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Abstract: Estimating and optimizing the dynamic performance of a heat pump system coupled to
a building is a paramount yet complex task, especially under intermittent conditions. This paper
presents the “hardware-in-the-loop” experimental campaign of an air-source heat pump serving a
typical dwelling in Pisa (Italy). The experimental apparatus uses real pieces of equipment, together
with a thermal load emulator controlled by a full energy dynamic simulation of the considered building.
Real weather data are continuously collected and used to run the simulation. The experimental
campaign was performed from November 2019 to February 2020, measuring the system performances
under real climate and load dynamics. With a water set point equal to 40 °C, the average heat pump
coefficient of performance was about 3, while the overall building-plant performance was around
2. The deviation between the two performance indexes can be ascribed to the continuous on-off
signals given by the zone thermostat due to the oversized capacity of the heat emission system.
The overall performance raised to 2.5 thanks to a smoother operation obtained with reduced supply
temperature (35 °C) and fan coil speed. The paper demonstrates the relevance of a dynamic analysis
of the building-HVAC system and the potential of the “hardware-in-the-loop” approach in assessing
actual part-load heat pump performances with respect to the standard stationary methodology.

Keywords: hardware-in-the-loop; heat pumps; dynamic simulation; experimental performances;
control strategy; partial loads; on-off cycles; building dynamics; building-heating system coupling

1. Introduction

Heat Pump (HP) is a key technology to increase the energy efficiency and the use of renewable
energy in civil and residential buildings [1]. With respect to electric or natural-gas boilers, HPs have
higher energy conversion efficiency and allow the exploitation of the renewable energy coming from
the outdoor source (e.g., external air), together with the renewable share of the electricity production
mix. In this regard, heat pumps are recognized to be increasingly important for electrical grids (micro-
and smart-included), as well as for distributed energy systems that aim at even higher renewable
energy contribution [1-6]. The fluctuating and stochastic production of renewables represents a critical
issue to ensure the balance between power production and load: HPs may mitigate this drawback by
shifting a given share of the thermal energy demand to the electrical one [5,6]. A proper cooperation
among HPs, back-up generators and energy storages may additionally increase the flexibility of the
overall energy system [4,7]. Demand response techniques are also possible [8,9].

Several scientific and technological issues in the field of HP systems are still unsolved. One of
those is the problem of the efficiency reduction under dynamic operating conditions [10]. Especially in
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mild climates conditions and during intermediate seasons, the actual thermal load profile results are
notably lower than the design capacity and intermittent operation occurs. The frequent on—off cycles
and the resulting dynamic regime for the whole HP system determine a considerable reduction in
the mean (or seasonal) Coefficient of Performance (SCOP): while in nominal operating conditions the
SCOP ranges from values of 3 (in cooling mode) to 4 (in heating mode), in intermittent operation the
values are often reduced even below the values of 2 and 3 [1,11].

The development of sizing and management strategies is fundamental to improve the actual
performances of HP-based systems and guarantee low energy consumption, reduced operating costs,
and high comfort levels for occupants. From this perspective, some works based on the dynamic
simulation of the Heating and Ventilation Air Conditioning (HVAC)-building system have been
proposed in the literature [6,12]. However, the results obtained through a simulation approach would
always be followed by some experimental tests in order to validate assumptions, subsystems models,
dynamics timescales, and estimated operative performances [13-15]; otherwise, results can be affected
by notable errors or correspond to impracticable control actions to be realized in a real system [1].

Full experimental campaigns are often unfeasible for building energy systems, due to the long
time required, technical and economical efforts. Then, the use of “hardware-in-the-loop” (HiL) systems
is a convenient experimental approach that is quite novel for these applications. In other fields, such as
automotive and aerospace industries, HiL tests are standard practice and currently their importance is
even increasing, due to the onset of advanced driver assistance and automated driving [16]. In the
case of building energy systems, with the HiL approach, the experimental campaign is performed in a
laboratory environment through an apparatus made of real thermal generators, heat storages and/or
any other pieces of equipment, while the real building is replaced by a thermal load emulator controlled
by a full energy dynamic simulation [15,17-19]. Other technical units may also be substituted by
appropriate emulators, to be integrated with the energy system. Using real weather data, the tested
devices (e.g., the heat pump) experience the same working conditions and load profiles that they
would experience in a real application [9,10,13]. HiL experimentation is also characterized by a great
flexibility, because it can test and optimize many different building-HVAC configurations and control
strategies [17,20,21].

In this experimental framework, the objective of the present paper is to show the relevance of the
dynamic coupling between building and heat pump system in terms of energy performance, especially
when frequent on—off cycles occur, and quantitatively assess the deviations from standard methods
based on stationary measurements.

The conceptual layout of the building emulator and thermo-hydraulic HiL. experimental system
available in the laboratories of DESTEC of the University of Pisa, named Building Emulator
and Integrated Energy System (BE-IES), is shown in Figure 1, including all the installed devices,
measurements, controls, and corresponding energy fluxes.

Following a thorough description of the BE-IES laboratory components and management options,
the results of an experimental campaign concerning the dynamic operation of an air-source HP serving
a typical apartment located in Pisa in wintertime are presented and analyzed. In particular, the paper
focuses on the effects of the supply temperature to the heat emission system and the resulting on—off
signal provided by the typical zone thermostats located inside the building.

