Document downloaded from:
http://hdl.handle.net/10251/51178
This paper must be cited as:

Tammaro, M.; Montagud Montalva, ClI.; Corberan Salvador, JM.; Mauro, AW.; Mastrullo, R.
(2015). A propane water-to-water heat pump booster for sanitary hot water production:
Seasonal performance analysis of a new solution optimizing COP. International Journal of
Refrigeration. 51:59-69. doi:10.1016/j.ijrefrig.2014.12.008.

The final publication is available at
http://dx.doi.org/10.1016/).ijrefrig.2014.12.008

C ight
opyng Elsevier



Accepted Manuscript .

NNNNNNNNNNN JOURNAL Of

refrigeration

A propane water-to-water heat pump booster for sanitary hot water production:
seasonal performance analysis of a new solution optimizing COP

M. Tammaro , C. Montagud , J.M. Corberan , AW. Mauro , R. Mastrullo

PII: S0140-7007(14)00354-5
DOI: 10.1016/].ijrefrig.2014.12.008
Reference: JIJR 2938

To appearin: International Journal of Refrigeration

Received Date: 6 November 2014
Revised Date: 4 December 2014
Accepted Date: 7 December 2014

Please cite this article as: Tammaro, M., Montagud, C., Corberan, J.M., Mauro, A.W., Mastrullo, R., A
propane water-to-water heat pump booster for sanitary hot water production: seasonal performance
analysis of a new solution optimizing COP, International Journal of Refrigeration (2015), doi: 10.1016/
j-ijrefrig.2014.12.008.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ijrefrig.2014.12.008

A propane water-to-water heat pump booster for sarnary hot water
production: seasonal performance analysis of a nesolution

optimizing COP

M. Tammard®, C. Montagud®”, J. M. Corberaf?,

A. W. Mauro®, R. Mastrullo®

@ Dipartimento di Ingegneria Industriale - SezioneEHET Universita degli Studi di Napoli Federico I1l?V. Tecchio
80, 80125 Napoli, Italy.

®nstituto de Ingenieria Energética, Universitatifeohica de Valéncia, Camino de Vera s/n, 46022heik, Spain

"Corresponding author. Tel.: +34 963879910; fax: $83877272. E-mail address: carmonmo@iie.upv.es (C.

Montagud)

ABSTRACT

Electrical heat pumps for sanitary hot water proidimcachieve a high performance with a good matgloin
water and refrigerant temperature profiles durlnghieat rejection stage, as it happens in §6tems. This
work considers the thermodynamic possibility topidhie condenser pressure of a propane heat pump to
maximize the COP, while producing sanitary hot wafe to 60 °C from a heat sink equal to 15 or 25 °C
The performance of the heat pump is calculatedutiitrospecific models which, in combination with a
TRNSYS model of the whole system, allowed to asgssseasonal performance for a hotel in Strashourg
also varying the control logic and the size of stmrage tank. Results obtained led to the conaiusiat, for
achieving a high seasonal performance, the cologat of the tank has the largest influence.

Keywords: Propane, heat pump, waste heat recovery, energyination

Nomenclature

COP Coefficient Of Performance [-]
DHW Sanitary Hot Water [-]
EHP Electric Heat Pump []
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mass flow rate [kg™§

L power consumption [W]

p pressure [Pa]

Q heat pump capacity [W]

SC SubCooling [K]

T temperature [°C]

t time [h]

\Y volume [n7]

YLPF1 yearly performance factor considering thet lpeemp consumption [-]

YLPF2 yearly performance factor considering thet lpeemp consumption, and the consumption of the

circulation pump that sends water to the evapor@tdrcondenser loops [-]
YLPF3 yearly performance factor considering thet lpeemp consumption, the consumption of the cir¢oitat
pump that sends water to the evaporator and coad®typ, and the consumption of the circulation puhat sends

water to the user [-]

Subscripts

comp compressor

cond condenser

evap evaporator

out outlet

overall refers to the overall efficiency

pump refers to the water circulation pumps
suppnet refers to the water supply from the net
tank refers to the storage tank

top refers to the top of the storage tank
user refers to the user of the sanitary hot water

Greek symbols

A difference
p density [kg- 1]
n efficiency [%]



1. INTRODUCTION

Electrical heat pumps (EHP) technology has beewegardo be a high efficient solution in the energy
conversion for the production of heat. This is grared in some countries, such as ltaly (see itbs
(2011)), where a portion of the energy used bya pamp having a seasonal COP higher than a referen
value is considered as if it were obtained fromereaible energy sources. The use of electrical heapp

for sanitary hot water production is spread in digwed countries, and the concerns related to tieeggn
savings are of primary importance. The recent 813Zegulation from the European Union (EU 812/2013
provides guidelines for the energy labeling of eyst for sanitary hot water (DHW) production,
acknowledging that DHW usage is a "significant shafrthe total energy demand in the Union" and tihet
"scope for reducing the energy consumption is Samt".

