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Abstract

Abstract in English

The present thesis analyzéhe startup phenomenon (stawp transient) of a prototype of a
dualsource (airground) heat pump, manufactured by ratiotherm GmbH & Co. KG and
installed at the Technische Hochschule Ingolstadt.

The study has a dual objective: to analyze the-gfarof the prototype and to develop a
simulation model capable of predicting its operation

A total of 41 experiments were carried out: 36 using air as the source and 5 using the ground as
the sourceSeveral key parameters were selected based on the available literature, and each
experiment was conducted by varying one of these parameters.

By analyzing the experimental results, it becomes evident thaPribyortional Integral
Derivative (PID) controllerof the expansion valve plays a fundamental role in the-gpart
causing the obtained results to deviate from the expected ones.

Three different simulation models were then developed and compared with each other. The first
model is based on the penalty concept, the second was developed using polynomial equations,
and the third using transfer functions.

Among the three models, the most reliable are the one based on the penalty concept and the one
based on transfer functions. Between the two, the first is the simplest and therefore easily
implementable, whereas the second, although more complex, gereiatetion that directly
approximates the entire staup transient.

In conclusion, the PID of the expansion valve plays an important role in theugtart
phenomenon. In the analyzed prototype, several improvements must be made to the PID in
order to reduce the starp time of the machine and increase its performance.sfdreup
simulation model based on transfer functions proves to be the best, thanks to its reliability and
its ability to accurately approximate the stapttransient.

Abstract in Italiano

La presente tesinalizza il fenomeno dello staup (transitorio di avviamento) di un prototipo

di una pompa di calore a doppia sorgente {&@rigeno), prodotto deatiotherm GmbH & Co.

KG e installato presso la Technische Hochschule Ingolstadt.

Lo studio ha un duplice scopo: analizzare lo siartiel prototipo, e sviluppare un modello di
simulazione capace di prevederne il funzionamento

Sono stati condotti in totale 41 esperiment.
il terreno come sorgenté&ono stati selezionati alcuni parametri chiave, sulla base della
letteratura disponibile, ed ogni esperimento é stato condotto variando uno di questi parametri.
Analizzando i risultati degli esperimenti risulta evidente dheontrollore Proporzionale
Integralé Derivativo (PID)della valvola di espansione gioca un ruolo fondamentale nelle start
up, facendo discostare i risultati ottenuti da quelli attesi.

Sono statpoi sviluppati tre differenti modelli di simulazione e confrontati fra di loro. Il primo
modello si basa sul concetto di penalita, il secondo e stato sviluppato mediante equazioni
polinomiali ed il terzo mediante funzioni di trasferimento.

Tra i tre modelli, i piu affidabili risultano essere quello basato sul concetto di penalita e quello
basato sulle funzioni di trasferimento. Fra i due, il primo risulta essere il piu semplice e quindi
facilmente realizzabile, mentre il secondo, pur sequinplesso, genera una funzione che
approssima direttamente tutto il transitorio di avviamento.

In definitiva, il PID della valvola di espansione gioca un ruolo importaatéenomeno dello
startup. Nel prototipo analizzato, devono essere effettuate diverse migliorie sul PID per ridurre
i tempi di avviamento della macchina ed aumentarne le prestazioni. Il modello di simulazione



dello startup mediante funzioni di trasferimento risulta essere il migliore, grazie alla sua
affidabilita ed alla capacita di approssimare bene il transitorio di avviamento.
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Chapter 1
| ntroductasensandycdescr i

1.1 I ntroduction
¢The Commi ssion has, I n its communication o
Green Deal 06, set out a new growth strategy

prosperous society, with a modern, resowgffeient and competitive economwhere there
are no net emissions of greenhouse gases in 2050 and where economic growth is decoupled
from resource use. The European Green Deal also aims to protect, conserve and enhance the

Uni onds natur al capi t al-heingaoncdizens franteavoanmenth e h e
related risks and impactq.®)

In 2021, the European UnidRU) adopted its first European Climate Law, establishing legally
binding targets to achieve climate neutrality by 2050. The Regulation also sets an intermediate
objective of a 55% reduction in greenhouse gas emissions by 2030 compared to 1990 levels. In
accodance with the provisions of the Climate Law, the European Commission further
recommended, in February 2024, an additional intermediate target of a 90% reduction in
emi ssions by 2040, t her etdwgrdsloagemfclonateneutrglityt he E
[2].

In 2023, total greenhouse gas emissions in the European Union (includiagsigndneuse
change, forestry, and indirect co , and exc
navigation) were 37% lower than in 1990, corresponding to a reductib@28 million tons

of CO é. Batviean®022 and 2023, emissions decreased by 8.9%, corresponding to a
reduction of 285 million tons of CO equi val
From 1990 to 2023 there has been a marked decoupling between gross domestic product and
emissions: while gross domestic product grew by 70%, greenhouse gas emissions declined by
37%. This overall trend reflects a combination of factors, including a rséiage of renewable

energy, the gradual substitution of coal with less cathtamsive fossil fuels, improvements

in energy efficiency, and broader structural changes in the economy.

Greenhouse gas emissions decreased in the majority of sectors between 1990 and 2023, with
the notable exception of transport, refrigeration and air conditioning, where emissions
increased, and forest land, where net removals decreased and the negatiaecetarated in

the past few yealg].

In the case of refrigeration and air conditioning, the increase is associated with direct emissions
of hydrofluorocarbons (HFCs), released from leaks of refrigerant fluids in heat pumps, air
conditioners, and refrigeration equipment.

For these applications, two distinct effects should be considered:

91 Direct emissions caused by refrigerant leaks
1 Indirect emissions resulting from the consumption of electrical energy.

The indirectemissios depend on the type of energy source used for electricity production, on
the efficiency of energproduction andransport, and on the efficiency of the heat pump or
refrigeration system. In thAnnual European Union Greenhouse Gas Inventonyy direct
emissions are considered, while indirect emissions are allocated to other, seatbras

tco equivalent is a measure that expresses the gl oba
relative to the same amount of carbon dioxide (CO ).

4



emissions in the residential sectwhere emissionslso represented one of the largest
reductions thanks to theenergy efficiency improvements from better insulation standards in
buildings and a less carbamensive fuel mix

The dataof the Annual European Union Greenhouse Gas Inven@rghow that, from 1990

to 2023, while indirect emissions were decreastligect emissions were increasinghis

resulted from the introduction of the HFCs in the EU market at the end of 1990, as alternatives
to ozonedepletingsubstances which are phased out under the Montreal Protbheir use
increased strongly over the next two decades and due to their high global warming potential
HFC emissions became significant with growing use.

The Fluorinated Greenhouse Gase$s@ses), whiclinclude hydrofluorocarbondHFCg and
perfluorocarbongPFCg, account for about 2% of total greenhouse gas emissions in the
European Union in 2023, where 90% come from refrigeration and air conditioning.

In 2023, HFCs emissions from refrigeration and air conditioning enormously increased since
1990 in the EU, but decreased by 5% compared to 2022 which is due to the measures of the EU
F-gas Regulation, which introduces a stepwise pbas®f HFCs, startingh 2015 and aiming

at a complete termination of use by 2050, supported by complementary measures such as bans
for specific applications, recovery obligations, and personnel training requiref@ents

In order to reduce emissiofrf®m refrigeration and air conditioning, according to the plans of

the European Uniont is necessary to reduce bathiectand indirect emissions.

This study focuses on reducing indirect emissionanmslyzingthe startup phenomenon in a
dualsource heat pumgnd developing a simulation model based on the collected data.

The starup is the initial operating phase of the heat pump during which the system transitions
from rest to steadgtate conditions and during this phase, for a certain time, there is a transient:
that means that during the stap timethe normal opeting conditions are altered and that
leads to a decrease in the efficiency of the heat pump.

A dualsource heat pump is a heat pump able to use two different sources (air and ground in the
caseanalyzel.

The present study is structured into four chapters

1 Chapter 1includes this introduction and provides a general overview of the zaualy
dualsource heat pump and of the st#ptphenomena.

1 Chapter 2 describes the experimental methodolagyd presents the experimental
results and their discussion.

1 Chapter 3 focuses on the development of a simulation model based on the data
collected and presented in Chaert his model is able to simulate the dgalrce heat
pump including the startip phenomena. The chapter includes both the methodology
adopted to build the model and the results and discussion obtained from its execution.

