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Abstract 

Conventional design methods oversize heat pump 

systems to ensure heat supply coverage. Oversizing might 

lead to efficiency losses due to part load operation and to 

high investment cost. To overcome those issues already in 

the design process, decisions on refrigerant, heat pump 

and system level must be made simultaneously. Based on 

process intensification and a stepwise simulation 

procedure, we introduce integrated design and refine it to 

pave the way towards model predictive control (MPC). 

Compared to conventional methods, annualized costs 

(emissions) are reduced by 15% (10%) using the same 

refrigerant and flowsheet even without MPC. Further 

developments presumably offer even higher potential 

using MPC. 

Key Innovations 

● Integrated design of heat pump systems 

● Process intensification applied to heat pump 

systems 

● Stepwise simulations towards MPC in design 

Practical Implications 

Based on annual system simulations, our method designs 

a heat pump system optimally according to its annualized 

costs and emissions. It can easily be adapted to other 

energy systems to determine optimal sizing according to 

a demand considering operation already in the design 

process. 

Introduction and State of the Art 

The reduction of greenhouse gas emissions to mitigate the 

increase in the earth's temperature is a common goal of 

the parties to the Paris Climate Agreement (United 

Nations, 2020). Especially in Germany, the building 

sector, which accounts for about 30 % of greenhouse gas 

emissions, a nearly climate-neutral building stock is 

required by 2050 (Bundesregierung Deutschland, 2016). 

In addition to cost-intensive renovation measures, a 

gradual move away from fossil heating systems 

(Bundesregierung Deutschland, 2016) is envisaged.  

An alternative to fossil heating systems are electrically 

driven heat pump systems (HPSs). HPSs use heat from the 

environment and make it available for heating systems at 

a higher temperature level by supplying electrical energy. 

While the HPS sales for new buildings are continuously 

increasing, the breakthrough in existing buildings has 

been restrained so far (Bundesverband der Deutschen 

Heizungsindustrie, 2019; Bundesverband Wärmepumpe 

(BWP) e.V. 2020). However, due to decade long building 

use (Bundesregierung Deutschland, 2016) and a new 

construction rate of only 0.85 % (Bürger, 2017), this 

sector in particular is elementary to achieving the climate-

neutral building stock. Consequently, the attractiveness of 

HPSs for application in building retrofitting needs to be 

increased in order to push the transformation process of 

this sector. 

In building retrofit, primarily air-source HPSs are a 

promising alternative due to the low installation cost and 

lack of approval procedures (Albers, 2017; Keinath, 

2017). Its investment costs still significantly exceed those 

of a gas condensing boiler (Keinath, 2017). Furthermore, 

high electricity and low gas prices might lead to higher 

operating costs (Bundesverband Wärmepumpe (BWP) 

e.V. 2015). Thus, the economic efficiency must 

significantly be increased with regard to both the 

investment and the operating costs of the HPS to be 

competitive with conventional systems. 

The economic efficiency of HPS is determined by the 

investment and operating costs. The investment costs are 

mainly determined by the design sizes of the HPS, while 

the operating costs mainly result from the electricity 

consumption for heat provision (Vering, 2019). For 

building-specific heat demands, the electricity purchase 

during operation is largely dependent on the temperature 

levels of sink and source as well as the overall efficiency 

of the system.  

The overall efficiency depends on both the performance 

of the system (refrigerant, flowsheet and system 

components) and controller of the HPS. In addition, 

inadequate design might favor part load operation and 

start-up losses, which also might reduce the overall 

efficiency (Bargarella 2016; Vering, 2021 (a)). To 

account for the influence of complex control algorithms 

on design optimization, simultaneous optimization of 

design and operation is necessary.  