The selection of working fluids and the design éfFfEsystems are of primary importance to achieveggne
savings, respecting the environment. As stated ambs (2014), nowadays a new concept in the
implementation of refrigeration systems is imposedyuiring tightly constructed configurations thark
with refrigerants having a low GWP (Global Warmimptential), but keeping the performance as
energetically efficient as possible. In this direct the use of natural fluids could be an intengsbption
and the impact of their adoption on the energyqrerince of EHPs is the objective of an ongoing FP7
European Project, Next Generation of Heat Pumpkingrwith Natural fluids, NxtHPG, (Corberan and
Montagud (2014)).

Concerning the use of natural fluids in heat purapplications for sanitary hot water production, the
adoption of carbon dioxide (GPhas been proposed in some seminal works by Riekeal. (1997) and by
Neksa et al. (1998); also the advantage of itshasebeen proved, with respect to standard solytions
Cecchinato et al (2005).

These works showed that systems working with, @@ns-critical cycles can achieve a good perfogaan
once high temperature water production with largengerature lift is required. In those cases, the
thermodynamic behaviour of the @®@ans-critical cycles related to the heat rejectwocess at variable

temperatures is profitably used to achieve a goattiing among the fluids, as showed in Fig. 1.
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Figure 1. Example of C{and water temperature profiles in a gas cooler @0 heat pump for the
production of sanitary hot water at 60 °C, workurgler optimized conditions.

In addition to CQ, also another natural fluid, propane, can be dsedanitary hot water production. A

report by IEA (IEA, Annex 32) shows the seasonafgrenance of a propane heat pump for the combined
space heating and sanitary hot water productioa iNorwegian passive house. The same system was
compared to different solutions in another reportJoisto Alonso and Stene (2010). For the operating

conditions considered, the authors concluded ti® & 20% higher when G@ used.

In the present work, a propane system able to aitlamiondensing pressure to optimize the COP as a
function of the boundary conditions, is considetedparticular, for a fixed outlet temperature @6 for
the sanitary hot water, also different condensirgggures can be fixed (with a variable sub-coddilhgved

by the system configuration) for a given boundamdition at the evaporator and condenser inlet.

For instance, Fig. 2 shows the comparison betwesziesaence operating condition (dashed lines) witho
sub-cooling at the exit of the condenser and treetbat allows to maximize the COP, keeping condfamt
remaining parameters (continuous lines): the lat#uation allows a better matching between the

temperature profiles at the condenser, increasi@gCOP.
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Figure 2. Examples of propane and water temperatafédes in a condenser of a propane heat pumghtor
production of sanitary hot water at 60 °C, workurgler different pressures at the condenser.

Fig. 3a reports examples of a parametric analysiged out in the vapor compression software paekag
IMST-ART (Corberan and Gonzalvez-Macia (2009)) fioe heat pump considered in the present work. It
shows the evolution of the COP at varying the cosig pressure for different temperatures of theemat
the condenser inlet (keeping constant the remaipargmeters, for the source temperature equal 820
Considering the sole effect of the variable pressutithe condenser, there is a maximum, with aease of

the COP up to 4%, for the operating conditions ed here.
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Figure 3. a) COP evolution as a function of thedemsing pressure at different water inlet tempeeatat
the condenser. b) Optimal condensing pressurefascéion of the water inlet temperature in the cemger

(in all cases, water outlet temperature at the enseér is of 60 °C and source temperature 20 °C).



It'is possible to relate the optimal condensingspuee to the water temperatures at the conderiser as
reported in Fig. 3b for a fixed temperature atekaporator inlet, and to imagine that the systeabie to

control the pressure to the optimal value, alsdenthie boundary conditions vary.

