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ABSTRACT

In order to optimize the global energy performaota ground source heat pump system, special @ttent
needs to be paid to the auxiliaries as they stand €onsiderable part of the total energy consiompA
new in situ experimental methodology based onhguency variation of the water circulation pumps i
order to optimize the energy performance of theéesgsvas previously published by the authors for a
ground source heat pump system using a single beggepump with ON/OFF regulation. The original
single stage heat pump was recently replaced witlulistage unit consisting of two compressorshef t
same capacity working in tandem. A new experimecdaipaign was carried out and a new study was
performed in order to adapt the in situ optimizatinethodology to the performance of the tandem
compressors unit, and, by extension, to the matissicase. This paper presents the in situ optiiizat
methodology for the water circulation pumps fregueadapted for multistage ground source heat pump
systems. Results show that energy savings up tocz2fbe obtained by applying this optimization

methodology.

Keywords: Heating/cooling systems; ground source heat p@mnergy efficiency; auxiliaries.

1. INTRODUCTION

In the current context of global warming concepeaal attention should be paid to the efficierd ab
renewable energies. Ground source heat pump (GS¥4BImMs, which take advantage of shallow

geothermal energy, are widely considered as beimgng the most efficient and comfortable heating and
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cooling renewable technologies currently availdbleThey can lead to a 40% savings in annual etgigt
consumption, in comparison to air to water convaral heat pumps [2].

Over the last years, research has focused on ¢gagaairol, mainly by means of variable speed
compressors. For instance, Fahlén and Karlsson a@dontrol for ON/OFF compressor with variable
speed control for a brine-to-water heat pump (f8 B]). In [5], Madani et al. carried out a comgtare
analysis of three common control strategies foD&MOFF controlled ground source heat pump systam. |
[6], Zhao et al. performed both a theoretical anéggperimental analysis in order to match the capat

a geothermal heat pump system, which used as teloperature heat source the geothermal discharge
water, with the actual load requirement by adjgsthre compressor rotation speed by means of a
transducer.

However, several studies highlighted the importanbunt of energy consumed by the auxiliaries (gch
water circulation pumps) in air conditioning sys&({i7], [8] and [9]) and the necessity of reducthgs
energy consumption, above all in GSHP systems iictwtwo circulation pumps are required. In [10]
Granryd presents analytical expressions for passiptimum flow rates on the secondary loop. InRh®
work by Karlsson [11], a theoretical study showattthere is a potential for applying an optimizatio
method for keeping the compressor and pump speebs aptimal combination. The key point to findsth
optimal combination is to consider the pump cirtialarates optimizing the total power consumptidn o
the system and not only the heat pump power consompThe authors previously developed an
experimental in situ optimization methodology foetwater circulation pumps frequency of ground seur
heat pump systems when single stage ON/OFF regulstiemployed [12].

The present paper is focused on describing and/iagph similar methodology, also reliant on in situ
experimental measurements, in order to optimizesyiséem energy performance when considering
multistage ON/OFF regulation. The study was expenitally carried out for a heat pump unit using two
compressors of the same capacity working in tan@ewh the methodology was adapted to multistage heat

pump units with whatever number of compressors.

2. GEOTHERMAL EXPERIMENTAL PLANT



The geothermal plant studied in the present work lualt in year 2004 during a European projectechll
Geocool [13]. In the framework of another FP7 Ewap project, Ground-med [14], the original heat pum
located at the geothermal plant (ON/OFF controfiedjle stage unit) was replaced with a multistagié u
consisting of two compressors of the same capagitking in tandem. Therefore, most of the instéiat
remained unchanged (ground source heat exchangkguic circuits, etc.) and the main modificatioas

the replacement of the heat pump mentioned above.

The GSHP installation studied in the present wdrlcanditions a set of spaces in the Department of
Applied Thermodynamics at the Universitat Politéenide Valéncia, Spain, with a total area of
approximately 250 fn All rooms are equipped with fan coils supplied the GSHP system. The
geothermal system consists of a reversible wateveier heat pump (nominal capacity of 17.2kW in
cooling mode and 19.2kW in heating mode), a vdrticaiehole heat exchanger (grid of 2x3 boreholes, 3
meter separated from each other, 50 meter deepa dnairaulic group, as shown in the diagram of the
installation in Figure 1.

