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ABSTRACT

This paper consists in the presentation of a new
simulation tool aimed at the detailed prediction of
HVAC systems, developed by the authors in order to
fulfill specific needs derived from particular research
topics in the field of design and tailored control of
HVAC systems fed by heat pumps. This simulation
tool has a modular programming design and is
developed in order to easily use input data available
in documentation from manufacturers and to provide
the user with a flexible system design and a full set of
control options. In this paper, it is used to evaluate
the energy performance of HVAC systems based on
heat pumps for DHW (Domestic Hot Water)
production and heating/cooling purposes in low
energy buildings.

INTRODUCTION

Many building energy simulation tools exist for the
assessment of building heating/cooling loads and
lighting needs. In particular, some of them perform
HVAC system simulation with a high degree of
detail [Crawley et al., 2005], thus allowing the user
to assess energy consumption for common HVAC
systems.

Unfortunately, when involved in specific projects
about advanced HVAC systems and devices as well
as about new control strategies for HVAC systems,
the need for the implementation of an open and fully
modifiable software arises. In particular, the authors
of this paper decided to develop a simulation tool
aimed at the detailed analysis of tailored HVAC
systems, being involved in projects about low energy
buildings and optimized management of heat pumps,
in the frame of prototype coordinated energy grids
for the achievement of the smart city target.

In this paper, the new building energy simulation tool
under development at University IUAV of Venice is
introduced. In particular, this software is aimed at the
simulation of HVAC systems under unsteady state
conditions, starting from building heating/cooling
loads simulated by means of other software.

In particular, in this paper, the software under
development is applied to the analysis of typical
residential HVAC systems coupled with heat pumps,

in order to calculate the global system efficiency and
the related renewable energy share.

In section METHODS, the building energy
simulation software under development is briefly
illustrated and the performed simulations are
described. In section RESULTS AND
DISCUSSION, the achieved simulation results are
shown, together with interesting results arising from
the detailed output of the software under
development.

METHODS

General description of the simulation software
under development

The software is developed in programming language
C++, fully exploiting related features such as meta-
programming and object-oriented programming, as
well as inheritance. As a consequence, the simulation
tool itself is structured by means of a fully modular
approach, where each physical HVAC device is
described by means of a software module.

The following features characterize the program
under development:

- Simulation of HVAC systems starting from
heating/cooling loads. The software under
development is aimed at the detailed simulation
of HVAC systems with no reference to building
envelope, because it is aimed at the
implementation within building design and
management software as well as at the
verification of advanced control procedures. As a
consequence, the software is not aimed at the
simulation of the building envelope, hence
heating/cooling loads will be input values.

- User-oriented approach. The development of this
program aimed to facilitate the work of the user,
i.e. the HVAC system designer or the
programmer of building management controls,
limiting the amount of input data to be
found/assumed by the user. As a matter of fact,
this simulation tool provides physical models and
mathematical tools (such as cubic splines
interpolation and multi-variable polynomial
approximation) used for a reliable forecast of the
performance of the simulated devices, depending
on the level of detail available to the user, ranging
from mere catalogue data up to detailed
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performance tables and curves. Moreover,
extensive magnitudes are expressed by means of
normalized curves and tables and related specific
multipliers, in order to ensure a larger use of
previously inputted data and allow the user to
build up a flexible archive of devices and
performance data.

- Flexible adaptation to parametric optimization
and sensitivity analyses. The software under
development is intended at the wuse in
optimization and sensitivity analyses, so it
exploits an approach in input management aimed
at the automatic composition of input files basing
on parameter ranges specified by the user or by
multi-objective optimization procedures.

In this study, the following software modules were
used:

- Module “htpmp”: module representing vapor
compression based heat pumps. Two approaches
are used to simulate the operation of the heat
pump in this calculation module:

0 Physical approach, via the implementation of
the model described by Scarpa et al. [Scarpa
et al., 2012], intended to be used in case of
low amount of information about the heat
pump or for simulations involving heat pumps
from a general perspective;

0 Fully numerical approach, using rated
performance of the heat pump, inputted in
terms of full capacity and related COP values
as a function of the inlet/outlet temperatures
of the secondary fluids, exploiting a 3D least
squares approximation procedure.