As it is known, the seasonal performance of a heatp not only depends on the heat pump desigr igel
also on the real operating conditions over the ytsat are definitely affected by the load problethe end-
user and the temperatures of the secondary flutdeainlet of both the evaporator and the conderigser
Fernandez et al. (2010), a performance evaluafi@ird@o-water heat pump working with CO2 for sanjt

hot water production was conducted to investighie é¢ffect of ambient temperature and the water
temperature entering the gas cooler on the oveoelfficient of performance (COP) during full tandating
tests in three scenarios typical of residentialewdteating: initial tank heating without demandpkta
reheating after water usage, and tank reheatirey afandby losses. Results led to the conclusianttie
overall COP was maximized at higher ambient tentpeza and at lower hot water temperatures entéhniag
gas cooler, being the COP of the reheating procssisced in about 30-40% than that corresponding to

initial tank heating.

The scope of the present paper is to evaluatedtfermance of a propane water-to-water heat purafesy
producing sanitary hot water for a specific endrgpe. The end-user considered here is a hotanin
average climate (Strasbourg, according to EU standsference climates), whose load profile has been
reported all over the year, being the knowledgé¢hefreal sanitary hot water demand the most impbrta

point for a correct evaluation of the performantsuxh a system, as shown in Agudelo-Vera et aLg»

As the hotel is part of a commercial center, theteasy considered is a water-to-water heat pump boost
from an intermediate temperature level with respectthe ambient, in order to increase the system
performance with a benefit from low grade wastet reaovery as reported by Cipolla and Maglionico

(2014) for sewage water, or by Aynur (2010) fortmauoops.



With respect to the condenser side, the presenadarfk in the system is considered, which woulldiémce
the inlet temperature, allowing to store heat. €ffect of the tank and of the control of the systara

studied parametrically, to assess their influentéhe system seasonal performance.

The present study was carried-out through simuiatiof the whole system in TRNSYS. The EHP, heat
storage and hydraulics were modeled using expetaheiata for a daily load profile on the demandesid
and the performance of the EHP adopting the neweganof optimized pressure at the condenser has bee
correlated to significant parameters, as in Combetaal. (2011a), based on the vapor compressiiiwase

package IMST-ART.

2. MODEL OF THE SYSTEM

The global model of the system has been develap@®RNSYS. It is composed by a basic heat pump ¢ycle
the neutral loop, the thermal storage, the usertla@dhydraulics. In the following, a detailed dgston of

the model for the heat pump and the rest of theesysomponents is provided.

2.1. HEAT PUMP MODELLING: PERFORMANCE CORRELATIONS

The prototype EHP is a water-to-water model workith propane (R290). Its nominal heating capaisty
of 49 kW when heating water from 10 to 60°C at tmmdenser and working with water entering the

evaporator at 20°C. Table 1 reports its main charistics.

Refrigerant Seco_ndary Condenser Evaporator Scroll Compressor
fluids (Type and UA) (Type and UA) (Displacement and rpm)
Propane (R290) Water Plates Plates 170 cm
1400 W-K* 9700W-: K* 2900 rpm

Table 1.Heat pump main characteristics.

The heat pump is modelled in the vapor compressiftware package IMST-ART as a standalone system.
The IMST-ART heat pump model incorporates the kégments of the vapor compression circuit:
evaporator, condenser, compressor, expansion galyeonnecting pipe work. Using IMST-ART, the heat

pump model was constructed on a component by coemopasis, considering the information of the



catalogue data provided by the component manulstutMST-ART software has been experimentally
validated in several studies like the ones presemteCorberan et al. (2008a and 2011b) and Gonzalve
Macia et al. (2007). Results obtained demonstrataximum error bands of less than +4% for a widagea

of operating conditions where other water-to-wéiegt pump systems were modelled.

The EHP has the objective of heating water up t&€q0,,;—..nqa = 60°C) and can work with variable water
temperatures at the inlet of the condenser andoeat. In a physical system, in fact, the watdetin
temperature at the condenser would be the temperafuthe water coming from the bottom of a storage
tank (or from the city supply network) and the @tehe evaporator would depend on the source afjgne
being used (sewage water, neutral loop etc.). Smeeand outlet water temperatures at the corefeae
given, the matching of the water temperature pgafiith the propane temperature profile will dependhe
water mass flow rate.

Looking at Fig.3, it can be concluded that an optinvorking condition can be determined, in terms of
condensing pressure that yields maximum Coeffici@ghPerformance (COP) during operation, this being
defined as in Eq. (1):

' 1
cop = Leone @

comp

whereQ,,nq is the heating capacity in kW aﬁg,,mp is the electrical power of the compressor, in kW.