As it can be observed in Figure 1, the system canlibided into two main circuits: an internal ciitcu
which consists of a series of 12 parallel conne@aadcoils, an internal hydraulic loop and a watrage
tank, and an external circuit which consists ofdheund source heat exchanger (GSHX) which is ealipl
to the heat pump by an external hydraulic loopindet controls the overall system operation, whicdsw
programmed to operate from 7am to 10pm, 5 daysvpek.

Both circuits, internal and external, are provideith circulation pumps which make the water cirtela
towards the fan coil units (ICP; nominal value$@Hz: 3180kg/h with 0.63kW power consumption) and
the GSHX (ECP; nominal values at 50Hz: 2650kg/MWit36kW power consumption). While the internal
pump works continuously during the 15 hours per afagystem operation, the external pump is coradll
by the heat pump controller, which makes it workyomhen at least one of the compressors is running.
Two frequency inverters, one for each circulatiamp, were installed in order to vary the internatl a
external circuit water flow rates. A network of sers was set up so that the installation is coraplet
monitored: water temperatures (four-wire PT10Chveitcuracy +0.1°C.), mass flow rates (Danfoss flow
meter model massflo MASS 6000 with accuracy <0.EHW) power consumptions (Gossen Metrawatt

power meter model A2000 with accuracy +0.5%).



Further details on the system description can badan previous publications ([12] and [13]).

3. THEORY AND CALCULATION

3.1 IMPACT OF WATER FLOW RATES ON THE SYSTEM ENERGY

PERFORMANCE

When optimizing the overall system performance Gf&HP installation, it is important to understamgvh
the increase of the circulating water flow rateeef$§ the performance of the heat pump and théieof t
entire system. In a given system, the higher therter frequency, the greater the circulating wétev

rate. A higher water flow rate enhances the haatster coefficient through the heat exchanger etibat
pump and diminishes the water temperature variag@aoss it; the same happens at the GSHX. On thte he
pump side, the increase of the water flow rateh&@peduce the temperature difference betweewaber
and the refrigerant and, as a result, the temperéfuthat the compressor must overcome becomest
and the heat pump COP increases [12]. This cambereed in Figure 2, which shows experimental tesul
of the effect of varying the water flow rates (poojonal to the frequencies, which were set atstrae
value when measuring the different experimentahizsdiin both the heat pump COP (COP HP) and the
system COP (COP sys). It is clearly noted thatigler the flow rate at both the external and imaér
circuit, the better the performance of the heat py@OP HP). Nevertheless, when the whole system is
considered, operating at maximum flow rates (maxmfitequencies) results in a great reduction of the
system COP due to the big influence of the ciremfapumps consumption.

In a few words, increasing the water flow rate othlsides of the heat pump (evaporator and condense
diminishes the compressor consumption but incretéigesirculation pumps consumption. These two
opposite trends on energy consumption result iopgimum frequency for each one of the water loops.
This paper describes the in situ methodology terdeihe those optimum frequencies for a multistagg h

pump unit.

3.2 PARTIAL LOAD RATIO OF THE SYSTEM

When analyzing a multistage heat pump unit, whimfststs of a specific number of compressdfs (

working in tandem, special attention should be paithe thermal demand of the building, since It wi



determine the number of stages in operation anslttteicompressor consumption. It should be notad th
the greater the number of stages switched on,itfreehthe compressor consumption and the lower the
impact of the water circulation pumps on the tetatem consumption. Therefore, the thermal deménd o
the building must be taken into account since lit mdve a big influence on the determination of the
optimal pair of frequencies.

A parameter that stands for the thermal demanteobtiilding is the partial load ratio of the systevhich
can be defined as the relation between the instaotas thermal load of the building4) and the heat
pump capacity@yp). For a single stage ON/OFF controlled heat puasghe one studied in [12], the
partial load ratio of the system can be calculétgdneans of equation (1), whelgy, andtygr are the

duration of the ON and OFF cycles respectively.

