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Abstract: The integration of photovoltaic panels and heat pumps in domestic environments is a topic
that has been studied extensively. Due to their electrical nature and the presence of elements that add
thermal inertia to the system (water tanks and the building itself), the functioning of compression heat
pumps can be manipulated to try to fulfill a certain objective. In this paper, following a rule-based
control concept that has been identified in commercial solutions and whose objective is to improve
the self-consumption of the system by actively modulating the heat pump compressor, a parametric
analysis is presented. By making use of a lab-tested model, the performance of the implemented
control algorithm is analyzed. The main objective of this analysis is to identify and quantify the
effects of the main parameters in the performance of the system, namely the climate (conditioning
both heating and cooling demands), the photovoltaic installation size, the thermal insulation of the
building and the control activation criteria. A total of 168 yearly simulations have been carried out.
The results show that the average improvement in self-consumption is around 13%, while the cost is
reduced by 2.5%. On the other hand, the heat from the heat pump and the power consumed increase
by 3.7% and 5.2%, respectively. Finally, a linear equation to estimate the performance of the controller
is proposed.

Keywords: heat pump; photovoltaic panels; Dymola; Modelica; self-consumption

1. Introduction

Due to the need to raise the share of renewables in all sectors and the decarbonization
of society, air-source domestic heat pumps have been identified as being cleaner and more
efficient alternatives to traditional gas boilers. In Europe, 2.17 million heat pumps were
sold in 2021, 34% more than the previous year, according to [1].

In parallel, domestic photovoltaic (PV) installations for self-consumption have also
spread [2]. Because of the variable and weather-dependent nature of photovoltaic power,
electric batteries have been inserted to boost the self-consumption of households with PV
installations. Thus, energy that is not instantly consumed in the house is stored in batteries
for later consumption, e.g., when power from the panels is not available. This reduces
dependence on both the grid and the renewable generation source (usually non-controllable
and variable). Additionally, due to the price difference between buying and selling energy
from the grid, it could make sense to increase self-consumption while reducing the energy
that is sold to the grid.

Storing the excess as thermal energy is another way to improve the self-consumption
of the system. Provided that a heat pump-based thermal installation is already present, no
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extra elements have to be added; the water tanks and the thermal inertia of the building
can be used actively [3].

Some heat pump manufacturers have started implementing some solutions in their
commercial products to boost the self-consumption of the whole system [4—6].

The question of controlling and optimizing the integration between heat pumps and
PV panels has been quite extensively analyzed in the literature [3,7-14]. The studies can be
grouped into two different solutions: rule-based controls and optimization-based controls.
The former are strategies based on pre-determined, relatively simple rules and work only
with instantaneous information. Optimization-based strategies work on optimization
algorithms that try to minimize or maximize a certain variable in a prediction horizon.
Generally, when speaking about this kind of controls, Model Predictive Controls (MPC) are
considered; that is, algorithms that are able to predict the performance of the system by
making use of a model of it. In [3], more simplistic ON-OFF controls are also analyzed,
while different levels of prediction can be added, as shown in [15].

A comparison of the performance of five different control approaches for the inte-
gration of air-source heat pumps and PV panels is carried out in [14]: four rule-based
controllers and a convex MPC approach. The climate from Potsdam (Germany) was used
and only heating demand was considered. Four different storage volumes were introduced.
It was concluded that MPC outperforms the rest of the approaches. The cost of electricity
was reduced by 2-4% for rule-based controls; while for the MPC approach, it was reduced
by 6-16%.

In [12], four complexity levels of a rule-based controller were analyzed for five Italian
climates and two insulation levels. Both cooling and heating were considered. In this case, the
rule-based control was based on a pre-defined equation that gives the optimum modulation
of the heat pump to consume the excess electricity. The pre-defined equation is only valid
for the specific heat pump. The study focused on grid consumption and self-consumption,
claiming that they decreased by 17% and increased by 22%, respectively, for the case of
Bolzano. In addition, it was claimed that the lowest energy reduction levels were obtained for
Milan and Trento because of their low-solar radiation and low-temperature levels.

An analysis of the boundary conditions of a rule-based controller is presented in [13].
They consider six European locations and cooling needs are neglected, despite having
climates with supposedly considerable cooling demands, as in Rome or Madrid. They con-
cluded that large monetary savings were possible for both Spain and Germany.

Despite being a subject that has received attention in terms of investigation, considering
the identified works, the real effect of the rule-based self-consumption booster controllers in
terms of, not only cost savings, but also in the potential rise of consumed power, is as yet
unclear. Considering both heating and cooling demands is seen as essential as well, since
climate change will increase the latter. Even though heat pumps have traditionally been seen
as equipment for heat production, they also have the potential to cool spaces, a capacity that
should not be neglected due to the rising temperature all over the globe. As stated previously,
ref. [12] is one of the few studies that considers these cooling demands.