The performance under part load conditions is
calculated by means of user-defined or default
[CEN, 2012] PLF-CR (Part Load Factor -
Capacity Factor) curves.

- Module “usr”: module representing the thermal
units. The user side is described from a general
perspective, with no specific reference to the
thermal unit terminal, so this object might be used
for many cases, ranging from hot water tapping to
fan coils and radiators. The input values available
for this object can be grouped as follows:

0 Value of heating/cooling load to be met in the
timestep (usually one hour) under calculation

0 Value of maximum/minimum  inlet
temperatures allowed in heating/cooling
respectively, in order to consider the possible
presence of thermostatic mixing valves

0 Characteristic heat exchange curve in
heating/cooling, depending on temperature
difference between inlet temperature and
room (or water mains) temperature, together
with nominal performance and related
boundary conditions (for instance using

performance rated according to Standard EN
442:1997 [CEN, 1997])

0 Maximum inlet volume flow rate

0 Minimum thermal power to be met. This
value is the minimum required thermal power
below which the heating/cooling operation
does not take place. This way the HVAC
system is not asked to meet minimal
heating/cooling loads, as happens in the real
operation, since real HVAC systems are
controlled by means of thermostats having
proper thermal hysteresis, in order to prevent
continuous on-off. This approach is
uncommon in usual building energy
simulation tools and is suited to mimic a
better way the operation of real HVAC
systems, especially in case of heat pumps,
performing poorly at very low heating/cooling
loads (unusual in common operation),
corresponding to low capacity ratios (CR).

- Module “whstrg”: module representing the water
heat storage. In this module the water volume is
split into two parts, one above the other. The
module considers heat conduction through the
heat storage shell and envelope, heat transfer by
means of built-in heat exchangers and direct
intakes/outtakes, by means of overall heat transfer
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method, as well as water mixing due to buoyancy
driven convection within the heat storage (in case
of temperature inversion in the heat storage).

General calculation scheme

The calculation procedure to be used with this

software implies a two-step approach:

1. Determination of heating/cooling heat flows by
measurements (when embedded in building
management controls) or simulations through
proper simulation software. In particular, in the
present paper, this first step was performed
simulating a low energy building by means of
EnergyPlus [Crawley et al., 2001].

2. Simulation through the software under
development, starting from heating/cooling data
measured/simulated in step 1.

This two-step approach might imply inconsistence

between the software used to assess the building

energy demand (i.e., in the present case, EnergyPlus)
and the software under development (used to
calculate HVAC system operation and consequent
primary energy needs). As a matter of fact, the size
of the heat pump or water heat storages, as well as
the control strategy, might imply heating/cooling
loads are not always matched, thus affecting the
indoor comfort. The potential frequency of such
inconsistencies is limited indeed, because in HVAC
systems water heat storages are used in most of
times, in order to provide constant supply of thermal
units as well as continuous operation of heat pumps
and Dboilers. Furthermore, the software under
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development provides remainders used to postpone—P-H-3%C  ——P-H-4C  —P-H-45C P-H-5GC  —P-H-55C
unmet loads, summing them to the heating/cooling ~ & 1 *°¢ ~ €07 e mreomn-aae - copm-she oo e
loads of the next calculation time-step thus 140 700
mimicking the consequent effects of indoor ===
environment underheating (in  winter) or
undercooling (in summer). As a consequenbés
feature de-couples the plant from the indoor
environment, but still keeping track of and
recovering from unmet heating/cooling loads, thus
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inconsistencies implied bihe aforementioned two- 0.0 000
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consistence irthe whole building energy simulation a)

even if splitinto two phases, building heating/cooling
demand assessment and building plant energy needs s.c.osc  —p-c-onc  —p-c-10c P-c-15C —P-C-18C
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Description of the simulatedHVAC system

The HVAC system considered in this paper is
resumed inFigure 1 and consists in a heat pump
sening thewater heat storage of the heating/cooling
circuit as well as the circuit for domestiot water
prepaation 0 300 35.0 w0o "