On the other hand, and in order to consider diffesmurce temperatures at the evaporator, eachmaipti
condensing pressure value is determined (in stetadg conditions) at 4 different water inlet tengperes in

the evaporator (10, 15, 20, 25 °C) coupled to femht water inlet temperatures at the condenggrQ,

30, 40, 50 °C) for a total of 20 working conditions

In the hypothesis of the EHP always working at thgimal condensing pressure value, a map of
performance is then obtained as a function of et temperatures of the secondary fluid at thepesator
and at the condenser, so that the cooling capf@l;,i,;yp in KW, other performance indicators and water mass

flow rates at the evaporator and at the condenserorrelated as shown in Eq. (2):

Qevap = Poo + P10X + Po1Y + P20X? + P11XY + Po2y? + 30X + D21 X2y + proxy® + posy? 2

wherex is the water inlet temperature in the evaporatpressed in °C (from now dh,_.,4p) andy is the

water inlet temperature at the condenser exprésséi(from now oy, _.onq)- These polynomial
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expressions were programmed in TRNSYS creatingnaTeNSY'S type for the heat pump. This new type
receives as inputs the working conditions (tempeea&nd flow rate) of the secondary fluids entethregy

condenser and the evaporator, and provides asteutpuperformance parameters of the heat pumge Rab
reports the values of the coefficiepts,, obtained for the main performance indicators, wherrig.4 shows

the performance maps obtained by fitting data uslagab (Matlab release R2012a).

Poo P1o Po1 P20 P11 Po2 P30 P21 P12 Pos
(-10) (-10) (-10) (-10) (-10) (-10) (-10)
and 28.31 0.923 0.003203 10.18 -5.192 -4.274 0.07276

2.702 -4.875 4.375

Qevap 2101 08745 -0.03173  7.95 -4379  -3.624 00861 538 -4.4782  3.529

Lcomp 7.296 0.04863  0.03493 2.217 -0.8029 -0.654  -0.01292.831  -0.09822  0.8507

Table 2. Coefficientsfp correlating the main performance indicators.
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2.2, END-USER DESCRIPTION

To assess the performance of the heat pump, tleestiady of a hotel inside a commercial centre is
considered. A temperature of 15 °C was considesg¢beasource temperature, which would correspond to
the sewage water of the hotel. The daily load [aff DHW consumption, per person, is reportedig b,
taken from Ashrae Handbook (2012). The locatiothefend-user is Strasbourg, France, which is omieeof
reference for average climates in Europe accortirige European Regulation EU-812/2013 (the other t

being Athens, Greece, representing warmer regargHelsinki, Finland, representing colder regions)

It is worth noting that: according to Energy Savingst (2008), within the UK, climate differenceghin
regions and seasonal variability have a negligéfiect on the consumption of DHW when comparedhéa t
of occupancy; according to Blokker et al. (201f)aihotel the dominant variable determining the DHW

consumption is the number of rooms.

During the year, the occupancy has been estimateary between 80% and 120% of the base level, 100%
assumed to be of 250 people. To simulate this tiamiathe level of occupancy is tied linearly t@ tmonthly
average ambient temperature of Strasbourg in sweydhat, on the coldest month of the year, the
occupancy is maximum; and on the hottest monthptimeber of people is minimum as shown in Fig. 5b.
Climate data are taken from the Meteonorm (Metaeon@lobal Climatological Database and Software)

database, used in TRNSYS 16 (Klein et al. (2006)).
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Figure 5.a) Daily load profile of sanitary hot wat®HW) consumption, in litres per person per hdr.
Level of occupancy in the hotel during the year.
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Table 3 summarizes some data about the load proféd.

Daily average Peak hoully 8to20h 8to20h
hourly consumption  average hourly  consumption
consumption (7t08) consumption percentage
Base level occupanc 523 [-t* 1814 .11 565 |-t 53.92% of tote

(250 people)

Table 3.End-user DHW consumption main data.

2.3. SYSTEM COMPONENTS MODELLING
A sketch of the system model as used in TRNSY §dasi-steady state simulations is shown in Fig. 6.
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Figure 6. System model layout.

Although DHW is heated up to 60°C by the EHP fgidanaires' disease concerns, the tempering valve
(Type 11b in the stock TRNSYS 16 library) is metandieliver water at 50°C to the us&(,.= 50°C) by
mixing hot water coming from the top of the tark,,,at its temperaturg,,,_.,,With an appropriate
amount of reintegration watéts,,,»..taken from the supply networky(,,,,..=15°C throughout the year),

determined as shown in Eq. (3).

