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Abstract. Energy efficiency aware building owners are facing a massive amount 
of different retrofitting options. However, a quantitative assessment of the 
different options requires a high level of technical expertise. 
In this contribution, a fast and novel simulation platform for the assessment of 
different residential heating system configurations is presented. This platform en-
ables dynamic simulations of the complete heating system, calculating en-
ergy/heat consumption and comfort indicators for different heating systems dur-
ing a full year in less than 5 seconds on a recent laptop. Another key feature of 
the platform is the inclusion of a large variety of different heat sources (oil/gas/bi-
omass/carbon boilers, air/brine-water or sorption heat pumps), sensible thermal 
heat storages, as well as building models. Shortly, this system will be the core of 
a platform enabling interested users to calculate the energy consumption of dif-
ferent retrofitting options accurately.  
To validate the system models, the energy consumption of the three reference 
buildings (single family houses with an annual heating energy demand of 15, 45 
and 100 kWh/m2) as per the IEA SHC Task 44 is calculated and compared with 
reference simulations from established simulation frameworks. The energy con-
sumption of these buildings matches the reference values up to 5 % for a full year 
simulation requiring calculations times between 3.3 and 3.7 seconds on a recent 
laptop. 

Keywords: Assessment of retrofitting measures in residential heating, fast sim-
ulation platform, economic and ecological assessment tool. 

1 Introduction 

In 2013, around 22 % of the overall energy consumption in EU28 was employed for 
space heating of residential buildings [1]. A reduction of this energy demand often re-
quires a retrofitting of the considered buildings. Despite partially high incentives for 
renovation, the annual renovation rate in the European Union is currently rather low 
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with around 3.6 % estimated [2]. One burden to motivate building owners for retrofit-
ting is the low dissemination of reliable information about different retrofitting options 
as well as a lack of a platform for comparing different alternatives. However, establish-
ing such a platform poses two competing challenges. On the one hand, the comparison 
tool should be fast in estimating the energy consumption of the owner’s specific build-
ing. On the other hand, the estimated consumption values must be reliable/accurate to 
enable a fair comparison of the different options, and the user must enter many param-
eters. To estimate the energy consumption over one year, simulations attracted much 
attention [3–5]. In order to enable simulations of the complete heating system over a 
long period, often detailed models of individual devices are simplified by analytical 
models [3, 6, 7] and combined to models of the complete heating system. The major 
difference between the different approaches is the number of components considered, 
the complexity of the building and its model and the options of control (three position 
valve control [3] to complex model predictive control [8]) and the state of validation. 
The reference frameworks employed for benchmarking include TRNSYS, Matlab/Sim-
ulink (Carnot Blockset) [9] and IDA Indoor Climate and Energy framework[10]. 
In this contribution, a novel framework for the fast assessment of the energy consump-
tion for residential heating systems is presented. Two major applications are envi-
sioned: First, integrated in an online tool, interested users can assess the effect of dif-
ferent retrofitting measures for their situation (location, climate, energy pricing 
schemes, heating/cooling system). Second, expert users will employ this tool to inves-
tigate the effect of different system configurations, size components and quantify the 
effect of different control options. This contribution is organised as follows: In section 
2, the model platform and the models of the individual components are described. In 
section 3, the validation results and performance evaluations of the simulation platform 
are presented. In the concluding section 4, a conclusion of the obtained results is drawn.  

2 Methods 

2.1 Modelling overview 

The dynamics of the residential heating system is described by combining numeri-
cal/analytical models of the individual components. For each component, a set of 
observable functions (e.g. the average temperatures in a pipe) is selected. Their 
evolution is either described by a differential equation derived from an energy balance 
equation (pipe, building, sensible thermal storage) or by a lookup table (heat pump) or 
an analytical function (oil/gas/biomass boiler, emitter system, valves).  

2.2 Models 

Pipes 
As observable function the average temperature 𝑇𝑝 in the pipe is chosen. From the en-
ergy conservation equation, the following governing equation for the temperature evo-
lution is derived:  
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𝑚𝑝 𝑐𝑚
𝜕𝑇𝑝

𝜕 𝑡
=  �̇�𝑖𝑛 + �̇�𝑖𝑛 𝑐𝑚𝑇𝑖𝑛 −  �̇�𝑜𝑢𝑡 𝑐𝑚 𝑇𝑜𝑢𝑡 − �̇�𝑙𝑜𝑠𝑠 

with 𝑚𝑝 the mass of the medium in the pipe, 𝑐𝑚 the specific heat capacity, 𝑇𝑖𝑛, 𝑇𝑜𝑢𝑡  and 
�̇�𝑖𝑛, �̇�𝑜𝑢𝑡 the temperature and mass flow rate of the medium at the inlet and outlet, 
respectively. With �̇�𝑖𝑛 the energy generated by heat sources connected to the pipe inlet 
is considered. The losses �̇�𝑙𝑜𝑠𝑠 are neglected as short, well insulated pipes are assumed. 

