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Abstract 

This paper presents and discusses results from a field test that uses model predictive control (MPC) to 
optimise the operation of a multi-source heat pump-based energy system for space heating and hot 
water provision in a building. The objective of the optimisation is to minimise the electricity 
consumption of the heat pump using flexibility from the heat sources, the space heating and domestic 
hot water tanks while ensuring end-user comfort and system constraints. The field test was performed 
in the context of the RES4BUILD project that developed a system consisting of: photovoltaic-thermal 
(PVT) collectors, an innovative vapour-compression multi-source heat pump (with a solar buffer 
connected to the PVT collectors, a borehole thermal energy storage and air as heat sources) and water 
buffer tanks for serving the space heating and hot water needs of the building. The optimal operation 
of the system is obtained by monitoring and controlling the interactions between the different system 
components using MPC, taking into account the weather and heating demand forecasts. Results have 
shown that MPC has a potential and added value for the optimal operation of multi-source heat 
pumps in real-life while considering system constraints and user behaviour to ensure thermal comfort. 
However, significant effort and expert knowledge are needed to develop the sufficiently accurate 
system models required by this control approach. The outcomes and conclusions of this work are 
therefore a basis for further development of such control approaches to improve their replicability 
and feasibility on a large scale, considering the diverse nature of energy system components in 
buildings. 
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Nomenclature 

Abbreviations 
AI Artificial Intelligence 
BEMS Building Energy Management System 
BTES Borehole Thermal Energy Storage 
COP Coefficient Of Performance 
DHW Domestic Hot Water 
EU European Union 
HP Heat Pump 
MPC Model Predictive Control 
PLC Programmable Logic Controller 
PVT Photovoltaic-Thermal 
SH Space Heating 

Symbols  
𝑘 Control time step index, [-] 
PHP,HEAT Daily electricity consumption of the heat pump for space heating, [kWh/day] 
Q Domestic hot water or space heating demand, [kW] 

𝑄̇ Thermal power of heat pump, [kW] 

𝑄̃ Heat of heat pump for charging a tank, [kW] 
T Temperature, [°C] 
𝑧𝑐𝑑 Binary control that selects which tank the HP charges, [0/1] 
𝑧𝑒𝑣,𝑎𝑖𝑟 Binary control that selects evaporator source air, [0/1] 
𝑧𝑒𝑣,𝑏𝑡𝑒𝑠 Binary control that selects evaporator source BTES, [0/1] 
𝑧𝑒𝑣,𝑠𝑜𝑙𝑎𝑟 Binary control that selects evaporator source solar buffer, [0/1] 
𝑧𝑝𝑣𝑡 Binary control that selects what the PVT charges, [0/1] 

Subscripts  
b Solar buffer tank 
btes BTES tank 
cd Condenser 
dhw DHW tank 
ev Evaporator 
in Inlet 
oper Operational 
out Outlet 
set Setpoint 
sh Space heating tank 
∞ Ambient 

 
 
 
  



1. Introduction and related work 

Energy for heating and cooling accounts for more than 50% of the total final energy consumption in 
the European Union (EU), with only 23% of this energy coming from renewable energy sources [1]. 
Thus, decarbonising the heating and cooling sector is crucial for meeting the EU target of at least 55% 
net greenhouse gas emissions reductions and 45% renewable energy target by 2030 [2]. To this end 
significant work has been done on the development of more efficient heat pumps and photovoltaic-
thermal (PVT) systems for buildings [3] [4], [5]. In fact, the recent energy crisis accelerated the efforts 
towards energy efficiency, energy savings and efficient integration of renewable energy sources into 
the heating and cooling sector.  

Energy efficiency and savings can be achieved by reducing energy consumption for heating and 
cooling. One way of achieving this reduction is by minimizing the building energy requirements using 
more efficient thermal insulation for the building envelope [6] with the help of building information 
modelling [7]. This improves the thermal energy storage capacity of the building while reducing energy 
losses to the environment. Energy consumption for heating and cooling can equally be reduced via 
optimal energy management strategies, which control the heating and cooling systems [8] [9] [10]. 
Therefore, building energy management systems (BEMS) implementing optimal control strategies are 
needed to achieve the required energy efficiency and energy savings via monitoring and control of the 
heating and cooling system while ensuring thermal comfort for the users. At the building level, 
flexibility in energy consumption can be extracted not only from heat pump installations with thermal 
storage for space heating and hot water provision, but also from devices with electric energy storage 
capacity such as electric batteries. 

In recent years, there has been a surge in the use of model predictive control (MPC) for optimal control 
of heat pumps for heating and cooling [11]–[23]. A significant portion of these works have focused on 
the implementation of MPC in a simulation environment to control the operation of heat pumps, with 
the objective of maximising self-consumption of local renewable energy generation, reducing 
electricity cost or achieving energy savings. Most of the heat pumps use either air or ground as their 
low temperature heat source. Even though a significant amount of work has been done in the 
literature for optimising the operation of single-source heat pumps using MPC, research on optimal 
control of multi-source heat pumps using MPC remains limited both at theoretical and practical level. 

Research on multi-source heat pumps (with ambient air, geothermal energy, or solar/PVT collectors 
as heat sources) has recently gained popularity in the effort to decarbonise heating/cooling in 
buildings. Several theoretical and experimental studies have been carried out to evaluate the 
performance of these heat pumps via simulations [24]–[27]. These simulations have shown that multi-
source heat pumps achieve high efficiencies while remaining economically viable. The claims via 
simulation have been supported via monitoring and detailed analysis of data collected from real-life 
operation of these systems in buildings. The work of Busato et al. [29] concluded that the integration 
of different sources not only increases the thermal performance of the system as a whole, but also 
optimises the use of each source and more energy savings could be obtained by controlling the indoor 
temperature setpoints. The conclusions from this study have also been supported by the work of 
Lazzarin et al. [28] who highlighted the benefits of multi-source heat pumps in a real-life operation 
through the analysis of five years data from a multi-source heat pump system operating in a school 
building. This work emphasized on the importance of system monitoring to ensure the expected 
energy savings are achieved, particularly when the system integrates multiple technologies in the long 
term.  

Besides developments on theoretical and experimental aspects to evaluate the performance and 
viability of multi-source heat pumps, significant progress has also been made towards a controlled 
operation of heat pump-based energy systems to improve their energy performance [29], [30]. 