The main objective of this study is to analyze, via simulation, the effect of a rule-based
self-consumption booster, by making use of a previously lab-tested model. The controller
is inspired by those implemented in commercial solutions, such as in [4-6]. To do so, a
parametric analysis has been carried out with different climates, while also changing the
key parameters that define the behavior of the controller.

The effects of the main parameters on the performance of the system are identified
and quantified through a regression analysis. As a result, a linear equation that can be used
to estimate the performance of the controller is obtained.

2. Methodology

In order to carry out the parametric analysis, different hypothetical scenarios were
simulated. The objective of these scenarios was to try to represent the different conditions
under which the rule-based controller could work. Thus, seven European climates were
used: four within Spain (some with notorious cooling demands) and three from other parts
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of Europe. Alongside the climates, two different insulation levels, three different PV sizes
and three different minimum excess values for the activation of the excess mode were used
for the discussion. All the mentioned parameters are introduced first in Section 3.

The whole study is based on the comparison between the so-called base case scenario
(there is no integration between the PV and the heat pump) and the scenario in which the
rule-based controller is enabled.

2.1. Inputs

The following climates were chosen: Albacete (Spain, semi-arid), Barcelona (Spain,
subtropical), Berlin (Germany, oceanic with continental influence), Bilbao (Spain, oceanic),
Cordoba (Spain, Mediterranean), Paris (France, oceanic) and Stockholm (Sweden, continental).
Their location can be seen in Figure 1.
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Figure 1. Location of the selected cities.

Apart from the location (7 European cities), two insulation levels, three PV sizes
(2.75 kW, 3.85 kW and 4.95 kW), and three minimum excess values (1400 W, 1600 W and
1800 W) were included in the analysis.

2.2. KPI's
When it comes to the Key Performance Indicators (KPI), the following variables were analyzed:

e  The self-consumption ratio (SCR) (-): defined as the ratio between the energy coming
from the PV panels that is locally consumed and the total amount of PV generation.

o  Cost (EUR): defined as the amount of money that the consumer has to pay for the
energy term of the heat pump.

e  Specific cost (EUR/kWh): defined as the amount of money that the consumer has to
pay per kilowatt-hour of provided heat.
Produced thermal energy (kWh): total amount of heat and cool produced by the heat pump.
Consumed power (kWh): total amount of power consumed by the heat pump.

3. System Modeling

The system used for the parametric analysis consists of a detached house of two floors
with a total area of 140 m? and four inhabitants. The building is oriented to the four cardinal
directions, and it has a radiant floor for heat distribution purposes.
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The heating and cooling system of the household can be seen in Figure 2. The heat is
produced by a propane-based 12 kW air-source heat pump. Two water tanks are used in the
installation. One of them has a volume of 80 L and is used as a buffer for climatization. The
other has a capacity of 200 L and is used for storing DHW (Domestic Hot Water). Both tanks
are part of a single hydraulic module. Nevertheless, in terms of performance, they work as
completely separate components.

DHW
extraction

//l\\ points

DHW tank

Three-way
valve _

Air-source
heat pump

== WATER GRID

~  Temperature
sensors

=

i Climatization
buffer
i Radiant floor

Figure 2. Scheme of the domestic heating and cooling system. The red lines represent tubes carrying
hot water; the blue lines represent tubes carrying water at a lower temperature; the dashed blues
lines represent sensor readings; the dashed green lines represent control signals sent to the actuators.

The volumes of the tanks are considered standard for the application being analyzed
in this document: a household inhabited by four persons and a radiant floor system of
a medium-sized detached house. This decision is validated with a manufacturer with
extensive experience in the sector [16].

The control implemented for the integration of the PV panels and the heat pump is a
rule-based control (an algorithm that only considers instantaneous information and works
by following relatively simple yes—no conditions) whose main objective is to boost the
self-consumption ratio while modulating the compressor speed to reduce the electricity
excess that is introduced to the electricity grid.

The system model is elaborated with the open-source Buildings library in Dymola [17].
This Modelica-based library is believed to be adequate for the exercise that is proposed in this
article due to its multiple flexible and fast-to-implement models for building-level simulations.

3.1. Demands

The household has two sources for thermal demand: climatization (heating and
cooling) and production of DHW. The modeling decisions for each of them are presented
in the following sections.

3.2. Building

Two scenarios have been defined regarding the building insulation: a well-insulated
new household (NHH) and a more poorly insulated older household (OHH). For the well-
insulated house, the Spanish Building Technical Code (CTE in its Spanish denomination) is
used to size the necessary insulation [18]. For the second house, half of the insulation is
supposed to represent older or refurbished buildings.

The model also considers the radiation effect through windows, and its effect on walls
and roof. A ventilation rate of 73 L/min is considered following the CTE [18]. The internal
temperature of the house is considered uniform.

In Table 1, the heating and cooling demands for each climate and building are shown.
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Table 1. Heating and cooling demands for each location.

