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ABSTRACT 

The growing share of intermittent renewable energy 

sources together with the upcoming electrification of 

heating and cooling in European countries results in an 

increasing demand for operational flexibility in the energy 

system. Demand side management (DSM) of electric 

loads offers operational strategies to enable the provision 

of flexibility in demand of previously fixed loads.  

Residential electro-thermal heating systems are 

promising candidates to better utilize excess electricity 

generation from renewable energy sources, but may also 

add additional stress to existing grid infrastructure during 

peak load times. This paper introduces a bottom-up model 

to represent residential buildings in a district energy 

system. The operational behaviour of a model predictive 

control strategy is demonstrated, and its impact on the 

aggregate load curve is shown. The focus is on electro-

thermal heating systems like heat pumps in Germany.   

INTRODUCTION 

Electro-thermal appliances such as heat pumps in 

combination with storages and the thermal mass of 

buildings can offer a certain load-shifting potential 

without seriously affecting the residents’ comfort 

(Arteconi et al., 2013). Related previous work in the 

literature includes investigations on the potential of  DSM 

on a single building level based on the physical 

characteristics of the thermal mass (Reynders et al., 2013) 

and evaluation of the economic operation of heat pumps 

in future power systems (Biegel et al., 2013).  

In contrast to optimization models where electrical and 

thermal loads are treated as fixed input, studies to 

investigate the operational flexibility for DSM need a 

dynamic representation of the thermal behaviour of 

buildings. Lauster et al. (2014a) compare two dynamic 

building models by their accuracy and usability in city 

district simulations. Similar low-order models are 

developed by Reynders et al. (2014a) based on the 

Belgian residential building stock. Arteconi et al. (2016) 

use those models to investigate the impact of residential 

DSM of heat pumps on the Belgian energy market and 

demonstrate the applicability of low-order building 

models in a macro-level optimization problem. 

There is a need for a better understanding of the local 

effects of electrified heating systems on distribution grids 

and how DSM mechanisms can be integrated into robust 

grid planning strategies. From a grid operator’s 

perspective, individual building information is often 

limited to basic geographical information system (GIS) 

data and thus parameterization of detailed dynamic 

simulation models is challenging. Moreover, building 

properties within a building stock of an area might change 

over time. Consequently, parameterization by data 

provided by regional or national building typologies 

seems to be a promising approach for local bottom-up 

modeling. 

In the optimal case, DSM as an operational measure is 

already taken into account during simulation studies in the 

planning phase. Since distribution grid operators are 

responsible for load forecasting in the corresponding 

energy supply area, a realistic representation of the 

operation must consider the receding horizon principle of 

the quarter-hourly balancing mechanism. Thus, a model 

predictive control (MPC) approach is suitable to simulate 

the behaviour of multiple buildings. 

METHODOLOGY 

The bottom-up approach presented in this paper creates 

single zone resistance and capacitance models to 

represent the dynamic behaviour of each building in 

Matlab. To account for diversity in the building stock, 

parameters like thermal transmittance values are based on 

a typology of the German residential building stock. Local 

scenarios for the penetration of electro-thermal heating 

systems can then be generated based on basic geometries 

and age class assumptions. The low-order models reduce 

the computational costs and still represent the most 

important dynamics. 

 

For each building, a set of first order differential equations 

is stored and forwarded to the implementation of a control 

strategy, as depicted in Figure 1. A simple MPC strategy 

is derived to optimize the operation of each heating 

system. Finally, single building and aggregate simulation 

results for multiple buildings are presented for different 

price signals.   

Figure 1:Workflow 
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BUILDING TYPE SCENARIOS 

Due to the lack of detailed information on parameters of 

individual buildings, a typology approach is used to 

generate representative datasets. The European research 

project Typology Approach for Building Stock Energy 

Assessment (TABULA) investigated the national 

residential building stocks with a harmonized approach to 

develop a comparable assessment for energy efficiency 

measures (Loga et al., 2015). The typology is organized 

by age classes and further distinguishes between single- 

family, multi-family, terraced houses and apartment 

buildings. A representative building description is given 

for each building type. For the purpose of this study, the 

most relevant TABULA cases are selected.  

 

 
Figure 2: Distribution of the German national 

residential building stock based on Loga et al. (2015) 

 

Figure 2 shows the distribution of building types of the 

German national building stock for constructions until the 

end of 2009. The periods were chosen with respect to the 

availability of statistical surveys, historical events and 

building regulations of relevance for thermal 

characteristics. With almost 10M buildings, single-family 

houses (SFH) represent 55% of all building types and 

approximately a third of all SFHs were constructed during 

the period from 1958 to 1978. 

