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Abstract: Air-to-water heat pumps (HPs) are widely installed in new buildings; however, they
face performance degradation with high temperature emission systems, which is typical of existing
buildings, or during domestic hot water (DHW) production. Hybrid systems (HSs), composed by
air-to-water HPs and gas-fired boilers, can mitigate these issues by increasing the overall system
efficiency. HS performance is strictly dependent on the configuration and control management of
the system itself. Moreover, the building and heating plant also have a strong influence. This study
presents an overview of the application of HSs that considers both space heating (SH) and DHW
production, by comparing the primary energy (PE) consumption obtained by dynamic simulations.
Different climates, building typologies, and DHW withdrawal profiles are used to extend the results’
validity. Additionally, several HS control strategies were implemented and compared. The results
show a PE savings ranging from 5% to 22% depending on the control strategy and the external
parameters applied in the simulation. The comparison of the control strategies shows that the most
efficient strategies are the ones maximizing heat pump utilization. The dependence of PE savings of
HS on COP values is highlighted, and a correlation is presented to provide designers with guidance
on the applicability of HSs.

Keywords: hybrid heat pump system; condensing boilers; air-to-water heat pump; simulation;
primary energy saving

1. Introduction

In 2018, households represented 26% of the total final energy consumption in Eu-
rope [1]. Space heating (SH) and domestic hot water (DHW) production together repre-
sented almost 80% of the energy consumption in households [2]. Therefore, in order to
meet carbon neutrality by 2050, an important contribution will necessarily come from the
building sector.

Seventy-five percent of buildings were built before any standard for energy efficiency
existed. These will represent the majority of the building stock in 2050. Actions need to be
taken for increasing their efficiency, e.g., by adding or increasing insulation, switching to
renewable heating systems, or applying smart management systems [3].

Heat pumps (HPs) are currently the most promising heating technology to be applied
to decarbonize the building sector, since they can leverage the renewable share in electricity.
However, heat pumps in some applications may raise some issues. DHW production as
well as SH, in less insulated buildings, require high condensing temperatures that reduce
the heat pumps performance, especially in colder seasons. This applies especially for
air-to-water heat pumps that are, nowadays, the most sold and widespread type [4]. Thus,
the intervention of a backup generator for these critical cases is often beneficial and can
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replace or complement the heat pump when its operation is inefficient. Moreover, the heat
pump size can be reduced as it must not be sized for the peak load, avoiding oversizing and
improving the part-load operation. The correct sizing of the HP generator is an important
factor for enhancing the system performance [5], as well as for reducing the number of
on—off cycles and for increasing the compressor’s life. Legionella prevention is another
critical issue in employing heat pumps for DHW production, since the maximum water
supply temperature is often not sufficient for that scope.

CO; heat pumps can be an interesting and promising solution to be applied in high
temperature applications. However, as stated by Rony et al. in [6], there are still some
technical issues to be solved for the large-scale deployment of the technology.

Nowadays, air-to-water heat pumps equipped with electrical resistance are often
proposed. Its operation allows for higher temperature levels but reduces the overall
efficiency of the system. Alternatively, a combination of air-to-water heat pumps and
gas-fired boilers is used. The number of hybrid units sold in Europe has rapidly increased
from 2015 to 2018, starting from almost four thousand units sold in 2015 and reaching
almost ten thousand in 2018. Now they represent approximately a 4% share of the total
air-to-water heat pumps installed [4].

A number of papers showed the advantages that hybrid systems (HSs) could bring if
the technology was to be developed on a large scale and with a broader strategic outlook.
Zhang et al. compared different scenarios of development of the heating sector. The
hybrid solution, combining heat pumps and boilers, proved to be the most versatile
when compared to the adoption of full electric appliances. It could decrease the peak
of electricity demand and lower the requirements for distribution heating networks [7].
In [8], three different development scenarios were compared. The scenario combining
different technologies, including hybrid heat pumps, represents a compromise solution
that can achieve important results in terms of emissions, decreasing the costs for users and
energy systems. The economic advantages that can be derived from the adoption of hybrid
systems were highlighted also by Heinen et al. [9] and in [10]. Vuillecard et al. [11] analyzed
the impact on the electric grid of small-scale HSs and Néaslund proposed HS application
in future smart grids [12]. These studies involve more general considerations on energy
strategy and infrastructure. The main findings can be summarized as follows:

e the hybrid solution could decrease the peak of electricity demand, improving the grid
flexibility if complemented by smart controls;

e  although it involves natural gas combustion, it is the most convenient solution from a
decarbonization perspective (by fostering the HP installation in existing buildings and
decreasing the costs for users and energy systems).

Combined hybrid systems for SH and DHW are widely adopted, both in single and
multi-family buildings. The HS can be configured in different ways, with the generators
connected in series or in parallel. The advantage of both the configurations is that the heat
pump can be sized to cover only a fraction of the heat load, and the peak is covered entirely
by the boiler or by the operation of both generators, depending on the control logic.