Heating Demand (kWh-m~2) Cooling Demand (kWh-m~2)

NHH OHH NHH OHH
Albacete 26.20 50.98 32.27 26.50
Barcelona 19.26 36.23 32.04 26.83
Berlin 53.19 92.69 10.76 541
Bilbao 25.01 47.40 13.55 6.10
Cordoba 15.88 26.88 49.56 54.41
Paris 42.86 75.67 12.91 6.92
Stockholm 71.58 123.55 4.98 0.87

3.3. DHW

The DHW demand profile is based on the norm UNE-EN 16147:2017 [19]. The M
profile from Annex A is selected since it is the one closest to the CTE requirements [18].
The standard proposes a demand of 5.845 kWh-day~! while the CTE fixes a demand
of 28 L-day~!-person—!, which, translated to energy, is 6.14 kWh-day!. The energy
extractions according to the M profile in UNE-EN 16147:2017 are shown in Figure 3.
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Figure 3. DHW extractions in UNE-EN 16147:2017, Annex A, M profile.

Based on the profile proposed by the norm, the energy extractions have been normally
distributed, in both amplitude and time, around the values that are present in the norm,
in order to obtain more realistic behaviors. Therefore, all the days have different energy
extraction profiles. An example of the energy extractions of a specific day is shown in Figure 4.
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Figure 4. DHW extractions on 10 April.
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3.4. Electrical Load

The consumption of the rest of the electrical appliances of the household (wash-
ing machine, dishwasher, electronic devices, etc.) is modeled by making use of the CREST
model, explained in detail in [20]. This high-resolution thermal-electrical demand model is
based on a bottom-up structure that uses stochastic programming techniques applied to
real-world data collected in the UK. Electrical heating has been removed from the list of
appliances since it is not present in the analyzed system.

3.5. Thermal System

The thermal system of the household is based on a propane air-source heat pump,
with two tanks and radiant floor for heating and cooling distribution.

3.6. Heat Pump

The dynamic model of the heat pump is derived from the compressor curves and cali-
brated with laboratory tests. The heat pump has a modulating compressor. That is, it is able
to work under different rotating speeds by making use of an inverter. The faster the running
speed (also referenced as frequency in the document), the more energy it will consume.

A photo of the main components used in the laboratory tests is shown in Figure 5,
provided by [16]. The heat pump is in the foreground. It uses propane (R290) as the
refrigerant and can reach temperatures up to 70 °C. Under nominal conditions (air at 7 °C
and input water at 30 °C), it supplies 12 kW with a Coefficient of Performance (COP) of
4.7. In the background, on the left-hand side, the hydraulic module that combines both the
DHW tank and the climatization buffer can be seen. Both components are connected by
insulated tubes.

Figure 5. The laboratory setting.

The heat pump is modeled by means of performance maps (a group of equations
that correlate the most important output variables of the machine with the main inputs).
The inputs of these second-degree polynomials (Equations (1) and (2)) are the inlet air
and water temperature (T,;; iy, and Ty er i, Tespectively), the compressor running speed
(comp) and the working mode (w) (heating or cooling). The outputs are the compressor

power consumption (Pcomp) and the provided heat or cold capacity (Qinner) in the inner
heat exchanger. The concept is shown in Figure 6.

Qinner = f(Tuir,in/ Tewater,ins Neomp, w) €))

Pcomp = g(Tm’r,inz Twater,ins Neomp, w) )
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Figure 6. Concept of the performance maps used for modeling the heat pump. The blue line
represents the stream of water; the orange line represents the stream of air; the green line represents
the stream of refrigerant.

The dynamics of the heat pump are modeled with lumped volumes in the heat exchangers.

Figure 7 shows the performance of the model (orange) when compared to the lab tests
(blue). As can be observed, the model is able to capture both the provided heat and the
consumed power. Excluding the very short peaks that are observed in the transients, the
error is always below 10%. Thus, the model is thought to be precise enough for the analysis
of this document.
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(b) Power consumed by the heat pump.

Figure 7. Comparison of the experimental data (blue) and the results of the heat pump model (orange)
for (a) the provided heat and (b) the consumed power.
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3.7. Heat Storage

The models for the two water tanks consider stratification. The heat exchange between
the internal coil and the water for the case of the DHW tank is also considered. The specific
parameters of each tank have been calibrated by making use of experiments.

Figures 8 and 9 show the performance of the model (orange) when compared to the
lab tests (blue). For the climatization buffer, two sensors are inserted at different heights.
For the DHW tank, three sensors are used to measure the temperature. As with the heat
pump, the models for both the climatization buffer and the DHW tank are thought to
be valid for the purpose of this document. In the climatization buffer, and excluding
the transients, the maximum absolute error is 1.5 K. In the DHW tank, there are bigger
differences; nevertheless, the original model is improved after the calibration process and
is able to capture the overall performance of the tank.
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Figure 8. Comparison of the experimental data and the results of the climatization buffer model for
(a) the top temperature and (b) the bottom temperature.
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Figure 9. Comparison of the experimental data and the results of the DHW tank model for (a) the top
temperature, (b) the intermediate temperature and (c) the bottom temperature.