_ (muse‘rTuser - mtanthop—tank) (3)

msuppnet T .
suppne

The vertical, cylindrical tank (Type 60c in thekoTRNSYS 16 library) is insulated (heat transfer
coefficient to the environmetit,.s = 0.8 W-nif-K™) and kept in a closed environment, that remaifis,gt
20°C throughout the year. It has a height-over-éi@mratio equal to 4 to help stratification (Csteal
(2010)). The tank volume was calculated using Ej. (

&0 (4)

V(m?) = Z DHW (£)
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whereDHW (t) is the hourly sanitary hot water demand. Considgttire daily demand profile and the base
level of occupancy (250 people), the volume ofttrk results in 12.5 frapproximately. However, in an
effort to keep the bottom colder, the volume oftdrek considered in the simulations is a 20% grehtn
that of the base level daily consumption, finaigulting in 15 m The tank has 2 inlets and 2 outlets as
shown in Fig.7. The inlet from the heat pump corsgems on top, so as the outlet towards the useriflet
from the supply network is located at the bottomas the outlet going to the condenser. The taslatiatal
height of 6.73 m, which for simulation purposeFRNSYS, is equivalent to the situation of havingaBks
of 2.243m of height each connected in series,aslifference existing in the mixing effect of buagy
inside the volume of each of the three tanks caededa series, compared to that of a bigger sitagi& can
be considered as a secondary effect that resugtgyitde for the annual SPF performance evaluatmrihe
specific case studies considered in the preserk.warshown in Fig.7, 15 isothermal nodes, equsiigced,

are considered from top (node 1) to bottom (nodeofL e tank.

m tank m tank
m cond m cond
out out out out
T cond L 2 T tank T cond — 1 T tank
: top=node 1 | : top=node 1 :
1
1 1 1
1 1/3Vol | : '
: : 1 :
e e T roce s | !
=TT TR 1 1
£ m I 2/3 Vol il CONTROL
: i iiB”
1
- CONTROL : :
ilA’! L o o o o o e e []
Q — T node 'lo
o I
™
~~
4 bottom=node 15 y |/ bottom=node 15
"N r 3 r
in in
T cond T net T cond < T net

Figure 7. Tank layout for different types of comtisiandard control (CONTROL A) and “night&day”
control (CONTROL B).

Variable speed circulation pumps (Type 742, TES8dries) of constant overall efficiengy,erq;= 0.5
and no heat losses to the water are employed.UPeedopsAp in kPa are a function of internal diameter

and length of the pipes: the diameter is of 38.1(t#inches) on each closed loop circuit; pipgtans of

12



100 m on each loop except the one connecting thephenp and the tank, which is of 50 m (the heatppu
working with propane has to be located on the foo$afety reasons (see Corberan et.al (2008b)jeaise
the tank could be in the basement of a hypothetisat building). A 30% increase to pressure drop is
applied to keep into account concentrated presioges due to valves, turns and other accessotes. T
density of watep,, 4., is considered constant and equal to 1000 Kganal the consumption of each pump

in kKW is calculated as shown in Eq. (5).

L — mwaterAp (5)
pump (pwaterr]overall)

The heat pump is turned on or off by means of femiftial controller (Type 2b in the stock TRNSY& 1
library). Two different kinds of control are idefidd as shown in Fig.7: base case control (*“CONTRO),
where the control sensor is located at 2/3 of gigltt of the tank (node 5) corresponding to a steshd
control, and the so-called “night&day” control loadFCONTROL B”), which aims at increasing the wargi
time during the night, while reducing it during tthay to take advantage of the lower electrical gnerices
at night. In this “night&day” control logic, the pition of the control sensor is different for tHght and the
day. During the night, it is located closer to Bmtom at 1/3 of the height of the tank (node &4 during
the day, it is located closer to the top of thektat 2/3 of the height (node 5). For the base,case
“CONTROL A’ is considered. The controller set terrgdere is of 45°C, measured at 2/3 of the heiglthef
tank, which corresponds to the isothermal node8 E8g. 7). The deadband is set to 10K, so thatd¢he
pump turns off when the measured temperature (Bpdemsses 50°C and turns on when this same
temperature falls below 40°C. This means thatll 4inges, 1/3 of the tank volume (5jocated at the top
of the tank (from node 1 to node 5) is at the dglntemperaturel{ .., = 50°C) or above stored if the EHP
is not working, which ensures satisfying the usamand for at least three hours (at the base occypevel

of 250 people).

