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Abstract: Reversible heat pumps are increasingly adopted for meeting the demand for space heating
and cooling in buildings. These technologies will play a key role not only in the decarbonization of
space air conditioning but also in the development of 100% renewable energy systems. However,
to assess the achievable benefits through the adoption of these technologies in novel applications,
reliable models are needed, capable of simulating both their steady-state operation and dynamic
response at different conditions in terms of heating loads, outdoor temperatures, and so on. The
operation of heat pumps is often investigated by highly simplified models, using performance data
drawn from catalogs and paying scarce attention to the critical influence of controllers. In this respect,
this paper proposed an integrated thermodynamic and control modeling for a reversible air-to-
water heat pump. The study considered a heat pump alternatively equipped with variable-speed
compressors and constant-speed compressors with sequential control. The developed modeling was
then used to investigate the operation of an air-to-water heat pump serving an office building in Italy.
Results show that the model provided insights into the transient operation of variable-speed heat
pumps (e.g., the settling time). Regarding constant-speed heat pumps, the model provided hints of
interest to the control engineer to prevent, in the examined case study, the risk of quick compressors
cycling on low-load heating days or when low-temperature heating devices are supplied. Finally,
using a control strategy based on a heating curve for the variable-speed heat pump, results show the
potential for a sensible increase in the average coefficient of performance, from 17% up to 50%.

Keywords: energy saving; space heating; heat pumps; controllers; thermodynamic modeling;
dynamic response; variable speed drive; sequential control

1. Introduction

In 2021, space and water heating accounted for nearly half of the energy demand of
buildings [1]. The covering of this demand contributed, in its turn, to 80% of the carbon
dioxide emissions of this sector. To achieve decarbonization of space and water heating, in
the last two decades, a gradual shift from gas boilers to heat pumps (HP) was observed [2].
In this regard, according to recent statistics [3], the number of HPs sold and stored annually
in European Union (EU) countries increased almost exponentially since 2005. In addition,
the EU Commission recently emphasized the urgent need to deploy HPs as a strategy to
address climate change and the energy crisis [4].

HPs are currently considered key technologies not only for decarbonizing the heating
sector but also for the achievement of 100% renewable energy systems [5-7]. In this respect,
they could provide ancillary services to the power grid, thus allowing for the integration
of renewable energy sources (RES) [8,9]. In particular, through demand response (DR)
programs [10], HPs will be activated (or modulated and deactivated) in case of electricity
surplus (or deficit) from RES, with the thermal energy produced directly consumed or
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stored in ad hoc systems [11,12]. Regarding the latter option, in the case of the connection of
buildings to low-temperature heating networks, the heat produced onsite by the HPs could
be sold to the grid, and buildings could, thus, contribute to a more sustainable heat genera-
tion [13]. Looking at the building scale, the adoption of HPs along with thermal storage
contributes to increasing the so-called “flexibility”, which is the capability of the building
to modify its demand to meet external requests from the grid while assuring occupants’
comfort [14-17]. Several studies were conducted to highlight the benefits and drawbacks
of these innovative applications of HPs. In particular, to improve the performance of HPs
in buildings, large efforts were devoted by research to (i) improving the HP modeling to
better predict the coefficient of performance (COP), and (ii) proposing innovative control
strategies aimed at optimizing either COP or improving buildings’ flexibility.

Concerning HP modeling, in recent years, some authors proposed different ways
to accurately describe the HP behavior. For instance, Zanetti et al. [18] carried out an
experimental investigation of an air/ground reversible dual source HP, while developing an
accurate model for predicting the COP. Puttige et al. [19] developed models of HPs using an
artificial neural network based on data available from many field measurements. With some
refinements to the model, the accuracy was improved with a relative root mean square error
of less than 5%. In another paper, Puttige et al. [20] developed a modeling of ground-source
HP by jointly using physical modeling and an artificial neural network to describe the long-
term behavior of the ground. The model accuracy was duly checked by considering real
data collected during the four years operation of a real system. Maier et al. [21] evaluated
the effect of HP modeling in the context of model predictive control techniques. The authors
found that a quadratic model offers the best compromise between computational efforts
and accuracy. Liu and Cai [22] proposed a methodology to develop gray-box modeling for
variable-speed HP in the case of limited training data. Artuso et al. [23] modeled a reversible
HP using carbon dioxide as a refrigerant. Validation of the proposed modeling showed that
the accuracy was higher in heating mode than in cooling mode. Xu et al. [24] relied on an
artificial neural network for estimating cycling losses on constant speed HP. Kim et al. [25]
developed a dynamic model of a variable-speed HP by using transfer functions to be
included in the analysis of strategy for supporting power grid operators in frequency
regulation. Abid et al. [26] developed a model of a domestic reversible variable-speed HP
based on ad hoc experiments. The developed modeling was then used to determine optimal
operating conditions. Zakula et al. [27] developed a thermodynamic model of a variable-
speed HP operating in cooling mode while considering pressure drops, refrigerant back
leakage, and variations in heat transfer coefficients. The comparison of simulation results to
experimental data showed errors of less than £10%. Other studies focused on modeling the
HPs’ behavior including the frosting and defrosting processes to achieve a more realistic
assessment of the seasonal COP. For instance, Ma et al. [28] developed a dynamic model
of air-source HPs to account for frosting and reverse-cycle defrosting. The comparison of
simulation results against experimental data proved the capability to describe the cycling
operation due to frosting and defrosting. Roccatello et al. [29] developed correlations to
account for the reduction in the HP performance due to startup and defrosting cycles. The
results found, using the validated model, showed that these phases could lead to a 15%
degradation of the performance from the value observed in steady-state operation. Rossi
di Schio et al. [30] included the defrosting cycles in HP modeling for dynamic simulations
in the TRNSYS environment. Sezen and Gunfor [31] developed a mathematical model for
an air-source HP to account for the variation of performance with outdoor temperature
and relative humidity. Popovac et al. [32] solved the frosting model for air-source HP
in an OpenFOAM environment. Bagarella et al. [33] performed an energy analysis of
the operation of both variable speed and ON-OFF HPs serving a single-family house, by
considering the effect of storage sizing and the cycling losses. Liu et al. [34] developed and
validated the modeling of an air-source HP which accounts for frosting and de-frosting.
The modeling was then used to determine the operating conditions which could help limit
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frost formation. Rasmussen et al. [35] developed a detailed state-space modeling of the HP
to test the capability of this technology in contributing to primary frequency regulation.