Experimental performances are compared with the estimated ones according to current widespread
methodologies based on the interpolation of manufacturers’ experimental data [22-24]. These methods
can be classified as “quasi-stationary”, as they are based on a sequence of steady-state working
conditions; the effects of dynamic phenomena (e.g., on—off cycles) are evaluated through empirical
penalization factors. However, these inefficiencies can be relevant and hard to model with simplified
correlations as they depend on specific load profile, heating loop characteristics, HVAC-building
interconnected dynamics; therefore, the application of standardized methodologies can lead to wrong
estimations of the system efficiency and related economic viability.



Energies 2020, 13, 4498 30f18

i Measurement, simulation,
\ 4
and control level

Building dynamic " Control
energy model strategy/interface
s —
-—_——'———————'———_——i———
\4 Heating/Cooling
Building load load Air-water
R e
Energy exchange A N !
with the thermal ,'. i
_______ .
Back-up
Back-up
energy generator
— Energy flux
=== Control line
=== Data-readi sure li
ata-reading/Measure line Physical apparatus

Figure 1. Components and logical scheme of the building emulator and integrated energy system
(BE-IES) “hardware-in-the-loop” apparatus.

The rest of the paper is structured as follows: Section 2 describes the BE-IES experimental apparatus
and the operational strategy of the HiL system; Section 3 presents the dynamic energy model of the
building and heat emission system that control the building emulator; Section 4 presents the case study
and the three tested operational strategies. Finally, Section 5 discusses the experimental data, the actual
coefficient of performances of the building-HVAC system with respect to the corresponding ones
evaluated through state-of-the-art technical standards (briefly recapped in Appendix A), and analyzes
the causes of the thermal inefficiencies connected with the operation of the heat pump and the overall
HVAC system, leading to the conclusions of Section 6.

2. Description of the “Hardware-In-The-Loop” Apparatus

The experimental apparatus is made of several thermal and electrical devices: some of them are
real HVAC piece of equipment, others act as emulators (e.g., the building). The apparatus sizing was
tailored to the typical design thermal load of single-family houses, namely some kW.

2.1. Equipment Description and Layout

The list of components and the overall layout of the experimental apparatus are shown in Table 1
and Figure 2, respectively. The system has separate generation and user sections, connected by the
main heat exchanger (mHEX). The building emulator (BE), the mHEx and the thermal storage (TS) are
connected through two three-way control valves that link two devices at a time, according to the signal
received by the main monitoring and control (M&C) system. The apparatus can thus operate in three
possible configurations:

(a) AHP-TS: the heat pump heats up the thermal storage;
(b) mHEx-BE: the heat pump is directly connected to the building thermal load;
(c) TS-BE: the building thermal load is met by the thermal storage.
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The water content of the primary loop corresponds to a typical volume of a single-family heating
system, namely around 45 L. This can also test the effects of the water loop dynamics in a real system. The
volume also includes the expansion vessel and the inertial storage required by the AHP (about 7 L/kW).

The BE consists of an oversized outdoor heat exchanger controlled by a three-way mixing valve.
The emulator produces a fluid enthalpy variation equal to the thermal power evaluated by the dynamic
simulation of the simulated building (see Section 3). The outdoor air-water heat exchanger has an
oversized nominal capacity with respect to the rest of HiL apparatus to ensure the heat transfer when
the outdoor air and the secondary loop have a close temperature.

The thermal storage (520 L) is connected to the user loop and can be used to provide thermal energy
to the BE in replacement of the AHP. The system does not exploit the bulk fluid that is intended to be
used for domestic hot water purposes. The energy transfer occurs through an oversized internal coil.
The electrical resistance (4.8 kW) is the standard TS electrical back-up, however, it can also be controlled
to deliver a given profile of thermal power, thus acting as an emulator of other generation technologies.

Table 1. Components of the BE-IES “Hardware-in-the-Loop” Apparatus.

Component Role Description
e Nominal heating capacity !: 5.8 kW Nominal
Air-to w?flfl?(;at pump Generation COP !: 4.53 Nominal /I = 0.41 Variable-speed
compressor: 20-72 Hz
Pump A Nominal flowrate: 980 L/h

Interface between generation

and user sections Nominal capacity: 31 kW (AT, = 12K)

Main heat exchanger (mHEXx)

Volume: 0.52 m®. Nominal coil capacity: 20 kW
Thermal storage (TS) (E’ﬂb = 35 K)Insulation coefficient: 1.5 W/K
Back-up electrical resistance: 4.2 kW
Measured quantities: dry bulb temperature,
relative humidity, air pressure, global solar
irradiance on a horizontal surface, infrared sky
radiation, wind speed and direction

Weather station

AHP-TS switching valves Thermal dispatchment
Outdoor air-water heat s . . —
exchanger (OutHEX) Building emulator Nominal capacity: 20 kW (AT, = 12K)

. . . . _ 3

Three-way mixing valve Building emulator Nominal flow Co(gff_lcfgr{;) Kvs =16m?/h
Variable-speed pump (0 —10 V).

Pump B Max flow rate: 2.8 m3/h; Max head: 5 m
Ducts 1 411 Polypropylene random copolymer (PP-R)

! Rating conditions in accordance with EN 14511-2:2018: Water supply/return: 35 °C/30 °C; Ambient air conditions:
7 °C DBT/6 °C WBT.