HSs have an integrated control logic, which plays a key role in system efficiency. There
are many possibilities to implement it. The generators can operate in an alternate or a
simultaneous way. The operation area can be divided into three zones with respect to an
increasing ambient temperature: an exclusive boiler operation, a zone with simultaneous
operation, and a zone where only the heat pump is switched on [13]. As described by
Dongellini et al. [14] and by Bagarella et al. [15], a cut-off temperature and a bivalent
temperature can be defined, respectively, as the ambient temperature at which the heat
pump operation starts and as the ambient temperature at which the heat pump entirely
covers the heating load. Between the cut-off temperature and the bivalent temperature,
both generators can operate. The bivalent temperature defines the heat pump size if the
system is designed for covering only SH loads. Otherwise, HP sizing must consider also
the DHW load. The easiest control strategy is based on the coincident cut-off and bivalent
temperatures. In this way, the system always works in an alternate operation. The control
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logic can be optimized to pursue different objectives, such as minimizing the primary
energy (PE), the costs, or the CO, emissions.

Some studies in the literature assessed the performance of a hybrid system applied
to a residential building. Park et al. [16] performed an economic feasibility analysis of a
hybrid system compared with a traditional gas-fired boiler applied to a 100 m? apartment,
finding that the annual cost savings can vary from 4% to approximately 9%, depending on
the electricity price. Klein et al. [17] analyzed the performance of a hybrid system in series
that was serving a 130 m? apartment and found relevant primary energy savings compared
to boilers. They also evaluated the influence of the size of the HP and water tanks, finding
that the best performances of the hybrid system were obtained when the HP does not cover
the entire building load. A weak influence of the buffer tank size on the system efficiency
was found. Gang Li et al. [18] evaluated the cost reduction of different configurations of
hybrid systems for DHW (20% to 65%) and SH (6% to 70%) compared with boilers. Di
Perna et al. [19] assessed the performance of a hybrid system composed by a boiler and
several heat pump sizes, serving the SH demand of a single-family house of 120 m?. The
authors concluded that the hybrid system showed a higher efficiency than a heat pump with
electric backup and compared with a boiler-only solution. Bagarella et al. [15] performed
dynamic simulations of a hybrid system serving the SH load of a single-family house.
They studied the influence of the cut-off temperature on the hybrid system’s efficiency.
According to their results, a cut-off temperature lower than the bivalent temperature is
convenient when a smaller heat pump size is selected. The economic evaluation showed
advantages of the hybrid system due to the lower electricity, as well as gas consumption
and lower investment costs. Dongellini et al. [14] evaluated the PE savings for hybrid
systems in comparison to the monovalent system through dynamic simulations of a hybrid
system with different HP sizes. They achieved higher benefits applying a parallel operation
strategy, in which the boiler and heat pump operate at the same time, instead of an alternate
operation. Savings obtained with respect to the monovalent HP case were of 2-3%, while
the PE savings obtained in comparison with the boiler-only solution were more relevant. In
a subsequent study, Dongellini et al. [20] analyzed the efficiency and the PE consumption
of a hybrid system connected in series. The system provides the SH demand of a 140 m?
residential building located in the Italian city of Bolzano. The hybrid system with different
heat pump sizes was simulated with TRNSYS, and the results were compared with that
of a monovalent system (HP and boiler). The results lead to the conclusion that hybrid
systems can achieve considerable PE savings compared to the heat pump or the boiler-only
system (6% and 22%, respectively). They also concluded that the heat pump size and
control strategy play an important role in HS performance.

These studies evidence that the application of HSs can obtain energy and cost savings
compared to heat pump-only and boiler-only solutions. However, most of the studies
that performed a simulation aimed at evaluating the system performance throughout the
heating season did not consider the combined production of SH and DHW. Most of them
did not compare different hybrid configurations or did not simulate different building
features, as well as not having considered different climates. In general, these results
support the application of HSs, however, they are valid only for the test cases examined. A
comprehensive view, marking the differences in performance when the type of building,
the climate, or the system configuration vary, is still lacking. Although the number of HS
installations is increasing, clear guidelines for designers and manufacturers providing the
correct application of the technology are still missing. The purpose of this paper is to show
the influence of varying heating loads and control logic on HS performance. This can serve
in raising awareness in designers on the proper application and regulation of HSs.

From an environmental point of view, the choice for the installation of a new heating
system should focus on the minimization of PE demand. In this sense, the work investigates
the performance in terms of PE consumption of HSs that combine air-to-water HPs and gas-
fired boilers for different climatic conditions, building insulation, and DHW withdrawal
profiles, through dynamic simulations. Four control strategies are compared. The first two
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involve a parallel configuration in which the generators operate in an alternating mode. The
control logic is based on the definition of a fixed threshold temperature, which determines
the switch between HP and boiler. One strategy is simpler and involves setting only the
threshold temperature for SH, while DHW is supplied entirely by the boiler, whereas
the second strategy switches between HP and boiler operation for both SH and DHW
production. The third and fourth strategies allow the generators to work simultaneously
and the decision of which generator to run is based on the HP COP value. A configuration
in series and a parallel configuration were analyzed. The proposal and comparison of
the control strategies with different switch logics between generators, different hydraulic
configurations, and different levels of complexity represents an element of the novelty
of the study. The comparison is not performed using punctual operating conditions, but
rather each configuration is tested under different climatic conditions, different building
thermal loads, and different load ratios between DHW and SH, which were simulated for
an entire calendar year.