3. PARAMETRIC ANALYSIS AND RESULTS

The performance of the heat pump is not only adigtly the temperature level of the available energy
source (evaporator inlet temperature) but alsdbyest of the system characteristics, such agallaene of

the tank and the share of tank that is decidee tkelpt hot at the delivery temperature, which alslo

13



depend on the coupling to the demand (control'Jodicerefore, a parametric analysis is conducteith, w

inputs summarized in Table 4.

#1: Water inlet temperature #2: Share of the tank volume #3: Volume of

at the evaporator heated at T > 50°C (control logic) the tank
Value: A 15 °C (sewag! 1/3 15 n° (H/D = 4)
Value: B 25 °C (neutral loog 1/3 from 8 to 20h, otherwise : 20 n° (H/D = 4)

Table 4.Parametric analysis input data.

There are three main parameters identified: Pam#é@twhich corresponds to the water source teryrera
(15°C for sewage water (CASE A); and 25°C (CASHEr&n a condensing loop existing in the commercial
centre where the hotel is located). Parameter #2hngdtands for the two different types of contaits
identified for the EHP; and Parameter #3 which aers the influence of the tank volume in the syste
performance.

Regarding Parameter #2 in Table 4, the two kindmafrol previously explained are considered:
“CONTROL A” and “CONTROL B”. The main difference tveeen both types of control is that, in the case
of "CONTROL A”, the heat pump will be switched ontil 1/3 of the tank volume (5 $hhas a temperature
above 50°C independently of the time of the dayereas in “CONTROL B”, the heat pump will be
switched on until 2/3 of the tank volume (18)meaches a temperature higher than 50°C duringitfie.

For the calculation of the electricity cost, a rat®.11 €/kWh has been considered during the alag,0.06
€/kWh at night for the commercial centre. Of coutsese prices could vary from one country to arncainel
for different applications, but if the differencettveen the electricity cost for the day and thefon¢he

night is approximately the same, the obtained tesulterms of electricity cost savings would beado

the ones presented in this paper.

The performance of the system can be evaluatedlbylating the yearly performance factor (YPF) as

shown in Egs. (6), (7) and (8):

8760
YPF1 = fo Qconddt (6)
~ 8760/ :
fo (Lcomp + Lcond,pump)dt
8760
YPF2 = fo Qconddt (7)

8760 - ; ;
0 (Lcomp + Lcond,pump + Levap,pump)dt
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YPF3 = f08760 Qconddt (8)

8760 . . . .
0 (Lcomp + Lcond,pump + Levap,pump + Luser,pump)dt

where time is expressed in hours, all factors rmikeli it andL'wnd,pump, Le,,ap,pump, Luser,pump correspond
to the electrical consumption of the water ciraolaijpumps on the condenser side, evaporator suiesar
side respectively.

In all simulations, time step is of 30 s and terapae of water delivered to the user is verifiedardo fall
below 49°C. Figs. 8, 9 and 10 show some days aiflsitions for the Reference Case (AAA in Table A). |
order to better analyse the performance of theesysteveral critical points have been identifienir{j{s 0—4)

in these figures.
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Figure 8. Temperatures along the height of the tartk COP during 2 days of simulations. Case AAA
(Reference case).

As it can be observed, at point 1, the heat punifcisas on when the temperature sensor locate aif2/
the height of the tank (node 5) falls below 40°@t Much earlier than this, at point O, temperaturéop of
the tank is shown to decrease sharply, due taagttemand on the user side (between 7 and 8hpass
in Fig. 9). A bigger inertia of the tank (its volejwill increase the delay between the peak ofitreand
and the beginning of a working cycle of the heahpuln other words, this peak of the load profievhat
triggers the EHP on most of the time.

As it can be observed, at the beginning of eactyale (point 1), the COP of the EHP is higher (awd.8)

as the bottom of the tank is colder. From that muirtbe heat pump starts heating the water inghle, t
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making the COP decrease as the temperature adtioenbof the tank increases, reaching a value ardu
at the end of the cycle (point 3). This remarks mo&intaining a good stratification of temperatusksg
the height of the tank improves performance. Whentater temperature of the control sensor locait@d3
of the height of the tank reaches the value ofGaKRe heat pump switches off (point 3). Then, the
temperature evolution of the water in the tank wwily depend on the evolution of the water floverat the

demand side as well as the heat losses to the anéch can be considered negligible.