Building emulator Monitoring and control system
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Figure 2. Layout and components of the BE-IES “hardware-in-the-loop” apparatus.
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2.2. Measurement System

The HiL apparatus is equipped with industrial measurement devices with the typical performances
of such technologies. The choice of not using accurate laboratory equipment is motivated by the will
to develop control strategies that can be performed by commercial HVAC devices and their typical
monitoring, control, and actuator systems.

The temperature is read by eleven Negative Temperature Coefficient (NTC) thermistors, located as
in Figure 2. NTC thermistors were chosen because of their high accuracy in the operational temperature
range of the HiL apparatus, together with their ease of installation with respect to other types of sensors
(e.g., thermocouples). All the NTC were calibrated before being installed in the apparatus. The accuracy
of each thermistor in the -5 + 50 °C range was evaluated as equal to +0.20 K (confidence level of
95.4%, i.e., 20). The corresponding accuracy on a temperature drop measure was +0.3 K. For fluid
measurements, the NTC thermistors were stuck inside a copper probe located in approximately the
middle of the flow.

The flow rate in the two loops was measured through two industrial Kdrman vortex flowmeters,
located as in Figure 2. The calibration procedure revealed an overall accuracy in the 5 + 25 L/m range
of +£0.0225 L./m (confidence level of 95.4%, i.e., 20).

The resulting accuracy on the enthalpy drop measures, namely the thermal power, was evaluated
through the error propagation theory. For instance, the accuracy in proximity of the nominal AHP flow
rate (980 L/h) and temperature drop (5 K) of the AHP is about 320 W, which corresponds to a relative
error of about 5.52% with respect to the nominal capacity (5.800 kW).

The weather station is located on the roof of the laboratory building. The accuracy of each sensor
is shown in Table 2.

Table 2. Accuracy of the Weather Station Instruments.

Sensor Measured Quantity Accuracy
Thermistor o 9
(PT 100) Dry bulb temperature (°C) +0.15K + 0.1%
Metal oxide’s electrical capacity Relative humidity (0-1) +0.015 + 1.5%
Piezoresistive pressure sensors Air pressure (Pa) +50 Pa
Ultrasonic anemometer Direction and speed *1° (direction)

+0.2m/s + 2% readings (speed)
Global solar irradiance (W / mz) in the

+10%
wavelength range 0.30 + 2.80 ym

Thermopile Pyranometer

Infrared sky radiation (W/ mz) in the

+10%
wavelength range 5.5 + 45 um

Thermopile Pyrgeometer

2.3. Monitoring and Control System: Operational Strategy of the HiL. Apparatus

All the measurements are collected by a desktop computer through some in-house developed
LabVIEW® virtual instruments (VIs). The same software is used to run the dynamic simulation of the
building and to control the HiL apparatus (i.e., building emulator, valves, and AHP), according to
the operational scheme already presented in Figure 1 and hereafter discussed in detail. The dynamic
simulation of the building is based on an in-house validated algorithm written in MATLAB® language,
corresponding to the thermal network model described in Section 3.

According to the chosen monitoring and simulation time step, the M&C system collects the
weather data, the fluid temperature and the flow rate in the various HiL sections, together with
the electrical energy input of AHP and ancillary systems. Then, it uses the actual weather data,
the supply temperature to the BE, and the current thermal state of the simulated building to evaluate
the performance of the simulated heat emission units (see Section 3). The latter heat output and
the actual climate data are thus used to simulate the thermal evolution of the building for the next
time step. At the same time, the three-way mixing valve within the BE is controlled though a
Proportional-Integral-Derivative (PID) controller to deliver the simulated thermal performance at the
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mHEX (or in the TS). The procedure is repeated at each time step and emulates the dynamic operation
of an actual AHP-TS system connected to the simulated building. Depending on the chosen control
strategy, the AHP can be switched off or used to heat-up the thermal storage by controlling the AHP-TS
switch valve.

3. Dynamic Simulation Model of the Building and Heat Emission System

The experimental analysis based on the HiL. system requires an accurate energy model of the
building to run the BE. Figure 3 shows the main heat fluxes affecting the energy balance of a generic
building or thermal zone that has been included in the building dynamic energy model, namely: heat
transfer through opaque and glazed surfaces, ventilation losses, heat gains related to solar radiation,
occupants, and electrical appliances. For the sake of clarity, in Figure 3 we do not display the energy
stored in building masses, such as external and internal walls. However, these quantities and their
effects in the thermal evolution of the building are included in the dynamic energy model.

Outdoor space

Solar heat gain / flux

\ Ventilation losses

Heat transfer towards outdoor space
(stored heat not shown)

Heat transfer towards adjacent spaces
(stored heat not shown)

Adjacent space

—» Convective heat gain / flux

Adjacent space —/ M\ Radiative heat gain / flux

Figure 3. Illustrative scheme of the main energy/heat fluxes affecting the building energy balance
(stored energy contributions are not shown).