Every identified building type of the typology is described 

in three variants to account for different levels of 

refurbishment. All variants specify exemplary 

compositions of components of the building envelope 

(outer walls, floor, roof, window, door) and their overall 

value of thermal transmittance per square meter (U-

value). The first variant describes the existing state with 

respect to the building regulation when the building was 

constructed. The variants usual and advanced 

refurbishment reflect the minimum requirements for 

refurbishments according to the regulation of the German 

Energy Saving Ordinance (EnEV) and low energy passive 

houses, respectively. 

 

This paper only considers SFHs for two reasons. First, the 

development of low-order models based on building 

typologies has been limited to SFHs so far and the 

transferability of the modelling approach is not 

guaranteed for building types such as multi-family houses 

and apartment buildings, since they may have a very 

different thermal behaviour (Reynders et al., 2014a). 

Secondly, among residential space heating systems, 

electro-thermal heating systems have their highest share 

in SFHs in the existing stock and a third of all new build 

SFHs in Germany are equipped with heat pumps (Federal 

Statistical Office, 2016). SFHs are predominant in rural 

and suburban areas, where the low voltage grids are 

historically equipped with weaker infrastructure and face 

extensive connections of renewable resources and related 

grid disturbances (Büchner et al., 2014). 

Local scenarios for the penetration of electro-thermal 

heating systems must account for both potential new 

buildings and refurbishments in the existing building 

stock that enable the installation of such heating systems. 

Besides remaining electrical night storage heaters from 

the 1950s and 1960s, heat pumps are the most frequently 

appearing electro-thermal technology. In a study on heat 

pump implementation scenarios in Europe, Bettgenhäuser 

et al. (2013) expect a growing market for heat pumps in 

Germany and assume an increasing share of air-to-water  

heat pumps to up to 59% of total annual heat pump sales, 

due to relatively low investment costs and limited space 

for ground-source heat pumps. In contrast to the 

TABULA study, which assumes air-source heat pumps as 

a possible alternative heating system in the usual 

refurbishment variant for every SFH type, Tenbohlen et 

al. (2015) argue, that only buildings constructed after 

1995 are candidates for heat pumps. Since older buildings 

usually have higher design heat loads and in turn high 

supply temperatures, as a consequence fail to meet the 

requirements of low-temperature systems. An exception 

are buildings from 1958-1968 after refurbishment. A 

selection of TABULA cases most relevant to heat pump 

use in SFHs is summarized in Table 1.  

 

Table 1: Selected building types from TABULA  

Building 

type 

E 

SFH.05 

J  

SFH.10 

K 

SFH.11 

L 

SFH.12 

Period 
1958-

1968 

2002-

2009 

2010-

2015 
2016- 

Refurbish-

ment 

(2) 

usual 

(1) 

existing 

state 

(1) 

existing 

state 

(3) 

advanced 

 U-value [W/m²K] 

Outer wall 0.23 0.30 0.24 0.11 

Inner wall 2.33 0.36 0.36 0.36 

Floor 0.31 0.28 0.35 0.13 

Roof 0.42 0.25 0.22 0.11 

Window 1.3 1.40 1.10 0.70 

Door 1.31 1.99 1.75 0.80 

 

Building type E in the variant of usual refurbishment 

represents existing buildings with improved thermal 

properties due to additional insulation and replaced 

windows as required by the EnEV 2009 for 

modernization. Types J and K represent newer SFHs 

constructed before and after the EnEV 2009/2014 in the 

basic setup. Building type L represents new constructions 
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in an advanced standard with an airtight envelope and a 

heat recovery system. This building type is comparable to 

nearly zero-energy buildings.  

The modeling approach for single buildings is not 

restricted to the building types presented above and can 

be extended to any typologies as long as the necessary set 

of parameters is available.   

BUILDING MODEL 

Different methods exist to calculate the thermal behaviour 

of buildings. The main differences relate to the resulting 

accuracy and temporal resolution, necessary input data 

and computational requirements. Kämpf and Robinson 

(2007) classify explicit solutions, model reduction 

techniques and simplification methods as the three main 

categories of modelling approaches. Within 

simplification methods, thermal network models, which 

are based on an electrical circuit analogy are considered a 

good compromise between the above criteria and are thus 

often applied in the context of district energy analysis 

(Kämpf and Robinson, 2007; Lauster et al., 2014a). Well 

established low-order thermal network representations of 

whole buildings are described in the international 

standard ISO 13790 and German guideline VDI 6007. 