1 Chapter 4 summarizes the main conclusions of the study.

2 The Montreal Protocol is an international treaty aimed at reducing the production and use of substances that
deplete the ozone layer, particularly chlorofluorocarbons (CFCs).
3 The Global Warming Potential (GWP) is a relative measure of how much heat a given mass of a greenhouse

gas traps in the atmosphere, compared to the heat t
(typically 100 years). This index is tledore based on a relative scale, comparing the gas under consideration to
an equal mass of CO , whose GWP is, by definition,

5



l12Duaslource heat pump description

A heat pumgHP)is a thermal machingatcan absorb heat from the external ambient at a low
temperature and release heat in an internal ambiertiglher temperature. This is possible by
supplying work to the heaump in accordance with the second law of thermodynamics, which
states that heat cannot flow spontaneously from a colder to a hotter reseéguowe 1.1 shows

a functional scheme of a generic heat pump:

SET B

Figlbr-Bunctional gesntheime @fuma

SETA isthe higher temperatuspurceand SET B is thiowertemperatursource The thermal
machine TMextractsenergyd from SETB and sendlenergyd to SET A. This process
required energy) becauseof the inversion ofaturalheat flow. When the HPoperatesn
heating modeSET A is the internalisk while SET B is the externair.

The coefficient operformanceCOP* of the HP cguld be obtained as follows:
, U

000U 5 Q)
A heat pump can use different types of energy sources. As an external cold source, air (A),
water (W), or ground (B) can be used, while as an internal hot source, either air or water can be
used. The source temperatures play an important role in the COP.
Doing an energy balance on the system reportétjure 1.1t is possible to obtain:
0 0 0

4The COP defined as the ratio of energies is a performance factor related to an extended period of operation.
The COP can also be defined as the ratio of powers when referring to instanfzerémusance.



w ow v
OLULD =——
v U
According tothe second law of thermodynamics:
“ v v
Y ~ Ty I
where'Y is the generation of entropy¥ the temperature of SET A aid the temperature
of SET B.Assuming the thermal machirereversible, it is possible to obtain:

v v U
Y 1
o Y
o Y
.o Y 5
600 (
where the (2) is the theoretical COP, or COP of Carnot. The (2) atsadewritten as:
W oo P
NVINY] ~ 3)
Py

From the (3) it is possible to observe that if the external tempefatimereassthen thed 0 0
increaseswhile if the internal temperaturéf increase then thed 0 0 decreases

VAR NG

AL IR K12
For this reason, fatHP in heating mode it is important that the external temperature ismot
low and that the internal temperatisenottoo high. [4]
A HP is made up of an evaporator, a compressor, a condenser and an expansionsvelvea) as
in Figure 1.2:

SETA
{on

Condenser

ion \
X DINC

Compressor

Evaporator

{Fon

SET B

Figuriegc HHe BaHPo fwiitdtshmponent s




A HP operates through a closed cycle using a refrigerant that continuously dt@pgase to
transfer heat from a colth a warmsource. The refrigerant absorbs heat and evaporates in the
evaporator, isthen compressed to raise its pressure and temperature, releases heat and
condenses in theondenser and finally expanded to restart the cycle. With this process, a
small input of work moves a larger amount of heatrigure 1.2 the blue lines represent the
low-pressurdemperaturesections of the circuit while the red linesindicate the high
pressurdemperatureections[5]

A heat pump with air as the external source is called aspaiice heat pump (ASHP), while a
heat pump with the ground as the external source is called a ggourc heat pump (GSHP).
The advantagesf the ASHP are the lowostof investment and the high air availability; the
disadvantage is that the external temperature is not constant,”andei€reases then also the
COP decreases.

Theadvantage of the GSHP is that the temperaitutbe ground is almost constant during the
year and this meanhat the COP ocd GSHP is morgredictable than the one of the ASHP and

it doesnot change when the temperature ofékternalair decreases; the disadvantage is that
the GSHR cost more than the ASHfbecause it is necessary to drill the ground to install the
heat exchanger.

To combine theadvantages of both ASHP and GSHP, a esmirce heat pumDSHP has

been investigated at the Technische Hochschule Ingoisiadt by Reum et al[6]. The cycle
schemas presentedniFigure 13:

ASHX 2

/ﬁ HSHX

GSHX H C2

EV2

[EVI:]

Fi gu3-8cheme ofantdicedo nipSoHR nt s

The differences between a classic R this DSHPare that in this one thereare two
compressors, twexpansion valveand two evaporatoyinstead ofone.In Figure 13 the two
compressors are called C1 and C2, the two valves EVE¥Adthe two evaporators ASHX
(air-source heat exchanger) and GSHX (gresadrce heat exchangeand the condenser is
called HSHX (heating system heat exchangEng low-pressurepart of the circuiis in blue,
themediumpressureartis in green and thhigh-pressurgart isin red Themediumpressure
part corresponds to the grousdurce, which it a higher temperature letbhn the aksource
(when ambient temperature is very low), so the evaporation pressure is also higher

This DSHP can use air, ground, or both sources in paogdkriation(PO); in PO mode both
compressors are activehe technical details of ¢hDSHPandof its components are reported
in Sectionl.3



The DSHP investigated at THI, although based on-dpseeloped and neoptimized
components, demonstrated promising performance. tsoairce operation it outperformed
comparable market systems, mainly due to the large ASHX, while gismurde operation
showed lower efficiency than similar singdeurce units. Parallel operation with two
compressors proved stable, with COP values lying betweesoaice and groursburce
operation7].

Prototype testing demonstrated the reliable performance of the DSHP and showed that smaller
ASHX and GSHX sizes are feasible. DSHPs combine the advantages of air and ground systems
while mitigating their respective limitations, requiring less demandingpg®al conditions

than conventional GSHX systems and achieving higher efficiencies than standard air systems.
Parallel operation of both heat sources improves efficiency compared to air operation and
allows peak heating loads to be covered without relgmglectric heaters, reducing operating
costs. Although efficiency and heating power are slightly lower than in ground operation, the
thermal load on ASHX and GSHX is significantly reduced, enaldismaller GSHX (up to

50% smaller) without sacrificing overall performance and the reduction of ASHX load allows
lower fan speeds, which decreases noise emissions. Combining both sources also increases
flexibility, improves equipment longevity, reduces dsfroycles and allows better heat source
managements].

An analysis of the seasonal and annual energy performance of an innovative DSHP able to use
both ground and outdoor a&s external heat sourcess conductedat the University of
Bologna by Grossi et a]9]. They demonstrated that a DSHP alldesreducingthe ground
temperature drift, especially thepresence of buildings with unbalanced |lqadsl to stabilize

the HP performanceverthe yearsDetermining the right switching temperature to switch from
air-source togroundsource (and vice versa) is possible to maximize the annual energy
performanceand preserve the growsturce functionality during the whole operative life of

the thermal plant

A research by Natale et al. [10] reports that, in order to recharge the ground, it can be convenient
for a DSHP providing only space heating and cooling to operdyein groundsource mode

during summer, if coupled to a building with strongly unbalartveat loads (higher winter
loads).

A GSHX undersized also of 70% can be used in a DSHP to supply the thermal demand of a
building also in the most severe part of the season, thanks to the possibility to switchto an air
source, andts efficiency can be kept high recharging the ground during theoairce mode

[17].

An undersized GSH>also allowsfor limiting the ground temperature drift over tinand for

this reason the recharging process is easier and faster thanoaoveltsizedGSHX [12].

13Techni cal detail s of t he DSHP

The DSHP investigated in this research is located at Technische Hochschule Ingdlstadt

and it was manufactured by the industry partner ratiotherm GmbH & Co. KG. The DSHP is a
prototype based on peveloped components and therefore not optimizedDBi¢P operates

with a dualcompressor refrigerant cycle, where both compressors are fpiitan
technology. The HP capperatewith only one of the two compressors active in sirgglarce
operations or with both compressors active in coalrce operabns. In the case of single
source operations it can work only with the ASHX, forsource operation (ASO), or only
with the GSHX, for groundgource operation (GSO). In the case of éhmlrce operatiqgrit can

work with both ASHX and GSHX in PO. C1 and V1 are used for ASO, C2 and V2 are used for
GSO, and for PO, both C1 and C2, as well as both EV1 and EV2, are used.



The compressors are inverdniven, allowing variablespeed operations, but there is no
automatic control of the frequency; this means that during the tests the frequency was changed
manually. Additionally, the control of the defrosting is not included.

The refrigerant is R454B, a blend of 68.9% of RaAd 31.1% of R1234%f with a global
warming potential (GWP) of 466 and widim A2L’ safety classification. Although most of the
components were designed for R410A or R32, R454B is close thermodynamically to these two
refrigerantq7].

