE and ground are employed as input for the validation.
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5 ADYNAMIC SIMULATIGRDE FOR GROUNDUPLED HEAT PUMBTEMS

Once detected that EED assunmfes each month the same duration of 30.4167yda
(365/ 12), the same simplification is implemented also in the MATLAB code.

Monthly simulations are thus performed with EED avith the MATLAB code for 50 years,
setting October as first month of operatiorAn excerpt of the results obtained by EED is
shown inFigure5.17.

SPECIFIC HEAT EXTRACTION RATE [w/m]

Month Base load pPeak heat pPeak cool
JAN 18.21 0 0
FEB 12.97 0 0
MAR 5.94 0 0
APR 0.84 0 0
MAY -3.01 ] 0
JUN -6.93 0 0
JuL -12.41 0 0
AUG -11.12 0 0
SEP -4.51 0 0
ocT 0.51 0 0
NOV 8.75 0 0
DEC 16.13 0 0

BASE LOAD: MEAN FLUID TEMPERATURES (at end of month) [°C]

Year 1 2 5 10 50
JAN 14 6.43 6.29 6.15 5.88
FEB 14 7.98 7.82 7.68 7.41
MAR 14 10.46 10.3 10.16 9. 89
APR 14 12.47 12.31 12.17 11.9
MAY 14 14.12 13.98 13.84 13:57
JUN 14 15.86 15:.73 15.59 15:33
JuL 14 18.23 18.1 17.96 1¥.7
AUG 14 18.18 18.04 17.91 17.65
SEP 14 15.97 15.82 15.69 15.43
oCcT 13.81 14.07 13.92 13.79 13.53
NOV 10.72 10.83 10.68 10. 55 10.3
DEC 7.67 7.69 7.54 7.41 7.16

BASE LOAD: YEAR 50
Minimum mean fluid temperature 5.88 °‘C at end of JAN

Maximum mean fluid temperature 17.7 °C at end of JuL

Figureb.17: Extract of the EED results.

Table5.9 showsthe monthly values of;, obtained from thesimulationswith the MATLAB
codefor the I, the 29, the 8", the 10" and the 50" year.
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Tableb.9: Monthly values ofTym calculated by the MATLAB cade

Month vear
1 2 5 10 50

Jan 14 6.53 6.43 6.28 6.01
Feb 14 8.10 7.98 7.83 7.57
Mar 14 10.58 10.45 10.30 10.04
Apr 14 12.55 12.41 12.27 12.01
May 14 14.15 14.02 13.87 13.61
Jun 14 15.84 15.70 15.55 15.29
Jul 14 18.15 18.01 17.87 17.61
Aug 14 18.06 17.92 17.78 17.52
Sep 14 15.85 15.71 15.57 15.31
Oct 13.81 13.99 13.85 13.71 13.46
Nov 10.74 10.82 10.67 10.54 10.28
Dec 7.73 7.76 7.61 7.48 7.23

The maximum discrepancy between the tmethods in the evaluation of the monthly values
of the BHE fluid mean temperatureabout2.2%.

Figure 5.18 shows themaximum and minimum annual values of the BH&d mean
temperature evaluated by EED for each of the 50 years.
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Figure5.18: Maximum and minimum annual values of the BHE fluid mean temperature from EED.
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Theunexpected values OFm max and Timmin fOr the first year, which appedn Figure5.18,
are due to the fact that the software defines each year stanitith January and endingith
December, while the first month of operation of the GCHP system is October.
Figure5.19 compares theannualvalues ofTimmax from the MATLAB code and from the
software EED, considerifgr both modelsthe year beginningn January andnding in
DecemberFigure5.20 compares the corresponding valuesTgf min.

O 185
£ 180
E
F 175
17.0
16.5
16.0 —e— EED
155 —=— MATLAB
15.0
145
14.0J
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
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Figure5.19: Annual values oftmmaxfrom the MATLAB code and froBED.
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Figureb.20: Annual values ofimminfrom the MATLAB code and from EED.
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Figures5.19, 5.20 show thatthe plotsof Timmaxand of Ti mmin Obtained through theMATLAB
code are very similar to those obtained by theoftware EED The maximum relative

discrepancys2.2%
By considering the very low discrepancies between the results of the proposed MATLAB code
and those of the software Earth Energy Designer, omecoaclude that the MATLAB code is

validated.
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6
CONCLUSIONSID FUTURE WORK

6.1 CONCLUSIONS

New codeshave been developed in this Thesis to simuktao-water andground-coupled

heat pump systemfor building heating, cooling and domestic hot water (DHW) production.
The codes have been applied to evaluate the seasonal performance of heat pump systems in
different conditions.