3.8. Heat Distribution

Radiant floor is used to distribute the heat and cold produced by the heat pump and
stored in the water tanks. A single water circuit goes through both floors heating up the
building. The implemented model uses the NTU method for the heat transfer between the
pipe and the floor material.

3.9. PV Installation

Three discrete PV installations are used for the parametric analysis: 2.75 kW, 3.85 kW
and 4.95 kW of peak power. It is supposed that they always work at the MPP (Maximum

Power Point). The thermal model explained in [21] is also introduced to consider the effect
of the temperature of the panels.

3.10. Other Aspects

For economic calculations, electricity prices for the Spanish market are considered [22].
A simulation time step of 10 s is used to try to replicate the quick changes in compressor
speed and the small DHW extractions.
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3.11. Implemented Control

The system is controlled in MATLAB-Simulink by importing the model elaborated in
Dymola via the Functional Mock-up Interface (FMI). In this chapter, the standard control
that rules the heat pump and the thermal system are explained. Then, the rule-based
control that aims to boost the self-consumption is introduced.

3.12. Standard Control

The standard control is designed to maintain the comfort temperature in the building,
the DHW tank and the climatization buffer. The set-points for cooling and DHW are
constant; whereas for heating, a heating curve is inserted to control the temperature of the
buffer. The heating curve is shown in Figure 10, while the rest of the values are shown in
Table 2. To avoid a constant ON-OFF performance, the upper and lower hysteresis values
are inserted as well.

1
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Figure 10. Heating curve for climatization buffer set-point.

Table 2. Standard temperature set-points.

Set Point (°C) Upper Hysteresis (°C) Lower Hysteresis (°C)
Climatization buffer in heating mode Heating curve Heating curve + 2 Heating curve — 2
Climatization buffer in cooling mode 12 14 10
DHW tank 50 50 48

The control prioritizes the DHW over the climatization, meaning that the heat pump
will always heat up the DHW tank, irrespective of whether there is a climatization de-
mand [23]. When working in DHW mode, the compressor always works at maximum
power to try to compensate for the fast hot water extractions from the tank. When working
in climatization mode, the compressor is activated at maximum power, but it starts to
regulate itself after getting closer to the set-point.

When it comes to the control of the building temperature, the set-points have also
been obtained from the CTE requirements [18], with different temperatures for heating and
cooling seasons, as well as daytime and night-time, as shown in Table 3.

Table 3. Interior temperature set-points.

Daytime Night-Time
Heating season 20°C 17 °C
Cooling season 25°C 27°C
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3.13. Rule-Based Self-Consumption Booster

The control for the integration of the PV panels and the air-source heat pump are
inspired by the algorithms that can be found in the literature and which some manufacturers
have started to implement in their products.

It basically considers whether the measured PV excess or surplus that is being in-
troduced into the electrical grid is above a defined value for a certain amount of time.
If that condition is met and there is no demand for DHW and/or climatization (that is, the
temperatures are above the set-points), the controller starts working in a separate mode,
the so-called excess mode.

While working in this mode, the set-points of the tanks change to more demanding
values. For DHW, the new set-point is 60 °C (a value which is higher than the standard
set-point, but not excessively so, and consciously lower than the maximum operating
temperature of a propane air-source heat pump of around 70 °C). For space heating, five
degrees are added to the heating curve shown in Figure 10; while the space cooling set-point
is maintained in order to avoid water condensing problems on the floor. Similarly, the
set-points of indoor air are either increased or reduced. In the heating season, the set-point
is increased by 2.5 K; while in cooling season, it is reduced by 2.5 K.

When the excess is negative for one minute (a discrete value that could be changed in
the final real-world application) or there is a DHW or climatization demand, the system
goes back to normal functioning. This concept is shown in Figure 11.

excess > min_excess FOR 5 minutes
and

~DHW demand

and
~climatization demand

Rule-based self-

consumption Standard mode

bOOSter Standard operation mode
Standard set-points

Boosted set-points
Active excess minimization

excess < 0 FOR 1 minute
or

\ A RN J

climatization demand

Figure 11. Concept of the rule-based self-consumption booster controller with its activation and
deactivation conditions.

The same concept is reflected in the following pseudocode:

if standard_mode AND (excess > min_excess for 5 min) AND NOT(demand) then
excess_mode

elseif excess_mode AND [(excess < 0 for 1 min) OR demand] then
standard_mode

end

When working in the excess mode, the heat pump modulates the compressor’s fre-
quency to minimize the PV surplus. Generally speaking, when there is enough PV surplus,
the modulating frequency of the compressor is raised. Thus, the heat pump consumes more
power and the surplus decreases. If the surplus is low (close to 0), it is supposed that the
system could start consuming power from the electric grid, which is not desirable, since it
will consume power to fulfill some set-points that are not the ones defined in the standard
mode. Consequently, the modulating frequency of the compressor is reduced; by doing so,
the PV surplus enters a safer zone.