Weeratunge et al. [29] investigated a solar-assisted ground source heat pump for serving the heating 
needs of a building. The heat hump had two heat sources: the ground and a hot water tank that stores 
heat from the solar collectors. In the investigated system, an electric heater was also connected to the 
hot water tank to charge the tank during off-peak periods using electricity from the main grid. The 
authors used MPC for optimal operation and selection of the heat pump sources with the objective of 
minimising the electricity cost of the system. In the context of the SunHorizon project [31], Roure et 
al. [30] developed an MPC-based controller to optimise the operation of a solar-assisted heat pump 
system consisting of a hybrid PVT system, a gas-driven heat pump and a hot water storage tank. The 
aim of the optimization was to minimise CO2 emissions and maximize the use of energy generated by 
the renewable energy source. Even though the aforementioned MPC developments for controlling 
the operation of heat pump-based energy systems are simulation-based, they have shown the 
potential of MPC for an optimised multi-source heat pump operation. While the use of MPC for multi-
source heat pump control in real-life scenarios is still minimal, several field tests have been done using 
rule-based control [28], [32]–[34]. 

In the FlexHeat 2017 KAAECT project [32], a multi-source heat pump-based energy system was 
installed in a school building for serving its heating/cooling energy needs. The low temperature heat 
source consisted of ground heat exchangers, a ventilation heat recovery system and solar thermal 
collectors. In the field test, a rule-based controller was deployed to select the most suitable input 
source for the heat pump at every control interval with objective of achieving a near zero energy 
building target. The set of rules were based on the temperature of the water from the solar collectors 
and the ground. If the temperature of water from the solar system was higher than the ground 
temperature, the water from the solar system was used in the heat pump evaporator. However, if the 
solar system was off or the water temperature was not sufficiently high, the heat pump used the 
ground as the source. Similar rules were used in the experimental work carried out by Kaygusuz et al. 
[34] to switch between air and water input sources based on a fixed temperature called the switch-
over temperature. The authors showed the effectiveness of rule-based control via an improved heat 
pump performance.  

As part of the IDEAS project [35], a multi-source heat pump using PVT collectors, air and the ground 
as heat sources was used to meet the heating/cooling needs of a building [33]. An artificial intelligence 
(AI)-based technique for controlling the operation of the heat pump and different energy assets was 
developed to maximise the use of renewable energy production for heating, and cooling of the 
building via optimal demand side management. One main advantage of AI-based control techniques 
is that they are data-driven and rely mainly on the data collected from the system. Thus, eliminating 
the need for developing sufficiently accurate system models as in the case of MPC or crafting out a set 
rules as is the case of rule-based control. Through monitoring and analysis of the data collected from 
the system operation, the authors showed the effectiveness of multi-source heat pumps for 
integration of renewable energy sources for building and cooling.  

In the context of the EXCESS project [36], a multi-source heat pump with heat sources a borehole 
thermal energy system (BTES) and a tank connected to PVT collectors will be used to meet the 
heating/cooling needs of the pilot buildings. The project aims at using MPC to optimally decide the 
low temperature heat pump heat source for meeting the heating/cooling needs of the users with 
objective of reducing cost or energy imported from the grid depending on the needs of the pilot site 
[37]. The project is currently in the development phase and results on the MPC implementation or 
pilot operation are yet to be published. 

The work presented in this paper is based on a field test carried out in the context of the RES4BUILD 
project [38]. The project focused on developing innovative technologies for decarbonising 
heating/cooling in buildings and achieving energy savings. Several actions ranging from more efficient 
PVT collectors [1] and multi-source heat pumps [3], [39] to BEMS were developed within the project. 



This paper focuses on the control software in the BEMS for optimising the performance of the system 
towards energy savings. The software consists of an optimization algorithm that considers all the 
different system components: multi-source vapour-compression heat pump, PVT collectors and 
thermal storage tanks (for serving the space heating/cooling and hot water needs of the building). The 
optimal operation of the system is obtained by monitoring and controlling the interactions between 
the different components, considering the system and user constraints as well as the weather and 
heating demand forecasts. All these while keeping the global objective of minimising the electricity 
consumption of the heat pump in perspective.  

This work differs from the previous works as MPC is used not in a simulation environment but in a 
field test to demonstrate its potential in the real-life operation of multi-source heat pump-based 
energy systems in buildings. Flexibility is provided from the heat sources of the heat pump (air, solar 
buffer heated by PVT collectors and a virtual BTES system) and from the space heating and domestic 
hot water (DHW) tanks to collectively optimise for least energy consumption of the heat pump. 
Lessons learned during the field test provide insights for future application of MPC for optimal control 
of multi-source heat pumps in buildings, incorporating different user behaviours, leveraging flexibility 
from other building components such as the building envelop and other optimization objectives such 
as self-consumption of local renewable energy generation.  

The rest of the paper is structured as follows: Section 2 introduces the pilot system, Section 3 discusses 
the optimization problem formulation and control strategy and Section 4 presents and discusses the 
results from the field test. Finally, the conclusions and lessons learned are discussed in Section 5. 

2. Pilot system  

The energy system is based on a multi-source heat pump for heating and cooling a small well insulated 
office building at NCSRD campus in Athens, Greece. The surface area of this single-floor building is 103 
m2. This system was been developed and commissioned at the beginning of 2022 and then the long-
term field testing was initiated. A detailed description is provided next along with the local (rule-
based) control that was initially implemented to adjust the system operation. 

2.1 System description 

The system is characterised by its flexibility to adjust its heat sources and sinks, aiming to increase its 
performance. This adjustment is implemented by varying the position of several 3-way valves both at 
the water and refrigerant sides. Moreover, 4 PVT collectors are included that are installed on the 
building rooftop and produce both heat and electricity. This solar heat charges either the DHW tank 
or the solar buffer, while electricity is fed into the grid. By directing the solar flow to the solar buffer, 
the average collector temperature is kept relatively low (below 35 °C) which favours the thermal 
efficiency of the PVT collectors. At the same time, the heat pump can use warm water from this buffer 
tank as its heat source (max. temperature of 25 °C) to further increase its coefficient of performance 
(COP). Another heat source is the so called virtual BTES with this ground heat exchanger emulated 
with the use of a horizontal tank kept at a temperature of ≈18 °C, which is a typical ground 
temperature in Athens at a depth of 80 m. An air-source heat pump maintains the BTES tank 
temperature at the desired value. 

The heat delivery to the building is achieved by circulating hot water from the space heating buffer 
tank to the 4 fan coils installed in the 4 main rooms of the building. A separate thermostat is installed 
in each room and controls the operation of the room’s fan coil, based on temperature setpoints that 
have been fixed once receiving input from the building users. During the day (from 08:00 to 21:00), 
the room temperature is allowed to vary in the range of 20.5 - 21 °C, while during the night (from 
21:00 to 08:00) a lower setpoint is used with the room temperature maintained within the range of 
18 - 19 °C. 