Mathematical models for the simulation dir-to-water heat pumps by means of the
bin-method have been developed’he model for winter operatioas been applied to
evaluate the Seasonal Coefficient Of Performar8€@Pof mono-compressor oroff heat
pumps (ONOFF HPs)multr-compressorheat punps (MCHPsand inverterdriven heat
pumps (IDHPs) used to provide heating to several buildings, located in different Italian
climates.The results have shown that the best seasonal performance of an IDHP is obtained
by adopting as bivalent temperature théesign temperature of the selected location,
whereas for MCHPs and @N-F HPs the optimal bivalent temperature is higher than the
design temperature.The model for summer operatiohas beenused to evaluate the
SeasonalEnergy EfficienciRatio GEERof reversible aito-water heat pumps for building
cooling and DHW production through condensation heat recovery. The results have shown
that the SEERIecreases with the increase of the building DHW demand, because of the
increase of time in heat recovery modehere the heat pump releases the condensation
heat at higher temperature. In addition, worse seasonal performdmasbeen obtained with

heat pumps oversized with respect to the building cooling demand, because of th#f on
cycles increase. The primagergy saving of the studied system, with respect to a traditional
system in which the heat pump only provides@inditioning and DHW is produced by a gas
boiler, can be higher than 30 %.

Dynamic odes for thehourly simulation of aito-water heat pumpsystemshave been
implemented in the software MATLABhe code for winter operation has beersedto
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analyze the seasonal performance othaat pump heating system as a function of the
bivalent temperature and of the volume of the storage tafke resulthave shown that the
choice of the right bivalent temperature can significantly increase the system efficiency,
while an increase of the storage tank volume is usually ineffective and can even reduce the
performance. The dynamic codes have been employe@valuate the primary energy
consumption of the IDHP usddr heating, cooling and DHWfoduction in the retrofit of a
residential building 06 apartmentsin Bologna (NortiCenter Italy). The retrofit, which also
includes external thermal insulatioreplacement of windowsndinstallationof PV panels,
yields a primary energy saving of 86&%(from 332.KkWh/m? pre-retrofit to 44.8kWh/m?
postretrofit). The codes have been validated in some simple cases by means of the dynamic
software TRNSYS, which has detected a maximum discrepancy of 0.80 %.

The results of the bimethod have been compared with those of the dynamic simulation,
highlighing a good agreement in terms &COHRor the optimal bivalent temperature or
lower ones, both for ONDFF HPs and IDHPs. For high bivalent temperatures (undersized heat
pumps), the two methods give different results and the maximum observed deviation
reaches 23%.

A dynamiaode for the hourly simulation ddroundCoupled Heat Pump (GCHlpstems has

been developed in this Thesis. The code, which is implemented in MATLAB, employs the
g-functions obtained byZanchini and Lazzaf®] and applies to GCKPwith or without
inverter, usedfor buildingheating and/or coolingFast hourly simulations for several years
(and, with the aid of auxiliary monthhjinsulations, even for several decades) have been
performed for the whole GCHP systetomposed by the heat pump and the Borehole Heat
Exchanger (BHE) fieldhe codehas been usetb analyze the effects of the invertand of

the total length of the BHE fig on the SCORnd SEERf a GCHP system designed for a
residential housen Bologna with dominaneating loadsA BHE field with 3 boreholdgs
beenconsidered, with length of each BHE either 75 m or 105 m. The rbéswéshown that

the increase of th BHE length yields @CORnhancement of about %, while theSEER
almost does not chang&mploying an invertedriven heat pump instead of aon-off one

can yielda SCOlhcreaseof about 30% and &SEERNnhancement of about 5%. The results
demonstrate the importance of employing invertdriven heat pumps for GCHP systems.
The code has been validated by comparing the mean monthly temperatures of the BHE fluid
obtained in a 58/ear simulation by means of the proposed model and of the softzmrh
Energy Desigr (EED). The maximum relative discrepaa@bout 2.2 %.
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6.2 OPPORTUNITIES FORURETWORK

Further improvements of the research presented in this Thesis may be perfofuaate
developmentsmay beoriented to the implementation ofthe effects of the defrost cycles
into the simulation codes for atpo-water heat pumps inwinter operation. Indeed, he
external surface of thevaporatorof anair-source heat pump placed acold andespecially,
humid location can be subjected the formation of frost, which decreases the area of
passage of the air and acts as an iatai. Defrost may beonsequently necessary and can
be perfamed in different ways, e.g. by employing electric heaters or by reversing the heat
pump cycle. Defrost cycles ydeh decrease of the heat pump system performance, which
should be taken into accoutn the evaluation ofts seasonal efficiency.