The main components of the DSHP are listed in Taldle

Tabll.eMai n components of the DSHP

Component ab Used compo Det ai l s
Cl1l GMCCKTN150D42Di spl acement
C2 GMCC KTN110D4/ Di spl acement
EV1 DunAn DPF1I®BUL. Max orifice:
EV2 DunAn DPHRAOBl1. Max orifice:
GSHX Danf osE36D6 2 No. of plate
HSHX Swep iB®5 No. of ©plate
|l nverter|Bonfigli ©l9% 2AMax capacity

14St aurpt

The starup is the initial operating phase of the heat pump during which the system transitions

from rest to steadgtate conditions. During the stanp ofa HP, for a certain time, there is a

transient. That means that during the st@rttimeo the normal operating conditions are
alteredThe transient operation of a HP affects
capacities, the efficiency and the seasonal
are the refrigerant dynamics, Hhe eexphaemrsnadn ndac
It has been proven, i n af IstJudcyatcdrdcudtread shyer
dur i ng-utphablPs tAdrAt (air to air) operating in coc

indoor drybulb temperature
outdoor drybulb temperature
indoor relative humidity
cycling rate

percent ONtime

arwnE

The se@etuditned by this research are:

1 The duration of the thermal transieistlonger than the duration of the electrical
transient

Thed decreases if the indoor dbulb temperature increases

Thed remairsalmost constanvhen the outdoor drpulb temperature changes.

= =

5 Belonging to the family of hydrofluorocarbons (HFCs).

6 Belonging to the family of hydrofluoroolefins (HFOs), these refrigerants represent a new generation
characterized by a low GWP, due to their short atmospheric lifetime.

" A2L refrigerants are characterized by low toxicity and mild flammability.

10



Figurel.4summarizes the main result obtained by Katipamula, showing that thestarte
of a refrigeration system decreases with increasing internal temperature, and that the electrical
startup time is consistently shorter than the cooling capacity-sgatime.

Sztf?rt-Up Time vs Internal Temperature for a Refrigeration Machine

=—8— Cooling Capacity Start-Up Time
18 —E— Electrical Start-Up Time -

16 - A

Startup Time (min)
2 N~ =
T T T

co
T
1

20 21 22 23 24 25 26
Internal Temperature (°C)
Fi guda-8chenragnd eocft r iccall gt mgptl me shd/demper at ur e

Mur phy and (G®8 Brdespcohrntieddt t hat t he ntilgeoatdieomrs eo f
t ® heevapoogaussed noticeable power differences
st-apdnd some of these occurred due to a dire
and the evapor &t9oB@ndTaviud krao,y (EABdanb.ieditogat ed
di stribution of refrigerant and -lifartieatainan sd fe
up conditions The test resul tusp,i mMmotrhee tchaaml it
the refrigerant was in wahe lkivapiodat ©he asduay
takes al most 10 mbshat es aihmoeaiantt btragfee actilwvsee 3 d ¢
was due to unequal refrigerant distribution
(due to the mass ofl nt tenichatsedna v asmiguane 2061 | s
pump was reduced in transient mode

The result obtained that tibe decreases if the indoor dhulb temperature increases probably
depends on the migration of refrigerant frimacondenser tthe evaporator. In cooling mode,

the evaporator is located indoors, and its performance duringiptarinfluenced by the indoor
dry-bulb temperaturéeWhen the indoor temperature increases, the pressure gradient between
the condenser and the evaporator becomes lower, resulting in lower refrigerant migration from
the condenser to the evaporator when the cooling machine is off. Furthermore, the higiter indo
temperature allows the refrigerant to evaporate more quidldya result, the stkup time
decreases with higher indoor temperatures, even though the total cooling load may be greater.
For this reason it is expected that, in heating mode, theugtditne decreases as the outdoor
temperature increases, because in heating mode theratar is outside.

This was demonstrated in a study conducted by Zhaowei Xu[g&8#Rlin which the startip of

a heat pump in heating mode was tested under varying outdoor temperatures. The results
showed that an increase in outdoor temperature led to a reduction-urpstiane. Furthermore,
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it was demonstrated that stah losses decrease as ambient temperature rises. This occurs
because part of the power consumption during-staiis required to establish the refrigerant
pressure difference between the condenser and the evaporator. Wietethal temperature
decreases, while the internal temperature is kept constant, the resulting increase in pressure
difference leads to higher power consumption during thegaprocess

The research by Uhlmann and Bert$th] suggests a clear correlation between thdiofé
duration of a heat pump and the COP observed duringugtaiithis happens because, when the
heat pump is off, the refrigerant slowly moves from the condenser to the evapmexjoalize
pressure levelsThe longer the heat pump remains off, the more refrigerant accumulates in the
evaporatoyr cools downand becomes (partly) liquidAs a result, upon staup, the system
requires moréme andenergy to recompressé@reheat the refrigerant, which delays the return

to optimal operating conditions and reduces the initial CIO®. study links this behavior to

the concept of duty cycle, defined as the ratio betweeadtne time of thdneat pump and the

total cycle time, expressed as a percentBigie case odnair-source hegbump the research
shows that short run times (low duty cycles) lead to performance losses of Bb¥utThese
losses are due to heat dissipation duringiofé and the energy required tegstablish pressure

and temperature conditions. However, when the time exceeds 1Q5 minutes, the
performance degradation beconneigimal.

For geothermal heat pumps, the behavior is notably different. The study demonstrates that lower
duty cycles caimmprove COP.This improvement is not directly related to the stgrtphase,
which remains penalising for the refrigeration cybleyever during theoff-time, the borehole
thermally regeneratesallowing the system to restart with a higher source temperature. This
leads to efficiency gains of up to 5% in dry boreholes, and potentially more in wet boreholes
due to faster thermal recovery

Roccatello et a[16] studied the drop of the COP and theduring the transient; the COP drop

is defined as follows:

(4)

whed®0i s the aver age -u®pOPa nddi Dti megt h e G®R-aidy t h
st dthey sted @0 eamdthed as functions of the steadyate frequencyi (i) &hd

of the difference between the temperature of the water at the setpoint and the temperature of
the water at time 0 in thgink systemY"Y “Yi "Y1 . The influence of the initial
temperatur€Yy, is limited, asshownby experimental data results, but it is used to calculate the

Y'Y .Experimental data show that the HP under some conditions can take up to 20 min before

it comes up to capacity, and during this time the COP degrades to about 15% from the nominal
COP. Furthermore, thie increasesvith theriseof thei i af¥requencies below 30 Hz, while

it decreases with the increase of the ssf at frequencies above 30 Hz. Fieddlyj 10 is

more affected by"Y  for low frequencies than for high frequencies

Dongellini and Morini[17] calculated the seasonal efficiency of a heating system for three
reversible ahto-water heat pumps having equivalent thermal performance at full load but
different power modulation capacity: a singlage heat pump, a mutiage heat pump and an
inverter-driven heat pumplhe results highlight that, considering the sirgfiege heat pump as
areference case, the seasonal coefficient of performance SCOP can be increased by about 4.7%
and 18.3% respectively from the mwdtage and the inverteiriven heapump, and the annual
number of cycles can be decreased respectively by about 2.2% and 66.9%. That means that the
modulating units are less influenced by the cycling penalization than the-siagéeunits, as
expected, because of tfeveron-off cycles

As seen by staup literature, it is expected thatd 0 ando for an inverterdriven heat pump
(in heating modeare functions of:
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600 QY | i WY (5)
O QY A im WY (6)
where’Y jis the external temperatuiie,i i¥the frequency of the inverter at the steathte,
0 s the duration time of thehutdownof the HP and/"Y s the difference between the

temperature of the water at the setpoint and the temperature of the water at time 0 in the sink
system.
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Chapter 2
Devel opment and desgri pt.i
experi ments

21Experi menhhaldol ogy

This section presents the experimental methodology adopted in this Htympvides a
description of the experimental setup, including the main components of the system and the
measurement instrumentatiomhe test procedures followed for both the ASO and GSO
experiments are then described, highlighting the operating conditions and control variables
considered in each cagénally, the section introduces the data processing procedure adopted
for the analysis of the experimental datasets.

2.1.1 Experimental setup

The experimental setup consisted of a hydraulic test bench and a climate chamber to generate
suitable ambient conditions.

The hydraulic part of the test bench consists of a heat source and a heat sink. The heat source
circuit is fed by a 28 kW electric heater with a 2000 | water storage tank. The circuit can control
the feed temperature and the volume flow into the test éeRicsubstance separation with a

heat exchanger allows brine to be used as the flow medium to the test devices, thus allowing
temperatures below 0°C without freezing. The test rig is capable of setting flow rates up to 1500
I/h, although the actual achiduMa values depend on the brine viscosity, operating temperature,
and the hydraulic resistance of the connected test devices. The heat sink circuit is designed in a
similar way, enabling control of both the return temperature to the test device and the
corresponding volume flow. This side is powered by a 75 kW chiller in combination with two
water storage tanks of 1000 | each. Since the sink generally operates at higher temperatures
than typical ambient conditions, water is used as the heat transfer médiwiih the source

circuit, flow rates up to 2000 I/h can be established, although the actual limit depends on the
hydraulic resistance of the device under test. A dedicated control system manages both the
hydraulic loops and the test units. Supply andrretemperature sensors, together with a
volumetric flow meter, allow accurate determination of the heat flows during operation.