As mentioned before, the building hosts offices of NCSRD without any DHW consumption. Therefore, 
the hot water demand had to be emulated, which was accomplished by removing heat from the DHW 
tank with the same predefined profile followed every day. This tapping profile is based on the medium 
(“M”) profile defined in the EN16147:2017 standard and has been adjusted to consider the month of 
the year and the location [39] . Therefore, during winter when the tap water temperature is low, the 
daily DHW demand is about 16-18% higher than the average of 5.845 kWh/day according to this 
standard. To follow the (adjusted) tapping cycles of this standard, a controllable electronic valve at 
the tap water inlet is allowed to open for a specific number of minutes (in total 33 minutes per day) 
spread across the day [40]. During those periods, the tap water flow rate is constant while a 
recirculation pump is engaged with a PID control to keep the tap outlet temperature as close as 
possible to the set value of 45 °C. 

The system process diagram with the piping connections and all 3-way valves that adjust the operation 
is shown in Figure 1 at both heating and cooling mode. It should be stressed that only the results from 
the winter season are presented. 

 



 

Figure 1 System diagram at heating and cooling mode including piping and 3-way valves. 

The system flexibility originates from the selection of various heat sources and sinks. In heating mode, 
the heat sources are the following: (1) heat from the virtual BTES, (2) heat from the solar buffer, or (3) 
heat from the ambient air. The heat sinks at the condenser side of the heat pump are either the DHW 
tank or the space heating tank. 

Two views of the installed energy system are shown in Figure 2, illustrating the containerized control 
room in which the heat pump and the DHW tank are located. All other components are placed 
outdoors. The 4 PVT collectors are mounted on the rooftop. The pumping box contains several water 
circulators, 3-way valves, sensors (temperature, flow rate) and a plate heat exchanger for removing 
heat from the solar circuit in case of overheating. A more detailed description of the system 
components and their main parameters can be found in [40]–[42]. 
 

 

Figure 2 Pilot system installation at NCSRD in Athens, indicating the main system components. 

The multi-source heat pump and the DHW tank are placed in the containerised control room, along 
with several sensors for measuring power, flow rate, pressure and temperature. The PLC unit of the 
heat pump executes the commands for several components while a separate (independent) controller 
is installed that puts into operation the fan coils circuit and the collector circuit. 

PVT collectors

Control room

HP air coil Air-source HP for BTES

Pilot building

Pumping box BTES, solar buffer, space buffer

Piping to fan coils



2.2 Local control 

A rule-based control has been developed to allow the system to run with all its functionalities during 
the first stages of testing. This control is also called local control because it is implemented within the 
PLC unit of the heat pump that monitors most parts of this system. The adjustment of the 3-way valve 
positions is achieved based on some rules that have been derived during the system simulation 
activities [41] with the setpoints of the heating load corresponding to the tank temperatures (shown 
in Figure 1). These rules are the following: 

i. The solar flow of the collectors is directed to the solar buffer if this tank temperature is below 
20 °C or is fully charged (at 25 °C). Otherwise, the 3-way valve at the collector circuit is directed 
towards the DHW tank. 

ii. If both DHW and space heating tank request heat from the heat pump (i.e. tank temperature 
below its setpoint), priority is given to the DHW charging and once the setpoint is reached, 
the condenser 3-way valve is switched towards the space buffer. 

iii. The heat source to the heat pump is the BTES tank if its temperature is higher than the solar 
buffer. Otherwise, the solar buffer provides heat to the cold side of the heat pump (air-source 
was not an option in that control version). 

The system performance under the local control will be compared with the one obtained with the 
BEMS control that optimizes the system operation as described next. 

3 Methodology – optimization problem and control strategy 

As explained in the previous section, the pilot system has a vapour compression heat pump that 
supplies both the space heating (SH) and DHW tanks, which in turn serve these end-user needs, as 
shown in Figure 3. There are three heat sources to the evaporator of the heat pump: air, BTES (ground 
source) or solar buffer. Additionally, the PVT collectors can charge either the solar buffer or the DHW 
tank directly. The goal of the optimization problem is to make optimal control decisions on how much 
heat is taken from the different heat sources, i.e., what heat pump heat source should be used, which 
of the tanks (space heating or DHW) should be served and which tank (solar buffer or DHW) should 
be charged by the PVT collectors. The control decisions in the optimization can thus be summarised 
as follows: 

- PVT collectors: serve the solar tank or DHW tank. 

- Heat pump 

o ON/OFF 

▪ If ON 

• Which source should be used as heat input (outdoor air, BTES or solar 

buffer) 

• Which sink should the heat pump serve (space heating or hot water tank) 

o Temperature setpoint of the condenser  



 

Figure 3 Schematic overview of the vapour compression heat pump with three different sources (air, 
BTES and solar tank) in combination with PVT collectors, space heating and domestic hot water tank 

The parameters of the main system components in Figure 3 are given in Table 1. These parameters 
have been extracted from the actual components installed in the energy system and are used in the 
optimization problem described next. 

Table 1. System parameters 

Component Parameter Real-life operation 

Vapour compression heat pump Max. thermal output 15.5 kW 

Solar buffer Volume 396 l 

DHW tank 
Volume layer 1 (bottom) 

Volume layer 2 (top) 

41.7 l 

207.5 l  

SH tank Volume 396 l 

BTES field (virtual) Mass 5211525 kg 

PVT collectors Surface 8.6 m2  

 

The domestic hot water tank is considered to have two layers: bottom layer through which cold (tap) 

water enters the tank and the top layer through which hot water leaves the tank. The collectors always 

charge the bottom layer, while the heat pump charges the top layer. 

The objective of the optimization is to optimize the operation of the heat pump for least energy 

consumption while ensuring the thermal comfort and DHW needs of the building occupants under the 

specified system constraints. 

3.1 Optimisation problem 

Before describing the optimization problem, all the variables, control inputs and system disturbances 
are introduced. The main optimization variables are defined in Table 2 and mainly represent the 
temperatures of the different system components.  

Table 2 Optimization variables 

Variable Definition 

𝑇𝑐𝑑,𝑜𝑢𝑡 The output temperature from the heat pump condenser 

𝑇𝑐𝑑,𝑖𝑛 The input temperature to the heat pump condenser 



𝑇𝑒𝑣,𝑜𝑢𝑡 The output temperature from the heat pump evaporator 

𝑇𝑒𝑣,𝑖𝑛 The input temperature to the heat pump evaporator 

𝑇𝑝𝑣𝑡,𝑜𝑢𝑡 Output temperature of the PVT collectors 

𝑇𝑝𝑣𝑡,𝑖𝑛 Input temperature to the PVT collectors 

𝑇𝑏 Temperature of the water in the solar buffer 

𝑇𝑏𝑡𝑒𝑠 Temperature of the virtual BTES tank (emulating a BTES field) 

𝑇𝑠ℎ Temperature of the space heating tank 

𝑇𝑑ℎ𝑤,1 The temperature of the bottom layer in the hot water tank 

𝑇𝑑ℎ𝑤,2 The temperature of the top layer in the hot water tank 

 
The main control variables are defined in Table 3. These represent the variables for controlling the 
operational temperature setpoint of the heat pump condenser output and the binary variables for 
controlling the valves that are responsible for the different heat pump and PVT connections.  