06 —— User side ("m tank")
~ User demand ("m user")
------- EHP side ("m cond")
— 0.5
‘TU)
204/
P
03
3
3 et s
= 0.2 n gl S T
g : : :
s
0.1

4 8 12 16 20 24 4 8 12 16 20
May 1st and 2nd [ hours ]

Figure 9. Evolution of the water flow rates entgrand exiting the tank during 2 days of simulatidbase
AAA (Reference case).

Fig. 9 shows, for the same days of simulationgi@ution of the water flow rates entering andiagithe
tank, on the EHP side (“m cond”) and on the us#g §im tank”), as well as the user demand (“m Usét”
should be pointed out that, the water flow rate thaxtracted from the top of the tank (“m tank¥)a result
of the energy balance presented in Eqg.3. This isindometimes takes slightly lower values thanwiager
sent to the user (“m user”), in those cases wheregmperature at the top of the tank is highar tha
desired water temperature to be sent to the uee€C{5Nevertheless, it is directly related to tserudemand,

so the higher the sanitary hot water demand, thieehiwill be “m tank”, and vice-versa.

As it can be observed, when the heat pump is sedtdff, the water flow rate entering and exiting tieat
pump (“m cond”) is zero; so, the greater the sayitat water demand (“m tank”), the sharper willthe
decrease in the temperature in the tank (from f@btotpoint 1). Analogously, it can be observed tha

evolution of the temperature in the tank is flattdren the user demand is lower (from point 3 tap4).
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On the other hand, when the heat pump is worklrgetrolution of the temperature in the tank willsbe
result of the energy balance between the water fiaevcirculating in the EHP (“m cond”) and the ahat
is circulating on the user side (“m tank”). As@rcbe observed, when the user demand decreasasp@int
1 to point 2), the water temperature in the tamkdases, and so does the water flow rate entdrangIitiP
(“m cond”); whereas at point 2, the user demand geghtly higher values and remains approximately
constant until reaching the end of the cycle (p8)nmaking the trend in the evolution of the water
temperature inside the tank be approximately Ratally, when the water temperature of the cordesisor

(2/3 of the height) falls below 40°C (point 4), thyele recommences.

Fig. 10 shows the evolution of the performanceheffieat pump during the same days.
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Fig.10 Heating, Cooling capacity and water flonesatluring 2 days of simulations. Case AAA (Refegenc
case).

It is shown in Fig.10 how flow rates of water at tondenser and the evaporator vary in order ti@aelhe
optimal condensing pressure for each set of boyrmtarditions (water inlet temperature at the cosden
which is the temperature at the bottom of the tardter inlet temperature at the evaporator fixethbaC),
and subsequently, how heating and cooling capadtielve. Thus, at point 1, the heating capacityef
heat pump gets greater values, as the temperatigesdce between the inlet water temperatureat th

condenser (bottom temperature of the tank) andék@ed outlet water temperature at the condefized (
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at 60°C) gets greater values. At this point, amring to the heat pump performance correlatitves,

lower the temperature at the bottom of the tardhilgher the heating capacity; analogously, themfédw

rate will get lower values at the beginning of tiyele (point 1).

Then, as the water inlet temperature in the coretgttom of the tank) increases, the heat purppaty

slightly decreases, and the water flow rate ergettie condenser gets higher values. It should be#gqubout

that the evolution of the cooling capacity is theng as that of the heating capacity, as it isaltretthe

variation of the optimal condensing pressure faheslue of the water temperature entering the eoser.

The same happens with the evolution of the watey fiate at the evaporator, which follows the evolubf

the cooling capacity, for a given temperature défee in the evaporator of 5K.

The results of the simulations are summarized inidsaba and 5b, depending on the value of the

temperature level of the available energy soureeafeter #1) since the higher the temperatureeof th

source, the better the performance of the EHP gl increase in the YPF1 a 14.66% higher (fronrAAA

to BAA), when changing the type of source from sgevevater (15°C) to condensing loop (25°C).