Since the latter offers a validated approach for transient 

simulations and has been successfully applied to works in 

the field of district energy analysis (see e.g. Lauster et al., 

2014a), the building model presented in this paper is 

mainly based on the guideline VDI 6007.     

Component modeling 

The final building model lumps the main building 

components such as walls, floor, roof and windows 

together to a composition, which results in a model with 

few differential equations but acceptable accuracy. 

Therefore, the individual components have to be modeled 

first. For the periodic excitation case, the one-dimensional 

distribution of the heat flow 𝑞 and the temperature 𝜗 in a 

homogeneous wall layer for a coordinate 𝑥 perpendicular 

to the wall can be expressed as 

 

(
 𝜗(𝑥=0)

𝑞(𝑥=0) )=𝐴(
 𝜗(𝑥)

𝑞(𝑥) ). (1) 

 

Thermal resistance per unit area, heat capacity per unit 

area and the period of the layer are input for the equations 

of chain matrix 𝐴. In the case of multiple wall or 

component layers (𝑣=1,…,𝑛), matrix 𝐴𝑐 for the entire 

wall or component can be calculated by matrix 

multiplication 

 

𝐴𝑐=𝐴1∙𝐴2∙…∙ 𝐴𝑛−1∙𝐴𝑛. (2) 

 

Furthermore, every component of a building can be 

represented by the 3R2C model depicted in Figure 3. The 

parameters 𝑅1,𝑅2,𝑅3,𝐶1,𝐶2 can be directly calculated 

from matrix 𝐴𝑐 and the area of the component. Further 

reductions are possible in cases where there are: 

¶ Asymmetrically loaded components (outer 

walls, walls to zones of different temperatures): 

2R1C 

¶ Symmetrically loaded walls (inner walls): 1R1C 

 

The workflow implemented in Matlab calls a function 

component(materials, area) for every building 

component presented in the final model. The function 

itself calls a function layer(material) for every wall layer 

in the component to create the corresponding chain matrix 

depending on the density 𝜌, heat capacity 𝑐, thermal 

conductivity 𝜆 and thickness 𝑠 of the material of layer 𝑣. 

The above parameters and wall composition are stored for 

every building type and component shown in Table 1 in a 

database. Because the TABULA typology does not 

specify the exact building construction, common wall and 

material compositions are based on Arold (2014), 

Tenbohlen et al. (2015) and the ISO 10456. 

 

 
Figure 3: 3R2C model for a wall from VDI 6007 

 

In the case of asymmetrically loaded components, the 

effective thermal mass must be carefully chosen to not 

overestimate the capacitance of the component model. 

Reynders et al. (2014b) suggest to only take into account 

the material layers within the insulation barrier, since only 

the first centimeters of an envelope wall are excited by a 

heating system. A more fundamental approach applied in 

this paper is presented in the VDI 6007, where the 

periodic depth of penetration is described by the period of 

a heat source, which in return affects the position and size 

of the resistances and capacity. The guideline 

recommends a period of seven days for building 

components and five days for the parallel connection of 

individual components.  

Zone model of a building 

The building is represented by a single zone model with a 

uniform air temperature in the whole zone. A function 

building(typology, geometry) generates a parameter set 

for the final low-order representation of the building. For 

a given geometry of a building, the function accesses the 

typology database and generates components for inner 

and outer walls, floors, door, roof and windows as 

described above. The editable geometry file includes 

among others the ground floor, outer wall and window 

areas, number of floors and floor height. The final model 

is shown in Figure 4. In contrast to the VDI 6007, which 

further reduces the model order to two capacitances for 

outer and inner walls, we keep the additional capacitances 

for simulation purposes.  