An experimental monitoring dhe residential building object of the HERB projeq@i&ned

and will be performeds soon athe energy retrofit is completed.dinparisonsf the results
obtained by the codedor air-to-water heat pumpswith the resultsderived from the
monitoring of the buildingvill be then performed

Regarding theATLAR ode for grounecoupled heat pump sysins further investigations

are planned toconsiderthe influence of the oroff cycles not only on the hourly values of
the heat pumpCORor EER but also on the hourly values of the mean temperature of the
borehole fluid.

Moreover, the codewill be extended to take into accountne building energy needs for
domestic hot water production.

An experimental validation of the code will be performed either through the monitoring of a
real plant or, more probably, by installing a heat pump coupled to a BHie iatoratory of

the Department.

An improvement of the simulation code for GCHPs, for the special case of dotibe U
borehole heat exchangers, can be obtained by implementing recent analytical expressions
the g-functionsobtained byZanchini and Laag [53], which take into account the internal
structure of the BHE. The negtunctionsyield the dimensionless temperature at the
interface tubesgrout and allow a more precise determination of the time evolution of the
temperature of the operating fluid during hourly peak loads.
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V4
APPENDIX

7.1 MATLABODB-OR AHGWATER HEAT PUMRSVINTER OPERATION

MATLAB Workspace Page 1

Name Value Min Max
HH b_eff 0.8700 0.8700 0.8700
Hd bu 0.5000 0.5000  0.5000
HH cop_Tsmax_d [2.2300;2.6900;3.0200:3.4100] 22300 3.4100
HH coP_Tsmax_h 4x5 double 21500  4.4900
HH cop_Tsmin_d [2.3100;2.8100;3.1600:3.5800] 23100 3.5800
I:H COP_Tsmin_h 4x5 double 2.2300 4.7400
HH Edhw_buil 5088x1 double 0 2.1788
( Elost_buil 5088x1 double 0 10.4560
(] eta 0.4600 04600 0.4600
] freq [11090705030] 30 110
] P_Tsmax_d [7.4100;9.6700;11.2000;12.9000]  7.4100 12.9000
I;H P_Tsmax_h 4x5 double 1.8900 13.5000
HH p_Tsmin_d [7.4500;9.7400;11.3000;13] 74500 13
HH P_Tsmin_h 4x5 double 1.9000 13.7000
H Text 5088x7 double -6.7500 25.3000
HH Text_hp [-72712] -7 12
H Tint 5088x1 double 20 20
HiToLd -10 -10 -10
HH 1oL h -15 -15 -15
HH Tsmax_d 50 50 50
H Tsmax_h 40 40 40
] Tsmin_d 48 48 48
HH Tsmin_h 38 38 38
HHud 0.0023 0.0023 0.0023
HHuh 0.0011 0.0011  0.0011
Hdvs d 1600 1600 1600
Hvs_h 200 200 200
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% HOURLY SIMULATION OF AN ELECTRIC AIR-TO-WATER HEAT PUMP
% WINTER OPERATION: HEATING + DHW MODE

% Interpolation of the heat pump power and COP data
polyn_degree=2;

for i=1l:length(freq)
coeffl (i, :)=polyfit(Text_hp',P Tsmin_h(:,i),polyn_ degree);
coeff2(i, :)=polyfit (Text_hp',P_Tsmax h(:,1i),polyn degree);
coeff3 (i, :)=polyfit(Text_hp', COP_Tsmin_h(:,i),polyn_degree);
coeff4 (i, :)=polyfit (Text_hp',6 COP_Tsmax h(:,i),polyn_degree);