YPF1 YPF2 YPF3 % ON time % ON L comp Average tank Electricity
(8-20h) time [ KWh ] bottom T[ °C ] Cost savings
(20-8h) (-109 (%)
Case: (Reference case at
4.98 4.94 4.93 88.08 34.29 46.70 11.28 Tsource15°C)
AAA
ABA 4.89 4.85 4.84 25.97 99.21 47.98 12.76 23%
AAB 4.97 4.93 4.92 98.42 24.24 46.83 11.65 -5%
ABB 4.91 4.87 4.87 24.62 100.00 47.72 12.27 24%
Table 5a. Parametric analysis results, cases withlde (15°C) for the water inlet temperature at th
evaporator.
YPF1 YPF2 YPF3 % ON time % ON L comp Average tank Electricity
(8-20h) time [ kWh ] bottom T[ °C ] Cost savings
(20-8h) (-109 (%)
Case: (Reference case at
BAA 5.71 5.61 5.60 60.63 34.79 41.52 12.72 Teource25°C)
BBA 5.60 5.50 5.50 27.88 69.47 42.51 15.21 15%
BAB 5.74 5.64 5.63 79.56 14.22 40.76 11.57 -8%
BBB 5.61 5.51 551 5.36 91.13 42.12 13.67 30%

Table 5b. Parametric analysis results, cases w{@bBC) value for the water inlet temperature at th
evaporator
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It is shown that this specific implementation of tmight&day” control logic (Parameter#2=B) is alyga
detrimental to the EHP performance, particularlhé source is at a higher temperature due toigieh
heating capacity of the EHP in this case, whichliespa better capacity to "follow" the demand ardsser
need for storage. This decrease in performancevghiss from 1.8% (from AAA to ABA) and 1.96% (from
BAA to BBA), up to 2.32% in the worst of the caggresm BAB to BBB).The higher value for the tank
volume (Parameter#3=B) does not practically affieetperformance of the system, presenting a sjightl
decrease of -0.2% from AAA to AAB, and being prealiy negligible when the “night&day” logic is
applied (from BBA to BBB). With this logic, in facthe longer working cycles during the night hgathe
bottom of the tank to a higher temperature, aaritlze observed in case BBA where there is an iserefa
2.5K in the average water temperature at the bottotime tank with respect to the reference case BR#s

effect is shown to be lower in the case of a latgek (case BBB).

Taking a look at the electricity costs savingsaih be observed that, as it was expected, “night&ladaic

is favourable, being the maximum electricity castisgs around 23% (from AAA to ABA), and being
practically the same for a higher volume of th&ktéirom ABA to ABB). However, if the “night&day” Igic
is not applied, the electricity costs are a bitleig around 5%, the higher the tank volume (fromAAA
AAB). So, it can be concluded, that consideringghér tank volume is only beneficial in the case of
considering the “night&day” logic. This is espebyalelevant when considering a higher source teatpee.
As it can be observed in table 5b, up to 30% etdtticost savings can be obtained when increatsiag
volume of the tank and considering the “night&d#ygic (from BAA to BBB). However, it should be
stressed that a bigger tank would imply a highstaitation cost. Thus, when building a new instadla an
economic analysis should be done in order to s#tecbptimal solution, for a given sanitary hot evat

demand profile.

4. CONCLUSIONS

In this paper, a water-to-water EHP prototype foritary hot water production using propane as a
refrigerant has been coupled to a storage tankaartburly demand profile for a specific end-usendgel in

Strasbourg, France). Performance of the EHP hasrbedelled in IMST-ART and assessed through a
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parametric analysis, with the temperature of thec® the control logic and the volume of the sjerank
as parameters. The results showed that the penieerat the EHP, although satisfactory in all cases,
depends on decisions taken on the whole systeminitiiet&day” control logic proved to have a margina
detrimental effect to the energy performance, teigaificantly positive effect in the electricityst savings,
for the given electricity rates (electricity costnéght almost half of the electricity cost duritige day); a
larger tank resulted beneficial only when the “t&jhay” control logic was adopted. It is then sugeges
that, in order to estimate the performance of ai Etdter heater, there is a need to consider afpeser
with its own characteristics, also choosing appetprcontrol strategies. Future work will also h&we
include a comparison between the propane solutidrasCQ heat pump working at the same boundary

conditions.
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A water-water R290 HP booster for Sanitary Hot Water (DHW) production was
optimized >The assessment of the system performance was carried out in a
complete TRNSYS model >A DHW profile for a hotel in Strasbourg was
considered> A parametric analysis was carried out for the system design and
control parameters >Control logic of the tank has the largest influence in the
performance of the system.