R1

C1 C2

R3 R2
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𝑇𝑧=
1

𝑅𝑣𝑒𝑛𝑡𝐶𝑧
(𝑇𝑎−𝑇𝑧)+

1

𝑅𝑤𝑖𝐶𝑧
(𝑇𝑤𝑖−𝑇𝑧)+

1

𝑅𝑤𝑜,1𝐶𝑧
(𝑇𝑤𝑜−𝑇𝑧)+

1

𝑅𝑓𝑙,1𝐶𝑧
(𝑇𝑓𝑙−𝑇𝑧)+

𝑠𝑧
𝐶𝑧
𝜑𝑠𝑔+

𝑔𝑧
𝐶𝑧
𝜑𝑖𝑔

+
𝑓𝑧
𝐶𝑧
𝜑𝐻𝑃 

(3) 

𝑇𝑤𝑖=
1

𝑅𝑤𝑖𝐶𝑤𝑖
(𝑇𝑧−𝑇𝑤𝑖)+

𝑠𝑤𝑖
𝐶𝑤𝑖
𝜑𝑠𝑔+

𝑔𝑤𝑖
𝐶𝑤𝑖
𝜑𝑖𝑔+

𝑓𝑤𝑖
𝐶𝑤𝑖
𝜑𝐻𝑃 (4) 

𝑇𝑤𝑜=
1

𝑅𝑤𝑜,2𝐶𝑤𝑜
(𝑇𝑎,𝑒𝑞−𝑇𝑤𝑜)+

1

𝑅𝑤𝑜,1𝐶𝑤𝑜
(𝑇𝑧−𝑇𝑤𝑜)+

𝑠𝑤𝑜
𝐶𝑤𝑜
𝜑𝑠𝑔+

𝑔𝑤𝑜
𝐶𝑤𝑜
𝜑𝑖𝑔+

𝑓𝑤𝑜
𝐶𝑤𝑜
𝜑𝐻𝑃 (5) 

𝑇𝑓𝑙=
1

𝑅𝑓𝑙,2𝐶𝑓𝑙
(𝑇𝑔−𝑇𝑓𝑙)+

1

𝑅𝑓𝑙,1𝐶𝑓𝑙
(𝑇𝑧−𝑇𝑓𝑙)+

𝑠𝑓𝑙

𝐶𝑓𝑙
𝜑𝑠𝑔+

𝑔𝑓𝑙

𝐶𝑓𝑙
𝜑𝑖𝑔+

𝑓𝑓𝑙

𝐶𝑓𝑙
𝜑𝐻𝑃 (6) 

Bacher and Madsen (2011) found that theoretically a 

minimum of two capacitances are necessary to cover 

short-term and long-term dynamics from parameter fitting 

of grey-box models. Reynders et al. (2015) found that due 

to the low-pass filtering effect of the high thermal mass, 

even a single capacitance model can provide a good 

approximation in the case of floor heating systems. In the 

case of modeling from building typologies and the 

absence of dynamic measurements, the presented 

structure is a reasonable starting point. A similar approach 

to create low-order building models from typology data 

was employed by Reynders et al. (2014a).  

The parameters 𝑅𝑤𝑜,1, 𝑅𝑤𝑜,2 and 𝐶𝑤𝑜 are the thermal 

resistances and capacitance for all outer walls, which 

means a parallel connection of the envelope walls, roof, 

windows and door. 𝑅𝑤𝑖 and 𝐶𝑤𝑖 represent the inner walls 

with an area facing the zone equal to the outer walls. 𝑅𝑓𝑙,1, 

𝑅𝑓𝑙,2 and 𝐶𝑓𝑙 represent the floor connected to the ground 

temperature 𝑇𝑔.  

 

 
Figure 4: Single zone building model 

 

In contrast to the VDI 6007, a capacitance of the zone 𝐶𝑧 
to summarize the heat capacity of the air volume and 

furniture at the zone temperature 𝑇𝑧 is considered. 

Thermal bridges are considered with 0.1 W/m²K for the 

envelope area and lumped together with ventilation and 

infiltration losses in parameter 𝑅𝑣𝑒𝑛𝑡.The losses are 

calculated according to Nielsen (2005) as 

𝑐𝑎𝑖𝑟𝑉𝑧𝑜𝑛𝑒(𝜂𝑣𝑒𝑛𝑡+𝜂𝑖𝑛𝑓+𝜂𝑚𝑒𝑐(1−𝜀)), based on the heat 

capacity of air in the zone and the change rates 𝜂 for 

natural ventilation, infiltration and, if present, mechanical 

ventilation with the efficiency of heat recovery 𝜀. All final 

resistances include standard convective heat transfer 

coefficients at the surfaces. The short wave radiation on 

the building envelope is taken into account by the 

introduction of a modified equivalent ambient 

temperature 

𝑇𝑎,𝑒𝑞=𝑇𝑎+(𝐼𝑑𝑖𝑟+𝐼𝑑𝑖𝑓𝑓)
𝛼𝐹
𝛼𝐴

 (7) 