Outdoor air dry bulb temperature [ {C]
EE % IE ) ) b) )
ws § ; N Figure 2B Normahzed full capa}m(d?) and COP
DHW curves depending on outdoor air and outlet water

s temperatures in a) heating and b)cooling modes
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— Moreover, two kinds of compressor control were
nd_4 considered: on-off and inverter. In particula, the
o o computation of heat pump performance under part
Cop e y load conditions, the approach recommendedEM
nd 1 nd_7 nd_70UT

. N N e 14825:2012 [CEN, 2012] is used, adopting the curves

\ 4 —0->

um WHS PLFCR shown inFigure 3 Also in this case the
. i same curves for various heat pump sizes were used,
ndvG nls n&’LIN in qrder to avoid modifications in results 'due to
- - - contingent manufacturerOs data and to achieve more

Figure 1 B Scheme of the simulated plant and namesgeneral results.
of the related mass flow nodes, where: EE: External
environment; WM: Water mains; HP: Heat pump; 120
WHS: Water heat storage; IE: Indoor environment; R S aammmRREEN T .
DHW: Domestic hot water; FCU: Fan coil unjts 100 "
HVAC = Heating/Cooling system BSs=CcunEl

—PLF - On-Off — - PLF - Inverter
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The heat pumps simulated in this paper aretoso
characterized by the normalized heating/cooling *

capacities and COP shown ifigure 2 The 040
capacities and COP are normalized in order to use the
same shape of capacity and COP curves for heat
pumps having various nominal capacities. This
approach WaS used In Ol'der to hlghllght the Inﬂuence 0.00 0.10 0.20 0.30 040 0.50 0.60 0.70 0.80 0.90 1.00

CR[]

due to heat pump nominal capacity neglecting Figure 3 © Curves PLF-CR for On-Off and Inverter-
differences in performance due to specific heat pump driven heat pumps

model and size. In particular, these performance

curves refer to typical commercial heat pumps The main parameters of the plant were varied, thus

usually equipped with one scroll compressor and performing parametric simulations to analytee
R410A refrigerant fluid.

0.20
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sensitivity of the results to assumptions and specific Table 1
conditions. Main data about simulated water heat storages (WHS),
In particular, as regards the HVAC system, the DHW where ODirO means direct inflow/outflow
heat storage volume and the HVAC water storage o} g
volume were modified in a large range (0.2, ®.3 . . |5 E g5 | &
m®, and 0.5 ), in order to get the variation of the| , gle|E|E| 2 |5.| §5 % < %(
heat pump performance depending on part Ioa@ ° 2lg |2 3 %g %g 23| 83
operation, as well as to include in the analysis thes| < S T | g & 25| 23 |83 23
consequent heat losses, getting as close as possiblaﬁ DS |O| 8 e g | 25| &= % e % g
the actual behaviour of the plant. In particular, the = |- < |z £ o 5
water heat storages are provided with a thermal = = § 3
insulation layer with an equivalent U-value equal to
0.4 W/(nf!K) and the control of the DHW heat | _ X o o
storage is based on the following set-pointZ| || e | & |E~| & 3 § §
temperatures: = - -
X Minimum setpoint temperature in the upper part 11021125 040 | 20/a5| 20/a5 | oir | 1600
of the water tank: 40;C. When the temperature in | = ,
the upper part of the water heat storage fallsp 5 2103]133] 040 | 40/45 | 40/45 Dfr 1600
below 40iC, the heat pump is asked to provideg| | 3| 05 |1.50] 040 | 40/45| 40/45 | Dir | 1600
heat, until the temperature reaches the value pR| | | 02 |1.25] 040 | 45/50 | 04/08 | Dir | Dir
the maximum set-point temperature. <>( 2| 0.3 |1.33| 0.40 | 45/50| 04/08 Dir Dir
X Maximum set-point temperature in thosver part T3] 05150 0.40 [ 4550 04/08 | Dir Dir
of the water tank. The maximum temperature in
the lower part of the water tanis 45;C. When
the temperature within the heat storage is getting Table 2
higher than this value, the heat pump is switched Main data about simulated heat pumps (HP) in cases
off. LEE and HEE
The DHW temperature is then tempered by means pf =
a tempering valve limiting the temperature at the tap _ © §_ 5|z = o ©
to 40;C. ¢ 8 |8|82 o2 |g23|93| ¢
Moreover, as mentioned above, different control § ® é E N | BN o §<\1 GQ,,‘\[ S
strategies were considered for the heat pump (on-off€ | 2 | 3 | &F | & |SSd| S & 2
mode and inverter-driven compressor) as well as tyo® | © | © | £ | £21§ 2| 82| &
levels of building envelope performance (low 2
efficiency envelope, LEE, and high efficiency
envelope, HEE), in order to consider two ratios gf £ > =
DHW needs to heat pump capacity. = =~ =~
The parameters varied as mentioned above lead to&@ (g | 1 70 | 229 | 75 | 324 | onoff
total amount of 36 simulations that were performed & [LEE | 2 7.0 229 | 75 | 3.24 | Inverter
taking advantage of the advanced features embedde§ HEE | 1 4.5 229 | 42 | 324 | OnOff
in the developed software to assist parametic | HEE| 2 | 45 | 229 | 42 | 3.24 | Inverter