In common normative design procedures according to 

German guideline VDI 4645 (VDI, 2018) and european 

standard EN 15450 (DIN, 2017), a sequential design of 

bivalent monoenergetic HPS of the system components 

heat pump (HP), auxiliary heater (AH), buffer storage 

tank (BT), domestic hot water storage (DHW) tank and 

control, is specified (Vering, 2019: VDI, 2018; DIN 

2017). Simplified heuristics are used in these procedures, 

which are intended to ensure the coverage of the heating 
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and domestic hot water demands even at extreme 

boundary conditions. Interactions of the individual 

components are not considered (Vering, 2019). However, 

contrary to this simplification, different studies 

demonstrate that the interactions of the system 

components have a significant impact on the cost-optimal 

design and thus the operation of HPS (Bargarella, 

2016; Dongellini, 2017; Liang, 2015).  

Dongellini et al. (2017) consider the influence of different 

bivalence temperatures on primary energy demand, 

annual performance factor, and number of switching 

cycles for bivalent HPS. The case study recommends 

sizing the HPS to half of the maximum heat demand. 

Bagarella et al. (2016) highlight that for constant speed 

HP and the BT there are trade-offs in terms of design size 

and efficiency. Also considered in the modelling is the de-

icing of the evaporator. In Liang et al. (2015), this serves 

as the basis for a new design procedure at the refrigeration 

circuit level, which takes into account the reduction of the 

evaporator capacity as a result of possible icing. 

In addition to these interactions discussed in the literature, 

the operating limits of the HP, which depend on the choice 

of refrigerant and the refrigeration cycle, as well as the 

thermal disinfection of legionella in the domestic hot 

water have an influence on the system behavior of the HP 

and AH. The latter further depends on uncertain, location-

dependent weather data as well as the thermal comfort of 

the user. These considerations will be explained with 

reference to Figure 1. 

 

Figure 1: Interdependencies of refrigerant, flowsheet, 

heat pump systems, system controller depending on the 

scenario, which need to be covered by an integrated 

design procedure for heat pump systems to ensure 

optimal target functions. 

The optimal sizing of HP and AH depends on both heat 

demands and supply temperature levels. The maximum 

supply temperatures of a standard HP with R410A as 

refrigerant are shown exemplary. Dashed lines indicate 

changes through usage of R32 as a refrigerant. Similar 

considerations apply to other flowsheets and refrigerants, 

respectively. Besides thermodynamics, the choice of 

refrigerant also has environmental implications.  

The necessary supply temperatures to ensure thermal 

comfort depend on the subsystems distribution and 

control, the user behavior and the insulation standard. The 

latter two are uncertain, just like the weather data. 

Achieving these temperature levels at all times and for all 

scenarios is essential for the thermal comfort of the user. 

Thus, the efficiency of the HP depends on the choice of 

refrigerant, flowsheet and control strategy as well as other 

subsystems and uncertain scenarios. To account for all 

these interdependencies, an integrated design approach is 

necessary. 

All mentioned interactions are currently not considered in 

any known design procedure. In order to evaluate the 

potential of air-source HPs for building refurbishment in 

a well-founded way, a method is necessary, which is able 

to design a technical system in a systematic way 

considering multiple system levels. One such method 

already considering those requirements is the systematic 

process intensification (PI) from the field of process 

engineering (Lutze, 2011). Its aim is to reduce the use of 

resources for the provision of a product.   

PI is not uniformly defined (Keil, 2018), but according to 

(Saulich, 2019), the definition of the European Roadmap 

for PI aptly summarizes the essential aspects as 

"Producing much more with much less" (Moulijn, 2008). 

This is usually achieved by integrating multiple physical 

phenomena (Keil, 2018; Saulich, 2019) at all process 

levels (Moulijn, 2008).  