In this work, we used a classical thermal network approach, widely used at both research and
professional levels (see, for instance, EN ISO 52016-1:2017 [25]). The building elements are modeled as
electrical nodes connected to each other by equivalent electrical resistances, capacities, time-dependent
currents and voltage generators. A summary list of considered phenomena and the corresponding
electrical elements can be found in Section 2.1 of [26], including all the info on the thermal-network
model and its validation. The building dynamic model corresponds to a (N x N) linear set of equations
that can be quickly solved at each timestep. N is the number of thermal nodes considered in the model,
including the one of indoor air.

The evolution of nodes’ temperature is a function of climate data (e.g., outdoor air temperature,
solar irradiance, sky temperature), heat gains (e.g., people, electrical appliances, and lighting), and heat
exchanged by the system terminals. All these elements are modeled as voltage or current generators:
their source value is updated at each timestep, according to a given profile (e.g., occupants’ presence)
or measured quantities in the HiL apparatus (e.g., climate data and supply temperature to the heat
emission systems). The heat gain delivered by the emission system can be evaluated through a few
additional linear equations to be added to the overall set representing the building. In this work,
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we refer to fan coil units (FCUs) as heat terminal units. The heat transfer performance is modeled
through the classical methods of heat exchangers theory, namely

Qrcy = fitge f(Tf,in - Tf,out)
QFCU = mu,velca(Ta,OE Ta,in) (1)
Qrcu = (UA)UBIATf,a

The set of Equation (1) allows the evaluation of QFCU, Ta,out, T out as a function of the inlet air
temperature, T, ;,, inlet fluid temperature, Tf,l-n, air flow rate, m, ,,, water flow rate, m 1z and overall
heat transfer coefficient (UA),,, ., evaluated from FCU manufacturer’s datasheet. The subscript vel
indicates that different values of the coefficient are used according to the fan speed (generally, high,
medium, and low).

The heating performance of the fan coils and the corresponding heat gain for the indoor air node
are evaluated at each timestep. If Ef,a is approximated with the difference between the arithmetic
means of water and air temperature, the set of Equation (1) is linear and it can be added and solved in
conjunction with the overall algebraic model of the building. Otherwise, classical numerical techniques
for non-linear set of equations can be used. Shortly, the heat emission system is modelled as two
additional thermal nodes, Ty ;;, and T 4, in the overall building thermal network. Ty, is set equal
to the measured temperature of the fluid at the inlet section of the BE; Ty, is an unknown of the
problem to be calculated at each timestep. Its value is then applied as the set point for the three-way
mixing vale in the BE.

4. Description of the Case Study

The above-described HiL apparatus was used to emulate the seasonal winter performance of a
commercial AHP acting as a heat generator in the selected building: a typical single-family house.

4.1. Reference Boilding and Heat Emission System

The case study is a typical apartment located at the top floor of a building (see Figure 4),
situated in Pisa, Italy. Having a single thermostat set at 20 °C, according to accepted definitions (see,
for instance [27]), the whole apartment can be modeled as a single thermal zone, with a total floor
area and volume equal to 84 m? and 227 m3, respectively. The thermal zone has four external walls
with double pane windows (N, E, S, and roof); the western wall and the floor are adjacent to similar
apartments. The stratigraphy of walls is typical of Italian structures in the 1980s: the external walls are
made of two layers of bricks, concrete and plaster for a total width of about 50 cm; the wall at West
is similar to the external ones, but the width is reduced to about 30 cm; the internal walls are light
elements made of narrow bricks (about 10 cm); the external roof is horizontal and entirely practicable,
the supporting structures are made of 30-cm slabs reinforced with concrete beams. The roof is not
considered to be covered by snow for a significant amount of time (with consequent effects on its heat
exchange properties during wintertime), since it very rarely snows in Pisa. The internal walls between
rooms are included in the analysis to account for their thermal inertia. The overall transmission
coefficients of walls and windows are reported in Table 3. Air change rate has been set as equal to
0.5 volumes per hour. Occupants, lighting, and electrical appliances are included in the building
energy balance as heat gains. The corresponding hourly profiles are shown in Figure 5.

This design thermal load of the case study (about 5.7 kW) is coherent with the thermal capacity of
tested AHP. Considering the number of rooms, the assumed seven equal fan coils located within the
thermal zone. The nominal data depending on fan speed are provided by manufacturer’s datasheet
(see Table 4) according to the rating conditions of EN 1397:2015 [28].
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Table 3. Geometry and Thermal Characteristics of the Envelope.

Wall Surface m? Overall Transmittance W/(mZK) Weight kg/m?
Roof 84 0.6 485
Northern 19 0.6 345
(glazed) (2 x3.36) 2.8
Eastern 32 0.6 345
(glazed) (2 x1.96) 2.8
Southern 14 0.6 345
(glazed) (4.2) 2.8
Western 38 15 128
Floor 84 1.2 339
Internal walls 79 15 120

Total external (opaque-glazed-total): 201 — 7.5 — 209 m?
Surface-volume ratio: 0.91
Overall weight of wall per floor area: 1232 kg/m?

Figure 4. Scheme of the apartment (blue boxes are windows, while the brown box is the main door).
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Figure 5. Daily profiles of internal heat gains for the apartment.

Table 4. Fan coil unit (FCU) Manufacturer’s Datasheet !.