The climate chamber housed the outdoor unit of the DSHP, including the ASHX with its
electronic expansion valve YB). Measuring 2280 x 2330 x 3680 mm, it was supplied by an
arconditioning unit capable of setting inlet
airflow rates from 1000 to 4000 m3/h. Air was evenly distributed by four dispensers, while an
outlet fan ensured pressure balance through atfioaugh design. Sincéié ASHX extracts

heat from the chamber, the setpoints of thecairditioning system had to be adjusted to
maintain stable conditiorig].

Operatiors were managed by a LabVIEWased control system connected to data loggers,
which handled data acquisition and PID regulation of pumps and valves for temperature and
flow control. Specifically, the volume flow is controlled by a PID loop adjusting the flow
control valve, while the return temperature is regulated by a-d@irolled mixing valve
comparing the measured return temperature to the sefppint

All measurement data are continuously recorded by the LabVIEW program aibHie
monitoring system, allowing for subsequent processing and analysis using MATBLLAB

A simplified scheme of the experimental setup is reportéagure 2.1:
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Dual-source heat pump

Ot Qt
GSHX 4= ASHX
H Climate chamber

Test bench

=8

Figurigchelme of the experimental setup

In Figure 2.1, theluatsource heat pump and ttest benchare highlighted inblack The test
benchconsists of the heat source (radd the heat sink (brown). The climate chamber is shown

in blue. Red arrows indicate the flow of hot water/brine, while light blue arrows represent the
cold return flow.

The GSHX extracts enerd®@t) from the hot brineheatedby the heat sourcasing electrical

energy and after which the cooled brine returns to the heat source to be reheated by an electric
resistance heater. The heat source can therefore simulate ground conditions, with the extracted
energy being transferred to the HSHX. In parallel, the ASHX extheetisfrom the aifQt) and

also delivers it to the HSHX.

Within the HSHX, water is heated and subsequently sent to the heat sink, which simulates space
heating or domestic hot water demand by cooling the water before it returns to the HSHX to be
reheated.

21 . T2st procedure

This sectiondescribes the test procedure based on the literature reviewgeciion1.4.
As observed, the stamp of an invertedriven heat pump (in heating mode) depends on
Y i i1h® andY'Y

This research focuses on an invedearen dualsource heat pump (in heating mod®) air
source operation and grousdurce operatiaon

2. 1. 2tksAS@rocedure

For airsource operatiofASO), it is expectedhatY’Y varies witho  and withi i, 6t
its influence is not particularly relevargspeciallyat highi i, & reported by Roccatello et al.
For this reason, thmaintests focused only oty i i afd o

The approach is to select three values for ea ofi | ad 0 , leading to 27 staips of
the DSHP and subsequent data analysis. The three values are repbétieie i

TablleVa2 ues assumed byfdrheARO@ntrol variabl es

Control Val ue 1 Val ue 7 Val ue J
Y op 20 AcC 7 AC 2 ACcC
i1 Q 25 % 50 % 75 %

o] 60 min 10 mi n 2mi n

AlargerangeofY i s chosen to get a better viiew of
the room temperature, which makes the experiment easier becavsenivt necessary to
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refrigerate the climate chamber, while 7 AC
for this DSHP in steadgtate conditions. Negative temperatures are not considered because
defrosting is not optimized for this DSHP.

Regarding theé i, e three chosen values have already been studied for this DSHP during
startup and are therefore predictable.

Concerningd , 60 minutess a reasonable duration to expect that most of the refrigeaant
moved from the condenser to the evaporator generating a loss of efficiency, Whiedl

2 minutes are included to study what happens with more frequentupgart0 minutes
represents cycling operation, 2 minutes represent losses e.g. during defrosting cycles.

By combining these three control variables, 27 combinations can be obtained, which provide a
good approximation of what happens to important paramdtarsdifferent external
temperatures, different starp frequencies, and differeshutdowndurations.Some of the
important parameters are the COP during the-sfarthe duration time of the starpo , and

the average thermal and electrical powers during-sfatin Table2.2 are reporteall the 27
combinatiors of the 3 variables.

Tabl2eM&2i.n experi ments with al/l 27 combinations of

"I H J||"H(')Ff'| R Volume flow heat sink J||n ofm -
TEST N° [%] [°C] [min] [1/h] [°C]
TEST 1 25% 20 60 950 30
TEST 2 25% 20 10 950 30
TEST 3 25% 20 2 950 30
TEST 4 50% 20 60 950 30
TEST5 50% 20 10 950 30
TEST 6 50% 20 2 950 30
TEST 7 75% 20 60 950 30
TEST 8 75% 20 10 950 30
TEST 9 75% 20 2 950 30
TEST 10 25% 7 60 950 30
TEST 11 25% 7 10 950 30
TEST 12 25% 7 2 950 30
TEST 13 50% 7 60 950 30
TEST 14 50% 7 10 950 30
TEST 15 50% 7 2 950 30
TEST 16 75% 7 60 950 30
TEST 17 75% 7 10 950 30
TEST 18 75% 7 2 950 30
TEST 19 25% 2 60 950 30
TEST 20 25% 2 10 950 30
TEST 21 25% 2 2 950 30
TEST 22 50% 2 60 950 30
TEST 23 50% 2 10 950 30
TEST 24 50% 2 2 950 30
TEST 25 75% 2 60 950 30
TEST 26 75% 2 10 950 30
TEST 27 75% 2 2 950 30
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Before each test, the heat pump is turned on and allowed to operath. fdhi$ operating
period ensures a standard starting condition. After this time, the heat pump is switched off for
the duration of theshutdownprescribed by the experiment. Once the heat pump is turned on
again, it is allowed to run for i to give enough time for the stanp to complete and for
fluctuations to stabilize. In this way, it is also possible to perform a new test immediately after
the previous one (since the system megito the standard condition) by turning the heat pump
off again and letting it rest for trehutdownduration required for the subsequent test.

The volume flow of the heat sink is kept constanbat+ta n d

inside the HSHX is kept constant at 30%6r this reason,the temperature differencé’Y
between the water inlet and outlet of the HP is not constant across all experiments.

t he i

nl

et

In addition to these 27 experimengsiother9 experiments were conducted to investighe
effects of longero
, while Table 2.4 reports the additional 4 experiments for high¢ér . The higher

longer o

Y'Y was obtained by varyingy'y and"Y

and higherY"Y

wat er

. Table 2.3 reports the additional 5 experiments for

, Which are respectively the temperature of

the water at time O in the sink system and the inlet water temperature in the HSHX. It is
importantto remember tha¥"Y
experimental data andorresponds to the outlet water temperature ofHB&1X, which is
always higher thariY

h

Ve

Ve

where”Yy

can be obtained by

Tabl3eAd2di ti onal 5 expefomeA8E® for | onger
"I "H A hei W11 | Volume flow heatsink | 3. ofw: . g
TEST N° [%] [°C] [min] [1/h] [°C]
TEST 28 50% 20 180 950 30
TEST 29 25% 20 3600 950 30
TEST 30 50% 20 3600 950 30
TEST 31 50% 20 3600 950 30
TEST 32 75% 20 3600 950 30
TabldeA®Rdi tdecxmpalr i mentYY ffor WiS®her
TEST 1 "H Arnai UEER Volume flow heat | 3| ofm::+ § 2ok
N° [%] [°C] [min] sink [I/h] [°C] [°C]
TESB3 50% 7 60 950 30 20
TESB4 50% 7 60 950 50 20
TEST 3 50% 20 60 950 50 20
TEST 3 50% 20 60 950 30 20

2. 1G302% st
For groundsource operation (GSO), as reported by Uhlmann and B4gftSththe efficiency
of a groundsource heat pump is expected to increase with increasing since a longer stop

time allows the ground to thermally recharge. However, this effect cannot be measured in the
present DSHP, because the grosodrce is simulated by the test bench rather than a real

borehole.In these experimental serjegbe ground temperature égensiderecalmost constant
throughout the year, and therefore it is not considered as a vabghkenic simulations would

procedur e

be necessary to capture these effects, not conducted in this study.
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For this reason, in GSO the stop time is fixed at 10 minutes and the ground temperature

is fixed at 5 °C, and only two parameters analyzedi i 43dY'Y . Five tests are carried
out, as reported imable 25:

Tabls5eFi2ve experi ments carried out for GSO

TEST| “I'1"H At W11 | Volumeflowheat | . oimi-f  dlof

N° [%] [°C] [min] sink [I/h] [°C] [°C]
TEST 3 50% 5 10 950 30 28
TEST 3 25% 5 10 950 30 28
TEST 3 75% 5 10 950 30 28
TEST 4 50% 5 10 950 30 18
TES®L 50% 5 10 950 50 18

2.1.3 Data analysis

During the experiments, data loggers recorded all measurements every 10 seconds. The data
are in .txt and .csv formats, but a MATLAB script provided by THI allows converting them
into a timetable in MATLAB. The timetable contains many parameters, sugaasdpower,
electrical power, COP, and others.