Regarding studies on innovative HPs operating strategies, most of the published stud-
ies proposed sophisticated controls by relying on model-based or rule-based methods. For
instance, Bechtel et al. [36] used model predictive control to optimize HP operation while
considering variable electricity prices. Ding et al. [37] proposed an optimization approach
to operating the HPs and the heating system for an office building in case of DR provi-
sion including building load uncertainty by using a quantile regression neural network.
The results showed a 35.8% reduction in operating costs compared with the conventional
operating strategy. Abookersh et al. [38] compared two control strategies for the flexible
operation of HPs coupled to seasonal storage in a low-temperature district heating network.
Montrose et al. [39] proposed an optimal control algorithm, which aimed at minimizing the
overall power consumption of variable-speed HPs by regulating the indoor temperature
setpoint through peer-to-peer communication. Lee et al. [40] proposed an operation strat-
egy for variable-speed HP based on mixed-integer model predictive control. The model
allowed not only to prevent the operation of the HP with lots of compressor cycling but
also to predict future heat load and ambient air temperatures. The results showed a maxi-
mum 22% reduction in electricity cost and carbon emissions. Dengiz et al. [41] proposed a
heuristic control for the flexible operation of HPs coupled with a photovoltaic supplying
underfloor heating system and a domestic hot water tank. The authors found a maxi-
mum 13.3% reduction in operating cost compared to a conventional control strategy and a
52.6% reduction in the surplus of energy produced onsite. Maier et al. [21] found that HP
management through model predictive control outperformed operating strategies based
on heating curves. Baeten et al. [42] proposed a multi-objective model predictive control
for residential HPs for promoting flexible operation. The results indicated the capability of
the controller to shift peak load. However, the authors stressed that in the case of DR needs,
HP owners should be encouraged to participate by remunerating them for their additional
expenses. Efkarpidis et al. [43] proposed an optimization method to operate HPs along
with solar thermal collectors, batteries, and thermal energy storage aiming at maximizing
self-consumption. Arteconi and Polonara [44] developed an HP control based on electricity
price which varied HP’s temperature set point based on the variation of electricity market
price. The study revealed that a substantial decrease in peak demand could be achieved.
Schibuola et al. [45] compared operating strategies for DR for an HP-coupled photovoltaic
system. Other studies investigated the capability of HPs in supporting transmission and
system operators by providing ancillary services. Meesenburg et al. [46] found that large
two-stage ammonia HPs can provide ancillary services thanks to their capability to quickly
vary the electrical energy consumed. More specifically, the authors estimated that the HP’s
power input could be varied by about 50% in 85 s while maintaining a safe compressor’s
operation. Regarding HPs in the residential sector, Manner et al. [47] found that the aggre-
gation of residential HPs could guarantee valid support for ancillary services. However, the
authors stressed the importance to develop a real-time control system to manage the whole
aggregated system. Rodriguez et al. [48] developed and validated a model for managing
a cluster of residential HPs in the case of frequency regulation. The model revealed that
the DR potential of aggregated HPs is significant, but particular attention needs to be
given to the number of activation times of HPs and, most importantly, to the duration.
Bartolucci et al. [49] showed that worthy cost savings could be achieved by the provision
of ancillary services via large HPs coupled with thermal storage.

The previous literature review showed a strong research interest in the modeling
of HPs behavior (as demonstrated by the large use of machine learning techniques or
from research on frost buildup and removal) or improving performance during operation
by advanced supervisory controllers. However, regardless of the purposes, integrated
thermodynamic and control modeling was never performed. More specifically, regarding
thermodynamic modeling, the performance variation due to time-changing boundary
conditions (e.g., the outdoor temperature) or the part-load operation is typically estimated
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using catalogs” data corrected by empirical factors [14,16]. In addition, the control strat-
egy adopted to meet the user’s heating demand (and then the dynamic response) is not
accounted for [43,50]. Finally, other studies focused on the development of refined HPs’
control strategies for the provision of DR but using very simplified thermodynamic model-
ing [16,21,45]. Considering the novel applications of HPs, it is of paramount importance
to rely on a detailed thermodynamic and control model. In this respect, some papers
pointed out that issues could arise when HPs are used to provide flexibility, which cannot
be detected by relying on very simplified models. For instance, Liu et al. [51] pointed
out that drastic changes in the compressor speed due to load balancing can lead to wet
compression and then to compressor damage. Claufs and Georges [52] underlined that in
short-time operation, the transient effects of the HP, such as cycling losses during start-up,
are important. Bagarella et al. [53] found via experiments that cycling losses due to ON-OFF
control could reduce the performance by up to 13% compared to a steady-state operation.
To fill the previous gap, this paper proposes a modeling of a reversible air-to-water HP
where the thermodynamic aspects are jointly solved with the embedded control architecture.
More specifically, the analysis will address the capability of the integrated modeling to
provide insights into the dynamic response of the HP such as the time needed to reach
new steady-steady operation, overshoot of supply water temperature after load change,
number of compressors cycling per hour, etc., which are useful in the framework of novel
applications of this technology. To show these capabilities, this study investigated:

- The dynamic response of HP for the two typical compressor management strate-
gies: (i) a sequential control of multiple compressors, with compressors running at
a constant speed, and (ii) a variable-speed control where the rotating speed of the
compressors is continuously varied;

- The capability to analyze new HPs’ management strategies aimed at increasing the
seasonal COP or improving building flexibility. In this respect, this paper investigated
the typical control of the HPs based on “heating curves” which assumes a variable
temperature setpoint of the hot water with the outdoor temperature;

- The analysis of the dynamic operation of the HP when comparing different heating
devices supplied by HPs (e.g., fan coils or heating floor).