P (1)

ton+toFF

However, a multistage heat pump has a slightlyediffit performance, which makes it necessary toeefi
parameter that characterizes its operation stefierred to in the following as. Therefore, for a given state
n, there will ben — 1 compressors working continuously and titds compressor cycling ON/OFF.
In the particular case considered in this study (¢@mpressors working in tandem), there will be two
different operation states: the periods when tieeome compressor cycling ON/OFF, as if it wasnglsi
stage unit (state = 1), and the time when there is one compressor aamtisly running and the other one
switching on and off (state = 2). Therefore, equation (1) would only be valid éaifculating the partial
load ratio of each one of the stages and it wiltdferred to in the following ag', in such a way that:
- For staten = 1, typf is the time during which the heat pump is switcbfficandt,y is the time
during which only one stage is running.
- For staten = 2, typr is the time during which the second stage is $witicoff and first stage is
continuously running; anty is the time during which both compressors are ingin
In order to characterize the thermal demand obtlikling in this kind of multistage heat pump syste
equation (2) is proposed, whe¥eis the total number of compressors of the mubljistaeat pump unit
assuming all of them of the same capadfty 4 = N - Q(1y), which is not completely true, but allows to

simplify the problem.
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Figure 3 shows an example of the evolution of Whe different states via the control signal of the
compressors. It can be observed that the secondressor only starts when the partial load ratithef

system ) is greater than 0.5.

3.3 EVALUATION OF ENERGY EFFICIENCY PARAMETERS

The energy performance of the GSHP installation desxribed in detail by the authors in a previous
publication [12]. Notwithstanding, a brief explaioatis presented in this section.

Energy efficiency is characterized by the energygomance factor, defined as the ratio between the
thermal load and the electric energy consumptiaingua time interval. Depending on the duratiorhef
integration period, the energy performance factar loe seasonal, monthly, daily, etc. The most
representative one is the seasonal performanacer fg@®PF), which estimates the system performance
during each season (winter or summer).

Energy efficiency parameters are therefore caledlftom the power consumption readings and the heat
transferred from the heat pump to the internaluiird he latter, which depends on the number gjesta
switched on, is estimated by means of equation (3).

Oy (®) =11 ¢ (Toie() = Ty () (3)
Where:

mis the flow rate of water circulating through timeirnal circuit,

¢, is the specific heat at constant pressure, and

T, andT; ;. are the temperatures at the outlet and inletefriternal circuit respectively.

As presented in [12], in order to characterizetyipécal performance of the system, a charactensitod
ON/OFF can be analyzed. When calculating the pexdiace factor for a single ON/OFF cycle, if only the
ON time is considered, the performance factor irgtesgl for one cycle will be the same as the cdefiic
of performance at steady state conditions, sincglthe ON cycle time the unit works as in steathte
conditions with condensing and evaporating tempeeatgliding with the respective inlet water
temperatures variation [15]. Therefore, the systeefficient of performance calculated as presemted

equation (4) would correspond to the performandabeiystem under quasi-steady state conditions.



B Iy OV (0 40 Wicp())-dt
sys(m) f(fON(Wpar(t)“'Wcomp(n) ®)+WEgcp (t)+WICP(f))'df

cop (4)

As it can be seen, the denominator of equatiom@yides the power consumption of the whole system,
comprising the consumption of the heat pump conqmtes(/l'/mmp(n) ), which depends on the number of
stages switched on, the exterridl;(,) and internal /) circulation pumps and the parasitic losses due
to the consumption of the electronic devices ofttbat pumpkj/par), constant and around 60W for the heat
pump unit analyzed in this work [15].

Apart from the heat transferred from the heat ptonjne internal circuit(q(n)), calculated through
equation (3), the numerator of equation (4) inctutte following term:n - W,.p. This term corresponds
to the heat transferred to the water as it passesagh the internal circulation pump, beipghe electrical
efficiency of the pump (considered as being 0.9 for this work). This term should be addecQ@) in
heating mode and subtracted from it in cooling mildat is the reason why the signappears in the
equation).