P_int_min_h({:,i)=polyval (coeffl (i, :), Text);
P_int_max_h(:,i)=polyval (coeff2 (i, :), Text);
COP_int_min_h(:,i)=polyval (coeff3 (i, :), Text);
COP_int_max_h(:,i)=polyval (coeff4 (i,:), Text);

end

coeffs5=polyfit (Text_hp',P_Tsmin_d,polyn_degree) ;
coeffé=polyfit (Text_hp', P_Tsmax_d,polyn_degree) ;
coeff7=polyfit (Text_hp',K COP_Tsmin_d, polyn degree) ;
coeff8=polyfit (Text_hp', COP_Tsmax_ d, polyn degree);

P_int_min_d=polyval (coeffs5, Text) ;
P_int_max_d=polyval (coeff6, Text) ;
COP_int_min_d=polyval (coeff7, Text) ;
COP_int_max_d=polyval (coeff8, Text) ;
% Determination of the heat pump cut-off temperature
COP_en_lim=b_eff/eta;

mom_h=( (coeff4(1,2))"2)-4*coeff4a(1,1)*(coeffa(1,3)-COP_en_lim);
mom_d:((coeff8(2))A2)-4*coeffB(1)*(coeffS(3)-COP_en_lim);

if mom_h<0

Tcut_off h=TOL h
else

Teut_off h=max (TOL h, {(-coeff4(1,2)+sqrt (mom_h))/(2*coeff4(1,1)}))
end

if mom_d<0
Tcut_off d=TOL_d
else
Tcut_off_d:max(TOL;d,((—coeff8(2)+sqrt(mom_d))/(2*coeff8(1))))
end

% Determination of the hourly values of the storage room temperature
for i=1:length(Text)

Tsroom{i)=Tint (i)-bu*{(Tint (i) -Text(i));
end
% Initialization of the storage temperature
Ts_h(1l)=Tsroom(1);
Ts_d(1)=Tsmin_d;

% For-loop

162




7 APPENDIX

for i=1:length(Text}

% Determination of the hourly values of the storage energy
Es_h(i)=Vs_h*4.18*(Ts_h(i)-Tsmin_h) /3600;
Es_d(i)=Vs_d*4.18*(Ts_d(i)-Tsmin_d)/3600;

% Determination of the hourly values of the energy lost by the storage
Elost_s h(i)=U_h*(Ts_h(i)-Tsroom(i));
Elost_s d(i)=U_d*(Ts_d(i)-Tsroom(i));
% Determination of the hourly values of the maximum heat pump power
for r=1:length(freq)
if Text (i)<Tcut_off h
P_max_hp_h(i,r}=0;
COP_DC_h(i,r)=0;
else
P_max_hp_h(i,r)=P_int_min_h(i,r)+(Ts_h(i)-Tsmin_h)*(P_int_max_h(i,r)- ¥
P_int_min_h(i,r))/(Tsmax_h-Tsmin_h);
COP_DC_h (i, r)=COP_int_min h(i,r)+(Ts_h(i)-Tsmin_h)*(COP_int_max_h(i,r)- v
COP_int_min h(i,r))/(Tsmax_h-Tsmin_h);
end
end

if Text (i)<Tcut_off d
P_max_hp_d(i)=0;
COP_DC_d(i)=0;
else
P_max_hp d(i)=P_int_min d(i)+(Ts_d(i)-Tsmin_d)*(P_int_max_d(i)-P_int_min d(i)) "4
/ (Tsmax_d-Tsmin_d) ;
COP_DC_d(i)=COP_int_min_d(i)+(Ts_d(i)-Tsmin_d)*(COP_int_max d(i)-COP_int_min_d 'S
(1)) /(Tsmax_d-Tsmin_d);
end

% Determination of the hourly values of the energy delivered by the
% heat pump
Tsm_d(1)=Ts_d(i)+3600/(4.18*Vs _d)*(P_max_hp d(i)-Edhw _buil(i)-Elost_s _d(i));

if Tsm_d(i)<=Tsmax_d
Ehp_d(i)=P_max_hp_d(i);
Ehp_h(i)=0;
else
Ehp_d(i):Edhw_buil(i)+Elost_s_d(i)+Vs_d*4.18/3600*(Tsmax_d—Ts_d(i));
if P_max_hp_d(i)==0
tau_d(i)=0;
else
tau d(i)=Ehp d(i)/P_max_hp d{i);
end

tau res(i)=1-tau d(i);
Tsm_h(i)=Ts_h(i)+3600/(4.18*Vs_h)*(P_max_hp_h(i,1)*tau_res(i)-Elost_buil (i) - 4
Elost_s_h(i));

if Tsm_h(i)<=Tsmax_h
Ehp_h(i)=P_max_hp _h(i,1)*tau res(i);
else
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Ehp h(i)=Elost_buil (i)+Elost_s_h(i)+Vs_h*4.18/3600* (Tsmax h-Ts_h(i));
end
end