with ambient temperature 𝑇𝑎, direct and diffuse radiation 

𝐼𝑑𝑖𝑟+𝐼𝑑𝑖𝑓𝑓 on the opaque outer wall areas and short-

wave absorption and heat transfer coefficients 𝛼𝐹 and 𝛼𝐴 

at the exterior surfaces. Solar gains 𝜑𝑠𝑔 through windows 

are assumed to have a convective share of 9% (ISO 

13790) added to the zone temperature 𝑇𝑧, the remaining 

fraction is split up according to an area-weighted 

distribution to the inner walls, outer walls and floor by the 

factors 𝑠. Likewise, the distribution of internal gains 𝜑𝑖𝑔 

from occupants and devices is carried out via factor 𝑓 

with a convective share of 50%. 

Heating system 

Further improvements regarding a linear consideration of 

the radiation heat transfer between interior and outer walls 

are discussed in Lauster et al. (2014b) and Harb et al. 

(2016). Especially for mainly radiative heating systems 

such as underfloor heating, an explicit consideration of 

the radiation processes could be useful but needs further 

investigation. Since the goal of this paper is an 

approximation of the thermal demand of a building, the 

interaction of the heating system with the building is 

simplified. The total power emitted from the heating 

systems 𝜑𝐻𝑃 in case of a heat pump can be calculated as  

 

𝜑𝐻𝑃=𝐶𝑂𝑃𝐻𝑃𝑊𝑐 (8) 

 

with the coefficient of performance 𝐶𝑂𝑃𝐻𝑃 and the 

compressor power 𝑊𝑐. The coefficient of performance 

usually varies during the operation depending on the 

temperature conditions, but is treated as a constant input 

for the optimization in this study. Again, the radiative 

fraction of the heat input (95% in the case of underfloor 

heating) is distributed among the areas with the factors 

𝑓𝑤𝑖, 𝑓𝑤𝑜 and 𝑓𝑓𝑙.  

For every building, a design heat load calculation is 

carried out based on the simplified procedure of the DIN 

EN 12831. Transmission and ventilation heat losses are 

calculated for an ambient reference temperature, which 

represents an extreme local weather condition. Solar and 

internal gains are not considered in this procedure. The 

final heat load gives a limit for the maximum installed 

power 𝑊𝑐,𝑚𝑎𝑥 of the heating system.  

Building parameter set and state space model 

Finally, the building function returns an individual set of 

parameters for the building components and heating 

system parameters. Temperatures 𝑇𝑤𝑖, 𝑇𝑤𝑜 and  𝑇𝑓𝑙 are 

Rwo,2

Cwo Cz

Rwo,1 Rfl,1

Cfl

Rfl,2

TgTa,eq

Cwi

RwiRvent

Ta
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defined at the capacitances. The differential equations of 

the low-order model lead to the equations (3)-(6). A state 

space representation of the model is used for the further 

design of the model predictive controller. In continuous-

time, the differential equations can be rearranged to 

 

𝑥(𝑡)=𝐴𝑐𝑥(𝑡)+𝐵𝑐𝑢(𝑡)+𝐸𝑐𝑑(𝑡) (9) 

𝑦(𝑡)=𝐶𝑐𝑥(𝑡). (10) 

 

with state vector 𝑥=[𝑇𝑧 𝑇𝑤𝑖 𝑇𝑤𝑜 𝑇𝑓𝑙]
𝑇

, control variable 

𝑢=𝑊𝑐, disturbance vector  

𝑑=[𝑇𝑎,𝑒𝑞 𝑇𝑎 𝑇𝑔  φ𝑠𝑔 φ𝑖𝑔]
𝑇

and measured output 𝑦=𝑇𝑧. 

Finally, the state space model of 𝑁𝑥 states, 

𝑁𝑢 controllable inputs, 𝑁𝑑disturbances and 𝑁𝑦 outputs 

has to be discretized to handle sampled data. Resulting 

matrices are indicated by the subscript “d”, with 𝐶𝑑=𝐶𝑐. 
 