Table 3 Optimization control variables 

Variable Definition 

𝑧𝑒𝑣,𝑎𝑖𝑟 Binary control that selects air as evaporator source 

𝑧𝑒𝑣,𝑏𝑡𝑒𝑠 Binary control that selects BTES as evaporator source 

𝑧𝑒𝑣,𝑠𝑜𝑙𝑎𝑟 Binary control that selects solar buffer as evaporator source 

𝑧𝑐𝑑 Binary control that selects what the HP charges (0-SH, 1-DHW tank) 

𝑧𝑝𝑣𝑡 Binary control that selects what the PVT charges (0-Solar buffer, 1-DHW tank) 

𝑇𝑐𝑑,𝑜𝑝𝑒𝑟 The temperature set-point in the output of the condenser  

The system disturbances (or external inputs) are defined in Table 4. They represent the four main 
system disturbances that need to be forecasted: the domestic hot water and space heating demand, 
the outdoor temperature and the global solar irradiance. 

Table 4 Disturbances/external inputs to the optimization problem 

Variable Definition 

𝑄𝑑ℎ𝑤 Domestic hot water demand 

𝑄𝑠ℎ Space heating demand 

𝑇∞ Outdoor temperature 

𝐼𝑔 Global solar irradiance 

 
Using these definitions, the optimization problem with objective of minimizing the electricity 
consumption of the heat pump ( Eq. 1), to achieve energy savings subject to different system 
constraints (Eq. 2 to                Eq. 8), by using the thermal flexibility of the space heating and hot water 
tanks to store heat is defined. 



𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑚̇𝑐𝑑  𝑐𝑝,𝑐𝑑  (𝑇𝑐𝑑,𝑜𝑢𝑡,𝑘 − 𝑇𝑐𝑑,𝑖𝑛,𝑘) − 𝑄̇𝑒𝑣,𝑒𝑚𝑝 (𝑇𝑐𝑑,𝑜𝑢𝑡,𝑘 , 𝑇𝑒𝑣,𝑖𝑛,𝑘 , 𝑧𝑒𝑣,𝑘) 𝑁+1
𝑘=1  Eq. 1 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝐹(𝑻̇𝑘 , 𝑻𝑘 , 𝑇𝑐𝑑,𝑜𝑝𝑒𝑟,𝑘, 𝒛𝑘, 𝑄𝑑ℎ𝑤,𝑘 , 𝑄𝑠ℎ,𝑘, 𝑇∞,𝑘, 𝐼𝑔,𝑘) = 0, 𝑓𝑜𝑟 𝑘 = 1, … 𝑁,  Eq. 2 

𝑧𝑒𝑣,𝑘, 𝑘 ∈  {0, 1} ×  {0, 1} ×  {0, 1}, 𝑓𝑜𝑟 𝑘 =  1, . . . , 𝑁,                            Eq. 3 

𝑧𝑐𝑑,𝑘 , 𝑘 ∈  {0, 1} ×  {0, 1}, 𝑓𝑜𝑟 𝑘 =  1, . . . , 𝑁,                                            Eq. 4 

𝑧𝑝𝑣𝑡 , 𝑘 ∈  {0, 1}, 𝑓𝑜𝑟 𝑘 =  1, . . . , 𝑁,                                                             Eq. 5 

𝑧𝑒𝑣,𝑏𝑡𝑒𝑠,𝑘  + 𝑧𝑒𝑣,𝑠𝑜𝑙𝑎𝑟,𝑘  +  𝑧𝑒𝑣,𝑎𝑖𝑟,𝑘 =  1 𝑓𝑜𝑟 𝑘 =  1, . . . , 𝑁,                  Eq. 6 

𝑻𝑚𝑖𝑛  ≤  𝑻𝑘  ≤  𝑻𝑚𝑎𝑥  𝑓𝑜𝑟 𝑘 =  1, . . . , 𝑁,                                                  Eq. 7 

𝑇𝑐𝑑,𝑜𝑝𝑒𝑟,𝑚𝑖𝑛  ≤  𝑇𝑐𝑑,𝑜𝑝𝑒𝑟,𝑘  ≤  𝑇𝑐𝑑,𝑜𝑝𝑒𝑟,𝑚𝑎𝑥 𝑓𝑜𝑟 𝑘 =  1, . . . , 𝑁.               Eq. 8 

where: 

• 𝑚̇𝑐𝑑 and 𝑐𝑝,𝑐𝑑: mass flow rate and specific heat capacity of water in the condenser circuit.  

• The electrical power of the heat pump is assumed to be equal to the difference between the 
power provided by the condenser and the power in the evaporator (neglecting any heat 
losses, with the heat pump tests confirming that this is a valid assumption).  

o The thermal power on the evaporator side 𝑄̇𝑒𝑣,𝑒𝑚𝑝(∙) is given by an equation-fit 

correlation that has been produced after processing the heat pump measurements. 
This correlation includes parameters that are different and depend on whether the 
evaporator source is water (                                              Eq. 9) or air (                                             Eq. 
10).   

𝑄̇𝑒𝑣,𝑒𝑚𝑝,𝑤 =  𝑎0 + 𝑎1𝑇𝑒𝑣,𝑖𝑛 + 𝑎2𝑇𝑐𝑑,𝑜𝑢𝑡                                              Eq. 9 

𝑄̇𝑒𝑣,𝑒𝑚𝑝,𝑎 =  𝑏0 +  𝑏1𝑇𝑒𝑣,𝑖𝑛 + 𝑏2𝑇𝑐𝑑,𝑜𝑢𝑡                                             Eq. 10 

o The thermal power in the condenser has a straightforward equation (                                                       
Eq. 11), and based on the heat pump characterisation process, an equation-fit model 
has been developed for both water (                                                Eq. 12) and air source 
operation (                                               Eq. 13).   