Specifically, starting from a low modulation, the frequency is raised by 2 Hz if the
surplus is higher than 150 W for 10 s; if the surplus is lower than 50 W for 10 s, the frequency
is reduced by 2 Hz; if neither of these happen, the frequency value does not change.

Its corresponding pseudocode would be as follows:
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if excess > 150 W for 10 s then
Ncomp = Neomp + 2 Hz

elseif excess < 50 W for 10 s then
Ncomp = Neomp — 2 Hz

else
Ncomp = Neomp

end

4. Results

After simulation of 168 cases (42 for the base scenario and 126 for the controlled
scenario), the obtained results are presented in this section.

4.1. Functioning of the Rule-Based Control

In order to visualize the functioning of the rule-based scenario, Figure 12 shows the
performance of the temperatures when the excess mode is activated. As can be seen, the
excess mode is activated at around 13:10. First the DHW tank is heated up to 60 °C, the
boosted set-point for that tank. After reaching that temperature, the climatization buffer is
heated up to 45 °C. Later on, the building itself starts to work as a heat storage unit.
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(b) Temperature at the DHW tank. The lines represent the temperatures at different levels in the tank.

T T T T T
Excess DHW
Excess SH

Excess building SH

1k

0l L i
1 1
15:00 15:30 16:00
Dec 07, 2020

(c) Activation of the sub-modes within the excess mode.
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Figure 12. Performance of the temperatures on a day in which the excess mode is activated. Tempera-
tures at the climatization buffer and the DHW tank are shown in (a) and (b) respectively. In (c), the
activations of the sub-modes within the excess mode can be seen.

Figure 13 shows the modulation of the compressor frequency, alongside the surplus
power that is bought or sold in the grid. Thanks to the implemented control, the positive
excess is minimized by making use of the power modulation capacity of the heat pump.
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(b) The excess power injected (positive sign) or extracted (negative sign) from the electric grid.

Figure 13. (a) Compressor modulation under the excess mode and (b) the excess power on 7 December.

Due to the activation of the excess mode, the normal consumption pattern of the heat
pump is modified. That is, when there is no control integration between the heat pump and
the PV panels, the former is turned on whenever there is a demand; the power that is being
generated by the PV panels is not considered as a parameter for decision-making purposes.
Nevertheless, when the self-consumption booster is enabled, the power consumption of
the HP is shifted to the central hours of the day, when the PV generation is higher, and thus
there is a higher chance of electricity excess.

Figure 14 shows how the hourly energy flows are distributed throughout a year in
NHH in Albacete for the controlled scenario.

In Figures 15 and 16, comparisons for the heat pump consumption and the energy
coming from the electric grid, respectively, are pictured. The blue lines represent the base
case scenario and the orange lines represent the controller case. Figure 15 shows how the
consumption of the heat pump is shifted to the central hours of the day: from 10:00 to 14:00
the consumption of the heat pump is larger when compared to the base scenario; whereas,
for the rest of the hours, it is smaller. On the other hand, Figure 16 shows how the energy
inserted in the electric grid is reduced during the same hours: the energy that is consumed
by the heat pump.
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Figure 14. Hourly distribution of daily energy throughout a year in the controlled scenario.
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Figure 15. Comparison of hourly heat pump consumption throughout a year for the base and the
controlled scenarios.
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Figure 16. Comparison of the hourly consumed energy (positive values) or the inserted energy
(negative values) in the electric grid throughout a year for the base and the controlled scenarios.

4.2. Parametric Analysis

The performance of the KPIs defined in the corresponding section is described in the
following section. The so-called violin-plots have been used to capture the distribution of
these parameters. This kind of graph adds another dimension that involves the frequency
of the values: the more values there are in that area, the wider the graph is. For this
parametric analysis, the violin-plot is divided into two halves: the left one captures the
base case scenario and the right one captures the scenario in which the controller is enabled.
Quartiles (colored areas) and mean values (crosses) are also represented.

It is necessary to consider that the main objective of the implemented rule-based
control is to increase the self-consumption of the system. Thus, the mean self-consumption
ratio is improved in every climate. The improvements are all between 9.7% (Cordoba) and
15.3% (Berlin), as can be seen in Figure 17.

By analyzing the effect independently and starting with the building insulation, OHH
obtains slightly better self-consumption ratios. This can be explained by the fact that, in
buildings where the heating demands are higher, it is easier to find days in which the
indoor temperature has room to be boosted during the central part of the day, when the PV
production is higher. Thus, the electrical power coming from the PV panels is consumed by
the heat pump, increasing the self-consumption ratio, as shown in Table 4.
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Figure 17. Self-consumption ratios for base case and controlled scenarios for every climate.