In order to extract and analyze these dita necessary to develop a MATLAB script which
allows the extraction from the timetable of the heating power, the electrical power and the COP,
calculating the stamip time for each of them as well as the average value during this time.
Developing the script can be challenging due to the possible fluctuations of the expansion valve
during ASO. As described by Reum et al. [6], duringsaurce operation measurements,
significant fluctuations in both the COP and the heating power were observed. These
fluctuations were caused by variations in the evaporation pressure, which in turn resulted from
fluctuating superheating temperatures duenstable expansion valve opening. The expansion
valve was not properly controlled; the most likely @issnappropriate PID parameters within

the DSHP software. As a consequence of the fluctuating expansion valve [7], the superheating
temperature at the compressor inlet did not consistently reach the desired values.

Obviously, these fluctuations make the development of the MATLAB code more difficult.
Under normal conditions, the thermal and electrical power are expected to increase
logarithmically until the steadgtate value is reached. However, due to the fluctusitod the
expansion valvewhich lead to variations in both the COP and the thermal palggeloping

a code capable of correctly identifying the stgrttime despite these fluctuations can be
challenging.

The most appropriate approach is therefore to first collect all the experimental data and only
then attempt to develop a code that performs well across the entire dataset. This will be
discussed irsection2.2.1, where different codes capable of determining thelgtatitne will

be implemented and compared.

2 . E2Xperi ment al results and discus

The results of the experiments are presented and discussed sedtiim Three MATLAB
codes for the analysis of the thermal stat(Code A, B, and C) are introduced and tested on
all experiments carried out in the ASO casierwards, the three codes are compared, and the
most suitable one is selected to obtainrdwilts which are then analyzed and discussed.

2. Bthurpt ti me evaluation code

The following describes the procedures used to determine thesstames of the electrical
power and the thermal power, respectively.
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Theelectrical power, in all experiments, showslsehaviorsimilar to a logarithmic function,
as shown in Figure 2.2.

— Electrical Power with Logarithmic Approximation

1000 |

800 /
600 (

400 /

200

Electrical power [W]

Electrical power
Logarithmic approximation
| |

0 10 20 30 40 50 60

Time [min]
Figuri€l2c2rical powerTeas 4&5junction of ti me

To determine the electrical stanp time, it is first necessary to reduce the noise in the data,
which can be done using a moving average. At this point, the sséatéyelectrical power can

be defined as the average value of the smoothed electrical peardhe last 10 minutes, where

the system is considered to have reached sistadky.

Knowing the steadgtate power, it is possible to identify the point at which the-afadnds,
defined as the point where the electrical power reaches at least 95% of itsstatadalue.

The moving average is calculated over 5 minutes, as this is the minimum duration that
sufficiently smooths the functions in all cases, preventing evaluation errors. Larger values were
not considered, as they would excessively slow down the function apprgdlbeasymptote

In Figure 2.3, the electrical power is shown in blue and the smoothed electrical power in red;
the orange rectangle indicates the region where the sttaidyis defined, while the green
dashed line shows where the code identifies the end of theigtart

The thermal power, unlike the electrical power, can assume different forms, as shown in
Figure 2.4. This is caused by the expansion valve: when the expansion valve opens slowly, the
thermal power staitip is longer and the function resembles a logarithmic trend (a), wihde

the expansion valve opens quickiiye thermal power function assumes a sinusoidal form (b)

or an irregular oscillatory form (c). The irregular oscillatory form depends on the expansion
valve acting in an anomalous way.

Determining the thermal stamp can be a big challenge because of the different possible
functions. It is necessary that the MATLAB code recognize which case it is and then use a
different approach depending on the case it is in. In order to do tharediffcodes are
developed and compared, and they are discussed below.
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Electrical power of the HP over time at startup
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Figure 2.4-Thermal power as a function of time for:
(a) logarithmic form- Test 28, (b) sinusoidal foraiTest 15, (c) irregular oscillatory formTest 10

2. 2Cadé A

To determine whether the function is logarithmic or oscillatory, the code calculates the
maximum peak, the minimum peak, and the average thermal power, all over the last 10 minutes,
where the thermal power is considered at stestalie The peak that is farthest from the average
thermal power over the last 10 minutes is then used to calculate the percent deviation from the
mean of these last 10 minutes. For logarithmic forms, the percent deviation is less than 5%,
while for oscillatory functions, where thescillations are larger, the percent deviation exceeds
5%. An example of the application of this methodology is shown in Figure 2.5

If the thermal power follows a logarithmic trend, the procedure is the same as for the electrical
power. It is first necessary to reduce the noise in the data, which can be done using a moving
average. At this point, the steastate thermal power can befthed as the average value of

the smoothed thermal power over the last 10 minutes, where the system is considered to have
reached steadgtate. Knowing the steadsgtate power, it is then possible to identify the point at
which the thermal statip ends, dfined as the point where the thermal power reaches at least
95% of its steadygtate value. The moving average is calculated over 5 minutes, in accordance
with the value chosen for the electrical power, to ensure consistency between the two analyses.
Large values were not considered, as they would excessively flatten the function.
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In Figure 2.6, the thermal power is shown in blue and the smoothed thermal power in red; the
orange rectangle indicates the region where the stgatlyis defined, while the green dashed
line shows where the code identifies the end of the thermalugtart

Thermal power of the HP over time at startup
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If the thermal power follows an oscillatory trend, a moving average of 2 minutes is applied to
reduce the oscillations. After that, a backward loop is initialized to find the first value that is
outside the range defined by the maximum and minimum pealt®edhst 10 minutesan

example is shown in Figure 2.7.
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Thermal power with peaks and 2-min moving average
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Figure 2.8 provides a schematic
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the thermal stastip time from the experimental datasets.
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2. 2Cade B
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in the same way as fACode AO0,

s 5 minutes instead of 2. The higher moving average

smooths the thermal power more and helps the code avoid incorrect evaluatiores2Bigu
shows the same example presented in Figure 2.7, but executed using Code B.
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Thermal power with peaks and 5-min moving average
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Figure 210 provides a schematic overview of the logic implemented in @ofite extracting
the thermal stastip time from the experimental datasets.
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Codes A and B are not always able to identify consistent thermalptaéirnes because the
thermal power function oscillates due to the behavior of the expansion valve. As a result, the
thermal starup is directly linked to the expansion valve: the sysfgessures only reach the
required values once the valve has achieved the necessary opening. A practical solution to
determine the thermal staup time, therefore, is to consider the evaporation and condensation
pressures, which indicate when the syskas effectively stabilized.
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First, a 16minute moving average is applied to the pressure data to reduce noise. After this
filtering, it is possible to identify both the evaporation and condensation pressures at steady
state, calculated as the mean value of the pressure over the last 10 minutes, as shown in Figure
2.11. These steadgtate values are then used to determine the end of thastanase, defined

as the first moment, counting backwards from the end of the measurement, when the moving
average pressure differs by more th&f6 from the steadgtate value. This backward analysis

is necessary because, for example, the condensation pressure starts lower and gradually
increases; if the search were performed from the beginning of the measurement, the code would
detect the end oftartup at time zero instead of at the correct point. Anfifute moving

window is used for this comparison with the steatite average to further reduce fluctuations

in the data. Finally, between the two pressures (evaporation and condensationgehérice

is selected as the thermal stapt time to adopt a conservative approach. An example of the
determination of the thermal starp time for an oscillatory form using Code C is reported in
Figure 2.2.

Condensation and evaporation pressures of the HP over time at startup
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Figure 213 provides a schematic overview of the logic implemented in @ofie extracting
the thermal startip time from the experimental datasets.
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221. 4 Comparison between Code A, Code B and C

Code A performs particularly well when the thermal power follows a logarithmic trend.
However, when the thermal power exhibits an oscillatory form, the code detects tue sbart
early in Tests 1, 2, and 3, and too late in Tests 11, 13, 15, 20, 24, 28d 29.