2. Materials and Methods

The scope of the work is to compare the performance of different HS configurations
in terms of PE consumption. Firstly, a model of the HS was developed in the MATLAB
R2020b environment, simulating the operation of the generators and the combined control
logic. Secondly, the HS model was combined with a dynamic building simulation code,
namely TRNSYS 2018, in a co-simulation framework. The simulation described in [21]
was adapted and the generator was replaced with the new MATLAB model capable of
emulating HS operation. TRNSYS performs the transient energy balance of the building
and the primary and secondary hydronic loops. The heat produced by the hybrid system
is stored in the SH and in the DHW tanks. These tanks are then connected to the tapping
points and to the radiators, or the radiant panels, through the secondary loop (Figure 1).
Five minutes is the timestep used in the TRNSYS simulation, which is consistent with the
model characteristics and accurate enough for the analysis target.
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Figure 1. Schematic of the TRNSYS simulation.

2.1. Simulation Parameters

External parameters have a strong influence on the efficiency of the hybrid system. In
this paper, climate, building insulation, heating emission system, and the DHW withdrawal
profile varies throughout the simulation runs.
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The climates applied in the building energy simulations shall be representative of
different climatic zones in Europe. Two reference cities were identified starting from the
climatic zone classification for building energy simulations proposed by Gasparella &
Pernigotto [22]. According to the classification, Europe is divided into four main climatic
areas. In the present work, we focused on the cold climate typical of eastern Europe and
part of the alpine region, and on the temperate climate typical of western Europe. The two
representative cities are respectively Prague, with 3703 heating degree-days (HDDjg), and
Strasbourg (HDD1g = 2947). Climatic data were retrieved from the Energy Plus dataset [23].

The reference buildings are selected starting from a characterization, which classifies
a series of sample buildings representing the Italian building stock [24] and is based
on the latest census on Italian dwellings. The characteristics of the external walls for
building B1 and B2 are reported in Table 1. As the TABULA project proved [25], the
Italian construction characteristics are similar to those of most of the other European
countries. Two representative residential buildings, made of two heating zones of 90 m?
each with different insulation levels, are simulated. The investigated structures exhibit
similar characteristics to buildings representative of single-family houses in France (i.e.,
SFH5 and SFH7) and the Czech Republic (SFH5 and SFH6) [25].

Table 1. Characteristics of external wall composition of building B1 and B2.

Conductivity Capacity Density Building B1 Building B2
Wm-1K1 Jkg 1K1 (kg m—3) Thickness (m) Thickness (m)
Glass wool 0.040 670 30 0.025 0.02
Perforated bricks 0.37 1000 1000 0.3 0.3
Rock wool 0.035 1030 60 - 0.05
The annual heating needs for the buildings (building consumption), the less insulated
one, named B1, and the one with a higher level of thermal insulation, named B2, in the
climates of Prague and Strasbourg, are summarized in Table 2.
Table 2. Overview of simulation parameters.
Case Building . DHW Dal'ly Bulldlng_ DHW/Total SHTank  DHW Tank
Number T Climate Consumption Consumption Demand [m?] [m]
umbe ype [m3] [KWh m~2 y~1] [%]
1 Bl Prague 0.25 191 9 0.2 0.3
2 B1 Strasbourg 0.25 157 11 0.2 0.3
3 B2 Prague 0.25 118 16 0.2 0.3
4 B2 Strasbourg 0.25 97 19 0.2 0.3
5 B2 Prague 0.55 118 27 0.3 0.6
6 B2 Strasbourg 0.55 97 31 0.3 0.6

Building B1 is provided with low temperature radiators. The setpoint temperature of
the SH tank is adjusted by an outdoor reset control (OTR) based on the radiator efficiency
curve, with a design water temperature of 52 °C and a minimum setpoint of 42 °C at an
outdoor temperature of 10 °C. The water supply temperature of the generators is kept 3 °C
higher than the SH setpoint temperature.

Building B2 is equipped with radiant panels. Similarly, the set point of the SH tank is
set at a design temperature of 40 °C and is reduced depending on the outdoor temperature
using OTR—down to a minimum of 32 °C at an outdoor temperature of 20 °C. As in
building B1, the water supply temperature of the generators is kept 3 °C higher than the
SH set point temperature.

Two different DHW withdrawal profiles were applied for building B2 to better assess
the impact of DHW production on the overall efficiency, and to understand the effect of
different values of the ratio between heating load and DHW load. One case simulates a
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daily water consumption of 0.25 m?, while the second one simulates a consumption of
0.55 m3 per day. These values are based on the standard profiles reported in the European
norm EN 16147 [26].

The DHW tank is maintained at a fixed temperature of 55 °C and, as for the SH tank, the
generators’ water supply temperature is maintained at 3 °C higher than the tank setpoint.

The size of the HP was adapted for each control strategy to fulfill the SH and DHW
setpoints. The size of the boiler is kept fixed, due to its large modulation range. The sizes of
the DHW and SH tanks were kept fixed through the simulations, except for cases 5 and 6,
in which the increased DHW demand required higher tank volumes. DHW and SH tanks
are 0.3 m3 and 0.2 m3, respectively, with a DHW daily consumption of 0.25 m>. The tanks
sizes increase to 0.6 m® and 0.3 m® with a daily DHW consumption of 0.55 m>.

The HP and the water tank sizes were chosen simultaneously, as they are interdepen-
dent. They should be sized to cover the building heating load in case of maximum DHW
withdrawal according to the considered daily profile. Given the DHW production priority,
an increase in DHW withdrawal leads to less availability of generators to charge the SH
storage, resulting in a reduction in its temperature. Therefore, an increase in the volume of
the DHW tank also results in an increase in the size of the SH tank.