Table 4. Self-consumption values for base case and controlled scenarios for all climates and both
insulation levels.

NHH OHH
Base Controlled Improvement Base Controlled Improvement
Albacete 0.3346 0.4477 0.1131 0.3247 0.4855 0.1608
Barcelona 0.3868 0.4850 0.0982 0.3699 0.4932 0.1233
Berlin 0.3465 0.4745 0.128 0.3483 0.5120 0.1637
Bilbao 0.3735 0.4623 0.0888 0.3326 0.4661 0.1335
Cordoba 0.3944 0.4739 0.0795 0.3796 0.4861 0.1065
Paris 0.3741 0.4827 0.1086 0.3511 0.4981 0.147
Stockholm  0.3207 0.4456 0.1249 0.3532 0.5268 0.1736

Regarding the minimum excess value and the installed PV power, the effect is more
evident. In Figure 18, the improvements in self-consumption in Berlin for NHH are shown.
First, it can be seen that the higher the minimum PV excess, the lower the self-consumption
improvement is. This effect is derived from the non-self-consumed power as the activation
criteria become stricter. In other words, if the minimum excess value is 1800 W instead of
1400 W, the rule-based controller is enabled for a shorter amount of time, which decreases
the self-consumption of the system.
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Figure 18. Parametric graph of the self-consumption improvement in Berlin for the NHH.

Furthermore, concerning the PV power installed in the building, greater improvements
are achieved with larger PV installations. This is mainly due to the low-base scenario self-
consumption ratios. Since the PV generation and the heat pump consumption are independent,
large PV installations obtain worse self-consumption ratios if no control is implemented. When
a certain control is inserted, a larger percentage of improvements are obtained.

Furthermore, the higher the PV installation, the smaller the effect of the minimum
excess value. If the PV installation is large, the percentage difference between two certain
minimum excess values becomes smaller, and therefore, so does the improvement in the
self-consumption ratio.

The effect seen for the self-consumption ratio can also be observed when analyzing
the yearly consumed electricity cost of the HP. These differences are shown in Figure 19.
The larger savings are the ones seen in Albacete (4.7%), in which there are important heating
and cooling demands throughout the whole year, as seen in Table 1. For the remaining
cities, reductions of between 1.5% and 3.5% are observed.

Furthermore, the reduction seen in the absolute cost is also transferred to the specific
cost. That is, when the controller is enabled, the system is able to provide heat at a lower
price. These reductions can be seen in Figure 20. Comparing both the cost and the specific
cost, the same trends can be derived: the larger reductions are obtained in Albacete (9.8%),
while for the rest of the locations, reductions of between 3.8% and 7.8% are seen.
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Figure 20. Specific cost reduction for all climates.

Despite having a positive impact on both the self-consumption ratio and the cost, an
effect that is often neglected when studying this kind of controller is the extra amount of
both heat and electric power that is being consumed by the heat pump. These effects are
shown in Figures 21 and 22, respectively. These increments of both the provided heat and
the consumed power can be understood as a potential downside of this kind of controller,
since it is a non-explicitly desired result (although the extra amounts of energy do not have
a negative economic impact for the final user).
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Figure 22. Consumed power difference for all climates.

Since the algorithm on which the controller is based aims to maximize the self-
consumption, it turns on the heat pump when all the base demands are fulfilled. When that
happens, new temperature set-points are applied: higher values for heating demands and
lower values for cooling demands, which leads to more consumed power. Figure 23 shows
how the cumulative distribution of the mean temperature in the condenser (understood
as the arithmetical average between the input water temperature and the output water
temperature) is different for the base case and the controlled scenario. When the controller
is enabled, it is more common to have condenser temperatures of around 32-50 °C, caused
by the new set-points of the space heating mode. The effect of the new temperature for the
DHW is not that remarkable though, mainly because the activations of the heat pump in
that mode are shorter and are not long enough to reach a steady-state situation.
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Figure 23. Cumulative distribution of the mean temperature in the condenser in heating mode for a
specific case in Albacete.

The implemented algorithm not only changes the set-points of the tanks, but also the
indoor temperature: fixing higher set-points in winter and lower ones in summer. The effect
of changing these values is subjective and their potential impact on the comfort sensation
may be hard to study numerically. Although it may be said that everything that deviates
from the so-called standard set-points is a non-desired effect, the opposite might also be
argued. That is, the user chooses more relaxed standard set-points in order to completely
fulfill their comfort criteria only when the excess mode is enabled.

However, there will surely be a difference in the temperature distribution if the
controller is activated. This effect can be seen in Figure 24 (for winter months) and Figure 25
(for summer months) for Albacete.