19 20 21

22 23 24

Max Med Min
Thermal power, kW 1.00 0.73 0.52
Water flow rate, L/h 174 126 92
Air flow rate, m3 /h 180 120 80

! Rating conditions in accordance with EN 1397:2015 [28]: Water supply/return: 45 °C/40 °C; Ambient air conditions:

20 °C DBT.

4.2. Test Description and Objectives

8 of 18

The experimental campaign was performed from November 2019 to February 2020 during the
heating period. The main objective was the measurement of the seasonal performances of the AHP and
of the whole HVAC-building system in real operational conditions, thus subjected to various on/off
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and modulation cycles because of weather and heat gains evolution, building thermal inertia, water
loop and AHP generator dynamic characteristics.

Different simplified, but realistic,c AHP control modes were tested. As previously mentioned,
a single-zone thermostat controlled the on/off signal to the AHP with an indoor setpoint of 20 + 1 °C.
Three operational modes of the fan coils were tested in order to evaluate their effect on the system
performance: MOD#1 corresponds to a setpoint value of the supply temperature equal to 40 °C and
MED fan coil speed; MOD#2 uses the same supply temperature but the fan coil speed was reduced to
MIN; MOD#3 has a supply temperature set equal to 35 °C and MIN as fan coil speed. The thermal
storage was not used in this test campaign as it is not usually present in apartments of multi-apartment
buildings with autonomous heating system.

Two seasonal coefficients of performance were chosen as performance indexes to compare the
three operational modes: SCOP4pp is defined as the ratio of the thermal energy output and electrical
energy input at the AHP devices over a given operational period (see Equation (2)); SCOPss is defined
as the ratio of the thermal energy delivered to the building emulator (i.e., simulated fan coils) and
electrical energy input at the AHP devices over a given operational period (see Equation (3)).

sCoP | ritanip,pe (Tampout — Tarp,in)dT
AHP = .
J. Warp,indt

)

mecu,rCf(Tecu,in = TEcu,out )AT
SCOPsys _ fT FCU,f f( in out) @)

[ Wrip indt
The two performance indexes allow a separate analysis of the heat generator and of the overall
building-HVAC system. SCOP;sys only refers to the useful heat delivered to the building thermal
zone, thus it can be used to evaluate the relevance of the thermal losses associated to the distribution
pipework and to the control of the emulated heating system.

5. Results

In this section, we discuss how the system operates under the three control strategies during the
whole test period. To better analyze the dynamics of operative quantities, Figures 6-8 show some
typical days under MOD#1, MOD#2, MOD#3 in a typical mild (left subfigures) and cold days (right
subfigures). The upper subfigures show the profile of the AHP and FCU thermal outputs; the two
profiles are zero when the heating system is switched off. The lower subfigures show the evolution of
some relevant temperatures, namely, the AHP supply, the AHP return, indoor air, and external air.
We note that the AHP manages to maintain the thermal comfort conditions within the apartment (i.e.,
T; = 20 +1 °C) in all the periods, independently from the control mode.

In this work, we compare the experimental performances of the AHP with the ones evaluated
through the state-of-the-art methodology for calculation of heat pump energy requirements and
efficiency presented in technical standards EN 15316-4-2:2017 [22] and EN 14825:2018 [24]. The method
isbased on manufacturers’ datasheets and represents the main reference for energy dynamic simulations,
energy audits, and cost-benefit analysis of heat generation alternatives. The comparison is thus
aimed at evaluating the effectiveness of the standard methodology to properly account for the
penalization effects due to the operation dynamics. On the other hand, quantitative comparisons with
similar works, in which a modulating air-to-water heat pump is monitored when coupled to a HiL
system [10] or to an existing building [29,30], or it is fully simulated under dynamic building-coupled
conditions [31], are somehow misleading, since energy performances are very heterogeneous, being
strongly influenced by climatic conditions and building and heat pump characteristics. However,
in these cases, a meaningful parameter for comparison purposes is the penalization factor due to
partial loads (see Appendix A). In this regard, the measured performance reduction goes from about
10% [32-34] to over 30% [35], depending on the frequency of the on—off cycles.
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5.1. Analysis of MOD#1 Operational Strategy: Energy Losses Due to On-Off Cycles

When MOD#1 applies (Vel = MED; T;u LAHP = 40 °C), the profiles are characterized by continuous
on-off cycles of about 40 min (see Figure 6). The average duration of each on period, approx. 20 min,
is not sufficient to achieve a steady state condition of the water loop, thus the supply and return
temperatures do not reach the setpoint values and continuously fluctuate. However, the FCU thermal
output during this transient period is enough to heat up the indoor air until the switching off conditions
(i.e., 21 °C); the heat pump was thus deactivated without any modulation of the compressor speed.
Figure 9 shows the distribution of compressor frequency: when MOD#1 applies, the frequency was
null or about 49 Hz for more than 80% of the time. Figure 10 shows the distribution of the duration of
the ON periods: when MOD#1 applies, ON periods of 15 — 30 min covered more than 70% of the total

operative time.

6 ——Q_FCUs Q_HP
5
4
=3
2 |
‘ ‘|
1 ‘ \
0 Lile ‘ i l |
40 —T_i T s Tr T_ext
35
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25
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0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22

Hour of the day Hour of the day

Figure 6. Typical mild (left) and cold (right) days under MOD#1 (23-Dec., 5-Jan.).