It is important to notice that both the heat trensfd from the heat pump to the internal circ@'tt,l() and

the heat pump power consumptidvﬁcgmp(n)) will depend on the number of compressors runaimg thus
on the state, whether itis= 1 orn = 2 for the particular case of the installation anatiis

Finally, considering both the ON and OFF cycle srfar the integration period of equation (4), the
performance factor of the system along one engjpeasentative cycle could be calculated by equéEipn

f()tON+tOFF(Q(n)(f)iﬂ'WICP(t))'dt

fO‘ONHOFF(Wpar(tHWmmp(n) (O+WEgcp(O)+Wcp (D) )-dt

PFsys(n) = (5)

Integrating, equation (5) results in equation y@)ich is valid for whatever number of compressaorsing
(n) of a total ofN stages.

Q(n—1)'torr+Q(n) tontn-Wicp-(ton+toFF) ©)
Wpar (toN+toFF) W comp(n-1) toFF+W comp(n) ton tWEcp (ton+torF)+Wicp (ton+toFF)

PFsys(n) =

It should be noticed that in state= 1, during the OFF cycle time there is neither hesigferred from the
heat pump to the internal circu'@(()) = 0) nor power consumption of the compressdzti’go{w(o) =0),

since none of the compressors is running (see &igur

4. OPTIMIZATION: PROPOSED METHODOLOGY



In section 4.1, an in-situ experimental methodolwggrder to obtain the optimum circulation pumps
frequency leading to the minimum energy consumptiioa GSHP installation using a multistage heat
pump unit with two compressors working in tanderdéscribed. It consists of the three steps expiime
the following, which are summarized in the flowdharesented in Figure 4. Moreover, a proposal deor
to apply this in situ optimization methodology taydnstallation provided with a multistage heat pum
consisting of whatever number of compres9oiis presented in section 4.2.

The main advantage of this optimization methodolisgyat it is based on experimental measurements,
thus taking into consideration the real charadiesof the heat pump and the installation wheimfathe
determination of the optimal frequencies. Even \gitvery detailed model, it is not possible to tate
account the wide group of parameters which in practffects the performance of a geothermal
installation, as for instance, the users’ dailyétgt, the ambient temperature variations alongdhg, the
heat transfer to the ground or the fan coils dedéht flow rates... The proposed methodology is &ble

consider real operating conditions since it cacdreied out in situ at any specific facility.

4.1 METHODOLOGY FOR A MULTISTAGE HEAT PUMP UNIT WITH TWO

COMPRESSORS WORKING IN TANDEM (EXPERIMENTAL CASE)

Step 1: ON time operation characterization

The first step consists of several experimentastespseudo-random sequence of frequency stepmofor
internal and external circulation pumps, carrietddwring one single day. Figureshows an example of a
possible test for the variation of the frequenaofthe circulation pumps from 20Hz to 55Hz, minimamd
maximum frequencies of the circulation pumps reSpely.

The objective of this step is the characterizatibthe performance of the system during the ON tiriéne
compressor at any possible combination of frequendiherefore, each pair of frequencies must be kep
constant during a complete ON cycle of the heatgushich should last, according to the authors’
experience, ten minutes or longer in order to obsafficient accuracy in the determination of the
performance of the system.

Given that the analyzed heat pump consists of opressors in tandem, the performance will be

different whether there is one or there are twom@ssors running, i.e. only one compressor cycling



ON/OFF or one compressor continuously running &edother one cycling ON/OFF. Therefore, step 1
tests must be carried out for both operation sfates 1 andn = 2). For this particular installation, it has
been experimentally confirmed that the optimum destries are located at higher values when both
compressors are running (around 45-50 Hz), andehtraze is no need for testing frequencies lowan th
35 Hz. In the same way, when there is one compressaing the optimum frequencies are around 35-40
Hz and there is no need for testing frequencieldrithan 50Hz. This is represented in Figure 5chvhi
shows that fon = 1 the experimental points corresponding to 55 Hnatoneed to be considered
(triangles and crosses). Likewise, foe= 2 the points corresponding to 20 Hz can be disosgh(squares
and crosses). This would allow decreasing the numibexperimental points needed from 25 to 16 and
hence reducing the required time to carry out mh&itu experimental tests.

As recommended in [12], the test should be perfdrtheing at least 4 days a year, two during theihga
season and two during the cooling season. Themdagaropose to repeat the test along one season is
assess the influence of the ground temperatureelh®svthe compensation of the setting for the wate
return temperature, and confirm whether the optimemains at the same zone or it requires some
readjustment along the season.