Ehp (i) =Ehp_h(i)+Ehp_d(i);

% Determination of the hourly values of the energy delivered and used
% by the back-up system
Ebum_h(i)=Elost_buil (i) +Elost_s h(i)-Es_h(i)-Ehp h(i);
if Ebum_h(i)>=0

Eh(i)=Ebum_h(i);
else

Eh(i)=0;
end

Ebum_d (i)=Edhw_buil (i) +Elost_s_d(i)-Es_d(i)-Ehp_d(i);
if Ebum_d(i)>=0
Ed(i)=Ebum_d(i);
else
Ed(i)=0;
end

Ebackup(i)=Eh(i)+Ed(1i);
Ebackup us(i)=Ebackup(i)/b_eff;

% Determination of the hourly values of the COP and
% electric energy used by the heat pump

if Ehp h(i)==0
CR(i)=0;
COP_DC_h_eff (i)=0;
f_COP(i)=0;
COP_h(i)=0;
Ehp us_h(i)=0;
else
if Ehp h(i)/(P_max_hp h(i,end)*tau_res(i))>1
CR(1)=1;
else
CR(i)=Ehp_h(i)/(P_max_hp_h(i,end)*tau_res(i));
end

if Ehp_h(i)<(P_max_hp_h(i,end)*tau_res(i)
COP_DC h eff (i)=COP_DC_h(i,end);
elseif length(freq)==1
COP_DC h_eff (i)=COP_DC h(i,end);
else
coeff p COP_h(i,:)=polyfit (P _max_hp h(i,:),COP_DC _h(i,:),polyn degree);
COP_DC _h eff(i)=polyval (coeff p COP_h(i,:), (Ehp h(i)/tau_res(i)));
end

f_COP(1})=CR({i)/{0.1+CR(i)*0.9);
COP_h(i)=f_COP(i)*COP_DC_h_eff (i);
Ehp us_h(i)=Ehp_h(i)/COP_h(i);

end
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if Ehp d(i)==

COP_d(i)=0;

Ehp_us_d(i)=0;
else

COP_d(i)=COP_DC_d(i);

Ehp us_d(i)=Ehp_d(i)/COP_d(i);
end

Ehp_us(i)=Ehp_us_h(i)+Ehp_us_d(i);
if Ehp_us(i)==

COP_tot (1)=0;
else

COP_tot (i)=Ehp(i) /Ehp_us(i);
end

% Storage temperature update
Ts_h(i+1)=Ts_h(i)+3600/(Vs_h+*4.18)*(Ehp_h(i)+Eh(i)-Elost_buil (i) -Elost_s_h(i));
Ts_d(i+1)=Ts_d(i)+3600/(Vs_d*4.18)*(Ehp_d(i)+Ed(i)-Edhw_buil(i)-Elost_s_d(i));

end

% Determination of the seasonal values of the energy delivered and used
% by the heat pump and back-up system

% and of the energy required by the building

TOT_Ehp=sum(Ehp) ;

TOT_Ehp_us=sum(Ehp_us) ;

TOT_Ebackup=sum (Ebackup) ;

TOT_Ebackup_us=sum (Ebackup_us) ;

TOT_Elost_buil=sum(Elost_buil) ;

TOT_Edhw_buil=sum(Edhw_buil) ;

% Determination of SCOP, FUE, phi

SCOP=TOT_Ehp/TOT_Ehp_us

FUE= (TOT_Elost_buil+TOT_Edhw_buil)/(TOT_Ehp_us/eta+TOT_Ebackup_us)
phi=TOT_Ebackup/ (TOT_Ebackup+TOT_Ehp)