As can be observed, in Figure 24 (winter months), temperatures between 23 °C and
24 °C are more common when the controller is enabled. When compared to the base case
scenario, the probability distribution seems to be moved 1 K to the right-hand side. On the
other hand, in Figure 25 (summer months), it is clear how the temperature distribution is
moved to lower temperature values.

In addition, once all the simulations were carried out, a regression analysis was carried
out with two objectives. Firstly, to quantify the effect of each of the analyzed parameters
on the final outcome in terms of self-consumption; and secondly, to derive a relatively
straightforward equation that could be used to obtain an approximation of the operation of
the system and the controller in other scenarios.
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Figure 24. Probability distribution of the interior temperature in winter months for a specific case
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Figure 25. Probability distribution of the interior temperature in summer months for a specific case
in Albacete.

Thus, the expression for the self-consumption ratio, shown in Equation (3), is proposed.
Its inputs are the minimum photovoltaic excess to activate the excess mode (PVi excess),
the yearly photovoltaic generation (Epy), the yearly average temperature (Tyear,ave), the
yearly average horizontal solar irradiation (Hpoy,year,ave), the heating demand per unit area
(Qsp m2), and the cooling demand per unit area (Qgc ,,2)-
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SCR = a9+ alpvmin,excess +axEpy +a3 Tyeur,ave + u4Hhor,year,az;e +as QSH,m2 +ag QSC,mz 3)

The derived coefficients can be seen in Table 5, while Figure 26 shows the comparison
between the real and predicted values calculated by the linear regression. The dashed lines
represent deviations of 8%. The model gives a root-mean-square error (RMSE) of 0.0189.

Table 5. Values of the coefficients for the linear regression.

a0 - 0.505
al PVmin,excess —0.000105
a2 Epy —2.69x107°
a3 Tyear,ave 0.00435
a4 Hhor,year,ave 0.000546
ad QsH,m? 0.00116
ab QSC,mz 0.00141
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Figure 26. Graph with the real and predicted self-consumption ratios by linear regression.

Nevertheless, the above equation is not useful for sorting out the impact of each of the
variables, since it does not consider the range of the variables. Therefore, all variables have
been normalized between 0 and 1, and the new coefficients are shown in Table 6 and Figure 27.

Table 6. Values of the coefficient for the normalized linear regression.

a0 - 0.429
al PVinin,excess —0.0422
a2 Epy ~0.125
a3 Tyear,ave 0.0479
ad Hyor year,ave 0.0504
ad Qs m 0.1281
ab Qsc,m? 0.0722




Energies 2023, 16, 5156

23 of 27

0-5 T T T T T T T

0.4+ 4

0.3 F 4

0.1+ i

—-0.1}F 4

—0.2 1 1 1 1 1 1 L
Intercept QSH,T‘V12 EPV QSC,m2 Hhor,year‘avc Ttycar,ave Pv;nin‘,cmccss

Figure 27. Bar diagram of the coefficients obtained in the normalized linear regression. The intercept
corresponds to ag.

From the analysis, it can be deduced that, within the cases that have been simulated,
the most important variable when it comes to the self-consumption ratio obtained when
the rule-based controller is enabled, is the heating demand per unit area. Considering
only that variable, the higher the heating demand, the better the indicator will perform.
This effect has been mentioned previously and is related to the fact that, in buildings with
larger heating demands, the indoor temperature may go down during the central hours of
the day. Thus, the controller has room to raise the temperature by switching on the heat
pump and consuming the power that comes from the PV installation.

The total energy produced by the PV system has a similar coefficient, but with a
negative sign. That is, the larger the PV generation, the smaller the self-consumption ratio
will be. In systems where the PV installation is larger, not all the power coming from the
panels can be consumed, not even when the controller is on.

In addition, the cooling demand per unit area comes with a positive sign, as do the
mean irradiation and temperature. Finally, the minimum PV excess value to activate the
excess mode is introduced with a negative impact. That is, with large values, the self-
consumption goes down, but its impact is smaller than the heating demand, for example.

Furthermore, to deduce a more precise regression, interactions between variables
have been introduced in the model. That is, with this approach, terms that consider the
multiplication between variables are included: the result is an equation that contains
22 terms. By doing so, the model becomes more complicated, but it is able to better capture
the performance of the self-consumption ratio. It has an RMSE of 0.0087. The results are
shown in Figure 28, while the coefficients are set out in Table 7.
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Figure 28. Graph with the real and predicted self-consumption ratios by linear regression considering
interactions between variables.