Table 2 shows an overview of the cases and parameters applied in the simulations.

2.2. Model Development

The HS model is composed of two subroutines that simulate a heat pump and a
gas-fired boiler, respectively. In addition, the code is able to manage the operation and
the control of the two generators by distributing the load between them, according to the
configuration considered.

Several modeling strategies can be pursued; nonetheless, the model should be appro-
priate for the scope of the study. In fact, a more complex model does not automatically
provide more accurate results, since a higher complexity can lead to incremented er-
rors [27,28]. The model has to simulate accurately the transient operation phases, in case
of enhanced HVAC design. However, the longer time response of the building allows for
the assumption of perfect control and idealized operation for the building energy simu-
lation [29]. Following these considerations, the HS model was developed on the basis of
performance maps. The heat pump and the boiler models are based on performance data
provided by manufacturers to replicate the performance of commercially available systems.

The heat pump model refers to modulating heat pumps, which are provided with an
R410a refrigerant, inverter driven compressor, EC axial fans, and electronic expansion valve
(EEV). The capacity varies from 8 to 30 kW, defined at 7 °C ambient temperature and 35 °C
water supply temperature, with respect to the application. The heat pump COP at full
load is equal to 3.6, at the specified ambient conditions. The minimum step of modulation
achieves a capacity of 40% compared to the nominal one. The boiler model refers to a
condensing boiler of 35 kWp and a modulation that is down to 10% of the peak capacity,
with an efficiency, referred to as the lower heating value, at 80 °C/60 °C supply and return
water temperatures of 97.7%.

The model of the HP is based on multivariable interpolation of performance data.
The model determines the heating capacity and power input based on the source and sink
temperatures and capacity modulation. Similarly, the boiler model calculates the heating
capacity and fuel mass flow rate, starting from the inlet and outlet water temperatures and
modulation rate.

Figure 2 shows a simplified scheme of the logic of the HS model and its combination
with the TRNSYS simulation. The HS model receives, as an input, the outdoor boundary
conditions (Tqir, RH), the mass flow rate (m), the return water temperature from the water
tanks (Tyin), and the control signal (i.e., turn-on in case of heating demand from SH or
DHW). Based on this, initially the control logic calculates the set point and chooses whether
to activate the heat pump, the boiler, or both generators (further details about HS control
strategies are provided in Section 2.3). After that, the modulation control section identifies
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the most suitable modulation for the generator that is operating, based on the required set
point. Each generator works between a maximum and a minimum modulation. A dead
band is implemented in order to keep the outlet water temperature within the predefined
threshold values. The HP and boiler models are executed, and the resulting water supply
temperature is passed to the TRNSYS simulation. Other performance figures calculated
from the HS model are stored and used for the subsequent analysis.
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Figure 2. Schematic of HS model.

According to Claufs and Laurent [30], heat pump models developed to be connected
to building simulations often suffer from excessive simplifications and this may affect the
final results. The goal of this study was to reproduce the behavior of the system as close to
reality as possible by seeking a trade-off between accuracy and computational cost. The
most relevant considerations made during the development of the hybrid system (boiler
and heat pump) model are reported below:

e  The model is based on the performance data at full load and part load operation. When
the minimum load is reached, the heat pump is switched off. It is recognized that
heat pump cycling losses play an important role in heat pump seasonal performance.
In this work, a penalty factor was introduced to take this phenomenon into account,
according to the results obtained by Bagarella et al. [31], who performed experimental
evaluations for the determination of cycling losses;

e  The model of the boiler is also based on the performance data at full and part load
operation. The startup phase was modelled according to the information provided by
the manufacturer. The boiler follows an ignition ramp during startup, before setting at
the desired modulation;

e  The need for defrosting at certain outdoor conditions is a critical point in heat pump

systems. In this work, the approach proposed by Zhu et al. [32] that identifies four
different defrosting risk-zones was adopted. The performance degradation was sim-
ulated based on the results obtained by Chen and Guo [33] on a similar type of
heat pump;
The heat pump source and sink temperature limits are implemented into the model;
A minimum downtime after the heat pump is turned off is established to increase the
durability of the compressor. The minimum downtime set for the boiler is based on
the settings reported by the boiler manufacturer;

e  The water tank model includes the simulation of the stratification process in order to
obtain return water temperatures as close as possible to the real ones;

e  DHW production is prioritized, as it is set in most field applications. As is described
in Section 2.1, this influences the choice of the water tank and heat pump size.

2.3. Control Strategies

Several control strategies were implemented to identify the most effective ones in
terms of PE savings, and to estimate if an increase in the control strategy complexity would
lead to an appreciable increase in savings.

The primary energy is calculated, at each timestep, according to the following equation:

PE = tsx (PelHP *fpen + Pelboiler *fpen + Qboiler*fpng) (1)



Energies 2022, 15, 732

8of 19

where fpen and fpng represent the primary energy conversion factors (PECFs) of electricity
and natural gas. The values considered for the PECFs are the reference EU values, derived
from the informative table B.16 of the European standard EN ISO 52000-1 [34].

The value of PE used in the analysis is the sum of the values for each timestep
throughout the simulation run.

The implemented control strategies are listed here below:

HP: it is the reference case. The building load (SH + DHW) is provided by a heat
pump that is sized for covering the total heat load.