                                      𝑄̇𝑐𝑑 =  𝑚̇𝑐𝑑  𝑐𝑝,𝑐𝑑  (𝑇𝑐𝑑,𝑜𝑢𝑡 −  𝑇𝑐𝑑,𝑖𝑛)                                                       Eq. 11 

𝑄̇𝑐𝑑,𝑒𝑚𝑝,𝑤 =  𝑐0 +  𝑐1𝑇𝑒𝑣,𝑖𝑛 + 𝑐2𝑇𝑐𝑑,𝑜𝑢𝑡                                                Eq. 12 

𝑄̇𝑐𝑑,𝑒𝑚𝑝,𝑎 =  𝑑0 + 𝑑1𝑇𝑒𝑣,𝑖𝑛 + 𝑑2𝑇𝑐𝑑,𝑜𝑢𝑡                                               Eq. 13 

 
Table 5 provides the values of the different parameters used to describe the thermal power 
of the evaporator and condenser. These values have been determined by experimentation in 
the laboratory. 

Table 5 Parameters describing the power in the evaporator and condenser sides of the heat pump. 

Parameter Water-source Parameter Air-source 

𝑎0 9.921482107694256E+00 𝑏0 9.14582553491968E+00 

𝑎1 2.537262914174811E-01 𝑏1 2.4858957958198985E-01 

𝑎2 -4.4631821156813606E-02 𝑏2 -5.860872076898898E-02 



𝑐0 9.21291870167665E+00 𝑑0 9.613824026447336E+00 

𝑐1 2.61772791010E-01 𝑑1 2.5629891562259144E-01 

𝑐2 3.2727904136326834E-02 𝑑2 1.300806756199765E-02 

 

• 𝑻 is the vector of all temperature variables, i.e. [𝑇𝑐𝑑,𝑜𝑢𝑡, 𝑇𝑐𝑑,𝑖𝑛, 𝑇𝑒𝑣,𝑜𝑢𝑡, 𝑇𝑒𝑣,𝑖𝑛, 𝑇𝑝𝑣𝑡,𝑜𝑢𝑡, 𝑇𝑝𝑣𝑡,𝑖𝑛, 

𝑇𝑏, 𝑇𝑠ℎ, 𝑇𝑑ℎ𝑤,1, 𝑇𝑑ℎ𝑤,2] 

• 𝒛𝑒𝑣 = [𝑧𝑒𝑣,𝑏𝑡𝑒𝑠, 𝑧𝑒𝑣,𝑠𝑜𝑙𝑎𝑟 , 𝑧𝑒𝑣,𝑎𝑖𝑟 ]⊤ is the vector of binary variables that determine the power 
in the evaporator. 

•  𝒛𝑐𝑑 = [𝑧𝑐𝑑 , 𝑧𝑐𝑑,𝑜𝑝𝑒𝑟]⊤ is the vector of binary variables that determine the power in the 

condenser. 

• 𝒛 = [ 𝑧𝑒𝑣,𝑏𝑡𝑒𝑠, 𝑧𝑒𝑣,𝑠𝑜𝑙𝑎𝑟 , 𝑧𝑒𝑣,𝑎𝑖𝑟 , 𝑧𝑐𝑑 , 𝑧𝑝𝑣𝑡] 𝑇is the vector of all binary variables. 

•   Eq. 2 i.e., F(·) = 0, describes the dynamics of the system. Details on the system dynamics are 
provided in [42]. 

• 𝑁 is the number of control timesteps or the optimization horizon 

•                             Eq. 3 to                   Eq. 6 ensure that the binary control variables take the 
permitted values. 

•                                                   Eq. 7 imposes upper and lower bounds on the temperature states. 

•                Eq. 8 imposes bounds on the main control variable. 

It is worth mentioning that the optimization problem described above is a mixed-integer non-linear 
programming problem, which can be difficult to solve. This becomes an issue especially when used in 
real-time control during field tests with priority to ensure the thermal comfort of the building’s 
occupants; if the optimization problem does not reach a solution at a given control interval, no control 
signals will be issued and this could lead to occupant discomfort. Thus, a pure non-linear 
approximation of the problem was derived. In this approximation, the integer constraints on the 
decision variables were relaxed i.e. instead of a decision variable that selects a specific source for the 
evaporator during the whole control interval, the optimization allows to select as source a mixture of 
the various sources available during a control interval. In terms of power supplied by each source, this 
is addressed by further splitting the control interval according to the proportion required by each 
source, and the source switching is done accordingly. This formulation gives a purely non-linear model 
where the accuracies of each of the system models is not compromised.   

3.2  Control setup/strategy 

The optimization problem described in the previous section is solved using model predictive control 
(MPC) [12], which solves an optimization problem by computing optimal control signals at each control 
interval while ensuring that a set of input and state constraints are satisfied and minimizing a specific 
objective. The algorithm uses the receding horizon control approach with control signals computed at 
every control interval and the optimization horizon shifted forward at each control step. Feedback 
into the system through state estimation allows to correct any deviations of the prediction from reality 
by updating the initial conditions of the system with measurements or estimates of the system 
parameters. Figure 4 shows a schematic overview of the MPC process. 



 

Figure 4 Schematic overview of MPC 

A data-driven forecaster was developed to forecast the space heating demand. The forecaster relied 
on historical measurements of the space heating demand, and historical and forecast information of 
the outdoor temperature as input features as shown in Table 6. During the real-life operation, the 
forecaster was retrained once every day (in the morning) using historical data from the last 60 days. 
New predictions were made every hour. 

Table 6. Input features of space heating forecaster (D+X = current timestep + X days) 

Feature name D+1 D-1 D-2 D-7 

Forecasted outdoor temperature [°C] X X X X 

Measured SH demand [W] - X X X 

Hour of the day X - - - 

A fixed residential DHW profile was used for the hot water consumption. Thus, the hot water demand 
forecast was replaced by this profile. The solar irradiation forecast was obtained from the commercial 
forecasting service of Rebase energy [43] and the outdoor temperature forecast from the Norwegian 
Meteorological Institute [44]. 

The MPC controller generates optimal energy profiles for charging the space heating and the DHW 
tanks for the next 24 hours with a control interval of 30 minutes. These profiles indicate the optimal 

energy that should be taken from the BTES, air or solar tank to charge the space heating (𝑄̃𝑠ℎ) and hot 

water (𝑄̃𝑑ℎ𝑤) tanks, to meet the building demand. A profile on the optimal energy from the PVT to 
charge either the solar tank or the hot water tank is also generated. These profiles are then sent to 
the cloud controller, which in turn sends the optimal energy to the local BEMS controller in real-time 
at each control timestep, 𝑘. The BEMS controller adjusts the temperature setpoints of the space 
heating and DHW tanks taking into account the temperature boundaries in  

 

 

 

Table 7. The following rules are used for the DHW tank: 

- If 𝑄̃𝑑ℎ𝑤  >  0, 𝑇𝑠𝑒𝑡 is set to 51 °C until the accumulated heat, 𝑄, charged into DHW tank 

reaches 𝑄̃𝑑ℎ𝑤 

- If 𝑄̃𝑑ℎ𝑤  =  0, 𝑇𝑠𝑒𝑡 is set to 46 °C, which ensures that an adequate amount of heat is always 

present in the tank to supply the hot water needs of the building.  