A reversible air-to-water HP serving an office located in Southern Italy was assumed
as the case study. Some scenarios will be simulated to account for the control strategies
adopted and some safety issues on compressor operations (i.e., the number of “ON-OFF”
cycles). Before ending, some details on the structure of this paper are due. In the Section 2,
both the thermodynamic and control modeling are described. In the Section 3, the case
study is presented together with the performed simulation. In the Section 4, results are
shown and discussed, while in the Section 5, some conclusions are drawn.

2. Materials and Methods

Before providing details on the thermodynamic and control modeling of a reversible
air-to-water HP, a schematic description of the reference unit is due. Figure 1 shows the
components along with the main variables and acronyms. The refrigerant flow is indicated
by the red arrows for the “heating mode” and the blue arrows for the “cooling mode”. An
air-to-refrigerant heat exchanger (e.g., a tube and fins coil or plate and fins) is used as the
condenser (CND) during the summer, and as the evaporator (EVP) during the winter. It
is worth noting that the temperature and relative humidity of the outdoor air is indicated
as ODT and RH, respectively. A brazed-plate heat exchanger is used to cool or heat the
water coming from the hydraulic loop. The temperature of the water returning from the
hydronic loop is indicated as Twr. Then, the HP heats (or cools down) the water flow rate
to a desired temperature, indicated here as “supply temperature”, Ty (green arrow in the
figure). As shown in the figure, the compressor (CMP) is typically driven by an induction
motor (IM). To maintain a desired value of the temperature of T, the controller (CTRL)
will act on the IM by regulating the speed (in the case of variable speed drive) or cycling it
“ON” and “OFF” (in the case of constant speed CMPs).
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Figure 1. Simplified scheme of a reversible air-to-water HP.

2.1. Thermodynamic Modeling of an Air-to-Water Heat Pump Operating in Heating Mode

Equation (1a,b) show the main variables which affect the delivered heating capacity
(HC) and the required mechanical power (P, i) for an air-to-water HP. More specifically,
both quantities were dependent on the compressor rotating speed (wcpp), the dry-bulb
temperature, and the relative humidity of the outdoor air (indicated as ODT and RH,
respectively), and the temperature of the water returning from the building and entering
the HP’s CND (Ty).

HC = f(ODT,RH, wcpp, Twr) (1a)

Pm,H = g(ODT/ RH, wepp, Twr) (1b)

In this work, Equation (2a,b) were used for representing Equation (1a,b). More specif-
ically, as shown in the cited equations, HC and Py, y are given as a linear function of the
main variables,

HC = Liwcpp + LoODT + L3 Ty, (2a)

P, = Kjwemp + KoODT + K3 Ty (2b)

where Kj, L1,Ly, Ky, L3, and K3, are fitting coefficients for weprp, ODT, and Tyr. These
unknown coefficients can be derived by using numerical methods applied to data collected
from experiments or ad hoc simulations. It is worth noting that, unlike Equation (1a,b),
RH is not included in Equation (2a,b). As will be seen later, the moderately cold winter
of the reference climatic zone did not result in frost formation on the evaporator surface.
Therefore, the RH value had a negligible influence in this case. In this respect, it is also
necessary to stress that the model described in the following was limited only to those cases
where the defrosting cycle was rarely activated.

Regarding the ODT values in Equation (2a,b), they can be obtained by using a weather
database. Conversely, the temperature of the water returning from the hydraulic loop,
i.e., Tyr, depends on the heating demand of the user (in the following indicated as heating
load, HL) and the thermal inertia of the hydronic loop. More specifically, Equation (3)
represents the dynamic model of the hydronic circuit served by the HP,

dTwr _ 1
dt G

(HC — HL) (©)
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where the variation of Ty, is directly related to the difference between HC and HL (i.e., the
difference between the HP’s capacity and the heating load). C; is a coefficient (k] /°C) used
to account for the inertia of the hydronic loop coupled to the HP. Equation (4a,b) were
adopted to estimate this quantity. More specifically, in Equation (4a), py, is the density of
water, ¢y, is the specific heat capacity of water, and V4, is the desired volume of water in
the hydronic loop. This quantity was derived from “Portoso’s Equation” [54], and it is
often adopted as a “rule of thumb” to estimate the desired amount of water in the hydronic
loop, needed for the safe operation of the CMPs,

Cs = PwCuw Vies (4a)
Vies = M (4b)
AT
PwCuw (E) ref

In Equation (4b), Cyon, is the nominal capacity delivered by the HP (typically in cooling

mode) at the design condition and (%) . is the maximum variation of the water return
re

temperature from the hydronic loop (typically set to 5 °C/min).
Finally, the temperature of the water supplied to the building (Tys) is calculated by
applying the energy conservation equation to the HP as shown in Equation (5),

HC
Tws = Towr + =

My Cw

©)

where iy, is the mass flow rate of water circulating entering the HP. Note that Ty is
assumed as the controlled variable by the action of the controller.

2.2. Description and Modeling of the Control Strategies

The heating/cooling capacity delivered by air-to-water HPs can be varied in two
ways: (i) by using variable-speed drives (VFD) coupled to IMs which continuously change
the CMP’s rotating speed wcpp to meet the desired “supply water temperature setpoint
(Tws,rep)”; (i1) cycling ON-OFF constant-speed CMPs to maintain the supply water tempera-
ture around a desired value.

2.2.1. Details on the Control Scheme for the Variable-Speed HP

Figure 2 depicts the main components of the control scheme for the case of variable-
speed HPs. The CMP rotating speed (which is an output of the IM) was modulated thanks
to the action of VFD. More specifically, a scaler control was used inside the VFD, where
a simple “voltage over frequency V/F” technique was used to control an IM at variable
speed. More insights into the scaler control are provided in [55].

ODT TWF QL

L

Temperature

Wref Dgpe| Voltage Vabe

w -
Induction N Heat Q Hydronic

V/F
> source > > 7| Circuit

controller Control . motor Pump
inverter
TL P,,-,

Figure 2. Schematic of the control for a variable speed air-to-water HP.