CS1: it refers to the hybrid system described by the flow diagram in Figure 3. Under
this control strategy, the boiler provides the entire DHW demand. The SH demand is
provided by the heat pump when the outdoor temperature is above a certain threshold
(Tth-sr1)- The boiler operates at ambient temperatures lower than Ty, gp.

START

Just switched

.- » Startup phase

--------
.

YES i

v v

HP operation Boiler Operation

H
v

Outputs:

TWOUtJ Q\N

v
END

Figure 3. Flowchart relative to CS1.

CS2: in this case, a threshold temperature for SH (Ty,.si1) and one for DHW (Ty,_prw)
are determined. The boiler operates when the ambient temperature is below Ty, gy for SH
demand, and when the temperature is below Ty, ppw, in case of DHW demand. The heat
pump operates when the ambient temperature is above Ty, gy for SH demand, and when
the temperature is above Ty,_ppw, in case of DHW demand (Figure 4).
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START
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T Q 4 .......................................................................
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END

Figure 4. Flowchart relative to CS2.

CS3: configuration “in series”. The return water from the tanks flows first through the
heat pump and then through the boiler. Figure 5 shows the hydraulic layout of the strategy,
and the control logic is explained in the diagram in Figure 6. A threshold value of the
COP (COPyiyy,) is introduced to determine if the heat pump operation is more convenient
than the boiler one in terms of PE consumption. A more in-depth explanation would be
that COPy,, represents the COP value of the HP at which the PE consumed by the HP
equals the PE consumed by the boiler for the same amount of energy supplied in a given
timestep. If the estimated COP is greater or equal to COPy;y,, the heat pump will run for
that timestep, while the boiler remains switched off. If not, the control logic lowers the
heat pump setpoint temperature and checks if the COP increases above COPyy,. If so, both
the heat pump and the boiler operate, and the boiler receives incoming water flow from
the heat pump. If COPyy, is not reached, only the boiler operates. COPyy, is calculated
according to the formula:

COPlim = fpen*nboilermean / fpng (2)

TMboiler mean Tepresents the average value of the boiler efficiency and is suitable to be used
when the boiler operates within the operating temperatures used in the case study. As
the PECF values are taken from the reference EU standard, the value of COPj;,, is the
same for all the cases considered. In the model, HP operation is simulated, and the COP
is compared with COP);,,. In real systems, the strategy can be applied by implementing
the HP COP curve in the control logic, which can then estimate the COP at the required
operating conditions based on the ambient temperature and the required set point and
compare it with COPy;,,,. Therefore, this strategy requires a more sophisticated control logic
compared with CS1 and CS2.
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Figure 6. Flowchart relative to CS3.

The boiler also works as an integration to the heat pump when the capacity of the
heat pump is not sufficient to cover the loads. The control over the HP’s ability to meet
the demand is done by monitoring the return water temperature. If the return water
temperature is colder than the previous timestep, then the energy drawn from the tank is
greater than that supplied by the HP, and thus the heating load could not be satisfied. A
time-based method could also be applied in real systems. A parameter representing a time
constant is implemented and the system decides that the load is not satisfied when the set
point is not reached within the time specified by the parameter.

CS4: configuration “in parallel”. The heat pump and boiler operate on separate
primary circuits. The heat pump or boiler operation is determined based on COPy;y,, as in
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CS3. The supply and return of the heat pump and boiler are connected to the water inlets
and outlets of the tanks at different heights. In this way, being the heat pump connected
at a lower height in the stratified water tank, it can work at lower temperature levels,
enhancing its efficiency. The boiler works when its operation is more efficient or when a
capacity integration is necessary. Figure 7 shows the hydraulic layout of the strategy, whose
implementation required an adaptation of the primary loop of the TRNSYS simulation
layout, and the control logic relative to CS4 is explained in the diagram in Figure 8. The
same considerations on the control logic made for CS3 apply also for CS4.

Boiler —EJ__ @ .K !__
i Primary pump Diverter DHW tank
e
S ] Primary pump Diverter
SH tank
< @ h 4

Mixer

Figure 7. CS4 configuration—hydraulic layout of the primary hydronic loop.
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Figure 8. Flowchart relative to CS4.

The efficacy of strategies CS1 and CS2 is strictly linked to the choice of the threshold
temperatures of switch between the heat pump and boiler for SH and DHW. For this reason,
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the threshold temperature that minimizes the primary energy consumption was determined
through a sensitivity analysis. A series of simulations was performed varying the switch
temperature between the boiler and heat pump and seeking for the temperature that
minimizes the PE consumption. Four optimal threshold temperatures for SH (Ty, gy) were
determined, since cases 5 and 6 adopt the same SH settings as cases 3 and 4. Additionally,
four DHW threshold temperatures (Ty,prw) were determined in the same way for cases 1,
3,5, and 6.

A series of simulations with the monovalent heat pump system and the four hybrid
system control strategies were performed for each case shown in Table 2. The goal was to
identify the most efficient solution in terms of PE consumption.