Heat pump efficiency is affected by ON-OFF cycles: the experimental SCOP4pp under MOD#1 is
about 32% lower than the one evaluated according to manufacturer’s datasheet (3.07 vs. 4.53) at the
same average outdoor temperature (9 °C), water supply temperature (34 °C), and integral-averaged
capacity ratio (0.26), defined as the ratio of the thermal energy output and the maximum energy
deliverable at nominal heating capacity. The deviation between the two performance indexes reflects the
reduced accuracy of standardized methodologies and manufacturers’ datasheets when the operational
regime strongly fluctuates.

We also note that the generator has always provided a thermal power close to the nominal
capacity (about 5 kW) and almost twice the one exchanged by the FCUs (see Table 5 and Figure 11).
The deviation between the two power profiles represents the internal energy variation in the heating
loop that is increasing its temperature. This additional energy does not result in useful heat for
the building and it will be lost during the following OFF period when the water loop cools down.
The energy losses associated with the just-described behavior are quantified by SCOPsys which is about
35% lower than while SCOP 4p (2.00 vs. 3.07).

Finally, we note that the intermittent work regime occurred for both mild and cold outdoor
temperatures (see Figure 5): a colder climate only increased the number of ON-OFF cycles as the FCU
thermal output has been always greater than building heating demand.
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5.2. Analysis of MOD#2 Operational Strategy: Effects of Fan Coils” Speed

MOD#2 (Vel = LOW; T ,;p = 40 °C) shows a little more regular operation than of MOD#1 (see
Figure 7), but the intermittent regime was maintained. The typical duration of ON periods almost
doubles from 20 to 38 min (see Figure 9), but the number of ON-OFF cycles is still relevant for both
cold and mild days. We note that the heating system reached a steady state condition in a few hours
during night-time due to a reduced output of the heat emission system (see Table 5). The longer period
required to reach the switching off condition (i.e., 21 °C) was sufficient for the heat pump to modulate
its compressor.

However, the actual heat pump performance was 35% lower than the one evaluated according
to the manufacturer’s datasheet (2.95 vs. 4.56) at the same average outdoor temperature (9 °C),
water supply temperature (36 °C), and integral-averaged capacity ratio (0.31). The deviation between
SCOP4pp and SCOPsys (i-e., 2.95 vs. 2.02) confirms the relevance of the thermal losses due to the
continuous variation in water loop temperature and the low significance of manufacturers’ datasheets
in intermittent work regimes.
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Figure 7. Typical mild (left) and cold (right) days under MOD#2 (22-Jan., 19-Jan.).

5.3. Analysis of MOD#3 Operational Strategy: Effects of Supply Temperature

MOD#3 (Vel = LOW; T; app = 35 °C) shows an improved behaviour of the system. The heat
pump operation is characterized by a few constants ON periods, mainly occurring at night-time (see
Figure 8). The average duration of ON periods under MOD#3 is shown in Figure 10: we note long ON
periods of some hours. The average AHP thermal output during ON periods decreases from 4.00 kW
in MOD#1 to 1.39 kW in MOD#3, which is a more similar value to the FCU thermal output (1.17 kW).
Shortly, under MOD#3, the HVAC system reaches a steady state condition and a thermal balance with
the building heating demand. The losses of the heating loop (0.12 kW) were reduced with respect to
MOD#1 (0.55 kW) and MOD#2 (0.59 kW) due to the absence of the continuous alternation of additional
heating-up requirements and deactivation losses. Under MOD#3, the compressor has enough time
to start modulating its speed, mainly working with a compressor frequency in the 20-30 Hz range
(see Figure 9). These work conditions decrease the inefficiencies due to ON-OFF cycles; consequently,
SCOP4pp increases to 3.03 and SCOP;sys increases to 2.56. However, we note that the actual heat
pump performance was 32% lower than the one evaluated according to manufacturer’s datasheet
(3.03 vs. 3.52) at the same average outdoor temperature (11 °C), water supply temperature (33 °C),
and integral-averaged capacity ratio (0.13).
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Figure 8. Typical mild (left) and colder (right) days under MOD#3 (25-Jan., 5-Feb.).

80%
EHMOD#1

e m MOD#2
60% u MOD#3
50%
40%
30%

20%

I It
0 - Il -

PP
WIS S SN «Q Kilg
@ NI A N S

Compressor frequency

Percentge of operational time

*

Figure 9. Compressor frequency distribution as percentage of time under each operational mode.

80%
m MOD#1
g 70% mMOD#2
=
E 60% mMOD#3
L o
£ 50%
g
£ 40%
“6 0,
Y 30%
ks
§ 20%
o bl (1]
. i
%“\ & °§° Q*° P TS A T
o , &\ S AN
Q& (9& \ VP 9 %0 *Q SS‘&:\

ON periods duration

Figure 10. Distribution of the ON periods duration under each operational mode.