A proportional and integral (PI) temperature controller provides the reference value
of the speed to the V/F control (i.e., w;y). Such a value is quantified based on the difference
between the measured supply water temperature and the desired value (i.e., ATy;). Then,
as shown in the figure, the V/F control gives as output the duty cycles, D, 4, . to the voltage
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source inverter (VSI). In this component, then, space vector modulation (SVM) is used
to acquire the duty cycles, and the three-phase voltage V,, . are provided by the VSI to
the IM [55].

In the “Heat Pump” block, HP’s thermodynamic model (i.e., Equation (2a,b)) was
implemented.

2.2.2. Details on the Control Scheme for HPs with Constant-Speed Compressors

Figure 3a shows the scheme for the control of a constant speed HP equipped with
multiple CMPs. More specifically, CMPs were “sequentially” activated or deactivated
based on the difference between the measured water supply temperature and the desired
value ATwsn = Tws — Tsref- To better understand the sequential control logic (SC), it
is worth referring to Figure 3b. This figure depicts an SC in the case of an HP with two
CMPs. The black line represents the time evolution of the measured value of the hot water
supply temperature. The horizontal red lines indicated by Tys == ATy, values represent the
temperature threshold values for cycling “ON” and “OFF” each CMP. It was apparent that
the narrow band for AT, could lead to many cycles of each CMPs. Conversely, a large
band could be responsible for high T\ variation, thus leading to occupants” discomfort.
The values of £ATys,, are typically selected to assure a maximum number of ON-OFF
cycles in an hour below the limit recommended for CMP safety. As shown in Figure 3a, a
hysteresis controller can be used for solving the ON-OFF cycle of each CMP.

SC oDT Twr QL
Hysteresis ON, OFF [ |nduction Wemp2
Controller > motor 2 J
2
Heat Qr; Hydro nic
K w Circuit
Hysteresis | ON, OFF Induction cmpl_y, Pump
Controller > motor 1 T,
1 <
Pm
Cpr
(a)
RIPREY.N R (o0 V5 o R A b bt
CMP2= ON
CMVP1= OFF
Tusref +ATye 1 (CMP1 = OFFp— + — « — « — - — .  — e — /.\ — CMP change of state
[ ; ® CMP1 = OFF & CMP2 =0ON
Tosiret TG \/ ® CMPL=ON & CMP2 = ON
CMP1= ON ® CMP1 = OFF & CMP2 = GOFF

Tws,ref 7AT‘N§J2 {CMP2 = ON)

n CMP1= ON
RS0 CMP2= ON

(b)

Figure 3. (a) Schematic of the control for a variable-speed air-to-water HP; (b) activation control for
an HP equipped with two constant-speed CMPs.

3. Case Study: Description and Simulation

To investigate the capability of the proposed model in describing the dynamic response
of an air-to-water HP coupled with a hydronic circuit, an office building was selected as a
case study. The reference building was located in Palermo (Italy). In Figure 4a, the hourly
profiles for ODT are shown for two typical weekdays in winter. One was characterized by
a high heating load due to the low ODT (i.e., around the beginning of February) and the
other one by a low heating load (i.e., around the half of April). It is worth noting that in
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Figure 4a,b, the dashed line is used for the profile on the low heating day and the continuous
line for the high load day. Heating demand profiles (Figure 4b) were estimated using data
from a previous study performed by one of the authors [56]. Conversely, the daily profiles
of ODT (on an hourly basis) are retrieved using the meteorological dataset [57]. Looking at
Figure 4a,b, it was assumed to be a 10 h per day operation (more specifically, from 7 AM
to 5 PM) with load variations at a 15 min time step. Note that the minimum demand was
observed between 12 PM and 2 PM (when higher ODT values were observed).

16 T
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M"E

15F 1 45

T

T
——High ODT day
----Low ODT day

—High HL
---LowHL

g
3
=35+
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LT T T e ! | 307
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Time Time
(a) (b)

Figure 4. Profiles of typical low- and high-heating load days: (a) ODT values, (b) heating demand.
3.1. Details on the Air-to-Water Heat Pump

As previously mentioned, an air-to-water HP was here assumed as the reference
system. However, the selection of the nominal HP capacity was based on the peak of
cooling demand. This approach is simply explained by considering that for the assumed
locality, cooling demand was prevalent compared to the heating one due to the moderately
cold winter and the very hot summer. For this reason, based on the 49 kW, peak in
the cooling demand, a reversible HP with a 50 kW, cooling capacity was selected. The
corresponding delivered HC (in the design condition) results to be around 62 kWy,.

Table 1 summarized the main technical features of the selected HP. These data were
derived from commercial catalogs.

Table 1. Matrix test for the HP thermodynamic modeling.

Refrigerant Circuit

Refrigerant R410a
Condenser Type Fin and Tube
Number of Condenser 1
Condenser Fan Power [kW] 1.5
Metering Device Electronic Expansion Valve (EEV)
Evaporator Water Flowrate [m3/h] 7.0
Evaporator Pump Power [kW] 2
Compressor Type (and Number) Scroll (no. 2)
Compressor Power (each) [kW] 9.0
Refrigerant Charge [kg] 14.3

3.2. Details on Simulation Performed and Assumptions

The assumed air-to-water HP was equipped with two scroll compressors (Table 1). In
this respect, the following strategies CMPs’ operation were here investigated:
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- Variable-speed CMPs, where the speed of both CMPs is continuously varied between
minimum and maximum values via VFDs, as shown in Figure 2 (in the following, this
option will be briefly indicated as variable-speed HP);

- Constant-speed CMPs with sequential control, where, since the CMPs speed is con-
stant, the heating demand is covered by cycling ON-OFF each CMPs following a
sequential approach, as shown in Figure 3a (this option will be briefly indicated as
constant-speed HP).

The thermodynamic modeling of the HP of the considered HP was developed via
IMST-Art v.4.0 software [58]. More specifically, the software allowed for 1-D modeling of
heat exchangers, and other accessories, and the reliability of results was confirmed by ad
hoc validation studies [59].