 

 

 

 

Table 7. Buffer temperature boundaries 

Component Temperature boundaries 

Solar buffer Min: 0 °C, Max: 23 °C 

DHW tank 
Min: 10 °C, Max: 60 °C (bottom part of the tank) 

Min: 46 °C, Max: 51 °C (top part of the tank) 

Space heating tank  Min: 40 °C, Max: 52 °C 

BTES Min: 14 °C, Max: 21 °C 

Figure 5 provides an overview on how the control signals are deployed in the system. A similar set of 
rules is used for implementing control signals for the space heating tank. 

 

Figure 5 Illustration of the deployment of the control signals issued by the MPC controller. 

4 Results 

The pilot demonstration was carried out for a residential setup in Athens, Greece. An optimisation 
horizon of 24 hours was used with a control interval of 30 minutes. The field test with the BEMS control 
started at the beginning of winter 2022 with response tests and troubleshooting and became fully 
functional by the end of November 2022 running until the end of April 2023. The next sections discuss 
the results for the month of January (6/1/2023 – 31/1/2023) during the heating season, when the pilot 
was sorely controlled by the BEMS without any interruptions. Before the BEMS control went 
operational, the local control was occasionally handling the system operation serving as a benchmark 
to the BEMS control, to identify the energy savings potential. 

4.1 Space heating and DHW forecasts 

A comparison of the space heating measurement and forecast averaged per hour to obtain a 
representative day during January 2023 is shown in Figure 6. The space heating demand forecasts 
closely follows the actual space heating demand with a root mean square error (RMSE) of ≈1 kW 
throughout the month of January. The small deviations are due to the uncertainties in the user 



behaviour, since the building is occupied by four people during the day. The peak of the demand in 
the morning (around 08:00 local time) is due to the sudden increase of the rooms’ setpoint by 2 °C, 
requesting a significant amount of heat and for at least a 2-hour period. 

 

Figure 6 Comparison of the daily average hourly space heating actual measurement and forecast for 
a representative day during the period 6/1/2023 – 31/1/2023 

Figure 7 shows a comparison of the profile used for the hot water demand and the actual 
measurements. The difference in these two profiles indicates the uncertainty in the inlet tap water 
temperature that slightly varies during the day and affects the provided heat demand profile. 
However, the RMSE is rather small and equal to ≈234 W. The tapping cycles closely follow the timing 
defined in the EN16147:2017, starting at around 07:00 in the morning and ending at almost 22:00 at 
night. 

 

Figure 7 Comparison of the daily average hourly hot water demand actual measurement and the 
profile for a representative day during the period 6/1/2023 – 31/1/2023. 



Overall, the daily cumulative energy demand from the forecast and real measurements for space 
heating and DHW are quite similar (forecasts vs. measurements: 64.04 vs. 57.82 kWh for space heating 
and 6.73 vs. 6.51 kWh for DHW), revealing the reliability of the two forecasters, which is a critical 
aspect in any MPC approach. 

4.2 Optimization results 

In this section the optimization results are discussed by looking at the daily average for the whole test 
period in January and a specific day (9/1/2023) that has similar weather conditions to those of a test 
day with the local control, which serves as a benchmark to identify the benefits introduced by the 
optimized control.  

4.2.1 Heat sources of the heat pump 

The first part of the optimization results discusses how the different heat sources of the heat pump 
are selected by the controller. The relative time spent by the heat pump with the different sources 
(air, BTES or solar buffer) to provide heat for space heating are shown in Figure 8 (monthly average) 
and Figure 9 (specific day 9/1/2023). Similar plots for the domestic hot water are shown in Figure 10 
and Figure 11. The heat pump operates for charging the DHW tank (the top layer) only a few times in 
a day as shown in Figure 11, due to the relatively low demand and the low tank volume. However, 
since this occurs at different periods of each day, the average shown in Figure 10 is obtained. 

As shown on the plots, most of the heat for space heating and hot water provision is supplied by the 
heat pump with the BTES as its main source of heat. During the days with sunshine, the solar buffer is 
charged by the PVT collectors at a temperature higher than that of the BTES (typically after 11:00 in 
the morning), causing the controller to select the solar buffer as the heat source to the heat pump 
even in the evening hours (e.g. at 21:00-22:00). Air as a heat source to the heat pump is never used 
due to the low outdoor air temperatures in winter, with the use of the virtual BTES favoured due to 
its constant temperature of 18 °C (air source would be favoured if ambient temperature would have 
been about 7-8 K higher than the BTES temperature). 

 

Figure 8 Daily average relative time of sources used by the heat pump for space heating– 6/1/2023 – 
31/1/2023 



 

Figure 9 Relative time spent by the heat pump with the different sources for space heating on a 
specific test day – 9/1/2023 

 

Figure 10 Daily average relative time of sources used by the heat pump for hot water provision – 
6/1/2023 – 31/1/2023 



 

Figure 11 Relative time spent by the heat pump with the different sources for hot water provision on 
a specific test day – 9/1/2023 

Regarding the interactions between the PVT collectors with the solar buffer and the DHW tank, the 
collectors directly charge the DHW tank for very limited periods during the day (this occurred only 
once in January at early afternoon). This is because the solar fluid temperature of the collectors is not 
high enough to directly supply the DHW tank due to the low ambient temperature that increases the 
heat losses of the collectors. The collectors were almost exclusively charging the solar buffer tank 
increasing its temperature, which was frequently discharged by the evaporator of the heat pump. It is 
worth mentioning that in the pilot demonstration, there was no neutral position setting for the valves. 
The solar pump of this circuit was actuated by an independent controller based on the temperature 
difference (inlet/outlet) of the collector field. When the solar pump was not running, the default 
position of the solar valve was set to direct the flow towards the solar buffer. 