3. Results

The previous section described how the simulation framework is structured. More in
detail, the control strategies implemented, and the parameters considered for each of the
six cases listed in Table 2 were described. With this premise, firstly, the sensitivity analysis
for the determination of Ty, gy and Ty, pyw to be applied to the control strategies CS1 and
CS2 was performed. Different threshold values for SH and DHW were determined, as the
system set point for DHW differs from the one used for SH. The methodology used for
the determination of the threshold temperature can be found in Figures 9 and 10. They
show the total PE consumption of the one-year simulation obtained with CS1 at different
threshold temperatures (Ty, gr1). Four optimal values of threshold temperature for space
heating (Ty, g11) were determined, as cases 5 and 6 replicate the space heating settings of
case 3 and 4. The optimal Ty, gy for cases 1 and 2 is equal to 5.5 °C and the optimal Ty, gy
for cases 3 and 4, and cases 5 and 6, is equal to 2 °C. The same procedure was adopted to
determine the optimal DHW threshold temperature values (Ty,_prw)-

248.5 202.0
~ 2480 \ 2015
N>\ 247.5 201.0 N>\
E 247.0 200.5 E
S 2465 /. 2000 =
246.0 199.5
4 4.5 5 5.5 6
Optimal Ty, g4
=@—Case 1 Case 2

Figure 9. Determination of optimal Ty, gy for case 1 and 2.

136.8 111.4
T 1367 m2 -
£ 136.6 1110 &
< <
= 1365 1108 =
v v
136.4 110.6
0 1 2 3

Optimal Ty, g4

=@=Case 3 Case 4

Figure 10. Determination of optimal Ty, gy for case 3 and 4.
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The summary of the resulting Ty, giy and Ty,-pprw for all cases can be found in Table 3.
These threshold values were used for the implementation of CS1 and CS2.

Table 3. Optimal values of threshold temperature for SH and DHW (Ty,_ gy and Ty, prrw) for case

1—case 6.
Case Number Optimal Ty,.sy Optimal Ty,.pgw
1 5.5°C 6°C
2 5.5°C 6°C
3 2°C 6°C
4 2°C 6°C
5 2°C 6°C
6 2°C 6°C

In Figure 11, the optimal Ty, g;j obtained were related to the average water supply
temperature calculated during the heating season, showing a correlation between them.

7
6 y=0.34x - 10.77
3 5 R2=0.99 o
By e
L
E3 e
2.
g 2 (¥
1
0
35 40 45 50
Tsfmean [OC]

Figure 11. Optimal values of Ty,.giy as a function of the average water supply temperature of the
generators (Ts.mean) in case 1 to case 4.

Then, the simulations with the heat pump system and the four hybrid system control
strategies were performed for each case. The results are summarized in Table 4. The table
shows the size of the HP selected for the simulation (P.f) at standard working conditions
(35 °C water supply temperature and 7 °C ambient temperature), the PE savings compared
to the HP (reference case), and the ratio between the total energy provided by the HP and
the total energy provided by the system (boiler + HP) to the water in the simulation (ER).
The value of ER represents the load distribution between the boiler and heat pump for
each control logic adopted and for each case. Case 1 shows the highest building annual
energy demand (191 kWh m~2 y~1), as well as the highest PE savings of the hybrid system
compared to the heat pump solution. PE savings almost reach 22% with all hybrid system
control strategies, except for the configuration in parallel (CS4). The highest ER provided
by the heat pump is reached by the configuration in series. Similar results can be observed
for case 2. Savings of approximately 17% can be reached by the hybrid control strategies
CS1 to CS3, while the configuration in parallel reaches approximately 12%. The highest
ER from HP is achieved again by CS3. Case 3 and 4 show a similar tendency in the results.
However, smaller PE savings are obtained. The most convenient strategies in terms of PE
savings are CS2 and CS3, with an advantage for CS3 of approximately 1% for both cases 3
and 4. CS3 also leads to the highest ER. The effect of increased DHW demand in cases 5
and 6 causes CSI1 to save significantly less PE than the other hybrid configurations. This is
due to the fact that the HP is not used for DHW production and it is particularly visible
for case 6, where the ratio between DHW demand and total energy demand is the highest
(31%). The best performance in terms of PE savings is achieved by CS3 in cases 5 and 6,
reaching 13.6% and 10.1%, respectively.
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Table 4. Heat pump size (P), PE savings, and ER in the HP and CS1—CS54 configuration for case

1-case 6.

HP CS1 CS2 CS3 CS4

Pt [kKW] 36 21.5 22 22 22
Case 1 PE saving 0.0% 21.4% 21.9% 21.7% 17.7%
ER from HP 100.0% 26.1% 31.7% 36.7% 33.9%

Pt [kW] 28 20.5 20 20 20
Case?2 PE saving 0.0% 16.2% 17.2% 17.1% 12.4%
ER from HP 100.0% 38.9% 46.9% 48.5% 45.2%

Pt [kKW] 24 15 16 20 19
Case 3 PE saving 0.0% 9.4% 11.1% 11.9% 9.0%
ER from HP 100.0% 37.7% 47 2% 53.3% 48.4%

Pref 21 14 15 18 18
Case 4 PE saving 0.0% 5.1% 7.5% 8.8% 5.8%
ER from HP 100.0% 51.9% 65.2% 65.9% 60.6%

Pt [kKW] 30 20 27 27 27
Case 5 PE saving 0.0% 10.4% 13.1% 13.6% 11.2%
ER from HP 100.0% 33.3% 49.1% 51.8% 46.6%

Pt [kKW] 27 18 25 25 25
Case 6 PE saving 0.0% 5.4% 9.6% 10.1% 7.8%
ER from HP 100.0% 43.9% 65.9% 63.6% 59.2%

A subsequent analysis of cases 1 through 4, having the same DHW load, shows the
dependence of PE savings as a function of some selected variables. PE savings are analyzed
as a function of building consumption, average source and sink temperatures, and COP
value of the heat pump calculated at these temperatures.