Energies 2020, 13, 4498 13 of 18

6

5 ——Q_FCUs
4 Q_HP
Z 3
=~
2 Additional energy
1 to heat up
the heating loop
0
40 i i i i i
OFF 1 ON OFF 1 ON | OFF ON 1 OFF
35 i i i ' ]
o 1 1 1 ! 1
; 1 : i i
o ¥ H A ral :
7 2 s & i
1 : ¥ ! 1
20 A, N [ . P
i ! H 1 i
15 1 i 1 1 1
0:00 0:30 1:00 1:30 2:00 2:30 3:00
——T. T_s Tr
Figure 11. Detail of ON-OFF cycles under MOD#1.
Table 5. Summary of AHP and Overall System Performances.
MOD#1 MOD#2 MOD#3
Vel = MED Vel = LOW Vel = LOW
T;,AHP =40°C T:,AHP =40°C T:,AHP =35°C
SCOP ppp 3.07 2.95 3.03
SCOPgys 2.00 2.02 2.56
Average heat pump output during ON periods—-kW 4.14 3.34 1.39
Average fan coils output during ON periods-kW 2.28 1.90 117
Average supply temperature during ON periods-° 33.7 35.6 33.0
Average outdoor temperature during ON periods—°C 9.0 8.7 11.0
Integral-averaged AHP capacity ratio
during ON periods 069 057 022
Integral-averaged AHP capacity ratioover the total 026 031 013
test period
Integral-average losses over the total test period-kW 0.55 0.59 12
SCOP 4pp (according to manufacturer’s datasheet 453, 456 350

and reference technical standards)

In conclusion, for all the three control strategies, the experimental data showed a considerable
reduction (30—-45%) of the coefficients of performance with respect to the ones based on manufacturer’s
datasheet and technical standards.

Moreover, in any MOD, the actual performances of the heat pump were about 3. The latter
value is lower than the expectations considering the mild climate of Pisa. With reference to the
Italian residential energy market, we recall that the break-even seasonal performance required for an
electrically driven heat pump to be economically advantageous with respect to a gas boiler is in the
range 2.2-2.5, depending on actual prices of natural gas, electricity, and boiler efficiency.

6. Conclusions

This paper presents the results the HiL extensive experimental campaign performed at BE-IES
laboratory of DESTEC (University of Pisa). We measured the actual performance of an air heat
pump system used in a typical residential building, during the winter season, according to three
different operational modes. We also compared the experimental performances with the corresponding
ones evaluated through the state-of-the-art methodology presented in current technical standards
(i-e.,[22,24]). The emulated building consists of an apartment located at the top floor of a multi-apartment
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building in Pisa. The simulation/emulation periods went from November 2019 till February 2020:
about 740 h of data were collected every minute. The results pointed out three main findings:

e  The typical thermal design load results in an overestimated value of FCU capacity and the thermal
zone thermostats continuously sent an ON-OFF signal to the heat generator. The heating system
never reached a steady state condition under MOD#1, with notable losses due to the continuous
heating-up and cool-down phases occurring twice per hour. The reduction in supply temperature
from 40 to 35 °C has been the key to ensure smoother operations. The average duration of the
ON periods increased from 20 min in MOD#1 to about 10 h in MOD#3. The fan speed reduction
resulted in a less effective strategy to reduce the ON-OFF cycles;

e  The experimental performance of the AHP device in MOD#1 and MOD#2, SCOP4pp, was about
35% lower than the one evaluated through current state-of-the-art methodologies, based on
manufacturer’s datasheet and empirical correlations for accounting partial-load conditions (3.07
vs. 4.53 and 2.95 vs. 4.56). The deviation between experimental and simulated results reduced to
14% when the system operated in smoother regimes, namely in MOD#3 (3.03 vs. 3.52). The actual
SCOP4pp value was about 3 and this is quite above the threshold value for an electrically driven
heat pump to be convenient with respect to a gas boiler (minimum SCOP about 2.2-2.5);

e  The performance of the overall building-HVAC system is notably reduced by the transient regime
of the heating system. SCOP;s is about 50% of SCOP ppzp in MOD#1 and MOD#2 and about 16%
in MOD#3. At the end, the seasonal performance of the overall HVAC-building system, SCOPsys,
was equal to 2.00, 2.02, 2.56 which is lower than the values expected in a mild climate such as
the one of Pisa. The main losses are associated with the continuous heating-up and deactivation
sequences: the delivered energy to heat up the water after an off period was lost at the next off
period. In such conditions, the thermal losses of the water loop are relevant with respect to the
heat provided by the AHP (32% in MOD#1 and MOD#2 and 15% in MOD#3).

The analysis here presented demonstrates the potential of the HiL approach to properly estimate
energy consumptions of and available improvements to HVAC systems under real operative conditions.
The utilization of standardized methodologies, even if based on manufacturers’ datasheets, can lead
to significative deviations from actual performances due to the difficulty of capturing the transient
performances of the devices and the interaction between building and HVAC dynamics.