While PI has been used in process engineering for a long 

time (Fernandez Rivas, 2020; Keil, 2018; Tian, 2018), 

there are currently few known application examples for 

building energy systems (Ohadi, 2019, Reay, 2008). One 

possible reason is the limited number of physical 

phenomena (heat transfer, phase change, and pressure 

difference). With respect to the whole heating system, 

however, PI offers a great potential to refine the HPS 

design process. Systematic methods to achieve PI are 

divided into knowledge-based, optimization-based 

(Demirel, 2019), and hybrid methods (Babi, 2015; Lutze, 

2010; Lutze, 2013; Tian, 2018). The latter combine 

heuristics to select possible options before superstructure-

based optimization (Lutze, 2010). This reduction of the 

complexity of the overall problem in advance of 

optimization is coherent with the present requirements. 

Therefore, this systematic PI (SPI) methodology is 

considered useful to answer the question of an integrated 

design of HPS. 

This paper contributes to the integrated design of HPSs by 

preparing the way to integrate MPC already in the design 

process of such processes. Therefore, the paper is 

structured as follows: 

● We introduce the integrated design of HPS using 

process intensification and shows its potential. 

● We describe our case study to refine the HP 

design by taking MPC already in the design step 

into account. We present the first results of 

stepwise simulation towards MPC. 

● We discuss the possibilities and limitations of 

our presented work 

● We summarize the contributions and give an 

outlook for future developments. 
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Integrated Heat Pump Design 

According to the challenges mentioned above, the 

methodology of systematic PI adapted to HPSs yields 

Figure 2. SPI according to Lutze (2010) is defined as a 

procedure with five steps for process improvement. The 

improvement is based on models, heuristics and 

optimization steps as well as experiments for validation. 

Applied in building technology, SPI can also be 

successfully used for the design of HPSs (Vering, 2020). 

 

Figure 2: Five steps of process intensification according 

to Lutze (2010) applied to the design optimization of 

HPSs. The method introduces the reduction of solution 

space to determine the best design for a pre-defined 

scenario.  

The graph of the solution space reduction is adapted 

according to the potentials of renewable energies 

(German Advisory Council, 2014). Based on several input 

parameters (location, weather, building, user) and 

uncertain scenarios, the optimization problem is defined 

(step 1). This describes how to increase the economic 

efficiency of HPSs while minimizing emissions. The 

general formulation of the optimization problem yields 

the exploration of the theoretical design space. This 

design space has inherent solutions that minimize for 

example emissions. However, these solutions are 

technically not feasible. Thus, the design space needs to 

be reduced in order to efficiently find optimal and feasible 

solutions. Thus, in step 2, valid and feasible components 

are selected to span the technical design space. This 

systematically reduces the solution space from all 

theoretical to technical solutions. In this context, this 

includes a replacement of conventional technologies by 

HPSs for a sustainable building supply. However, 

technical feasible solutions might not be economically 

feasible. Therefore, a further design space reductions 

needs to be done.  

In step 3, the technical solutions are reduced to the 

actually purchasable, economic solutions. For this 

purpose, models have to be created and experiments have 

to be planned to validate those models. Specifically for 

the optimal design of HPS, this means formulating models 

for the refrigerant, the refrigeration cycle, the operating 

envelope, boundary conditions for thermal disinfection, 

and evaporator frost formation. The interconnection of 

technical and economical feasible solutions in step 4 yield 

possible superstructures. This reduces the economic 

design space to the mathematically solvable solution 

space. Within this solution space, the design optimizer 

finds the optimal solution for a dedicated problem of step 

1. This solution can be built to perform experiments and 

thus validate the models. 

One important component of the HPS is its controller (cf. 

Figure 3), which ensures operation at transient boundary 

conditions such as changes in outdoor air temperature or 

building heat load. Following recent literature (Thibault, 

2020), the system controller can be divided into the 

Supervisory Control Layer (SCL) and Local Control 

Layer (LCL). The SCL specifies the set points for the 

LCL.  
 

  System Controller 

 

Figure 3: Meta structure of a heat pump system 

controller separated in SCL and LCL. For the entire 

system, all relevant measurement variables, set variables 

and flow variables (mass, enthalpy) as well as their 

interdependencies indicate the complexity of the problem 

formulation.  