Once the tests are finished, the coefficients diopmance can be evaluated for each ON cycle ddttha
will allow the construction of the performance mabshe unit as a function of both the external and

internal circulation pumps frequency.

Step 2: Estimation of the system COP maps

The second step consists of the analysis of thdtsesbtained from step 1, the estimation of thetesy
COP by means of equation (4) and finally their espntation in form of maps as a function of the
circulation pumps frequency. Figure 6 shows theltieg system COP maps for one typical heating
(Figures 6a (one compressor) and 6b (two comprggsamd one typical cooling day (Figures 6¢ (one
compressor) and 6d (two compressors)). The oppaialof frequencies shown in Figure 6 for each case

corresponds to quasi-steady state working condition

Step 3: Estimation of the system performance maps for any building thermal load



The quasi-steady state performance maps of thevené obtained during the ON cycle time. However,
during the OFF time period the power consumptiomoiszero, due to the internal pump operatidif)
(since it works continuously during the 15 hoursydtem operation) and to the parasitic losseseoheat
pump Q/i/par), which can significantly degrade the daily penfiance factor of the system. This third step
allows taking into account this influence and ckdting, from the quasi-steady state performancesmap
obtained in step 2 of the methodology, the optifrejuencies as a function of the thermal load ef th
building (&). Considering equation (6) and the definitionhw partial load ratio of each stage)(

equations (10) and (11) can be obtained.

nw 1-al
COPsys(l)izw—Icp'#

PF. = b € M (7
sys(n=1) 14 (wpm.+w,cp) (1-an

T Iwq a’

1—an ZWin_q
COPsys(n—1)‘( alrx 'ZM(/—n(n))"'CC’Psys(n)

PFsys(n>1) = ZW(n—l) (1-a’) (8)
Wy @

Where:

) W(n) = Wcomp(n) + Wpar + Weep + Wicp

It should be noticed that, in equations (7) and )y -1y Weompn)» Wpars Weep andW,¢p correspond
to power measurements obtained in step 1 of theadetogy; COPy (1) aNdCOPgy(,y COrrespond to
the quasi-steady system COP obtained in steptZeahkethodology; finallyg’ is the partial load ratio of
each one of the stages (one ON/OFF compressomgionitwo compressors in tandem).

It can be checked in equations (7) and (8) thagnitthe partial load ratio of each stage'is= 1, the
system performance factors take the same valuesgamsi-steady state conditio¥y,; = COF,y;).

Step 3 consists of the extrapolation of the peréorce maps characterization at quasi-steady state
conditions to any partial load ratio of the syst@r By means of equations (7) and (8), it is posstbl
obtain the system performance factBFy(,;) as a function of the partial load ratio of eatdge ¢’).
However, since the aim of the step 3 of the mettamyois to obtainPF;,,; as a function of, it is
necessary to relate these two parameters. Foptinabse, the relation betweeranda’ given by equation

(2) will be considered. Figures 7 and 8 show, feating and cooling mode respectively, the system
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performance factor maps as a function of the wateulation pumps frequency for four different vaguof

the partial load ratio of the system.

4.2 PROPOSED METHODOLOGY FOR A MULTISTAGE HEAT PUMP UNIT

WITH “N” COMPRESSORS (GENERAL CASE)

The optimization methodology developed was expantaily applied to a geothermal plant with a
multistage heat pump unit with two compressordefdame capacity working tandem. Notwithstanding, i
can be applied to any other installation havingudtistage heat pump unit with more than two
compressors. This section presents a proposatier o apply the in situ optimization methodologyahy

installation provided with a multistage heat purpsgisting of whatever number of compresgeérs

Step 1: ON time operation characterization

When the multistage heat pump unit has more tharstages, the experimental tests from step 1 of the
methodology should be repeated at least three tifmethe first stager{ = 1), for the maximum capacity
of the heat pumpn(= N) and also for an intermediate stage. This intefaiedtage can be chosen by
means of the expression provided by equation (9).

n = int (g) +1 (9)
Figure 9 shows the different frequency values shauld be considered for each one of the threesstht
should be pointed out that far= int(N/2) + 1, and in order to save time, some of the experiaient
points represented by squares and triangles inré&@preferably those close to the crosses) doaild
removed from the test matrix. Since the optimumsigally located at medium frequencies for partabl
ratios around 0.5, this will not affect the resuli®wever, as it was checked by the authors, cerisigl a
number of points less than 15 would result in a8 lofsresolution and in the optimum not being acmlya

determined. Therefore, a total number of at le&gtdints is recommended.