Table 2 summarizes the boundary conditions selected to characterize the HP operation
via simulations. Regarding the ODT, its value varied from 5 to 17 °C, to account for the time
variation of ODT during the day and the season. More specifically, a 4 °C step variation was
assumed, leading to four values to be simulated. Regarding the temperature of the water
returning from the building, T, and entering the HP, the range 25-55 °C was selected to
account for different heating /cooling demands (which leads, in turn, to part-load operation
of the HP) or supplied heating devices (e.g., fan coils or heating floors). A 10 °C step
variation was assumed as well, again resulting in four T\, values to be simulated.

Table 2. Matrix test for the HP thermodynamic modeling.

Variable Range Interval HP Control
Variable-Speed CMPs
ODT 'Cl 5-17 +4°C wcmp [rpm]
1000-6200 (+400 rpm)
ON-OFF CMPs
Tu,r [°C] 25-55 +10°C wewmp [rpm]
2900 )

For variable-speed CMPs, a survey on commercially available scroll CMPs for HPs
highlights that the rotating speed wcmp typically varied between 1000 and 6200 rpm, thanks
to a large set of frequencies provided by the VFD. Then, the matrix test in Table 2 shows
that the rotating speed of each compressor was varied between 1000 and 6200 rpm, with a
400 rpm step variation which leads to fourteen wcpp values to be simulated. The number
of simulation tests to be performed to characterize the variable-speed HP’s thermodynamic
modeling was then obtained by combining four ODT, four Ty, values, and fourteen
compressor speeds.

In the case of constant-speed CMPs, conversely, commercial catalogs indicated a
nominal rotating speed equal to 2900 rpm. By combining the four ODT values, and the
four Ty values, simulations were first carried out with only one CMP “ON”. Then, tests
were performed again considering both CMPs “ON".

To calculate the K; and L; fitting coefficients in Equation (2a,b), the least square method
(LS) was applied to data from the simulations. This analysis was performed in MATLAB
software R2022b. The results are presented in Tables 3 and 4. As shown, the normalized
root mean square error index (NRMSE) was used to quantify the error of the model to the
thermodynamic data. As shown in Tables 3 and 4, the NRMSE always resulted lower than
7.5%, which can be considered a good approximation for the scope of the analysis.

Table 3. Preliminary modeling results: variable-speed HP.

Delivered Capacity Absorbed Power

Ly 0.012 Ky 0.0034

VS-Heating L, 1.21 ;ﬁﬁ%&ﬂggi K, —0.083
Ls —0.21 ol K 0.089

RMSE [kW]: 1.71
NRMSE [%]: 7.15
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Table 4. Preliminary modeling results: constant-speed HP with two CMPs “ON".

Delivered Capacity Absorbed Power
CS-Heating E; 88;% RMSE [kW]: 0.704 E; _0(')08832 RMSE [kW]: 0.102
L3 _0207  NRMSE [%]: 3.66 Ks 0.1698 NRMSE [%]: 1.87

3.3. Implementation of a Control Strategy Based on the “Heating Curve”

According to the declared goals of this work, the developed model was supposed to
enable an assessment of the benefits that could be achieved when operating the HP with a
variable water supply temperature, Ty ref, instead of a constant temperature. The use of
a water supply temperature to the building variable with the ODT is typical in both HPs
and gas boilers. In this respect, the possibility for the HP to operate with lower condensing
pressures during “moderately” cold periods could lead to lower energy consumption and
significantly higher COP values. In addition, the use of variable temperature setpoint was
identified as a strategy for implementing DR programs in the building sector via HPs [44].
The variation of Ty ref with ODT is usually presented in the form of a so-called “heating
curve”. These curves are supplied by manufacturers in catalogs and embedded in the
HPs’ control.

Before developing a heating curve for the considered HP, a preliminary assessment
of the effects of a reduction in the hot water supply temperature on the sensible heating
capacity of the fan coil was performed. This analysis relied on the model implemented
in TRNSYS v. 17 [60] through Type 600a and validated, in the framework of this work,
using data from different fan coil manufacturers [61]. Figure 5a plots the fan coil’s sensible
capacity vs. the hot water temperature supplied. As shown, the Ty varied in the range of
35.0-50.0 °C. Note that when the temperature of the supplied water decreased from 50 °C to
35 °C, about a 50% reduction in the heating capacity of the fan coil was observed. Although
a heavy reduction in fan coil capacity was consequent, the assumption of a variable supply
water temperature of hot water over the 35.0-50.0 °C range with increasing ODT sounds
reasonable. Indeed, in the case of higher ODT values, a reduction in the user’s heating
demand was expected due to lower heat loss from the indoor to the outdoor environment.
Then, the fan coils should satisfy a lower demand. In Figure 5b, a heating curve of the
HP is shown. A linear change in Ty ref vs. ODT was assumed. In particular, a Ty ref Was
always maintained at 50 °C for ODT values lower than 30 °C. A linear decrease down to
35 °C was assumed as ODT gradually increased up to 15 °C; for ODT value greater than
15 °C, Tyys ref Was equal to 35 °C. Before concluding, it is worth stressing that, for the sake
of brevity, this strategy will be applied only for the variable-speed HP.

3.4. Details on Model Solving and Main Assumptions

The control architectures for both variable- and constant-speed HPs were solved by
using MATLAB Simulink. The simulations were performed for the full-day operation
(i.e., for 10 h) and a sample time equal to 0.01 s was used to reduce computational efforts.

The variable-speed HP was controlled by assuming for the supply water tempera-
ture a 45 °C setpoint value, which is typical of a hydronic circuit serving fan coils. The
MATLAB Sisotool command was adopted to tune the PI in the Temperature Controller (see
Figure 2) [62]. More specifically, the command provides the values of the proportional and
integral gains to get a settling time of 10 min.