4.2.2 Tank temperatures 

Figure 12 (daily average) and Figure 13 (specific day) show the evolution of the tank temperatures: 
space heating tank temperature (𝑇𝑠ℎ) and DHW tank temperatures (𝑇𝑑ℎ𝑤1 for bottom of tank and 
𝑇𝑑ℎ𝑤2 for top of tank), together with their minimum and maximum values. Both the space heating and 
hot water tanks are charged to high temperatures (45 °C and 49 °C respectively) in the morning due 
to the forecasted increase in the space heating and hot water demand as can be seen in Figure 6 and 
Figure 7. The space heating tank is operated at very stable temperatures and closer to its lower 
temperature setpoint for most of the day, which favours the heat pump COP. Thus, reducing the 
energy consumption and consequently the standing losses since this tank is installed outdoors. 
Similarly, the temperature of the top layer of the DHW tank fluctuates around 45-46 °C for most parts 
of the day, which is the minimum temperature for keeping the tap outlet temperature in the proximity 
of 45 °C, which is the targeted value. However, in the morning, the DHW tank temperature falls below 
the minimum setpoint because the tank was not charged enough (49°C for the daily average and 47 
°C on a specific day) to meet the peak hot water demand in the morning, when there are frequent 
tapping cycles (4 in total starting from 07:15 and ending at 08:45). The thermal power discharged 
during each cycle is around 10 kW, causing a sudden drop to the tank temperature. This triggers the 
heat pump operation, but its starting sequence requires about 2 minutes (e.g. to allow the complete 
change of the valves’ direction), which is enough for the temperature to drop below the minimum 
value. The bottom layer of the DHW tank remains inactive during this period because it is not charged 
by the collectors during that day and any variation of its temperature is caused by the water mixing 
within the tank during the tapping cycles. 



 

Figure 12 Daily average tank temperatures – 6/1/2023 – 31/1/2023 

 

Figure 13 Tank temperatures on a specific test day - 9/1/2023 

4.2.3 Performance and energy flows 

Table 8 summarises the results over the period 6/1/2023 – 31/1/2023, by giving the main heat and 
electricity flows in the system. A significant amount of the building heat demand is served by the heat 
pump, since only a very small share of DHW demand is covered directly by the PVT collectors, as 
previously explained. Moreover, the available heat from the solar buffer represents a small share of 
around 18% of the total heat source to the heat pump (around 40 kWh per day). In case the system 
layout did not consider the use of a (virtual) BTES field, this share would have increased, favouring the 
use of this source instead of air for a longer duration. This would also favour the collector efficiency, 
which would operate at an even lower temperature with less heat losses. In terms of electricity flows, 
the PVT electricity generation is much less compared to the heat pump electricity consumption due 
to winter conditions (the collectors produce around 4 kWh in a typical summer day). Since the 
optimization objective is geared towards minimizing electricity consumption of the heat pump and 



not self-consumption of the local electricity generation, a detailed discussion of this result is out of 
the scope of this work.  

Table 8 Summary of results over the period 6/1/2023 – 31/1/2023 

 Heat load 
for SH 
and DHW 
[kWh] 

Total heat 
of HP 
[kWh] 

HP total 
electricity 
consumptio
n [kWh] 

Heat PVT to 
solar buffer 
[kWh] 

Heat PVT to 
DHW tank 
[kWh] 

Electricity 
PVT [kWh] 

Daily 
average  

64.31 64.95 25.13 7.24 0.04 1.88 

6/1/2023 – 
31/1/2023 

1672.07 1688.76 653.34 188.19 1.07 48.79 

The heat production of the heat pump for charging the two tanks is higher than the actual load due to 
heat losses. These become significant in winter since many parts of the installation are outdoors 
(space heating tank, fan coils pump, piping and 3-way valves) and have been estimated to about 4% 
from the whole piping circuit and 1% from the tank. The electricity consumption of the heat pump 
includes all stand-by (≈130 W) and auxiliary (≈110 W) power consumption. During operation, these 
values are much lower than the compressor power (which is ≈4-4.5 kW) and are usually neglected. 
However, here  the calculated heat pump performance includes all power consumptions of the heat 
pump.  

Figure 14 (daily average) and Figure 15 (specific day) indicate the main heat flows of the system. 𝑄𝑐𝑑_𝑠ℎ 
and 𝑄𝑐𝑑_𝑑ℎ𝑤 represent the heat provided by the heat pump to the space heating and the DHW tanks 
respectively (values given in kWh). Peak heat production by the heat pump condenser occurs in the 
morning to meet the peak heating load. As mentioned earlier, most of the heat production by the PVT 
collectors charges the solar buffer (𝑄𝑝𝑣𝑡_𝑠𝑜𝑙𝑎𝑟_𝑏𝑢𝑓𝑓𝑒𝑟 ) with a very limited amount directly charging the 

DHW tank (𝑄𝑝𝑣𝑡_𝑑ℎ𝑤). 

 

Figure 14 Daily average system heat flows: heat produced by the heat pump for space heating 
(𝑄𝑐𝑑_𝑠ℎ) and domestic hot water supply (𝑄𝑐𝑑_𝑑ℎ𝑤), heat produced by the PVT collectors for charging 

the DHW tank (𝑄𝑝𝑣𝑡_𝑑ℎ𝑤) and the solar buffer (𝑄𝑝𝑣𝑡_𝑠𝑜𝑙𝑎𝑟_𝑏𝑢𝑓𝑓𝑒𝑟)  – 6/1/2023 – 31/1/2023. 



 

Figure 15 System heat flows: heat produced by the heat pump for space heating (𝑄𝑐𝑑_𝑠ℎ) and 
domestic hot water supply (𝑄𝑐𝑑_𝑑ℎ𝑤), heat produced by the PVT collectors for charging the DHW tank 

(𝑄𝑝𝑣𝑡_𝑑ℎ𝑤) and the solar buffer (𝑄𝑝𝑣𝑡_𝑠𝑜𝑙𝑎𝑟_𝑏𝑢𝑓𝑓𝑒𝑟)   - specific test day 9/1/2023. 

The COP of the heat pump varies throughout the day during its operation as shown in Figure 16 and 
Figure 17 when the heat pump is serving the space heating and DHW tanks respectively. The COP is 
always greater 2 in both modes of operation averaging to 3.37 for space heating operation and 3.58 
for the DHW operation throughout the January test period. With most of the solar heat used for 
charging the solar buffer, this leads to an increase in the heat pump COP when the solar buffer is the 
heat source because the temperature of the water from the solar buffer is higher than the BTES field 
temperature. However, this happens a few times per day, with the performance enhancement being 
small. This improvement is observed around the noon hours, when the COP for space heating 
approaches or even exceeds values of 3.5. Finally, a very low COP is observed especially very early in 
the morning because the heat pump operates for very few minutes, with the start/stop sequence 
contributing to the auxiliary consumption and the heating up of the heat exchangers. 