The HiL approach is also promising for developing advanced operational strategies. In the
presented case study, the use of a weather-base control for the supply temperature is expected to be
advantageous. The use of a thermal storage can be beneficial as well: it can be used to store heat
during the hottest hours of the day, when the building does not require heating and the outdoor
temperatures are favorable. Additionally, ON-OFF losses will be reduced as the heat pump will
experience a constant operation during the “charging” phases of the storage. In other words, the stored
heat will be delivered to the building with a peak-shaving effect. The latter improvement can also be
achieved with smaller storage volumes and will be the goal of another experimental campaign at the
BE-IES laboratory.
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Nomenclature

Acronyms

AHP Air-to-water heat pump

BE-IES Building Emulator and Integrated Energy Systems laboratory
BE Building Emulator

DBT Dry-bulb temperature, °C or K

FCU Fan coil unit

HiL Hardware-in-the-loop system

HP Heat Pump

HVAC Heating Ventilation and Air Conditioning
M&C Monitoring and control system
mHEx main Heat Exchanger

NTC Negative Temperature Coefficient thermistors
PID Proportional Integral Derivative
SCOP Seasonal Coefficient of Performance
TS Thermal storage

VI LabVIEW® virtual instruments

WBT Wet-bulb temperature, °C or K
Symbols

Cq degradation coefficient

CR capacity ratio

c specific heat, J/ (kg K)

Q thermal power, W

SCOP mean or Seasonal Coefficient of Performance
T Temperature, °C or K

UA heat transmittance-surface product, W /K
1% electrical power, W

AT Mean temperature difference,®C orK

' Second law efficiency

T time, s

Subscripts

a air

ext external air

f fluid

i indoor air

in inlet or input

out outlet or output

r return

s supply

vel fan coil speed

Superscripts

* setpoint value

Appendix A. AHP Manufacturer’s Datasheet and State-Of-The-Art Methodology Based on
Second-Law Efficiency

The most common methodology at both a professional and research level to assess the heat pump performances
is based on the interpolation of the so-called second-law or exergy efficiency, n'!. The procedure is based on
the manufacturers’ experimental data provided in accordance with EN 14511-2:2018 and EN 14825:2018 (see,
for example, Table Al). The data on these datasheets are generally marked with the subscript DC that indicates a
quantity evaluated at maximum compressor speed. The second-law efficiency nIDIC is defined as in Equation (A1)
and it is calculated for each COPpc value provided by the manufacturer

Tout,HP,pC — Ta,in,HP,DC

11
— COPpc
"Ioc Tout1ip,pC + 273.15

(A1)
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Then, ”gc is interpolated according to the actual supply and outdoor temperature T, yp and T, i, Hp-
We refer to the result of the interpolation procedure as n!!. Similarly, the maximum power output of the
device at the actual temperature conditions, Qmax(Tm,t/Hp ; Tﬂ,in,Hp), is evaluated through interpolation of Q¢ pc-

The capacity ratio of the device is evaluated according to the average actual thermal output, Q, over the considered
time (off periods included), namely

Qout

CR = -
Qmux(Tout,HP; Ta,z’n,HP)

(A2)

According to the above-mentioned technical standards, it is possible to evaluate a penalization factor, fcr,
as a function of CR and its capacity control system. For variable capacity units, Equation (A3) applies

1, CR> CRyin

CR) = = A3
fer(CR) = f(x) { WRU—@)’ CR < CRyin (A3)

The degradation coefficient C; and the minimum control level, CR,,;,,, can be provided by the manufacturer
or read in EN 14825:2018. Finally, the actual COP and energy input is evaluated as
Tout,gp +273.15

COP(Tout,HP;T/Z,in,HP;CR) T Toutrip — Tainnp
out, an,

X T]H(Tout,HP; Ta,in,HP) X fCR (CR) (A4)

— Qout
COP(Tout,HP; Ta,in,HP/' CR)

Wiy (A5)

The procedure is generally applied on an hourly or monthly time step.

Table A1. Manufacturer’s Datasheet of the Considered Air-to-Water Heat Pump !. Grey Boxes Refer to
Nominal Data.

Tout1ip °C 25 30 35 40 45 50 55
T,w°C  Qoutpc Win  Qoutnc  Winnc  Qoutpc  Winbc  Qoutnc  Winpc  Qoutpc  Winde  Qoutnc  Winbc  Qoutnc  Winnc
4 kW] kW] kW] kW] kW] kW] kw] kW] kW] kW] kW] kW] kW] kW]
-20 524 1.83 5.01 2.07 4.78 2.3 4.55 2.54 - - - - - -
-15 5.67 1.83 544 2.07 521 23 4.98 2.54 4.75 278 - - - -
-10 5.96 1.8 5.8 2.04 5.51 227 5.49 25 5.33 273 5.17 296 5.01 3.19
-7 6.14 1.79 6.02 2.02 591 225 5.79 247 5.67 2.7 5.56 293 5.44 3.16
-2 6.44 1.56 6.31 1.77 6.18 1.98 6.06 2.19 593 2.4 5.8 2.6 5.67 2.81
2 6.51 1.29 6.37 1.48 6.24 1.66 6.1 1.85 5.97 2.03 5.83 222 57 24
7 6.3 1.01 6.05 1.15 5.8 1.28 5.55 142 5.3 1.55 5.05 1.69 4.8 1.82
10 6.48 1.03 6.25 117 6.01 1.3 5.77 1.44 5.53 1.57 5.29 1.71 5.05 1.84
15 6.79 1.07 6.57 1.2 6.35 1.34 6.13 1.47 5.92 1.61 57 1.74 548 1.88
20 7.1 1.1 6.9 1.24 6.7 1.37 6.5 1.51 6.3 1.64 6.1 1.78 59 191

1 Rating conditions in accordance with EN 14511-2:2018. Heating capacity is according to Eurovent rating standard
RS-6/C/001-2011 and valid for heated water range AT = 3 ~ 8 °C.
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