For the constant-speed HP, a 45 °C value was assumed for the T f. However,
temperature bands were needed to avoid too many ON-OFF cycles of CMPs. For this case,
the selected temperature bands are shown in Table 5. As previously shown (see Figure 3a),
a hysteresis controller can be used for solving the ON-OFF cycle of each CMP. In this
work, this component was simulated in MATLAB Simulink via the built-in block named
“hysteresis comparator”.
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Figure 5. (a) Sensitivity of fan coil’s heating capacity to the supplied water temperature and (b) supply
hot water temperature set point vs. ODT.

Table 5. Bands definitions for CMPs cycling in sequential control.

Changes in CMP State Threshold Values
CMP 1: OFF, CMP 2: OFF Tws,cmp2 oN = 46.0°C (ATys=+1.0 °C)
CMP 1: OFF, CMP 2: OFF Tws,cmp1_oN = 45.5°C (ATys = +0.5 °C)
CMP 1: OFF, CMP 2: ON Tws,cmp2_oFr = 44.5°C (ATyws = —0.5°C)
CMP 1: ON, CMP 2: ON Tws,CMPl_OFF = 44.00C (ATWS = —1.00(:)

Regarding the Cs values shown in Equation (3), a value equal to 1500 kJ/°C was
here assumed. As mentioned in Section 2.1, Equation (4a,b) can be used to estimate Cs.
Considering the nominal cooling capacity of the HP (i.e., 50 kW, which, for the selected
locality, was used as a basis for sizing the HP), a value of 600 kJ/°C was obtained. To
explain the difference in the Cs value assumed in this work (i.e., 1500 kJ /°C) and the one
calculated by using Equation (4a,b) (i.e., 600 k] /°C), an important point should be clarified.
As previously mentioned, the Cs value will affect the number of ON-OFF cycles of each
CMPs in the case of sequential control. There is a threshold value that limits the maximum
number of ON-OFF cycles which is suggested by manufacturers (typically, 12 cycles per
hour). In this respect, in a recent work by the authors [63], it was calculated that to meet
this constraint for an air-cooled chiller with a cooling capacity comparable to the one of
the HP here considered, Cs should be increased from 600 up to 1500 kJ/°C. For this reason,
1500 kJ/°C was here assumed as the reference Cg value.

To evaluate the energy performance of the HP during the operation, the COP averaged
on an hourly basis is used as defined in Equation (6).

[ HL(t)dt

COP =

(6)

4. Results and Discussion

The Sections 4.1 and 4.2 focus on the key results for variable-speed HP and constant-
speed HP, respectively. The Section 4.3 focuses on the operation of the variable-speed
HP when assuming a heating curve instead of maintaining a constant water supply set-
point. The Section 4.4 focuses on the operation of the HP considered when feeding low-
temperature heating devices.
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4.1. Results for the Variable-Speed Heat Pump

In Figure 6a—d, results for the high-heating load day are shown. More specifically, in
Figure 6a, the heating capacity delivered by the HP (red dashed line) follows the variation
in the heating load profile (red continuous line). In this respect, the zoom from 11 AM to
12 PM in Figure 6a shows the dynamic variation of the heating capacity delivered by the HP
after load variation. More specifically, the steady state operation was achieved in less than
10 min, which was lower than the time needed for a load change (i.e., 15 min). Figure 6b
shows the temperature profile of the water supplied to the user (Tyws) and returning from
the hydronic loop (Twy). It is worth noting that the controller can maintain Ts at 45 °C
(i.e., the required setpoint). In this respect, as shown in Figure 6b, the CMP rotating speed
was varied in a wide range during the day (from about 4000 rpm in the early morning
to 2000 rpm at 1 PM), due to large changes in the heating demand. Figure 6¢ shows the
mechanical power supplied by the IMs to the CMP during the 10 h operational period. The
mechanical power was modulated, and it never equaled zero during the day. In Figure 6d,
the average hourly COP values are plotted. The COP varied between a minimum value
equal to 4.23 in the morning (from 8 AM to 9 AM when a low ODT value and a higher load
were observed) and a maximum value equal to 5.05 (at around 1:00 PM when both a high
ODT value and heating load were observed). It is worth noting that similar considerations
could be brought for the selected low-heating load day. However, results are not shown for
the sake of brevity.
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Figure 6. Results for the variable-speed HP in the high heating load day: (a) Heating load and
heating capacity, (b) water supply temperature, water return temperature, and compressor speed,
(c) mechanical power, (d) COP.
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These results show that the proposed modeling allows for a description of the HP
dynamic response. The availability of this information (more specifically, the time needed
to reach the new steady-state operation, water temperature overshoot after changes in
demand, absorbed power, etc.) will provide great support to those studies aimed at
investigating the potential role of HP in the provision of ancillary services [8].

4.2. Results for the Constant-Speed Heat Pump with Sequential Control of Compressors

The results for the constant-speed HP in the high heating load day are shown in
Figure 7a—d. In Figure 7a, the heating demand profile (red continuous line) is again pre-
sented together with the capacity delivered by the HP (dashed red line). The discontinuous
pattern of the HC was due to the ON-OEFF cycles of CMPs. In this respect, as shown in
Figure 7b, it is worth noting that CMP1 (black line) operated only from 7 to 10 AM when
the higher values of heating demand were observed. Then, after 10 am, CMP1 was always
OFF, and CMP2 (blue line) was cycled to maintain the water supply temperature in the
desired range. In addition, Figure 7b shows that the temperature of the water supplied
to the building was oscillating around the value of 44.75 °C value (black dashed line),
from 7 to 10 AM. After 10 AM, the temperature of the water supplied to the building was
oscillating around the value of 45.25 °C values. This result was consequent to the band
definitions for CMPs cycling shown in Table 5.