Code B also performs well when the thermal power follows a logarithmic trend. When the
thermal power is oscillatory, the code detects the-gfatbo early in Tests 1, 2, 3, 21, and 34,
and too late in Test 20. It is evident that increasing the movinggeeeduces the number of
tests in which the stattp is detected late, but increases the number of tests in which it is
detected early.

Code C performs better than Codes A and B, avoiding the detection of thepséditier too

early or too lateFigures2.14 and2.15 show the results of Tests 21 and 25, respectively, for the
three different codes. It is evident that in Figdr#4 Code B detects the starp too early,
while in Figure2.15 Code A detects it too late. In both figures, Code C performs well, avoiding
theincorrect detection of the staup.

The main results obtained using Codes A and B are reported in Appendix A, while Code C is
presented in its entirety in Appendix B.
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Therefore, Code C was used to perform the analysis and obtain the results, both for ASO and
GSO casedn the GSO case, the code was slightly adapted to operate correctly, without altering
the previously described logic.

2. 2.2 Resul ts

In this section the results of the experiments are presented for both the ASO and GSO cases.
Section 2.2.2.1 presents the results of the 27 main experiments and the 5 additional experiments
with an extendedy, ; ,gection 2.2.2.2 presents the results of the experiments carried out at
differentY’Y , while Section 2.2.2.3 presents the results of the 5 experiments performed under
GSO conditions.Table 2.6 provides the legend of the tabulated data used in these three
subsections.

Appendix C contains the complete set of experimental results, while Appendix D contains the
thermal and electrical power profiles over time for each experiment.

Tab2l.eeegend of the tabulated data

Data: Meaning:

Yt s i[°@]k Difference between the temperature of the water at the setpoint and thq
temperature of the water at time 0 in the sink system

Electrical transient duration | Duration of the electrical transierfelectrical startup time)

[min:sec]

i i[% Percentage of the frequency of the inverter

4 %3.4 Number of the experiment

Y §l°Cl Target temperature in the climate chamber during the experiment

Thermal transient duration Duration of the thermal transient (thermal stanp time)

[min:sec]

T out Sink [°C] I nl et water temperature inside {

Q ¢ fmin] Time between the initi@hutdowrand the start of the experiment

Tw,0 [°C] Water temperature at time 0 in the sink system

2.2.2.1 AS@are=aftttswdfepmer i ments

In this section, the results of the 27 main experiments and of the 5 additional experiments with
longerq, ; @re presented.

Table 2.7 reports the results of the 27 main experimente shutdowntime ¢, ; has little
impact on both the thermal and electrical stgrtimes as shown in Figur2.16 which reports

the standard deviation of the stag times forg ; sgt at2, 10, and 60 miantesfor each
combination of frequency and temperaturhis standard deviation reflects the variability of
the stardup time due to differerdhutdowndurations, and the results show that this variability
is generally negligible, never exceeding 5 minutes. It should also be noted that thp Staet
does not always increase with longdutdownperiods; in some cases, it may even decrease.
This behavior is in clear contrast with expectations, indicating that variations Hustéames

are mostly due to measurement or evaluation errors rather than a direct effechoftdosvn
duration.

This effect is even more evident for experiments with loriger,for this reason, Tabl2.8
compares Tests 28 to 32 (with extended),with Tests 1 to 9. As shown in Figu2el7, also

in this case thehutdowntime ¢, ; hgs little impact on both the thermal and electrical -start
times. The graphs in the figure show the stapttimes for eaclshutdownduration, and it is
evident that these times do not necessarily increase with Ishgetownperiods.
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Tab2.eTher me e attsidaupti Imes f onaiekher 2ment s

TEST |\1° ssf [%] | Text [°C] | tstop [min] | Thermal transient duration [min:sec] | Electrical transient duration [min:sec]
Air Source Operation
TEST 1 25% 20 60| 10:10 2:40
TEST 2 25% 20 10| 9:50 2:40
TEST 3 25% 20 2 10:40 1:20
TEST 4 50% 20 60 45:50 3:50
TEST5 50% 20 10 45:40 3:40
TEST 6 50% 20 2 40:30 3:30
TEST 7 75% 20 60| 63:00 38:20
TEST 8 75% 20 10 63:10 38:00
TEST 9 75% 20 2 60:20 32:30
TEST 10 25% 7 60 24:20 3:00
TEST 11 25% 7 10 18:30 2:50
TEST 12 25% 7 2 27:00 2:50
TEST 18 50% 7 60 8:50 4:10
TEST 14 50% 7 10 6:20] 3:50]
TEST 15 50% 7 2 8:20 3:50
TEST 16 75% 7 60 26:30 5:00]
TEST 1} 75% 7 10 36:30 4:40
TEST 18 75% 7 2 31:50 4:30
TEST 19 25% 2 60 17:30 3:00
TEST 20 25% 2 10 23:20 2:40
TEST 21 25% 2 2 15:00 2:40
TEST 22 50% 2 60 14:10 4:20
TEST 28 50% 2 10 14:40 4:10
TEST 24 50% 2 2 13:20 4:00
TEST 2% 75% 2 60 9:20 4:30
TEST 26 75% 2 10 9:30] 4:20
TEST 2} 75% 2 2 8:00 4:30
5 I Thermal start-up time standard deviation - - T

I Ecctrical start-up time standard deviation

s
T

o (standard deviation) [min]
= —_ %] (%]
T T T

iation odupthéemmal fandtékethrieealdi §farent
main experiments
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Tab2.e8her mel e @atrsdauptt Imé o r

deshtedemns

TEST Nf  ssf [%] Text [°C] tstop [min] Thermal transient duration [min:sec]| Electrical transient duration [min:sec]
TEST 29 25% 20| 3600 12:10 4:50
TEST 1 25% 20 60 10:10 2:40
TEST 2 25% 20| 10| 9:50 2:40
TEST 3 25% 20 2 10:40 1:20
TEST 30 50% 20| 3600 47:30 5:00
TEST 31 50% 20| 3600 51:00 5:50
TEST 28 50% 20 180 49:00 4:10
TEST 4 50% 20 60| 45:50 3:50
TEST5 50% 20| 10| 45:40 3:40
TEST 6 50% 20 2 40:30 3:30
TEST 32 75% 20| 3600 63:00 38:50
TEST 7 75% 20| 60| 63:00 38:20
TEST 8 75% 20 10| 63:10 38:00
TEST 9 75% 20 2 60:20 32:30

1 = I Th I start-up ti & = T : :
ermal start-up time
. I e ctrical stan-fp limei - ;?:g:i‘s ;?:;f;x:e
= =
E E
@ @
E E
5 B
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w w
2 min 10 min 60 min 3600 min 2 min 10 min 60 min 180 min 3600 min 3600 min
Time stop [min] Time stop [min]
70 . . ) I Thermal start-up time
60
50 |
=
£
o 40
E
a
__f‘_ 30
3
w
20
10
0
2min 10 min 60 min 3600 min
Time stop [min]
Fi guimeTRerlmal and -uepl etcitmmeisc:a lg rsatpahritcal representation of
(a) ssf = 25%, (b) ssf = 50%, and (c) ssf

2. 2A80

This section presents the results for differgnt

Y'Y

conducted at a high&f'yY
All tests were conducted ati "Q v 1 PTests 4, 35, and 36 were performedYat ¢, J #
while Tests 13, 33, and 34 were carried otitvat X

29

J#

resul t s¥yog different
. In Table 2.9, the effect of an increased
for ASO is shown by comparing Tests 4 and 13 with Tests 33 to 36, which were
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Tab2.eGomparison betwe&&nviaésutes at different

TEST N° TEST 4| TEST 36 TEST 35 TEST 13 TEST 33 TEST 34
ssf [%] 50% 50% 50% 50% 50% 50%
Text [°C] 20 20 20 7 7 7
tstop [MiN] 60 60 60 60 60 60

T out Sink [°C] 30 30 50 30 30 50
Tw,0 [°C] 26 20 20 26 20 20
Thermal transient duration [min:sec] 45:50 46:30 27:30 8:50 11:10 20:20
Electrical transient duration [min:sec] 3:50 4:30 12:50 4:10 5:20 12:50
Dtsink [°C] 9.68 15.56 34.98 8.41 14.26 33.84

Figure 2.18 graphically presents the results shown in Talile 2.9

(@ (b)

: .
-Thernr)a\ start-up time I Thermal start-up time
I Electrical start-up time | -| 18 | I Electrical start-up time

Start-up time [min]
nN
(52

Start-up time [min]

10 16 35
AT __ [°C] AT_ . [°C]

sink sink

Fi guBeT e rlmal and -uepl etcitmeiscialgrsatpahritc al9r € & p Ir e=s e5hébbadt
(a)=20AC( m)ndTAG

2.2.2.3 GSO results

This section presents the results of the gresmurce operation (GSO) tests. As described in
Section 2.1.2.2, only the variationiofi &dY"Y is analyzed, sinc& ; @pd’Y are fixed.