% Graph of the interpolation of the heat pump power data in heating mode,

% for the maximum storage temperature, at the maximum frequency

figure (1)

x=linspace(-20,35,56);

y=polyval (coeff2(1,:),x);

plot (Text_hp, P_Tsmax_h(:,1), 'b*")

hold on

plot(x,y, 'b")

xlabel ('Text [°C]')

ylabel ('Power in heating mode, at the maximum storage temperature at the maximum ¥
frequency [kW]')

legend('Input data', 'Interpolating polynomial')

title('Interpolation of the heat pump power data in heating mode, for the maximum ¥
storage temperature and maximum frequency' )

% Graph of the interpolation of the heat pump COP data in heating mode,
% for the maximum storage temperature, at the maximum frequency
figure(2)

yy=polyval (coeff4(1,:),x);

plot (Text_hp, COP_Tsmax_h(:,1), 'x*')

hold on

plot(x,yy,'x")

xlabel ('Text [°C]')

ylabel ('COP in heating mode, at the maximum storage temperature at the maximum ¢
frequency')

legend('Input data', 'Interpoclating polynomial')

title('Interpolation of the heat pump COP data in heating mode, for the maximum ¥
storage temperature and maximum frequency')
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7.2 MATLABCODEFOR AWHGOGWATER HEAT PUMMPS SUMMER

OPERATION
MATLAB Workspace Page 1

Name Value Min Max
EE b_eff 0.8700 0.8700 0.8700
(4 COP_d_Tsmax_d 4x5 double 3.7400 6
}:H COP_d_Tsmin_d 4x5 double 3.9300 6.3600
Hﬂ Edhw_buil 3672x1 double 0 2.1788
I:H EER_cc_Tsmax_c 4x5 double 2.9700 5.4300
Hj EER_cc_Tsmin_c 4x5 double 2.7800 5.0400
EH EER _cd_Tsmax_c [2.45002.59002.63002.54002.23... 2.1100 2.6300
Hj EER_cd_Tsmin_c [2.30002.43002.46002.39002.08... 1.9500 2.4600
Hj Egain_buil 3672x1 double 0 10.2652
EH eta 0.4600 04600 0.4600
Hj freq [11090 7050 30] 30 110
Hj P_cc_Tsmax_c 4x5 double 2.6100 11.2000
EE] P_cc_Tsmin_c 4x5 double 24300 10.6000
Hj P_cd_Tsmax_c [8.86007.11005.45003.84002.30... 2.2400 8.8600
i P_cd_Tsmin_c [8.25006.64005.07003.58002.14... 2.0700 8.2500
EH P_d_Tsmax_d 4x5 double 3.9800 22.4000
EH P_d_Tsmin_d 4x5 double 4.0300 22.7000
HH Text 3672x1 double 9.9500 35.5000
I:E Text_hp [20253035] 20 35
EH Tsmax_c 7 7 7
HH Tsmax_d 50 50 50
Hj Tsmin_c 5 5 5
- Tsmin_d 48 48 48
HH Tsroom 3672x1 double 27 27
Huc 0.0012 0.0012  0.0012
Hj u.d 0.0033 0.0033 0.0033
Hvsc 200 200 200
Hj Vs d 1600 1600 1600
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HOURLY SIMULATION OF A MULTIFUNCTION ELECTRIC AIR-TO-WATER HEAT PUMP
SUMMER OPERATION: COOLING + DHW MODE

o0 op

o

% Interpolation of the heat pump power, EER and COP data
for i=1:length(freq)

coeff di(i,:)=polyfit(Text_hp',P_d Tsmin d(:,1i),2);
coeff dz(i,:)=polyfit(Text_hp',P_d Tsmax d(:,1),2);
coeff d3(i,:)=polyfit(Text_hp',COP d Tsmin d(:,1),2);
coeff d4(i,:)=polyfit(Text_hp',K COP_d Tsmax d(:,1i),2);

coeff ccl(i,:)=polyfit(Text_hp',P_cc Tsmin c(:,i),2);
coeff cc2(i,:)=polyfit(Text_hp',P_cc Tsmax c(:,i),2);
coeff cc3(i,:})=polyfit(Text_hp',EER_cc_Tsmin c(:,1i),2);
coeff cca(i,:)=polyfit(Text_hp',EER_cc_Tsmax c(:,1i),2);

coeff cdl(i,:)=polyfit([Tsmin_d Tsmax d]',P_cd_ Tsmin_c(:,1),1);
coeff cd2(i,:)=polyfit([Tsmin d Tsmax d]',6P_cd Tsmax_c(:,1),1);
coeff cd3 (i, :)=polyfit([Tsmin_d Tsmax d]',EER_cd Tsmin c(:,1),1);
coeff cd4 (i, :)=polyfit([Tsmin_d Tsmax d]',6EER_cd Tsmax c(:,i),1);