The LCL minimizes the control difference of the 

individual control loops. Figure 3 schematically illustrates 

all relevant parts of the system controller model in a HPS 

and serve as system superstructure in this paper. 

Typically, the SCL specifies the set points for the BT 

temperatures to the LCL on the basis of the outdoor air 

temperature, the room temperature and the set point 

temperature of the DHW. The LCL controls the HP, the 

AH, the BT and DHW tank. Commonly, to decrease the 

number of system start-ups, the storage tank temperatures 

are set via hysteresis controls.  

For comfort reasons, charging the DHW tank is given 

priority. If a tank temperature falls below the lower limit 

of the hysteresis, it is charged again. The heat is supplied 

by the HP and, if its output is insufficient, additionally by 
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the AH. The HP’s part load ratio is controlled by a PID 

controller, the AH by an ON-OFF control. 

In all use cases, we model the whole system using models 

from the AixLib (Müller, 2016). Besides optimization 

variables, further model parameters are selected either in 

dependency of the design (e.g. mass flow rates) or the 

standard parametrization is used. The optimization is 

implemented in Python. 

Using the pre-defined system and controller setup, we 

apply a two-stage optimization of design and control 

(Vering, 2021 (b)). Our method is able to compute 

optimal designs for HPS with respect to annualized costs 

and emissions at optimized control strategies. The latter 

means an optimization of compressor PID parameters, 

which are the proportional gain 𝐾𝑝 and integral time 

constant TI . This implies no optimization of the derivative 

term, which was proven to have no great impact in Vering 

et al (2021, (c)). In the superstructure based optimization 

of refrigerant, flowsheet, system and control design, we 

selected R410A, R290 and R32 as possible refrigerants. 

For flowsheets, we chose standard flowsheet and vapour 

injection with a flash tank. The optimization leads to cost 

and emission savings up to 10 % and 15 %, respectively, 

compared to systems, which use the same refrigerant and 

flowsheet but are designed with respect to EN 15450 

(DIN, 2017)(Vering, 2020). Comparing the normative 

design with state of the art refrigerant R410A and 

standard flowsheet, the savings increase up to 36 % for 

costs and 51 % in emissions. In all Pareto optimal cases, 

R290 and vapour injection flowsheet dominate other 

refrigerants and flowsheets (Vering, 2021 (b)).  

After discussing the influence of the refrigerant and 

flowsheet choice, we investigate the second stage in 

detail. We are able to prove the interaction between 

optimal PID parameter values and optimal HP sizing. This 

interaction is listed in Table 1. For the same refrigerant 

and flowsheet, the optimizer computes different HP sizes 

for the system with different control settings at similar 

overall costs and overall emissions. The list of Pareto 

optimal solutions arises through the multi-objective 

optimization of costs and emissions.  

Cost optimal solutions prefer smaller HP sizing as the 

investment is considerably lower. Since their heating 

power is comparably lower, their runtime increases. 

Additionally, higher values of 𝐾𝑝 and lower values of TI 

result in higher compressor speeds and thus a lower 

energy efficiency. However, this is compensated by 

shorter charging times, which leads to similar overall 

efficiencies and therefore implicitly similar annualized 

costs and emissions (Vering, 2021 (b)). 

All in all, the results from Table 1 show the 

interdependencies of heat pump system components 

between design and control. The optimized system setup 

already identifies optimization potential of about 10 % 

with respect to costs and an even higher potential with 

about 15 % regarding emissions. This proves our 

hypothesis that integrated design yields a systematic 

improvement of HPS technology.  

Table 1: Pareto optimal solutions in optimization of costs 

and emissions. Interdependencies between Pareto 

optimal heat pump design and control parameters are 

listed.   