simulations.
The main parameters characterizing water heat

_1.Temp eeend_2.Temp e end_3.Temp -=-nd_4Temp - nd_5.Temp
storages simulated by the simulation tool are resumed g ToTemp nd 7Temp  — nd_70UTTemp — -nd_8INTemp --nd_8.Temp

in Table 1 whereas the heat pumps used in this paper s "™ MATVER = =nd TOUTVAR 045
are briefly described iffable 2 _ 7 T 1 040
Various output files are given for the set of soogaciLjemanzel) s s
simulations: for each simulation of the set, output_, f:,f:f""'\\\g;g&%%’@m?@4@-";‘;15“.? o
results averaged in each time-step (here Ll \\';’?J ' 025
corresponding to one hour) and detailed in each su&? 300 L ' i
time-step (here corresponding to five minutes), aree \ ”"g
given, as well as a detailed resume of seasonal **° ey IR Tl e
energy transfers, efficiencies and renewable energy o ~ NEENI oo
shares for each device in each operation mode. e

0.22760 12765 12770 12775 12780 12785 12790 12795 138%%
In Figure 4 an example of the detail of the results _ Subime-step ]

Figure 4 b Example of results achievable by means of

achievable with the simulation tool under : .
the simulation tool under development

development is shown.
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RESULTS AND DISCUSSDN

Heating/Cooling loads were calculated by software The resul of the set of simulations performeude

EnergyPlus, using the geometry of a typical detachedshown

in terms of performance indicators on

house as a reference. Two levels of energy efficiencyseasonal basis such as the renewable energy ratio

were considered in the specification of the thermal
envelope: low energy efficiencgdseLEE) and high
energy efficiency(case HEE) This way it was
possible to examine the behaviour of the HVAC

(Rrens in Equation ), according with European RES
Directive [EU, 2009], average capacity ratio, part
load factor, heat pump COP and system COP, both
for heating and for cooling.

system depending on the ratio of heat pump design

capacity to the sizes of DHW and HVAC storages.
As a matter of fa¢tin case LEE and HEE, different
heating and cooling design capes are

Rren= (Esolar + Enp-extsourcd / (En + EpnwE

Eo) 1)

where:

encountered, with consequent influence on heatX Reen is the total fraction of renewable energy

pump sizing. In this paper, the heat pump is sized in

order to cover both heating and cooling loads, using a

safety factor equal to 1.10h Table 3design heating
capacities (B npes) and design cooling capacities
(P.o,coeg are declared for cases LEE and HEE,
together with the heat pump full capaest under
design boundary conditions{# pes and Rp.cpeg:

Table 2
Main data about simulated heat pumps (HP), with
reference to building configurations LEE and HEE

Loads Heat pump
Casg Pwppes[W] | Pwo.coes[WI | Papoes[W] | Pupc.oes[WI
LEE 7900 7600 8690 9350
HEE 3500 5400 5500 5940

used in the plant

X Esoaris the amount of renewable energy exploited
by the solar theral system

Enp.extsource IS the amount of renewable energy
exploited by the heat pump and consisting in the
heat collected from the outdoor air in heating
mode