𝑥𝑘+1=𝐴𝑑𝑥𝑘+𝐵𝑑𝑢𝑘+𝐸𝑑𝑑𝑘 (11) 

𝑦𝑘=𝐶𝑑𝑥𝑘 (12) 

MODEL PREDICTIVE CONTROLLER 

DESIGN 

The implemented MPC controller is based on the single 

building approach in Kramer et al. (2016) developed by 

the same authors. By reading in a building’s state space 

model the extension enables the controller to handle any 

instance of model representing the discussed building 

types in Matlab. Model predictive control is an optimal 

control strategy to minimise a performance criterion such 

as costs or deviation from a trajectory, for a future time 

horizon. It is considered a good candidate for optimal 

temperature control in buildings, since it has the ability to 

treat multiple constrained input and output signals like 

weather conditions, occupancy, energy prices and 

building temperature states (Hazyuk et al. 2012). Its 

receding horizon fashion helps to handle deviations from 

forecasts. 

 

In time step 𝑘, a prediction of the future model states 

𝒙𝑘=[𝑥𝑘|𝑘+1,𝑥𝑘|𝑘+2,…,𝑥𝑘|𝑘+𝑁𝑃]
𝑇
for all time steps of the 

prediction horizon 𝑁𝑃 must be performed. From (11), 

future states can be derived as 

 

𝑥𝑘|𝑘+1=𝐴𝑑𝑥𝑘+𝐵𝑑𝑢𝑘+𝐸𝑑𝑑𝑘 

𝑥𝑘|𝑘+2=𝐴𝑑𝑥𝑘|𝑘+1+𝐵𝑑𝑢𝑘|𝑘+1+𝐸𝑑𝑑𝑘|𝑘+1 

             =𝐴𝑑
2𝑥𝑘+𝐴𝑑𝐵𝑑𝑢𝑘+𝐵𝑑𝑢𝑘|𝑘+1

+𝐴𝑑𝐸𝑑𝑑𝑘+𝐸𝑑𝑑𝑘|𝑘+1. 

 

 

 

(13) 

 

(13) shows that the future states can be estimated based 

on the current state in 𝑘 , current and future controllable 

input and the forecast of the disturbances. All future 𝑁𝑥𝑁𝑃 

states can be estimated by 

 

𝒙𝑘=ф𝑥𝑘+Г𝒖𝑘+𝛫𝒅𝒌 (14) 

 

with 

ф=

[
 
 
 
𝐴𝑑
𝐴𝑑
2

⋮

𝐴𝑑
𝑁𝑃]
 
 
 

  

 

Г=

[
 
 
 
 
𝐵𝑑 0 0 ⋯ 0
𝐴𝑑𝐵𝑑 𝐵𝑑 0 ⋯ 0

𝐴𝑑
2𝐵𝑑 𝐴𝑑𝐵𝑑 𝐵𝑑 ⋯ 0
⋮ ⋮ ⋮ ⋱ 0

𝐴𝑑
𝑁𝑃−1𝐵𝑑 𝐴𝑑

𝑁𝑃−2𝐵𝑑 𝐴𝑑
𝑁𝑃−3𝐵𝑑 ⋯ 𝐵𝑑]

 
 
 
 

 

 

𝛫=

[
 
 
 
 
𝐸𝑑 0 0 ⋯ 0
𝐴𝑑𝐸𝑑 𝐸𝑑 0 ⋯ 0

𝐴𝑑
2𝐸𝑑 𝐴𝑑𝐸𝑑 𝐸𝑑 ⋯ 0
⋮ ⋮ ⋮ ⋱ 0

𝐴𝑑
𝑁𝑃−1𝐸𝑑 𝐴𝑑

𝑁𝑃−2𝐸𝑑 𝐴𝑑
𝑁𝑃−3𝐸𝑑 ⋯ 𝐸𝑑]

 
 
 
 

 

 

of dimensionsф∈ℝ𝑁𝑥𝑁𝑃×𝑁𝑥 ,Г∈ℝ𝑁𝑥𝑁𝑃×𝑁𝑢𝑁𝑃 and 𝛫∈
ℝ𝑁𝑥𝑁𝑃×𝑁𝑑𝑁𝑃 . The estimated zone temperature as the 

output signal can be computed as 

 

𝒚𝑘=𝐶𝒙𝑘 (15) 

 

with  

𝐶=[

𝐶𝑑 0 ⋯ 0
0 𝐶𝑑 ⋯ 0
⋮ ⋮ ⋱ 0
0 0 0 𝐶𝑑

] 

 

of dimension 𝐶∈ℝ𝑁𝑃×𝑁𝑥𝑁𝑃. 