�̇�𝐇𝐏 𝑲𝐏 𝑻𝐈 Costs Emissions 

[kW] [%] [h] [kE/a] [t/a] 

11.9 2.2 1.66 5.85 5.86 

10.4 9.5 1.13 5.81 5.86 

10.7 8.8 1.51 5.80 5.87 

10.0 26.2 1.00 5.80 5.88 

9.0 26.3 0.39 5.78 5.93 

However, so far we only optimized PID values on the 

LCL. The set points derived from the SCL are currently 

not optimized, which might imply further optimization 

potential. Confirming this, the literature shows even 

higher saving potentials when considering more 

sophisticated and predictive control strategies. One 

promising method, in most cases outperforming other 

methods, is model predictive control (MPC).  

Although MPC has a high implementation effort in 

general, we will implement it in our design method since 

we already use all models within the method. Hence, we 

extend our integrated optimization approach towards 

application of MPC. This enables us to investigate the 

influence of sophisticated control strategies on the design 

of HPS, which is not done in literature yet.  

Towards MPC in HPS Design Processes 

MPC is based on a discrete-time optimization model, 

which represents the behavior of the controlled system. 

The optimization model is used to determine an optimal 

control sequence of the BT set points for the LCL over a 

predefined control horizon, taking forecast data of a 

prediction horizon into account. 

The prediction horizon and the control horizon comprise 

𝑁 and 𝑁c  sampling intervals of the MPC with length 

𝑡s,mpc, respectively. Within a sampling interval of the 

MPC, the reference variables of the BT are constant 

(Dragona, 2020).  

The BT set point of the first MPC sampling period in the 

optimized control horizon is transferred to the system. 

Subsequently, the control horizon is shifted by one 

sampling period 𝑡s,mpc  and the new optimization problem 

is solved to determine the BT set point in the next MPC 

sampling period (Dragona, 2020). 

A genetic algorithm (GA) is chosen to determine the 

optimal control sequence of the BT set points. This makes 

it possible to use the non-linear models used in the 

integrated heat pump system design and not to make any 

further simplifications. This means that the described 

interactions are also taken into account in the optimisation 

of the BT setpoints. The logic of the GA is implemented 
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in Python and the evaluation of the individual populations 

is carried out by means of simulations via the predicted 

horizon. Since the predicted horizon includes several 

MPC sampling intervals, and therefore several BT 

setpoints, it is necessary to change the BT setpoints during 

a simulation. 

In the following, a framework is developed which enables 

the setpoints to be changed during an observation period. 

This makes it possible to integrate a MPC in the design 

process of the HPS. 

For the simulation of a building model with MPC, 

transferring the new set point for the next MPC sampling 

period requires that the current simulation has to be 

interrupted and a new simulation with the new set point 

has to be started. It follows that one simulation over an 

observation period has to be divided into many small, 

successive simulations. Each of these simulates one MPC 

sampling period (simulation length: 𝑡s,mpc). The resulting 

stepwise simulation over an observation period is shown 

in Figure 4. The four steps Optimization, Initialisation, 

Simulation and Storage run repeatedly until the complete 

observation period is simulated. The shown logic of the 

stepwise simulation is implemented in Python. 

Figure 4: Schematic structure of an MPC algorithm to 

compute the controller settings 

In step 1, the MPC determines the BT set point for the 

next MPC sampling period. Step 2 is the initialization for 

the next simulation of the MPC-sampling period, which is 

followed by a simulation of MPC sampling period 

(𝑡s,mpc). In step 4, the simulation final 𝑋final
𝑘   is stored. 

The initialization values for the next simulation includes 

the new BT set point which are determined in step 1 and 

the final of the simulation of the previous loop 𝑘 − 1 

(𝑋0
𝑘 = 𝑋final

𝑘−1). The final describes different system values, 

for example the storage and building temperatures as well 

as values from the system controller.  