P_int_d_min_d(:,i)=polyval(coeff_d1(i,:),Text);
P_int_d max_d(:,i)=polyval(coeff d2(i,:),Text);
COP_int_d_min d(:,i)=polyval(coeff d3(i,:), Text);
COP_int_d max d{:,i)=polyval(coeff d4(i,:), Text);

P_int_cc_min_c(:,1i)=polyval (coeff_ccl(i,:),Text);

P_int_cc_max c(:,1i)=polyval (coeff cc2(i,:),Text);

EER_int_cc_min_c(:,1i)=polyval (coeff cc3(i,:),Text);

EER_int_cc_max_c(:,1i)=polyval (coeff cc4(i,:), Text);
end

% Initialization of the storage temperature
Ts_c(l)=Tsmax_c;
Ts_d(1)=Tsmin_d;
% For-loop
for i=1:length(Text)
if Text (i)<17
Egain_buil (i)=0;
else
Egain_buil(i)=0.537864706*Text(i)—8.605835294;
end

% Interpolation of the heat pump power and EER data for cooling+DHW
% mode
for r=1:length(freq)
P_int_cd min_c(i,r)=polyval (coeff cdl(x,:),Ts_d(i));
P_int_cd max c(i,r)=polyval (coeff cd2(x,:),Ts_d(i));
EER int_cd min c(i,r)=polyval (coeff cd3(r,:),Ts_d(i));
EER_int_cd_max_c (i, r)=polyval (coeff cda(r,:),Ts_d(i));
end

% Determination of the hourly values of the storage energy
Es_c(i)=Vs_c*4.18*(Tsmax_c-Ts_c(i))/3600;
Es_d(i):Vs_d*4.18*(Ts_d(i)-Tsmin_d)/BGOO;
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% Determination of the hourly values of the energy lost/gained by the
% storages

Egain_s c(i)=U_c*(Tsroom(i)-Ts_c(i));

Elost_s d(i)=U_d*(Ts_d(i)-Tsroom(i));

% Determination of the heat pump mode
if (Egain_buil (i)+Egain_s_c(i))<=Es_c(i) %-> HEAT PUMP IN DHW-only mode

marker(i)=1;

% Determination of the hourly values of the maximum heat pump power
% and COP_DC in DHW-only mode
for r=1:length(freq)
P_max_hp(i,r)=P_int_d min_d(i,r)}+(Ts_d(i)-Tsmin_d)*(P_int_d_max d(i,r)- 4
P_int_d min_d(i,r))/(Tsmax_d-Tsmin d);
COP_DC(i,r)=COP_int_d min d(i,r)+(Ts_d(i)-Tsmin_d)*(COP_int_d max_d(i,r)- "4
COP_int_d_min _d(i,r))/(Tsmax_d-Tsmin_d) ;
end

% Determination of the hourly values of the energy delivered by the
% heat pump in DHW-only mode
if (Ts_d(i)+3600/(4.18*Vs_d)*(P_max hp(i,1)-Edhw buil (i)-Elost_s d(i))) ¢
<=Tsmax_d
Ehp_dd(i)=P_max_hp(i,1};
else
Ehp_dd(i)=Edhw_buil (i)+Elost_s_d(i)+Vs_d*4.18/3600* (Tsmax d-Ts_d(i));
end

if Ehp_dd(i)<0
disp('ERROR_1')
break

end

% Determination of the hourly values of the COP and electric energy
% used by the heat pump in DHW-only mode
if Ehp dd(i)==0

CR(1i)=0;

COP_DC_eff(i)=0;

£_COP(i)=0;

COP(1})=0;

Ehp_us(i)=0;

else

if Ehp_dd(i)/P_max_hp (i, end)>1
CR(i)=1;

else
CR(i)=Ehp dd(i}/P _max hp(i,end);

end

if Ehp_dd(i)<P_max_hp(i, end)
COP_DC_eff (1)=COP_DC(i,end) ;
elseif length(freq)==
COP_DC_eff (i)=COP_DC(i,end) ;
else
coeff p COP(i,:)=polyfit(P_max hp(i,:),COP_DC(i,:),2);
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