 

The objective function chosen for the controller is total 

energy costs. In every time step, the controller minimises 

the sum of consumed compressor power multiplied by a 

price vector 𝑝 over the given prediction horizon 𝑁𝑃. 

 

𝐽𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡𝑠=∑ 𝑝𝑘𝑊𝑐,𝑘

𝑁𝑝

𝑘=1

∆𝑡 

 

(16) 

 

Formula (14) is incorporated as an equality constraint for 

the final optimization problem. The zone temperature 𝑇𝑧 
must stay within the range between 19 °C and 21 °C, 

which is represented by an inequality constraint.  The 

complete mathematical formulation is detailed in Kramer 

et al. (2016).   

SIMULATION RESULTS 

A validation of the exact thermal behaviour for a single 

building model is beyond the scope of this paper. 

Validation results for low-order models parameterized by 

a typology can be found in Reynders et al. (2014a). The 

following simulation results demonstrate the 

implementation of the controller for the chosen building 

types.  

The low-order models for all types are created with 

building geometries of type J for comparability. 

Parameters are summarized in Table 2. The design heat 

load calculation is performed for the city of Munich and 
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representative weather data is generated from 

Meteonorm. The ground temperature is assumed to be  

constant at 10 °C and the initial states are 

𝑥0=[20 20 20 20]
𝑇. 

The MPC is simulated for six consecutive days in January 

with a temporal resolution of 15 minutes. This is also the 

discretization time-step for the system dynamics in 

equation (11). Perfect prediction of all disturbances 

within the next 24 hours is assumed for all simulations. 

 

Table 2: Type specific parameters and geometry 

Building 

type 

E 

SFH.05 

J  

SFH.10 

K 

SFH.11 

L 

SFH.12 
Thermal 

bridges 

[W/m²K] 
0.1 0.05 0.05 0.02 

𝜼𝒗𝒆𝒏𝒕+𝜼𝒊𝒏𝒇 

[1/h] 
0.6 0.5 / / 

𝜼𝒎𝒆𝒄      [1/h] 

𝜺            [     ] / / 
0.55 

0.84 

0.55 

0.84 
𝑸𝑯𝒆𝒂𝒕 𝒍𝒐𝒂𝒅 

[kW] 
8.39 7.38 4.87 2.65 

 Area [m²] 

Outer wall 188.9 

Inner wall 188.9 

Floor 79.8 

Roof 85.9 

Window 

N/S/E/W 
3.1 / 17.3 / 3.9 / 3.9 

Door 2 

 

In contrast to the ambient temperature and global 

radiation, which are disturbances that are assumed to be 

the same for all buildings within an area, the internal gains 

over the day may differ among individual buildings and 

lead to additional diversity in the heat demand. At this 

stage, the internal gains are modeled in a simplified way 

and only cover the radiative and convective components 

from occupants in a three-person household. A period of 

inactivity or sleep is defined between 11 p.m. and 6 a.m. 

with 80 W per person injected to the zone. During the rest 

of the day, occupancy is uniformly distributed and 

assumed to result in a random heat gain between 100 and 

125 W per person, which corresponds to values of 

sedentary occupation (VDI 2078, 2015). Time 

dependency on occupancy and activities are not 

considered.  

Single buildings - constant price 

Figure 5 shows the simulation results for the selected SFH 

types for a constant electricity price. The constant price 

implies that the total energy costs can only be minimised 

by reducing the heat pump operation to the possible 

minimum without violating the comfort temperature 

band. By keeping the price constant, the operation is only 

optimized with respect to the disturbances. For all 

building types, 𝑇𝑧 is always kept within its limits, most of 

the times being exact 19 °C to minimize the consumption 

of the heat pump and thus total energy cost. 𝑊𝑐 is 

optimized to a minimum operation by forecasting the 

sequence of the disturbances. It is possible to switch off 

or at least reduce the compressor power when the daily 

solar radiation peak occurs. This effect is less pronounced 

for the building types E and J, of which inferior insulation 

results in a higher power injection and a longer operation 

time compared to building type L, which has the shortest 

on-time. The superior insulation of type L is also observed 

through the impact of the solar radiation peak on the zone 

temperature. Compared to the types E, J and K the solar 

gain (mainly transferred by the large south oriented 

window) results in a higher net heat transfer for type L, 

since simultaneous thermal losses are lower.  