 

Figure 16 Average heat pump COP for space heating and hot water – 6/1/2023 – 31/1/2023 



 

Figure 17 Heat pump COP for space heating and hot water provision – specific test day 9/1/2023 

4.2.4 Comparison of BEMS with local control over a one-day operation period 

Table 9 compares the operation of the BEMS and the local control (business-as-usual mode of 
operation) of the system, using the daily values from the system operation on two days (4/1/2023 for 
local control and 9/1/2023 for the BEMS control) with similar weather conditions. Even though both 
days have a similar average outdoor temperature and total solar radiation (on all collectors with a 
surface of 8.6 m2), there is a 3.55 kWh difference in the heat demand (≈5%). This could be caused by 
the higher solar radiation during the day that the BEMS control was active and the user behaviour. 
Despite the DHW heat demand on the day with BEMS control being slightly higher, overall the heat 
pump electricity consumption is reduced with the BEMS control by 7%. Notice that with the BEMS 
control, the heat pump operates at a slightly higher COP for both space heating and DHW, because it 
is able to charge the tanks at smaller steps while also keeping the tanks at lower average temperatures 
(closer to their lower bounds). It should be stressed that a similar trend is observed during all other 
days regarding the COP and electricity consumption for space heating. 

Table 9 Comparison of BEMS with local control 

Daily values Local control – 04/01/2023 BEMS control – 09/01/2023 

Average outdoor temperature [°C] 8.73 8.63 

Solar radiation [kWh] 41.55 42.20 

PVT heat total [kWh] 12.12 11.40 

PVT heat to DHW [kWh] 0.00 0.00 

PVT electricity [kWh) 2.45 2.52 

DHW heat demand [kWh] 6.51 6.73 

Building heating demand [kWh] 69.81 66.26 

HP electricity consumption [kWh] 28.76 27.00 

COP for DHW [-] 3.16 3.39 

COP for SH [-] 3.35 3.37 

COP total [-] 3.25 3.38 



4.2.5 Comparison of BEMS with local control over the whole winter period 

The field tests were conducted over the whole winter period of 2022-2023, developing correlations 
that provide the daily electricity consumption of the heat pump for space heating (𝑃𝐻𝑃 ℎ𝑒𝑎𝑡) as a 
function of the daily ambient temperature (independent variable with the highest effect on this 
consumption). Different correlations were developed for local and BEMS control, given by (Eq. 14) and 
(Eq. 15) respectively (fitting accuracy with R2 of around 75%). 

𝑃𝐻𝑃,ℎ𝑒𝑎𝑡−𝐿𝑂𝐶𝐴𝐿 = 4.31840721𝐸 + 01 − 2.80338668𝐸 + 00 𝑇𝑎𝑚𝑏 + 3.44482156𝐸 − 02 𝑇𝑎𝑚𝑏
2  

Eq. 14 

𝑃𝐻𝑃,ℎ𝑒𝑎𝑡−𝐵𝐸𝑀𝑆 = 3.48982505𝐸 + 01 − 1.82584030𝐸 + 00 𝑇𝑎𝑚𝑏 + 1.13760238𝐸 − 02 𝑇𝑎𝑚𝑏
2  

Eq. 15 

Where 𝑇𝑎𝑚𝑏 is the average daily ambient temperature (in °C) and the electricity consumption is given 
in kWh/day. 

Using these two correlations and the measured data collected during  the entire testing period 
(November 2022 to mid of April 2023), the results are given in Figure 18 i.e. heat pump electricity 
consumption for space heating as a function of the daily ambient temperature. It should be highlighted 
that the available data include temperatures from around 5 °C up to almost 18 °C. 

 

Figure 18 Measured and correlated daily electricity consumption of the heat pump for space heating 
for the two control modes 

Most of the days are characterised by daily ambient temperatures in the range of 8-12 °C with few 
days below 6 °C. Based on Figure 18, it becomes clear that the BEMS reduces the electricity 
consumption of the heat pump compared to the local control especially during the colder days, when 
the building load is high and the negative effect of frequent start/stop occasions becomes negligible. 
The opposite is observed during warmer winter days, when the heat pump operates few times per 
day. In this case, it is preferrable to fully charge the space heating tank instead of forcing the charging 
process to follow the minimum allowed tank setpoint. 

5 Conclusions and lessons learned 

This paper has discussed the use of MPC in a real-life operational control of a multi-source heat pump 
to leverage flexibility from heat pump heat sources, space heating and domestic hot water tanks for 
energy savings. The MPC controller relies on forecasts of the weather, space heating and hot water 
demand, together with the system constraints to make optimal decisions on how much heat to take 
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from each of the input sources (air, BTES or solar buffer), which tank (space heating or hot water) to 
serve and which tank (solar buffer or domestic hot water tank) to direct the output of the PVT 
collectors to. This emphasizes the importance of accurate forecasts as they have a direct impact on 
the quality of the controller output/decisions. For the field test during almost one winter month 
(January 2023), the developed space heating demand data-driven forecaster achieved a RMSE of 
around 1 kW. A fixed hot water demand profile was used in the field tests. However, a RMSE of 234 
W was observed between the actual and the expected measurements. These show that there is always 
some inherent uncertainty around user-behaviour and weather forecast, which cannot be completely 
solved even by imposing a fixed pattern on the users. Therefore, it would be interesting to explore 
different ways on how to model and incorporate this uncertainty in the forecaster itself or when 
solving the optimisation problem.  

Results from the field test have demonstrated the potential and added value of MPC via a building 
energy management system. The BEMS control led to a ≈7% reduction in the heat pump electricity 
consumption compared to the business-as-usual control (with similar number of heat pump start/stop 
cycles). The main challenge of MPC experienced in this project is the significant amount of effort 
required to develop sufficiently accurate white-box models of the different system components. This 
reduces the replicability of the algorithm in buildings without the exact same system components. A 
future step would be to move towards physics-informed data-driven system modelling, adapting and 
using the standard/simplified physical equations as a starting point for machine learning techniques 
together with data from system operation for learning the system dynamics. This would significantly 
reduce the resources required for system modelling without compromising the model accuracy after 
the training period is finalised. 

The field test also showed the importance of a fallback controller when there was a communication 
failure or other issues that led to control signals not being issued or sent. Without a fallback controller, 
the end-users would potentially experience some discomfort, which affects their willingness to accept 
smart control in their buildings. 

These outcomes from the field test serve as proof of the potential of MPC via BEMS in buildings with 
real user behaviour, paving the way for further developments and improvements. The focus has been 
on energy savings without considering self-consumption of the local generation or cost of 
buying/injecting power to the grid. Thus, an immediate future step would be to consider multi-
objective optimisation combining energy savings and self-consumption of the local generation taking 
also into account the cost of injecting/drawing power to/from the grid. 
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