Step 2: Estimation of the system COP maps

Given that the experimental tests from the firgpsthould be carried out for three times, the tesidlstep
2 for a multistage heat pump withcompressors should be three system COP mapsdomeade (heating

or cooling), one for each of the three states amaly
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Step 3: Estimation of the system performance maps for any building thermal load

Step 3 can be applied in the same way as for theandem compressors heat pump, since equatia@aigd)

be applied to any number of stages.

5. RESULTS AND DISCUSSION

The optimization methodology developed in this wallkws the characterization of the system COP
(Figure 6) and the system performance factor, Pigu¢es 7 and 8), and finally the determinationheaf
optimal pair of frequencies that maximize the sysperformance factor as a function of the building
thermal load.

Figures 6a and 6c show the system COP maps fdrethiepump operating with one compressor. It is
clearly observed in Figure 6a that the influencéhefinternal pump is higher than that of the endér
pump, since the latter presents a higher valubebptimal frequency, what means that the internal
circulation pump consumption represents a greapalpy in the energy performance of the systemns Ehi
because, for a similar flow rate, the head lossesigher in the internal circuit due to the distition
network of 12 fan coils distributed in each of gieconditioning spaces, what results in a greaienping
power for the internal circulation pump. In gengthé optimums in Figures 6a and 6¢ correspondwo |
frequencies (between 30 Hz and 35 Hz) becausaftluemnce of the consumption of the circulation psmp
is important in comparison to the total consumptemthere is only one compressor working.

In contrast, when the heat pump works with two cagspors in tandem, the system COP maps become
different (Figures 6b and 6d). In this case, @liserved that the influence of the circulation pansp
smaller, since the heat pump consumption is higliiem both compressors are running, and the optimum
frequencies move to higher values (around 45-50 Hz# dark zone that appears on the lower leftarorn
of figures 6b and 6d (frequencies of 20-30 Hz) esponds to the points that were removed from téte te
matrix. Notice that, anyhow, the optimum is cleddgated on the right upper corner.

It can also be observed that the COP is higheodtimg mode (Figures 6c and 6d) than in heatingenod
(Figures 6a and 6b). This is mainly because th@eéeature lift that has to overcome the compressor i
higher in heating mode (Source (ground loop) Tempee=17°C, Sink Temperature= 40°C) than in

cooling mode (Source (ground loop) Temperature=Zg@oximately, Sink Temperature= 10°C). These

12



source temperatures correspond to experimentalurerasnts, being the undisturbed ground temperature
18.5°C. Further details can be found in [12] ar@].[1

Several tests were carried out at the installaaiong the year during each working mode and, elveagh
the system COP maps were not exactly the samdtsesafirmed similar trends and very similar
locations for the optimums with an uncertaintytdf Hz.

Figures 7 and 8 show, for heating and cooling nredpectively, the system PF maps as a functioheof t
water circulation pumps frequency for four differgalues of the partial load ratio of the system=0.1,
0.3, 0.5, 0.8). Notice that the second compresslyrswitches on for partial load ratios greatemtlBeb, as
previously shown in Figure 3. This means that, ethlePF;,; maps fora values up to 0.5 correspond to
the heat pump working with one stage, Bi¢,; maps fora values greater than 0.5 correspond to two
compressors working in tandem (Figures 7d and 8d).