Figure 12 shows a linear correlation between building consumption and the sav-
ings obtained with the best strategy for the hybrid system applied to cases 1 through 4.
The configuration in series was chosen as the best strategy as it provides the best—or
comparable—HS savings among the other control strategies for all cases.

25%
case 1
£ y = 0.14x - 4.59 [%] .9
E 20% R2=0.99 case2 .evt
% o
E 15% case3 ..
o) et
g case 4 ,.-.
2 10%
> (
ay
5%
80 120 160 200

Building Consumption [kWh m- y']

Figure 12. Correlation between the maximum savings obtained with the hybrid configuration and
the building consumption.

Figure 13 shows the correlation between the PE savings of CS3 for each case, and the
difference between the water supply temperature for SH (Ts.mean) and the mean ambient
temperature during the heating season (T,ir-mean). A linear correlation can be detected
between PE savings and the difference between Ts.mean and Tajr-mean-
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Figure 13. Correlation between the maximum savings obtained with the hybrid configuration and

the difference Ts-mean — Tair-mean-

A linear correlation is observed also in Figure 14, showing the COP values calculated
at Ts-mean and Tyir-mean for cases 1 through 4.
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Figure 14. Heat pump COP values calculated at Tyjr-mean and Ts.mean for case 1 to case 4.

4. Discussion

The analysis performed for the determination of the optimal threshold temperature for
the control strategies CS1 and CS2 shows that the optimal values of Ty, gy vary according
to the building used in the simulation (5.5 °C for B1, 2 °C for B2). Different types of
emitters are applied, radiators in Bl and radiant panels in B2, and, therefore, the generators
operate with different setpoint temperatures. It can be inferred that the optimal threshold
temperature values depend on the water supply temperature levels, as in Figure 11. The
COP of the heat pump is highly dependent on the water supply temperature. This also
affects the efficiency of the HP relative to that of the boiler. The water supply temperature
required for the generator is directly proportional to the threshold value of the ambient
temperature at which the boiler is stopped, and the HP starts operating.

The results reveal that the climate in which the building is located, and consequently
the ambient temperature, does not influence the optimal value of the threshold temperature.
The reason is that the optimal Ty, iy identifies a threshold above which the heat pump is
more efficient than the boiler, and vice versa below. The optimal value of Ty, gy does not
depend on how much time the ambient temperature is below or above this threshold.

The same considerations can be made regarding the optimal values of Ty, pryw. The
same DHW setpoint is used for cases 1 through 6, leading to the same optimal values of
Twn.paw for all cases and confirming the observations made for Ty, gp.

With regards to the PE savings reported in Table 4, Figure 12 reveals a correlation
between PE savings and building consumption. In other words, the colder the climate, the
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less insulated the building, and the higher the benefits of the application of a hybrid system
compared with an HP-only solution.

The building with higher heating needs also requires higher water supply tempera-
tures (cases 1 and 2). Moreover, the buildings located in colder climates (lower T,ir-mean)
have a higher heating load. The HS savings are higher when the water supply temperature
values are higher and when ambient temperatures are lower, as shown in Figure 13. In
contrast, their relative efficiency becomes lower at lower Ts.mean and at higher Tair-mean-

Therefore, the hybrid system savings depend on the characteristics of the COP curve as
it is a function of the ambient temperature and, even more, of the water supply temperature.
As evidenced, the COP values are linearly correlated to the HS savings, as shown in
Figure 14, thus demonstrating that the latter reflect the HP efficiency curve. The COP
values in the graph are evaluated at an average ambient air and water supply temperature;
therefore, there is no need to perform an annual simulation to evaluate the COP used in the
graph. The COP values at the average conditions of supply and ambient temperatures are
easy to determine in the dimensioning phase and can be a useful guide for designers to
easily assess if the application of an HS can be convenient in terms of PE savings.

The correlations reported in the figures above are valid for the range of values inves-
tigated. Considering the technical properties of the system, increasing the building load
above this range would lead to a limit beyond which the HS savings will no longer increase.
This is due to the limits of the heat pump water supply temperature being reached.

The comparison between the results of cases 3 and 4 with the results of cases 5 and
6 shows that an increase in DHW demand leads to a better HS performance. For case 5,
and especially for case 6, the most favorable control strategies are the ones in which the
heat pump contributes to the DHW demand—i.e., CS2 and CS3—whose PE savings almost
double those obtained with CS1. The application of CS1 can be of interest in cases 1 and
2. In these cases, savings are very similar for all strategies with the advantage that CS1 is
easier to implement.

Throughout the simulations, CS2 and especially CS3, the configuration in series,
proved to be the most efficient control strategies in terms of PE consumption. CS2 and CS3
are also the control strategies that allow for the maximum exploitation of the HP (higher
ER). Therefore, a more complex control strategy that adopts an optimized control for DHW
production as well provides greater benefits. This is especially true for better-insulated
buildings and large DHW withdrawals, while for less-insulated buildings the difference
with respect to less complex strategies (CS1) is less marked.

Regarding CS3, the advantage of placing the generators in series is that they can work
at different setpoints, i.e., different temperature levels, thus enhancing the HP efficiency.