Ey is the total amount of energy demand for
indoor environment heating

X Epnw is the total amountfaenergy demand for
domestic hot water preparation

Ec is the total amount of energy demand for

X

0.70

More details on the simulated detached house and the

related configurations LEE and HEE are given in the
following lines:
Site: Milan
Size:
Net floor area: 200 M
Heated volume: 540
Envelope:
LEE:
fVertical walls U = 0.83 W/(m!K)
fWindows:

xU = 1.91 W/(niIK)

xSHGC = 0.70
HEE:
fVertical walls: U = 0.20 W/(fiK)
fWindows

xU = 1.06 W/(niIK)

xSHGC = 0.51
Ventilation:
LEE: 0.5 nih, with no airto-air
recovery
HEE: 0.5 ni/h, with air-to-air heat recovery(@
= 70%)
Occupancy: 4 people
DHW demand: 50 I/day per person at 40;C.
Internal heat gains: 9 kWidy, distributed during
the day with typical scheduling
Temperature control: active from 7:6921:00
(14 hours), every day

heat

0. 65 0.65
0.
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DHW: 0.2 DHWOS‘DHWOE‘DHWOZ‘DHWOS DHW: 0.5 DHWOZ‘DHWOS‘DHWOE
HVAC:0.2 \ HVAC:0.3 HVAC: 0.5
| MLN |

Figure 5 D Share of renewable energy for the
simulated cass where INV = Inverter-driven heat
pump,00 = On-Off heat pumpPHW= DHW sbrage
vglume (in M), HVAC = HVAC storage volumen(
n)

Figure 5showsthe values of Ry for the simulated
configurations.Basing onFigure 5 the difference
between the best and the worggRvalues is around
14%. In particularthe highest shiees in renewable
energy exploitation are achieved in cddEE, in
particular by means of large water heat storages for
DHW preparation and heating/cooling (HVAC)
Moreover, in the case of high performance buildings
really small difference arises betweenon-off and
inverterdriven heat pumps. As a matter of fact, in
caseHEE, the heat pump has a smaller size, so it
works at high capacity ratios for the most of time,
whereas, in caseEE, the difference between on-off
and inverer-driven heat pumps is larger.
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The simulations gave more detailed outputs, used tohas a smaller size, so, at the beginninthephase of
achieve better acquaintance of the improvement onstorage chaigg, it does work with lower outlet
the plant efficiency that may be achieved by eachtemperatures, hence with better COP. The final value

configuration. of heat pump COP is a balance of the effects due to
For this purpos€&igure 6 Figure 7, andFigure 8are PLF increase and heat pump size, in casewafrter
shown. driven heat pumpsin case of oroff control, the
relevant increase in PLF implies always the increase
'HP-CR in DHW -Winter ' HP~PLF in DHW - Winter of heat pump COP, indeed. As regards the heat pump
50 R TR e e e COP, the best result is achieved in case of inverter-
0 driven heat pump coupled with large DHW storage
- volume and efficient building. But, in the end, the
g2 am TR 2; S system COP is better for the configuration with
5 %sa ;-49 /s, é-“ Z-zs ésg s Zsa inverterdriven heat pump coupled with the smaller
g e f wg 0/ 0_% 1_o§ é 0_9% wZ DHW storage and the efficient building. As a matter
%% %% J é % %% d 1% %‘ 9% J ig EH 9% of fact, the system COR.e. the actual COP, is about
00 17 | HE/E | é | HE/E | é | HE/E | é | HE/E | 8% and 15% lower than the heat pump d®Rase
W e T T ™ of 0.2 nt and 0.5 M of DHW storage volume
DHW: 0.2 | DHW: 0.5 \ respectively, due to heat losses through the water
”)VAO 03 | storage shell.
In summer, the system COP for DHW preparation
g FRS oAt vl ranges from 2.89 up to 3.25, thus resulting, even in
' this case, in a total difference around 12%. The same
oo e am as pote§ agor the winterperiod can be performe(_j. Also
Ta0 %m %25 0 Yur 7 %zo 3; T in this case the best overall performe}nce in .DHW
5 é é Z,sg Z %m é ;,92 % preparatpn comedgrom the conﬂgur'atlon having
a 20 Z Z Z Z Z % Z g inverterdriven heat pump coupled with smalHW
5 1;.:?2 f’fé 0__3% o_.:_g% 1_.:9% 1_.:5% o_.fg 1_.:92 storage and efficient building. summer,the lower
'R FEE E B & temperature difference between the DHW storage
0T ke | wee } e | HEE } - } S } a;]nd the amt();eonpt t'empt))eratléros Ilmléss;[g}elheat Iohsses,hso
v 00 N 0o the system is about 5% an 6 lower than the
oHW: 02 ] oHW:05 } heatypump COP in case of 0.2 and 0.5 M DHW
e 02  storage volume respectivelAnyway, the gstem
b) COP shows that no relevant advantage is brought on