To validate the described procedure for a stepwise 

simulation, step 1 is removed from the logic of the 

stepwise simulation and the BT set points of the SCL are 

kept constant for the complete observation period. This 

enables a comparison of a simulation, which is not 

interrupted (continuous simulation) and a stepwise 

simulation over an observation period. For the stepwise 

simulation the observation period is divided into several 

MPC sampling periods of length 𝑡s,mpc. As described, the 

MPC sampling periods are simulated successively. 

Between two simulations the final state of the previous 

simulation 𝑋final
𝑘−1  is set as the new initialization state for 

the following simulation (𝑋0
𝑘 = 𝑋final

𝑘−1).  

In the following the influences of the length of the MPC 

sampling period 𝑡s,mpc and the simulation sampling time 

𝑡s,sim is investigated. 𝑡s,sim describes the discretisation of 

the simulation model and represents the period length in 

which the solver computes the simulation model. For the 

comparison of  𝑡s,mpc and 𝑡s,sim the time ratio 𝑔 is 

introduced. 

𝑔 =
𝑡s,mpc

𝑡s,sim
 

The lower bound of  𝑔 is 1. Otherwise 𝑡s,simwould be 

larger than 𝑡s,mpc  and the solver cannot solve the 

simulation model. Upwards, 𝑔 is not limited. 

Figure 5 compares the indoor temperature history of a 

continuous simulation and a stepwise simulation (dashed 

line) of exactly the same system. The observation period 

is 24 h, the simulation sampling time (ts,sim) is 600 s, and 

the time step length (𝑡s,mpc) is 3600 s. Thus g is 6 for the 

stepwise simulation. 

 

Figure 5: Calculated room temperature for a continuous 

and a stepwise calculation of the simulation model. In 

general, we compute good agreements in the results 

except for situations with steep gradients such as 

between 18 and 19 h. Steep gradients are not easy to be 

handled by the solver yielding differences within the 

temperature calculation. This offset is acceptable since it 

is covered by common measurement uncertainties.    

The temperature curve of stepwise simulation follows the 

curve of continuous simulation. In the first MPC sampling 

period (0 h - 1 h) the curves are even identical. After that, 

slight deviations occur due to numerical integration 
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issues. According to the IAE criterion (integral of 

absolute error), there is a deviation of 0.49 Kh for the 

whole observation period of consideration.  

The average deviation without considering the first time 

interval is 0.02 K. The maximum deviation is found at a 

peak after about 19 h and is about 0.5 K. To estimate the 

influence of the deviations as a function of the simulation 

sampling times, the ratio g is varied in a simulation study. 

The results are shown in Table 2. 

It becomes clear that increasing the simulation sampling 

rate (decreasing the simulation sampling time) causes 

only a slight improvement of both IAE and the average 

deviation. Increasing the time step length, on the other 

hand, shows a greater effect, which implies the necessity 

of detailed investigations in the future.  

Table 2:  Computation results of stepwise simulations 

with different MPC sampling periods and simulation 

sampling time. The results indicate that the quality of the 

stepwise simulation depends on the MPC sampling 

periods and weakly on the simulation sampling time. 

g 𝒕𝐬,𝐬𝐢𝐦 𝒕𝐬,𝐦𝐩𝐜 𝐈𝐀𝐄 𝚫𝑻𝐦𝐞𝐚𝐧 𝚫𝑻𝐦𝐚𝐱 

[-] [s] [h] [Kh] [K] [K] 

6 600 1 0.49 ±0,02 0.532 

12 600 2 0.39 ±0,02 0.533 

30 240 2 0.38 ±0,02 0.534 

60 60 1 0.49 ±0,02 0.532 

120 60 2 0.38 ±0.02 0.533 

120 30 1 0.49 ±0,02 0.532 

Furthermore, doubling of 𝑡s,mpc leads to an improvement 

of the average deviation by about 17 %. The maximum 

deviation is at the same level for all simulation series. It 

follows that the quality of the stepwise simulation 

depends strongly on the MPC sampling periods and 

weakly on the simulation sampling time. Integrating MPC 

in the HPS design, therefore, requires other simulation 

studies, to find a good trade-off for the optimization setup. 