Figure 7c,d provides a focus on two hours in the high heating load day. More specifi-
cally, Figure 7c plots the CMPs’ operation from 7 to 8 AM, when the highest demand was
observed. Conversely, Figure 7d focuses on CMPs’ operation from 1 PM to 2 PM when the
lowest demand was observed. Looking at Figure 7c, CMP2 was ON for almost the whole
hour; conversely, CMP1 cycled ON-OFF to meet the heating load. In addition, as indicated
in Figure 7c, CMP1 cycled ON-OFF almost 10 times, which was less than the maximum
threshold value equal to “12 cycles per hour” required for assuring a safe CMP operation.
As shown in Figure 7d, from 1 PM to 2 PM, CMP1 was always OFF, and CMP2 was cycled
to maintain the water supply temperature in the desired range. More specifically, CMP2
cycled ON-OFF almost eight times, which was less than the maximum threshold suggested
by the manufacturer (i.e., 12). In Figure 7e, the mechanical power required by the CMPs is
plotted. Figure 7f shows the average hourly COP values. The COP ranged between 4.42
and 4.75 during the operation due to the time-varying ODT values.

The simulation results for the constant-speed HP during the low heating load day
are shown in Figure 8a—d. Like in Figure 7a, in Figure 8a, the heating demand profile (red
continuous line) is again presented together with the capacity delivered by HP (dashed
red line). It is worth noting that, differently from Figure 7a, the minimum value for HC
was zero also during the first part of the day, and only one compressor (more specifically
CMP2) was operating and cycling ON-OFFE. As shown in Figure 8b, the temperature of the
water supplied to the building was oscillating around the value of 45.25 °C value (black
dashed line), following the range shown in Table 5. In Figure 8c,d, results for two hours on
the assumed day are shown. More specifically, as shown in Figure 8c,d, during a high load
hour (early morning from 7 to 8 AM), CMP1 operated for a few minutes between 7 and
7.15 AM. Then, CMP1 was always OFF, and CMP2 was cycled to maintain the water supply
temperature in the desired range. As shown in Figure 8c,d, CMP2 was cycling ON-OFF
almost 14 times in the early morning, and almost 15 times from 10 to 11 AM. In both hours,
the number of CMP cycles was higher than the maximum threshold. In Figure 8e, the
mechanical power required by the CMPs is plotted. As expected, it varied from 0 to 8.2 kW
since only CMP was always ON. Figure 8f shows the average hourly COP values. The COP
value ranged between 4.69 and 4.86 during the operation due to the different ODT values
in the day.

The previous focus on CMPs’ operation highlighted the importance of including
integrated modeling in studies that propose new design alternatives or control logic to
increase energy savings or flexibility in buildings [41]. Indeed, in all these cases, any safety
issues in HP operations can be easily predicted.
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Figure 8. Results for the low-heating load day: (a) Heating Load and Heating Capacity (b) Water
supply, Water return temperature, and CMPs cycles, (c) CMPs’ operation from 7 to 8 am, (d) CMPs’
operation from 10 to 11 am, (e) Mechanical Power, and (f) COP.



Sustainability 2023, 15, 8664

16 of 23

Effects of Hydraulic Inertia on the Operation of Constant-Speed HPs in Heating Mode

As explained in Section 2.1, the thermal inertia of the hydraulic loop was quantified
by the Cs constant. As explained in Section 3.4, the Cs value was set to 1500 kJ/°C based on
the HP’s nominal cooling capacity and the maximum cycles per hour in cooling mode. The
previous analysis pointed out that, in the case of low heating demand, the number of CMP2
cycling was beyond the threshold value (see Figure 8b). It is, then, interesting to estimate
the percentage variation in Cs when safety assessments were performed also including the
heating mode. In this respect, the analysis considered a variation of Cs from the reference
value (i.e., 1500 kJ /°C) to 2100 kJ/°C, with a step variation of +200 kJ/°C. As shown in
Figure 9, the number of CMP2 cycling achieved the threshold values (i.e., 12 cycles per
hour) when Cs increased from 1500 to 1900 kJ/°C (i.e., +26.67%). This result could be easily
explained by considering the criterion followed to size the HP. Indeed, since the HP was
sized based on cooling demand, during the winter, the heating capacity delivered by the
HP was likely to be higher than the heating demand (which for the considered locality was
very close to the cooling one). Then, due to the HP oversizing, several cycles were needed
in hours characterized by a low heating load.

18 T T

Reference C. B - 1500
I c==1700

16 [ Ics=1900 | ]
15 I C==2100

14r
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Figure 9. Variation of hydraulic loop inertia for a safe CMP operation in heating mode.

4.3. Analysis of the HP Operation Based on “Heating Curve”

As explained in Section 3.3, the HP was operated by setting a variable setpoint for the
temperature of the water supplied to the building, according to the heating curve shown
in Figure 5b. Results for the high heating load day are shown in Figure 10a,b. Each figure
compares the results obtained in the case of a “constant” set point for T\ with the case of a
“variable” setpoint. As shown in Figure 10a, due to the new control strategy, the controller
did not maintain the T\ at 45 °C, as shown in Figure 6b. More specifically, the values of
Tws varied from about 40 °C in the early morning to around 41.5 °C at 4 PM. As shown
in Figure 10b, an increase in the average value of COP was achieved by this new strategy
(orange line) compared to the strategy with a constant T\ ¢ (purple line).

Results for the low-heating load day are shown in Figure 10c,d. In this case, since ODT
was always higher than 15 °C (as shown in Figure 10a), the water was supplied to a Tys
value lower than 40 °C, with a substantial increase in the average COP value throughout
the day (Figure 10d).
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Figure 10. Results of HP operation when operated following the developed “heating curve”: (a) Water
supply, Water return temperature, and compressor speed in the high heating load day; (b) COP
values in the high heating load day; (c) Water supply, Water return temperature, and Compressor
speed in the low heating load day; (d) COP values in the low heating load day.

Before concluding, it is worth noting that this analysis focused more on the effect of this
strategy on HP operation and energy performance, without considering two possible side
effects. First, changes in occupants” comfort conditions were not considered, as evidenced
by the absence of typical metrics proposed by International Standards [64]. Second, the
effects of such a strategy on the controller action of each heating device (installed within
the building) were not considered. Indeed, local thermostats could force fan coil fans to run
for an extended time to meet the same heating load, thus reducing the benefits gained from
a higher-performing HP. Only a comprehensive analysis, in which the modeling proposed
here was solved together with (i) building and heating system modeling and (ii) metrics
for assessing occupant comfort, could provide a complete answer to the feasibility of any
new management strategy.
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4.4. Analysis of the Response of HPs in the Case of Low-Temperature Heating Devices

In this subsection, results of the analysis of the dynamic response of both variable-
speed and constant-speed HPs when supplying low-temperature heating devices such as
heating floors are shown.