The heat pump operation is mainly driven by the ambient 

temperature and solar radiation, which are the same for all 

building types simulated. The internal gains have only a 

minor impact. This leads to a high coincidence of the 

resulting power demand for the four buildings. It is 

obvious that under the assumption of a constant price 

signal and the usage of similar controllers in multiple 

buildings will result in a high aggregate local demand. 

 

 
Figure 5: Simulation results for SFH types L, K, J 

and E for a constant price 

 

Multiple buildings - time varying price signal 

The previous discussion leads to a simulation case study 

for the aggregation of multiple buildings equipped with  

heat pumps. The aggregation is assumed to consist of 100 

three-person households, each of them living in a single 

family house. For the comparison to a reference electrical 

load curve, 100 individual electricity profiles are 

generated from the residential electricity model of 

Jambagi et al. (2015) and aggregated. The profiles 

account for the fixed electricity demand of household 

appliances excluding demand for electric heating systems 
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like heat pumps. Standard household appliances such as 

fridges, dishwashers, washing machines and 

entertainment devices are assumed to be inflexible. Figure 

6 shows the aggregate of the fixed electrical loads for the 

100 households with a temporal resolution of 15 minutes. 

The fixed load curve (FLC) shows typical peaks of the 

residential demand during noon and evening hours. In a 

worst-case scenario, the additional electricity demand 

from heat pumps would add up to the peak demand of the 

fixed loads. Intuitively, to aim for a flat electricity demand 

profile, the shape of the fixed load curve can be used as a 

time-varying price signal as it indicates times of low and 

high prices according to the fixed demand. Thus, to 

prevent clustering of additional heat pump demand during 

times of peak load, the fixed load curve is used as a simple 

time-varying price vector in equation (16). 

 

 
Figure 6: Simulation results for 100 households, a 

time-varying price and 25% (Case 1) / 50% (Case 2) 

penetration rates in SFHs, type L 

 

The results in Figure 6 show the aggregated electricity 

demand before and after buildings are equipped with heat 

pumps. The penetration rates indicate the percentage of 

SFHs that have a heat pump: 

¶ Case 1: 25% of all 100 SFHs type L 

¶ Case 2: 50% of all 100 SFHs type L 

The MPC optimizes the operation of each heat pump 

consecutively. The same reference aggregated load curve 

(FLC) is used as a price signal for each optimization. In 

both cases, the operation of the heat pumps is mainly 

shifted to low demand times of the FLC, since here the 

lowest prices are offered. The resulting peak demand of 

the sum of the FLC and the heat pumps never exceeds the 

all-time peak demand on day six without heat pumps. 

Operational flexibility is provided by the thermal inertia 

of the buildings and the use of the full temperature range 

for 𝑇𝑧. The latter is depicted in Figure 6 for all 50 

buildings with heat pumps in case 2. It can be observed 

that the single temperature trajectories differ significantly 

in comparison to 𝑇𝑧,𝐿 from Figure 5, due to the time-

varying price and a new schedule for the heat pump 

operation. Since only the internal gains differ among 

buildings and all other disturbances and the price signal 

are the same for every building’s optimization, there is 

little variation of temperatures and compressor power 

trajectories among the buildings. This leads to a high 

coincidence of the heat pumps aggregate demand. 

Especially for case 2, this causes steep load gradients 

before and after times of low price. The results indicate 

that such a simple price signal will not be sufficient for 

higher penetration rates of heat pumps or buildings with 

inferior insulation and higher demands. Simulation results 

for type E showed exceedance of the peak demand for 

penetration rates below 25%.    

CONCLUSION 

The developed bottom-up approach provides a simulation 

framework for distribution grid operators to investigate 

realistic scenarios for the future penetration of residential 

electro-thermal heating systems and to test DSM 

strategies to mitigate their impact. The results show that a 

typology approach is successful in parameterizing low-

order building models and accounting for possible 

diversity in the local building stock. The proposed MPC 

controller demonstrates how the demand of additional 

heat pumps can have a massive impact on the aggregate 

load curve, but also shows how a suitable price signal can 

lead to a shift of demand to mitigate stress on distribution 

grids.  

Further work will include a more detailed representation 

of the heat pump heating system, including a time varying 

COP. As domestic hot water provision from heat pumps 

was not included in this study, further work will extend 

the building model and the MPC algorithm to cover the 

full electricity demand. Finally, to quantify the optimal 

distribution of the load, further DSM strategies for the 

aggregate of multiple buildings will be investigated.  
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