The results of the five tests conducted are summarized in Table 2.10.

Tab2.edlTher mal and -epetimesafosthrve GSO experi ment

TEST N° TEST 31 TEST 3§ TEST 39 TEST 40 TEST 41

ssf [%] 50% 25% 75% 50% 50%

Text [°C] 5 5 5 5 5

fstop [mlﬂ] 10 10 10 10 10

T out Sink [°C] 30 30 30 30 50

Tw,0 [°C] 28 28 28 18 18

Thermal transient duration [min:sec] 15:10 54:40 12:30 14:10 41:30

Electrical transient duration [min:sec] 3:40 7:10 3:30 6:30 16:40

Dtsink [°C] 4.78 3.29 6.36 15.43 34.77

Figure 2.1 graphically presents the results shown in Takl®:2.
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In this section, the results presentedattion2.2.2are discussed. First of all, it is important

to make some clarifications: during the experiméits oscillated because of the control
system, and the same occurredfor j

The heating power of the heat pump is obtained indireitthpugh the outlet and inlet water
temperatures of the HSHX

The cooling poweb is definedas the product of the water mass flaw , the specific

heat of watet , and the temperature difference between the inlet water temperature of the sink
Y  and the outlet water temperature of the 8ink; , as displayed in Equation (7).

0 d 0OV a:oYewora (7)

The heating powed is defined by Equation (8), wherey and "Y j are
respectively the outlet and inlet water temperatures of the HSHX.

0 a 2D DY siovon “Yakorvon (8)

Yy and Y j representhe same temperature, @s"Y ; and”Yy . Thismeans
thatb corresponds to0Oth®@)same power as

0 0 (9)
Each experiment is characterized by a peak in thermal power. This peak is illustrated in Figure
2.20 and does not represent the rbahaviorof the thermal power; it is caused by a delay
between the measurement “of ; and”Y  , due to the piping connecting the two
points. As a result, the water enters the HSHX at a temperature lower than the setpoint, but
while passing through the heat exchanger it warms up;Yangl exits the exchanger at a
temperature higher than the setpoint. At this moment, the chiller must activate, rapidly cooling
the water and creating a largéYand, consequently, a thermal power peak that does not
correspond to the real systdrahavior This phenomenon is illustrated more clearly in Figure
2.21

31



,-\Thermal Power of the HP over Time at Startup

8000

7000

6000

a
o
o
o

B
=]
=]
S

Thermal power [W]
8]
o
=]
o

2000

1000 1

0 . . . . .
0 10 20 30 40 50 60

Time [min]
Fi gRr2®Peak in measured heating (peswerlb5gaused by chi

Temperature and Thermal power over time
axAT=757°C ' ' '

(5]
Qo
T

w

b
T

=

= = Max AT
Thermal power

(5]
o
T

Temperature [°C]
8 2 8 8 ® &

na
w

0 10 20 30 40 50
Time [min]
Figaar &Yy, 7Y and magli mensponsi ble for the ther mal p

2. 2A801discussion fown,gpap err iamaentext ended

From the literature, an increase in gfeutdowntime was expected to lead to a longer st@rt

time, but, as shown iRigures2.16and2.17, the effect ob  ono is negligible. This occurs

because the expansion valve automatically fully opens when the heat psimpdiswn This

causes the pressure between the evaporator and condenser to equalize in less than 10 minutes,
as the automatic opening allows the refrigerant to flow freely and rapidly between the two sides,
making it impossible to observe an increase in the eatiparpressure or a decrease in the
condensation pressure over time. If the valve remained closed afsrutt®wnof the heat

pump, the pressure difference would be maintained. This means that some pressure losses
would occur over time, and thewer the external temperature, the greater these losses would

be, due to the larger pressure difference between condenser and evaporator (fixed ).
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Since the dependence an; £an be neglected, it is possible to reduce the number of control
variables from threg’Y h ihfQ ) to two (Y H {).Qn this way, the first 27 main
experiments for ASO can be grouped into only 9 cases, since there are now only two variables,
each with three values. The 9 cases are presented in Z.4liiehe thermal and electrical
transient durations are calculated as the average of the transient durations measured for the three
differentq,  yalues.

Tab2.elResul ts of the first 27 main experiments after

Case N ssf [%] Text [°C] Thermal transient duration [min:sec]| Electrical transient duration [min:sec]
Case 1 25% 20 10:13 2:13
Case 2 25% 7 23:17 2:53
Case 3 25% 2 18:37 2:47
Case 4 50% 20 44:00 3:40
Case 5 50% 7 7:50 3:57
Case 6 50% 2 14:03 4:10
Case 7 75% 20 62:10 36:17|
Case 8 75% 7 31:37 4:43
Case 9 75% 2 8:57 4:27

It was expected that would decrease with increasifig andi i.This is becauseon the

one hanga lower external temperature results in a higher pressure difference between the
evaporator and condenser at a fixeter setpoint temperatureéy , Which requires more

time to establish. On the other hand, a highen€duces the time needed to reach

What happens, instead, is thiat depends mainly on the expansion valve, which does not
operate correctly due to its PID control. For almost the first six minutes aftensidhnte valve
remains at its default opening of 18%; only afterward does it begin to increase its opening
percentge.

Figure2.22shows the statip behavior of the expansion valve and the compressor frequency
(controlled by the inverter). The figure refersTwst 15, performed &ti "W npPY, ¢ X J, #
andd ; o ¢ 1 E.T

80 T T T T T 80
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60 160

50

140

130

Expansion valve opening [%]
Compressor frequency [%]

120

10 Expansion valve 44

Compressor frequency

| . . . 0
0 10 20 30 40 50 60

Time [min]
Figur eEx2pa2n2zsi on valve opening andpcompressor frequ

It can be observed that the expansion valve is open at the beginning: as noted above, after the
heat pump ishutdowrnthe expansion valve automatically opens to rebalance the pressures, and
after two minutes ofhutdowntime it is still open. When the heat pump is restarted, the valve
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opening percentage reaches approximately 18% for about six minutes, after which normal
regulation beginsThe inverter frequency does not increase from 0% to 50% linearly, as
suggested by the figure. In reality, ramps are applied by the controller to avoid sudden changes
in compressor speed, so the frequency rises gradually, pauses, and then continuesséo incre
only after reaching certain intermediate thresholds.

The expansion valve is expected to open less as the external temperature increases, due to the
reduced pressure difference, while it should open more as ith&ereases, due to the higher
refrigerant mass flow. It is difficult to predict which of these two effects will dominate. With

the PID configured as it is, the valve tends to open faster at low temperatures, while achieving
a larger opening percentage whikeeai i ifizreasesThe combination of these two effects leads

to longer starup times inTests 4 to 9, as presented in Tahlé

Since it was not possible to examine how the PID controller was programmed, its control logic
is not entirely clear. To provide an idea of how it operates with vafyingandi i, Elgures

2.23t0 2.31show the time evolution of the thermal power and the expansion valve opening
percentage for the case pE, with"Y varying from 20°C to 2°C and i renging from

25% to 75%.

Thermal Power and Expansion Valve Opening Over Time
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Thermal Power and Expansion Valve Opening Over Time
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reference to Tabl2.11], is shown in Figure®.32and2.33
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Thermal start-up duration as a function of frequency
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Figure2.32shows the thermal stamp duration as a function of frequency, and it is evident that
the effects described in the I|iterature are
For"y ¢ ), the thermal staytip time increases with i B@cause highér i values require

larger steadystate valve openings. In addition, a higyh slows down the valve response due
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to the PID controller configuration. The combination of these two effects delays the
establishment of stable operating conditions.

For"y  xJ0, the thermal stamip time first decreases ad iitzcreases from 25% to 50%, but

then increases at 75%, becoming higher than the value at 25%. This indicates that, at 7°C, the
valve opens faster than at 20°C, but not fast enough to réduag i "Q v B

For"y  ¢JO, a highei i resultsin alowed , in agreement with the literatupeesented in
Section 1.4this shows that the PID operates better at low temperatures, allowing the valve to
open more quickly.

Figure2.33shows the thermal staup duration as a function of temperature and, as in Figure
2.32 it is evident that the effects 6f andi i &e combined with those of the expansion
val veds PID.