Figure 11a,b shows results for the variable-speed HP on the high heating load day. As
shown in Figure 11a, Tws was maintained at 35 °C (i.e., the assumed HP setpoint when
supplying the heating floor) by the action of the controller. Moreover, the rotating speed of
the CMPs varied from about 1000 rpm to 1400 rpm during the day, due to changes in the
heating demand. However, note that CMPs speed was lower than the one observed for the
variable-speed HP when supplying fan coils (see Figure 6b) with a reference set-point of
45 °C (i.e., from 2000 rpm to 4000 rpm). The lower CMP speeds led, in turn, to higher COP
values (almost +50%). Indeed, as shown in Figure 11b, the COP ranged between 8.5 and
9.6. The COP values in the case of the HPs serving fan coils ranged between 4.23 and 5.05

(see Figure 6d).
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Figure 11. Analysis of the dynamic response of variable speed HP with the low-temperature heating
device in the high heating load day: (a) Water supply, Water return temperature, and Compressor
speed; (b) COP values.

Results for the constant-speed HP operation in the low-load heating day are shown
in Figure 12a-d. As shown in Figure 12a, Tyys varied around 35 °C due to the cycling of
CMPs. Moreover, CMP1 was always OFF, while CMP2 was the one responsible to meet
the user’s demand. As shown in Figure 12b, the COP ranged between 6.25 and 6.5. These
COP values were higher than the ones found in the case of the HPs serving fan coils, which
ranged between 4.69 and 4.86 (see Figure 8f). Before ending, it is useful to provide insights
into the number of CMP?2 cycling in two typical hours of the day. In this respect, Figure 12c
provides a zoom on CMP operation from 7 AM to 8 AM. In this hour, CMP2 cycled almost
11 times. The number of cycling became even higher (and beyond the threshold value) from
10 AM to 11 AM, as shown in Figure 12d. It is worth mentioning again that these results
were found assuming a Cs value of 1900 k] /°C. Then, when the operating temperature of
the supplied heating devices was reduced, the effect of HP “oversizing” heavily affected
CMPs’ operation. To reduce the number of CMP2 cycling, an even higher Cs value was
then required.
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Figure 12. Analysis of the dynamic response of constant-speed HP in the case of low-temperature
heating devices during the low heating load day: (a) Water supply, Water return temperature, and
Compressor speed; (b) COP values; (c) CMPs’ operation from 7 to 8 am, (d) CMPs’ operation from 10
to 11 am.

5. Conclusions

This work proposed an integrated thermodynamic and control modeling of an air-
to-water HP to assess the energy saving achieved by new control strategies or innovative
applications of HPs in buildings. Meantime, the dynamic response of the HP and the steady-
state operation was fully monitored. To show these capabilities, a reversible air-to-water HP
serving an office in the Mediterranean area was investigated. The results show that, in the
case of a variable-speed operation, the model allowed for monitoring the controller action
on the HP, such as the instantaneous CMP speed, the meeting of the required setpoint, the
time needed to reach a steady state operation after heating demand variation, and water
supply overshoot. In the case of a constant-speed HP, the number of CMP cycling was
monitored. More specifically, on low heating load day, the model predicted that the number
of CMP cycling was well beyond the permitted threshold. Then, the possibility to perform
safety analysis on CMP operations was enabled. More specifically, the great sensitivity
of HP response to the different amounts of water in the hydronic loop was quantified. In
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this respect, a different amount of water in the hydronic loop was required to maintain
the compressor cycling below the threshold value in cooling and heating mode (+26.67%).
Thanks to the proposed model, the effect of alternative operating strategies on dynamic
response and steady-state operation could be simulated. In this respect, the one based on
heating curves was considered only for the case of the variable-speed HP. In this respect, it
was found that an increase of about 50 % in the COP value was achieved on moderately
cold days. Finally, the analysis of the effects of the low-temperature heating device revealed
an increase in the energy performance of the HP, but some issues for CMP2 were raised
due to the increased number of ON-OFF cycling. All the insights gained by the adoption
of an integrated model will provide precious support in the studies where the description
of the dynamic response is necessary (e.g., use of HPs for ancillary services provision).
Moreover, thanks to the possibility to monitor HP operations, the feasibility of new control
logic aimed at increasing energy savings or flexibility could be verified. Future works
will apply the proposed model to the case of energy-saving assessment achievable by DR
programs using reversible air-to-water HPs.
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Nomenclature

Acronyms

CMP Compressor

CND Condenser

CTRL Control

EvVP Evaporator

EV Expansion Valve

HP Heat Pump

™M Induction Motor

LS Least Square

PI Proportional and Integrator
RES Renewable Energy Source
RMS Root Mean Square

SHR Sensible Heat Ratio

SC Sequential control

SVM Space vector modulation
VFD Variable frequency drive
VSI Voltage Source Inverter
Variables

copr Coefficient of Performance (dimensionless)
HL Building Heating Load (W)
HC Heating Capacity (W)

Vdes Desired volume of water in the hydronic loop (m?)
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Dyp,e Inverter duty cycles (sec)
1y Mass flowrate of water circulating in the hydronic loop (kg/s)
Crom Nominal HP capacity delivered (heating or cooling mode) (W)
NRMSE Normalized Root Mean Square Error Index
ODT Outdoor air temperature (°C)
Tos,ref Reference Temperature of the water supplied to the hydronic loop (°C)
Cw Specific heat capacity of water (kJ/(kg °C))
Tor Temperature of the water returning from the hydronic loop (°C)
Tows Temperature of the water supplied to the hydronic loop (°C)
Vab,c Three-phase voltages (V)
Greek Letters
wWeMp Compressor rotating speed (rpm)
Ow Density of water (kg/m?)
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