Figure 6 DAwerage capacity ratio (CR), part load System COP by larger DHW storage volumes. _
factor (PLF), heat pump COP and system COP for Figure 7 shows the performance of the system in

domestic hot water preparation in winter (a) and heating/cooling focusing ~on the  system
summer (b) configurations having 0.3 hrfor DHW storage and

0.2 n? and 0.5 mfor HVAC storage respectively. In
Figure 6 shows the performance of the system in Winter, the simulated system COP for HVAC ranges
domestic hot water preparation, in particular for from 2.20 up to 2.43, thus resulting in a total
cases with B nt HVAC storage and 0.2 frand 0.5 difference around 10%, whereas in summer such a
m® for DHW storage. In this figure, average capacity difference is much larger, around 19%, being 3.54
ratio, part load factor, heat pump COP and systemand 4.35 the worst and the best system COP
COP (i.e. taking into account even heat losses fromrespectively.
the DHW heat storage) are shown. In winter, the In summer, the best performance is achieved by
simulatedsysten COP for DHW preparation ranges Means of invertedriven heat pumps, with scarce
from 2.21 up to 2.49, thus resulting in a total influence due to the water storage volume and
difference around 12%0f course, capacity ratios bPuilding envelope efficiencyOn-off heat pumps are
(CR) increase with the DHW water storage volume, much more influenced by the level of heating/cooling
with different consequences on the related averageoads (LEE and HEE) indeed, much more than in the
part load factor (PLF). In facthe PLFof on-off heat ~ heatingperiod. _
pumps improves together with the increase of CR,Anyway, also in this case, both for heating and for
Whereas the PLF ofnverter;driven heat pumps COO“ng, no relevant d|ﬁerence In OVera” SyS'[em
decreases along with the increase in CR, because of OP due to larger HVAC storage volumes take
the PLFCR curve shape. As a consequence, betterPlace As a matter of fa¢heat pump COP are similar
PLF are achieved in case LBEd with small DHW  in case of 0.2 thand 0.5 m for HVAC storage
storage volume.Anyway, COP do not always volumes, whereas the heat losses differ but have a
increase with PLF. As a matter of fact, in case of Smallimpact, lowering the COP by about 205%.
HEE, the heat pump works with higher COP due to
lower operation temperature. In fact, the heat pump
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In Figure 8 only results regarding off-heat pump

are shown because of the perfect correspondence
with respective results obtained for inverter-driven
heat pumps.

I H/C Loads met after 0.5h
' H/C Loads met after 1.5h

# H/C Loads met after 1.0h

14 H/C Loads met after 2.0h

[
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(% 12 g [ / )
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Figure 8 B Occurrences of heating/cooling load
matching delays

CONCLUSION

The simulation tool under developmeaitows the
user to perform detailed analyses about the operation
of HVAC systems as well asto assess the best
systemconfigurations and to adapt controls for the
optimized exploitation of renewable energy sources.
In particular, in this paper, the simulation tool under

\]

Z

Figure 7 B Average capacity ratio (CR), part load developments used to analyze issues that may arise
factor (PLF), heat pump COP and system COP forin heat pumpsystemsproviding both domestic hot

heating (a) and cooling (b)

Figure 8 may help to quantify the delay in matching
heating/cooling loads in each configuration. In
particular, inFigure 8 thenumber of occurrences of
delays in heating/cooling loads fulfillment seown.