Fori i "¢ v pas"yY increasesp first increases and then decreases. bhisaviorresults

from two opposing effects: on one hand, increasing the external temperature tends to reduce
0 ; on the other hand@ higher'y slows down the expansion valve response due to the PID
controller configuration, which increases the time required to reach steady operating conditions.
Fori i "Qu mpas”yY increasesp first decreases and then increases. The decrease from
Y ¢dto"y xd is caused by the MATLAB pogirocessing, which identifies

slightly earlier for Tests 13 to 15 because the stestaly pressure in the evaporator and
condenser is reached faster.

Fori i "Q v pas’Y increases) increasesrhisis due to the slower valve opening response

at higher external temperatures.

According to the literaturen Section 1.4the electrical staip time is always shorter than the
thermal starup time as reported b$s . Kat [ p.Réygartireg the electrical starp time

in the 27 main experiments, it ranges between 2 and 5 minutes, with a single exception for the
case withy ¢ fiCandi i "Qx v pwhere it reaches approximately 36 minutes. Fig2ré$
and2.35show the electrical staup duration as a function of frequency and as a function of
temperature, respectively, with reference to T2hld.
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Electrical start-up duration as a function of temperature
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In the caseof "Y ¢ fCandi i "Qx v pthe electrical starip time is particularly long due

to the behavior of the PID controller, which opens the expansion valve slowly. The slow

opening of the expansion valve causes both the thermal and electrieapdiares to increase,

since the valveeaches the required opening percentage only after almost one hour. Figure 2.36
shows the evolution of the electrical power and the expansion valve opening during the start
up phase.

— Electrical power and expansion valve operation at start-up
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Figure 2.1&hows that, foshutdowrtimes longer than 1 hour, the electrical stggttime tends

to increase, although not significantly.
2. 2A80 discussi My fg@r

Regarding the dependence yhY
function of Y'Y , with reference t@able2.9.

di

fferent
, Figure 2.37 analyses the thermal stam time as a
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It can be observed that an increas¥ i

as

30 35

a(fAs®3ti on

of

@t si nk

from approximately 8/10°C to 14/16°C leads to a

slight increase in the thermal stap time, although the effect is not particularly significant.

When Y'Y
production, the staip time decreases foy

becomes significantly higher (34/35°C), as in the case of domestic hot water
¢ ® andi i "Qu 1t pwhile it increases for

"Y xJ0 andi i "Qu mThis occurs because, the higher the temperature of the water to be
produced, the more the expansion valve tends to stay less open. Producing domestic hot water
requires a higher condenser temperature, which is achieved by increasing the condenser
pressurethereby reducing the opening of the expansion vdllies has a positive effect in the

case ofY

¢ ™, where the valve opening velocity is very low; a decrease in the sttatdy

valve opening percentage results in a faster-gfattme. At lower’y , where the slow valve
opening is no longer an issue, the time required to reach theisétemperature becomes the

more dominant factor.

Figures2.38 and 2.39 show, respectively, the thermal powers and valve opening percentages
for Tests 4 and 35, illustrating how the valve changes from an average-stagdgpening of

¢, i | "W mpYY
o Vo).

32% inTest 4("Y
i i " mnpyy

39

p TO) to 25% inTest 35("Y

¢ 1,
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Tests 33 to 36, conducted at highfey , show that the electrical starp time increases with
Y'Y , as reported in Tabl2.9 and illustrated in Figur@.40, rising from approximately 4
minutes forY'Y  below 10°C to around 13 minutes 1Y  of 34-35°C.

Electrical start-up duration as a function of Atsink [°C]
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2. BGS@i scussi on

As reported irSection2.1.2.2 for GSO the ground temperature is not considered as a variable
and theshutdowntime ¢ s fixed. The only two parameteamalyzedarei | aady'Y
and the results are presente®ertion2.2.2.3(Table2.10).

Three tests are conducted at |6 , varying onlyi {,"®nd two additional tests are
conducted at high”Y , keeping i "Qu 11 lPONnstant.

Figure2.41 presens the results for the tests at IOY (Tess 37, 38 and 39 corresponding
toi i "W TmPH | " v RANdi | "Qx v prespectively, the figureshows thehermaland
electricalstartup timesas a function of frequencin both cases, the results are consistent with
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the literaturgresentedn Section 1.4: the electrical stanp isshorterthan the thermal starip,
as reported bys . Kat [ A &ifmudl at kuep stti amet

observed by Roccatello et al

decreases

[16] .

5'ghermal and electrical start-up duration as a function of frequency
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Figure2.42 shows the thermaind electricabtartup timesas a function ob’Y . It can be
observed that an increaseMflY  from approximately 5°C to 15°C does not véngthermal

a

75

function

Wi

of

startup timesignificantly, whileleadingto a slightincrease in the electrical stapttime. When
Y'Y becomes significantly higher (35°C), as in the case of domestic hot water production,

the starup time increasesignificantly.

It is worth noting that forests 38 and 41, the stap times are significantly longer than in the
other cases; this is again due to the PID controller of the expansion valve, which does not
operate correctlyFigures 2.8 and 2.4 show the behavior of the expansion valve and the
superheating for Tests 38 and 41, respectively, highlighting an anomalously long initial ramp
in the expansion valve opening percentage, which leads to an increase in-ne tataets. The
expansion valvés excessively open #te beginning due to the PID controller, resulting in the
absence of superheating during the initial phase. Moreover, the valve closes too slowly, causing
the superheating to stabilize only after a long period, when the correct valve opening is finally

reached and proper superheating can be established.

t h

freqgl

Since it was not possible to examine how the PID controller was programmed, its control logic
is not entirely clear. In any case, unlike the expansion valve in the ASO case, for the GSO case
there is no default initial opening percentage fixed for a gikeation, as shown in the figures.

41



Thermal and electrical start-up duration as a function of Atsink [°C]
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Chapler
Devel opment and descripti
simulation model

3. Model ling methodol ogy

In this chapter, three different heat pump models are developed in Simulink, including the start

up phaseanalyzedn the previous chapters. The models are then described and compared.

The f ol | owi ng three appr oac h3el sprovides ea gmaphieat e nt e 0
representation of their conceptual idea.

1 ) Penalty model: this model calculates the thermal and electrical power duringugiart
using the penalty approach, incorporating interpol&tiopredict thebehaviorin cases
outside the experimental data. In this method, a certain percentage of the thermal and
electrical power is subtracted to account for the reduced efficiency or limitations
occurring duringthestatt p p hase. Essenti al theportiondfe fipe.l
power that is not effectively delivered due to transient effects at the beginning of
operation.

2) Polynomial equation model the thermal and electrical power during stgstare
calculated using a secow@gree polynomial equation, which provides an
approximation of thebehaviorobserved during the stanp phase. This approach
captures the general trend of the power variations while simplifying the modelling of
transient effects.

3) Transfer function model. the thermal and electrical power during stgst are
calculated using a transfer function, which provides an approximation betteior
observed during the staup phase. A transfer function represents the dynamic
relationship between the input and output of a system and is commonly used to model
system responses in the time domain through its transerdvior This approach
captures the general trend of the power variations while simplifying the modelling of
transient effectsallowing the startip dynamics to be represented without a full
dynamic simulation

Figure 3.1 shows the behavior of the three different models, each of which approximates the
slope of the thermal and electrical power in a different way.

The penalty model generates a step function with a single vertical jump from thepgtaer

level to the steadgtate power level, representing the two stages of power during theagstart
phase.

The polynomial equation model generates a sedagiee equation that reaches its maximum

at the starup time, after which a straight line represents the ststatg. This model provides

a simple mathematical approximation given by the combination ofunctions: a parabola

and a straight line.

8 An alternative approach to interpolation, based on a neural network, was also considered. In this case, a
feedforward neural network was created using the MATLAB function fitnet, which defines a supervised learning
model composed of interconnected layefrsi@urons trained to approximate a nonlinear relationship between
inputs and outputs based on example data. However, this approach was ultimately abandoned, as the results were
difficult to predict and, in some cases, physically inconsistent with the &xpsgstem behavior; therefore, it is

not included in this study.
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The transfer function model directly approximates the power behavior using a transfer function,
capturing the dynamic response without explicitly separatinggpeaind steadgtate.

(a)

Thermal or electrical power [W]

Time [min]

Figure 3.1- Conceptual representation of the three sigotapproximation models:
(a) Penalty model, (b) Polynomial equation model, (c) Transfer function model

3. .1P e n antotdye |

The model is divided into two subsystems: one for the ASO logic and one for the GSO logic.
As shown irFigure3.2, the inpus of theASO subsystemare”Y ,i i, testeadystatethermal

and electrical powemndY"Y In order to simplify the model, thehutdowntime is not taken

into accountand the cases of heating production and domestic hot water production are clearly
distinguished.

Figarzenterface of the penalty model for ASO with inpt
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