Taking the example of heating mode (Figure 7)ait be observed that the performance of the system
degrades for low partial load ratios (Figure 7d)isTis due to the auxiliary equipment consumption
(external and internal pumps consumption and pardssses), which have a great influence in thstesy
performance factor. Moreover, it can be observatitte influence of the internal pump is highemtkizat
of the external pump given the higher value ofdh#mal frequency for the latter. In this case, whige
performance factor (PF) is considered (what meaaisthe OFF cycle time is also considered for the
calculation of the performance factor), this effisabot only due to larger head losses in the iatecircuit,
but also (and mainly) because of a larger timepafration for the internal pump, which is continugus
running during the 15 hours per day of system djmara

As the partial load ratio increases, the systerfopmance factor improves until it reaches a maximum
value of 4.58 foexr = 0.5 (Figure 7¢). The optimal frequencies are low beeaas there is only one
compressor running, the influence of the pumps p@easumption is much greater. On the contrary,rwhe
the thermal load of the building gets higher areldbcond stage switches on, the optimal frequenoiee
to higher values, around 45-50 Hz (Figure 7d). Thisecause both compressors are running, so the
consumption of the auxiliaries represents a smphecentage of the total energy consumption. Very
similar trends can be seen for cooling mode. Aghia values of the optimal COPs are higher in capli

than in heating mode.
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Figure 10 presents the optimal frequencies for eaatie (heating or cooling) and for each circulation
pump (internal and external). It can be clearlyarbed that, the higher the partial load ratio, litggher the
values for the optimal frequencies.

The expressions shown in Figure 10 were implemeintédbVIEW so that the optimal frequencies were
automatically calculated at each moment and siiteifirequency inverters in order to obtain energy
savings. These are part of an integrated optinasimatigorithm in which other parameters are also
considered. For instance, the temperature setfitigecheat pump unit is varied depending on theiantb
temperature in order to make the temperature ofvdter to be supplied to the buildirg£ in Figure 1)
remain at the required value. The description effthl algorithm is out of the scope of the pressatk

and will be presented in future publications.

For the time being, the integrated optimizatioroalpm was experimentally tested on the geothepiaait
for a period of several months during the heateagsen from January to April 2013 and the energy
performance of the system was analyzed. In ordpetform a proper analysis and carry out a fair
comparison, the optimized control was comparedstaadard control. This standard control consikts o
keeping constant the temperature settifyg)(at 40°C, and keeping a fixed frequency 50 Hzfath
circulation pumps. This is how common installatioverk: fixed temperature setting and 50Hz (the
frequency of the power supply) to the circulatiammps, with no frequency inverters installed. The
controller was programmed in such a way that taedsrd control is applied on odd days and the
optimized control is used on even days. This is@dgnethod for randomly choosing when to apply each
control strategy and obtaining, in the end, 509%hefdays working with each one. Possible uncerégnt
related to the variation of the thermal demandheftiuilding on different days will affect equalty hoth
controls, since the number of days of the studgrige enough (the study is intended for a complete
season). Figure 11 shows the comparison betweédntyyms of control: optimized versus standard.
Figure 11a shows, from left to right, the dailyfpemance factors DPF1 (includes only heat pump
consumption), DPF2 (includes heat pump and extairallation pump consumption) and DPF3 (includes
heat pump and both circulation pumps consumption}oth types of control during two typical heafin
days (standard control: January"2®913; optimized control: January"22013). For the standard day, the

average source temperature (ground loop) was 1&28Ghe average sink temperature (building supply
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temperature) was 39.6°C, while for the optimized tthe@ average source temperature (ground loop) was
16.5°C and the average sink temperature (buildipgly temperature) was 35.2°C. As it can be observe
by applying the optimized control, a 29% of enesgyings were obtained for a single day. Taking into
account the accuracy values of the different sang@sented in section 2, the uncertainty propaigétir
the calculations of the energy savings of one glgiay results in £1% approximately. Therefore the
energy savings for this single day would take valoie(29.4+0.3)%. When considering the whole period
analyzed in the present study (from January tol/R13), the uncertainty obtained is even lower
(£0.21%).

On the other hand, Figure 11b shows the seasorfafpance factors SPF1 to SPF3 for the period when
the experimental test campaign was carried ounhdureating mode (from January to April 2013). Dgrin
that period, both the average source and sink teatyres may vary for different days, dependinghen t
evolution of the ground temperature and the amtignperature respectively. The maximum variation
observed was 4°C for average source temperatwan@idoop) and 5°C for the average sink temperature
(building loop). Results show that energy savinig8ad.70+0.07)% were obtained by applying the
optimized control. It should be noticed that the tails are not being optimized for the momentfusore
work will be dedicated to the analysis of the impafcthe control strategies in the user comfolkirtg
special attention to the control of the fan coils.