In a few words, for instance, in casesgbtemssized
for low performancebuildings (LEE) and provided
with onoff heat pump, and 0.5° and 0.2 m heat
storage volumes for DHW andVAC respectively
(DHW = 0.5 and HVAC = 0.2), the heating/cooling
loadsmay bemet with a delay around.O h three
times in a year.

water and heating/cooling. The software showed the
best configurations under energy perspectives and
allowed even the evaluation of possible discainfo
issues that might take place in case of ursiszd
heat pumps.

The results showed overall differences around 15%
in the exploitation of outdoor air thermal energy,
according with European RH3rective and the best
results were achieved by means oferterdriven
heat pumps coupled with high efficiency building
envelopes. However, in case of inverter-driven heat
pumps, no relevant difference is encountered
betweensystemssized for low energy buildings and

The worst situation is expected for configurations systems sized for traditional buildingsvheeas
having large DHW storage and small HVAC storage larger differences are found in case of on-off heat
volumes, especially when sized to be coupled with pumps.

high efficiency buildings, and the simtitns

More results highlighted the trend of average

confirm this. Anyway, the number of occurrences of capacity ratio, part load factor, heat pump COP and
unmatched heating/cooling loads is low and they aresystem COP in DHW preparation and HVAC

mainly limited within half an hour. Moreover, it is
enough to adopt 0.3 hHVAC heat storage volume
to get much lower number of occurrences, with n
occurrence at all in the case of a 0.8 RVAC

operation, in winter and in summer, identifying
inverterdriven heat pumps as the key choice, able to
ensureconstantly high performance, no matter the
heat storage volume and the level of energy

storage volume. This means that no discomfort issuesefficiency of the building coupled with the system.
may arise. Moreover, such results may be furtherin general, however, the results show a scarce

improved by proper modification of the control

influence on heatpump performance due to heat

strategy, in order to charge the DHW storage whenstorage volume, mainly due to the higher heat losses
heatingtooling is not needed, for instance during the taking place across the shell of large heat storages,

night, remembering that, with such a modification,

ensuring, on the other hand, better performance on

lower COP may take place, due to lower outdoor the heat pump side. In fact, larger volumes of DHW
temperatures at night, hence lowering the global and HVAC storages can increase the reliability of the

efficiency of the system.

system,and ensuring lower cycling and the ready
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fulfilment of HVYAC demand. On this aspect, the CEN 2011. EN 14511:2011 D Air conditioners, liquid
results showed that, even in case of large DHW water  chilling packages and heat pumps with

storages, the smallest HVAC storage volume (G2 m electrically driven compressors for space heating
can provide sufficient thermal energy to feed the and cooling.

system during periods in which the heat pump is usedCEN 2012. EN 148252012 B Air conditioners
to charge the DHW storage. liquid chilling packages and heat pumps, with

electrically driven compressors, for space
NOMENCLATURE heating and cooling. Testing and rating at part
Symbols load conditions and calculation of seasonal
P = Power [W] performare
E = Energy [KWh] Crawley, D.B., Hand, J.W., Kummert, M., Griffith,
R=Ratio[-] B., 2005. Contrasting the capabilities of building
Subscripts energy performance simulation programs. US-

DOE, University of Strathclyde, University of

C = Cooling purposes WisconsinMadison.

COP = Coefficient of Performance (used ineaeral )
meaning, i.e. both for heating and for cooling Crawley, DB., Lawrie, K.L, Winkelmann, F.C.

purposes) Peder_s_e_n CO., 2001 Energyl_DIus: new
DES= Design capabilities in a whole-building energy
DHW = Domestic Hot Water preparation simulation program, 7th International IBPSA
H = Heating purposes Conference, Rio de Janeiro, Brazil.
HPDExtSource From the external source of the heat EU P European Union, 2009. Directive 2009/28/EC
pump of the European Parliament and of the Council.
LD = Loads

Scarpa, M., Emmi, G., De Carli, M., April, 2012.
Validation of a numerical model aimed at the
estimation of performance of vapor compression
based heat pumps. Energy & Buildings, vol, 47
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