Discussion 

The study proves that the stepwise simulation, which is 

necessary for building simulation with MPC, is possible. 

Fundamental to stepwise simulation is transferring the 

final state of the previous MPC sampling period 

simulation to the simulation of the MPC sampling period. 

The final state includes, among other values, the BT 

temperature levels and values from the control system. 

The quality of the described procedure is evaluated on the 

basis of the deviation between a continuous simulation 

(reference) and a stepwise simulation. The deviation 

between the stepwise simulation and the reference 

simulation decrease as the length of the individual time 

steps increases. As a consequence, the length of the MPC 

sampling period should be as large as possible. 

Both the length of the MPC sampling period and the 

simulation sampling time must be chosen taking into 

account the system dynamics.  The system dynamics can 

be described by a characteristic time constant. This time 

constant is influenced by various factors, such as the 

thermal mass of the building. It is possible to use large 

simulation sampling times for a system with a high 

thermal mass. Otherwise, the simulation sampling periods 

have to be chosen smaller to avoid numerical errors. The 

same applies to the MPC sampling period. If the MPC 

sampling period does not fit to the system, the control 

quality suffers as a result. 

Therefore, the influence of MPC sampling period on the 

control quality must be quantified by means of further 

parameter studies. Additionally, during the integrated 

design process of a HPS different storage sizes are 

evaluate. This size of the storages influence the thermal 

mass. As a result, the interactions between the control 

strategy with MPC and the system design has to be 

investigated in following studies.  

Conclusion and Outlook 

Within this paper, we extend our process intensification 

based method for an integrated design of refrigerant, heat 

pump, system design, and control towards model 

predictive control (MPC). We present the influences of an 

integrated design and stepwise simulation vividly. 

The method is able to optimize costs and emissions of heat 

pump systems according to an annual building heat load. 

At this stage of development, the method optimizes the 

system operation and PID values of the heat pump 

compressor. The integrated optimization leads to cost 

(emission) improvements by about 10 % (15 %), 

respectively, when using the same refrigerant and 

flowsheet, compared to EN 15450 (DIN, 2017). In future 

contributions, we may compare our findings against 

further international standards and guidelines. 

Since more sophisticated control strategies offer higher 

improvements, we refine the process towards the 

application of model predictive control (MPC). We 

therefore conducted detailed simulation studies that show 

the difference between stepwise and full simulations. The 

results indicate that the quality of the stepwise simulation 

depends strongly on the MPC sampling period and 

weakly on the simulation sampling time. We thereby pave 

the way towards MPC in the integrated design, which will 

be the topic of further investigations.  

In summary, the applied methodology of systematic 

process intensification allows us to efficiently consider 

and evaluate the complex interactions in the design of heat 

pump systems between sizing and operation. This allows 

us to investigate the impact of design and control (and 

vice versa) in future to determine optimal HPS in a robust 

way. 
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Nomenclature 

AH Auxiliary Heater 

BT Butter Storage Tank 

DHW Domestic Hot Water 

GA Genetic Algorithm 

IAE Integral of absolute error 

HP Heat Pump 

HPS Heat Pump System 

LCL Local Control Layer 

MPC Model Predictive Control 

PI Process Intensification 

RBC Rule Based Control 

SPI Systematic Process Intensification 

SCL Supervisory Control Layer 

𝑔 Time ratio 

𝐾P Proportional gain of PID control  

𝑁 Length of the predicted horizon 

𝑁𝐶  Length of the control horizon 

�̇�HP Nominal heat pump power 

𝑇I Integral gain of PID control  

Δ𝑇mean Average temperature difference 

Δ𝑇max  Maximal temperature difference 

𝑡s,mpc MPC sampling period length 

𝑡s,sim Simulation sampling time 
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