Finally, it should be noted that the energy savstyswyn in Figure 11 correspond to the applicatibthe
integrated optimization algorithm and not onlyhe wariation of the circulation pumps frequency
according to the methodology described in this papl, it is the variation of the circulation pys that
accounts for most of the energy savings, sincevdhiation of the temperature setting of the heapu

only stands for around 4% of the energy savingsipgree of variation of the temperature setting, as

presented in [13].

6. CONCLUSIONS

An in situ optimization methodology based on thegjfrency variation of the water circulation pumps fo
ground source heat pump (GSHP) systems with madisheat pump units was presented in this paper.

The methodology previously developed and publighethe authors for single stage heat pump units wit
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ON/OFF regulation was adapted for multistage heatgpunits. Experimental tests were carried ouafor
heat pump unit with two compressors of the samadaigpworking in tandem in an institutional buildimat
the Universitat Politécnica de Valéncia.

By applying the optimization methodology, an expies that relates the optimal frequency to theiplart
load ratio of the systenw} was obtained for each working mode (heating ating) and for each
circulation pump (internal or external), and it vilmplemented in the control board of the system.

The system was continuously monitored during séveaaths in heating mode, from January to April
2013, and the optimized control was compared tamdard one. For a typical heating day, (29.4+0.3)
energy savings were observed (source temperatbr2’C for standard day and 16.5°C for optimized day
sink temperature: 39.6°C for standard day and @5@°optimized day). Considering the whole anatiyze
period, energy savings of (31.70+£0.07)% were olkthin

In addition to the experimental study for two coegmors working in tandem, the same optimization
methodology was adapted and proposed for multidtage pump units with whatever number of
COMpressors.

Finally, given that the in situ optimization metlobalyy has been developed for both single stage and
multistage heat pump units with ON/OFF regulatiomther studies will focus on the adaptation of the

methodology to GSHP installations with variableespeat pump units.
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NOMENCLATURE

Symbol

COP,,;  System coefficient of performance

Cp Specific heat at constant pressure

m Internal circuit flow rate

n Operation state of the heat pump unit

N Total number of compressors of the heat pump unit

PF¢ System performance factor
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05 Instantaneous thermal load of the building

Qup Heat pump capacity

Q) Capacity ofn stages

To.ic Temperature at the outlet of the internal circuit
T} ic Temperature at the inlet of the internal circuit
Tsp Building supply temperature

ton Duration of the ON cycle

torr Duration of the OFF cycle

Wpar Parasitic losses of the heat pump unit

Weomp ~ COmpressor power consumption
Wgcp  ECP power consumption

Wicp ICP power consumption

Greek symbols

a Partial load ratio of the system

a Partial load ratio of each stage of the heat pump u
n Electrical efficiency of ICP

Acronyms

GSHP Ground source heat pump
GSHX  Ground source heat exchanger

ICP Internal circulation pump
ECP External circulation pump
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Figure 1: GSHP system diagram.

Figure 2: Influence of the water circulating floate on the heat pump and system COP.
Figure 3: Heat pump working state for the tandemm@ssors heat pump.

Figure 4: Flowchart for the in situ optimization tinedology.

Figure 5: Example of a possible test for the vanaof the circulation pumps frequency for a twodam

compressors heat pump unit.

Figure 6: COBsquasi-steady state maps as a function of pumpsérey: a) heating 1 compressor; b)

heating 2 compressors; c¢) cooling 1 compressarodling 2 compressors.

Figure 7: PEsmaps as a function of pumps frequencies in heatiode: ayx = 0.1; b) @ = 0.3; c)

a =0.5;d)a =0.8.

Figure 8: PE,smaps as a function of pumps frequency in coolinglena)a = 0.1, b)a = 0.3; ¢c)a =

0.5;d)a = 0.8.

Figure 9: Proposed test for the variation of threudation pumps frequencies for a multistage heatp

unit with N compressors.

Figure 10: Circulation pumps frequency as a fumctibthe partial load ratio: a) ICP heating; b) ECP

heating; c) ICP cooling; d) ECP cooling.

Figure 11: Comparison between standard contrologtichized control: a) daily performance factors for

typical heating days; b) seasonal performance fadtw heating mode.
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