Specific considerations are needed with respect to the parallel configuration (CS4). As
the layout of Figure 7 shows, the heat pump and boiler are connected with the inlets and
outlets of the water tanks at different heights, which correspond to different temperatures.
This allows the heat pump to work at a lower temperature level during simultaneous
operation of the generators. In this way, the stratification of the tanks is reduced, and
the water tanks are kept at a more constant temperature, which leads to higher energy
consumption—even if the set points of the tanks are equal among the control strategies.
This also represents a positive aspect. In this case, smaller water tanks can be used, making
the system more compact. In this work, different configurations applied to the same
water tank volumes were compared. Nevertheless, a more in-depth analysis in this sense
might be interesting for future studies. A preliminary evaluation has shown that the
parallel configuration with smaller SH and DHW tank volumes could lead to PE savings
comparable with the control strategy CS3. The HP taken as a reference in this paper is
equipped with an inverter and EEV, as are most heat pumps installed for residential use
today. This type of heat pump shows reduced on—off cycling losses, compared to HPs
provided with a thermostatic expansion valve [31]. The maximum COP is not reached at
the maximum compressor frequency. In this context, it is possible to set an adjustment that
increases the time the HP works with the modulation that provides maximum efficiency. It
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is thus possible to increase the efficiency of the HP throughout the heating season. This
strategy is harder to apply to a monovalent HP system, as it would lead to oversizing of
the HP capacity. This would cause even more frequent on-offs in the mid-seasons, with
possible damage to the compressor.

Having considered the reference PECF values for the EU, as well as typical EU climates,
the results of the study are representative of the European situation. Nonetheless, in
countries with a higher renewable share in electricity production, the lower electrical PECF
reduces the COPy;,, value, thus extending the HP operational range.

This scenario is expected to happen over years in all the EU countries, since the
share of renewables in electricity production will presumably increase in the pursuit of
decarbonization goals.

5. Conclusions

The present study focused on HSs combining air-to-water heat pumps with gas-fired
boilers. The aim was to provide an overview of the benefits that hybrid systems can achieve
in terms of PE savings compared to HP-only solutions for different buildings and climates.

To do so, a model of the generators and their control logic was developed in MATLAB,
then combined with a model of a heating system and of a building developed in TRNSYS.
Dynamic simulations were carried out using several varying parameters, such as reference
climate, type of building—insulation and heating emission system—and DHW withdrawal
profile. A monovalent HP system and four hybrid control strategies were implemented
and compared in terms of PE consumption.

The main conclusions are as follows:

e  The overall most efficient control strategies with respect to PE savings are those in
which the HP contribution on the heat load is the highest (CS2 and CS3), with a more
complex control strategy compared to CS1;

e In buildings with high heating loads, the benefits of introducing a more complex
control strategy are reduced (as CS2 and CS3 in case 1). With lower building needs
(case 4) the advantage of a more complex control strategy increases;

e  For higher DHW demand, a more complex control strategy should be implemented.
Here, the HP contributes to DHW production;

e  The dependency of the COP curve on ambient temperature and water supply tempera-
ture influences the HS PE savings. Higher PE savings are detected in high heating-load
buildings. Here, the required water supply temperature is higher and the mean ambi-
ent temperature is lower;

e A correlation, based on the evaluation of the heat pump COP at fixed points, is
proposed so that engineers and designers can easily obtain an initial indication on the
convenience of HSs in terms of PE savings.

The study highlights the variation in performance of hybrid systems with respect to
the conditions under which they are applied, and the importance of choosing the most
appropriate control strategy for each case.

Energy use for heating and DHW in the existing building stock, which consists mainly
of uninsulated or poorly insulated buildings, represents the main cause of energy con-
sumption in the residential sector. This study shows that HSs can be a viable solution for
increasing energy efficiency, especially of less insulated buildings, which will represent the
majority of the building stock for several decades to come.
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Abbreviations

HP Heat pump

HS Hybrid system

DHW Domestic hot water

SH Space heating

PE Primary energy

PECF Primary energy conversion factor

COPyim Threshold COP value [-]

Qw Heat delivered to the water [W]

Qw _Hp Heat delivered to the water by the HP [W]

Set p Heat pump set point temperature [°C]

Tinsu Threshold temperature for Space Heating [°C]

Tih-DHW Threshold temperature for Domestic hot water [°C]

Twin Inlet water temperature to hybrid system [°C]

Twin boiler  Inlet water temperature to boiler [°C]

Twout Outlet water temperature of hybrid system [°C]

Twout Hp  Outlet water temperature of heat pump [°C]

Ts-mean Mean temperature of the generator’s water supply during the heating season [°C]
T air-mean Mean ambient temperature throughout the heating season [°C]

ts Simulation timestep [s]

Peyyp Average electric power consumption of the heat pump during one timestep [W]
Pelyyiter Average electric power consumption of the boiler during one timestep [W]
Qpoiler Average fuel energy input of the boiler during one timestep [W]

fpen Primary energy conversion factor for grid electricity [-]

fpng Primary energy conversion factor for natural gas [-]

Tair Ambient temperature [°C]

RH Relative humidity [%]

my, Mass flow rate of primary loop. [kg h1

Nboilerne,,  Average boiler efficiency
Size of the HP selected for the simulation at 35 °C water

Pref supply temperature and 7 °C ambient temperature

ER Share of thermal energy supplied by the HP to the total thermal energy of the HS
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