Table 7. Values of the coefficient for the linear regression, considering interactions between variables.

ap - 0.338 ap Hyoryear,ave * Qsc,m? 0.0577

aj Qsc e 0.445 a3 Qsp 2 * Qsc e 0.0490

ap Epy —0.287 ayy Epy : Qsc 2 —0.0468
as Tyear,ave : Qgc 2 —0.269 as PViin excess —0.0463
ay Epv : Qsym2 0.253 ale PViinexcess : Qspmz —0.0288
as QsH m2 0.209 ayy Hyor year,ave * QsH,m? 0.0261

ag Tyear,ave 0.162 ag Epv : Huoryear,ave —0.0255
ay Tyear,ave * Qs 2 —0.159 ag PViinexcess * Qscmz 0.0102

ag PViinexcess - Epv 0.134 an PVinin,excess * Tyear,ave  0.00836
ag Epy : Tyear,ave 0.100 as] Hior,year,ave 0.00274
ayg PVininexcess * Hhor,year,ave —0.0899

ail Tyear,ave * Huor,year,ave —0.0596

5. Conclusions

In this paper, a rule-based controller that aims to boost the self-consumption of a
domestic combined PV-heat pump system is presented and analyzed.

The system (a household of 140 m? with a propane heat pump, two tanks and radiant
floor) has been modeled according to CTE requirements and has been simulated using
the Dymola and MATLAB-Simulink co-simulation feature. Heating and cooling demands
are considered. Models used for the heat pump and the tanks have been calibrated and
validated in laboratory tests.

The controller is based on a mode that is activated when there is enough PV excess to
switch on the heat pump and all the standard demands are fulfilled. Once the mode has
been activated, the set-points for the tanks and the indoor temperature of the building are
raised (lowered when it works in cooling mode). Then, it measures the excess power that is
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introduced in the electrical grid and tries to minimize it by modulating the compressor of
the heat pump. Simple rules are proposed for controlling the compressor. If energy is being
bought from the grid, or the base case set-points are not fulfilled any more, the controller
deactivates the excess mode and the system works according to its standard working mode.

A parametric study with yearly simulations has been carried out to estimate the
potential of the control strategy. Seven different European climates have been considered
(with heating and cooling demands). In addition, two different insulation levels, three
PV installation sizes and three minimum excess values for the excess mode activation
have been analyzed. Improvements of up to 17% have been seen for the poorly insulated
building in Stockholm for the self-consumption ratio. The greatest improvements can be
observed when the insulation is low. Due to the fact that the indoor temperature goes down
during the central hours of the day, there is a margin to activate the thermal inertia of the
building. An improvement of 8-13% can be seen in the new building, whereas in the older
building, the improvement is between 11% and 17%.

When translated to electricity cost, the largest reductions are obtained in Albacete
(south-central Spain), which has both important heating and cooling demands. In this city,
the average cost reduction is about 4.75%, while there are cases in which it is reduced by
7%. For the rest of the locations, the cost reductions are normally between 1.5% and 3.5%.

Nevertheless, due to the very nature of the controller, rises in both consumed power
and provided heat can be seen when the new control is activated. In Albacete, there are
cases in which the power consumed by the heat pump increases by 13%. For all climates,
there are average increases of 2-9%. Although this extra energy comes directly from the
PV installation, an increase in energy consumption is not something that is desirable when
a controller such as this is implemented. In fact, it can be seen as a side effect that can
overshadow the performance of the controller.

Furthermore, the potential of the controller is closely related to the increase (or de-
crease, in cooling mode) in the interior temperature set-point; and this decision could have
a subjective nature. That is, for some users, increasing the set-point by a couple of degrees
may cause a feeling of extra comfort or coziness; for others, it may be just the opposite,
since they do not want a warmer temperature in their house. If the building is excluded
from the control, the potential of the controller would decrease substantially, since the two
tanks are relatively easy to charge.

Regarding the regression analysis, a simple linear expression has been elaborated to
estimate the performance of the system if the controller is activated. It has been found that,
within the range of the analyzed variables, the most important one is the heating demand.
A larger heating demand means a larger potential of the controller. The same thing happens
with cooling demands, but not as much. This can be explained by the activation of the heat
pump in the central hours for cooling purposes. If, in the base scenario, the heat pump is
activated in order to provide cold at midday, the controller has no margin to activate the
excess mode. The sizing of the PV installation also has a great impact: the greater it is, the
smaller the potential of the controller will be, since the excess power is directly introduced
in the grid. Apart from the simple linear expression, a slightly more complicated equation
with interactions between variables has been found with an RMSE of 0.0087; an expression
that could be used to estimate the performance of the controller in other scenarios.
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Abbreviations

Acronym  Definition

PV Photovoltaic

cor Coefficient Of Performance
DHW Domestic Hot Water

MPC Model Predictive Control
MPP Maximum Power Point

CTE Spanish Building Technical Code
NHH New household

OHH Older household

SH Space heating

SC Space cooling

RMSE Root-mean-square error

HP Heat pump

Variable = Meaning

T Temperature

n Rotational speed

w Working mode of the heat pump (heat or cold)
SCR Self-consumption ratio

Q Heat flow rate

P Consumed power

Subscript Meaning

Comp Compressor

Inner Inner heat exchanger

Outer Outer heat exchanger

Air Ambient air

Water Water through the heat pump
In Input flow
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