Building 
The complex dynamics of the building is modelled by a lumped energy balance equa-
tion of the building following the work of Burmeister et al. [11]. The change of the 
room temperature 𝑇𝑟𝑜𝑜𝑚  is described  

𝐶 𝜕 𝑇𝑟𝑜𝑜𝑚
𝜕 𝑡

= −𝐻 (𝑇𝑟𝑜𝑜𝑚 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡) + 𝑔 𝐼 + �̇�𝐸𝑆 + �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 (1) 

by the action of internal losses (parametrised by the loss factor H and the difference 
between room temperature 𝑇𝑟𝑜𝑜𝑚 and the ambient temperature 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡), the contribu-
tion of solar radiation (𝑔 the solar factor considering window area and orientation and 
𝐼 the instantaneous diffuse and direct radiation incident on the windows) as well as the 
heat transmitted via the emitter system �̇�𝐸𝑆 and internal gains �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙  from elec-
tric/thermal appliances and inhabitants.  
The contribution of the diffuse and direct radiation to the transmitted radiation 𝐼 is cal-
culated based on the Perez sky model [12] and the implementation is adapted from the 
Carnot framework for Matlab [9]. The shading of the windows is modelled by adjusting 
the solar factor g and the effect of air exchange is modelled by additional loss terms in 
the loss factor 𝐻. 

Oil/Gas/Biomass boiler system 

The boiler system model has been implemented according to the European Standard 
CEN EN 15316-4-1 [13] following the “boiler cycling method” to incorporate the 
losses during cycling explicitly.  This method calculates for each time step the instan-
taneous generated heat, the consumed energy carrier (oil, gas or biomass depending on 
the type) based on the current return temperature, and the operation state (burner on/off, 
loading factor and control strategy). The generated heat is then injected into the heating 
system analogous to the heat pump model presented above.  

Heat pump 
The heat pump is modelled based on a performance map approach. For each integration 
step, the current generated heat and coefficient of performance (COP) of the considered 
heat pumps is determined based on supply and ambient- / brine-temperature by linear 
interpolation for on/off-controlled heat pumps. For capacity-controlled heat pumps, in 
addition, the current load status is considered as a third dimension in the performance 
and COP maps. In the studies reported below, the performance map of an air/water-
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heat pump from Emerson Climate Technologies model ZHI-14 is considered. This heat 
pump has a thermal design power of 8091 W at the design air temperature of – 10 °C 
and a design outlet temperature of 55 °C. The performance and COP maps are shown 
in Fig. 1  

 
Fig. 1. Heating capacity generated (heating power) and coefficient of performance (COP) of con-
sidered air-water heat pump ZHI-14 from Emerson Climate technologies.  

Emitter system 
To model both radiator and underfloor-emitter systems, the heat �̇�𝑟𝑜𝑜𝑚 exchanged with 
the room is calculated with the radiator equation: 

�̇�𝑟𝑜𝑜𝑚 = �̇�𝑑𝑒𝑠𝑖𝑔𝑛 ⋅ (
𝑇𝑖𝑛 + 𝑇𝐸𝑆

2 − 𝑇𝑟𝑜𝑜𝑚

Δ𝑇𝑑𝑒𝑠𝑖𝑔𝑛
)

𝑛𝑟

 

with �̇�𝑑𝑒𝑠𝑖𝑔𝑛 the design power of the emitter system at the design temperature differ-
ence Δ𝑇𝑑𝑒𝑠𝑖𝑔𝑛 between inlet temperature 𝑇𝑖𝑛, room temperature 𝑇𝑟𝑜𝑜𝑚 and the outlet 
temperature in the emitter system 𝑇𝐸𝑆. The value radiator exponent 𝑛𝑟 enables to model 
a radiator based system (𝑛𝑟 = 1.3) and an underfloor based system (𝑛𝑟 = 1.1). To cap-
ture the inertia of the emitter system, the dynamics of the emitter system is modelled 
analogous to a pipe with extracted heat �̇�𝑟𝑜𝑜𝑚 by the following equation:  

𝑚𝐸𝑆 𝑐
𝜕 𝑇𝐸𝑆

𝜕 𝑡
=  − �̇�𝑟𝑜𝑜𝑚 + �̇�𝑖𝑛 𝑐𝑚𝑇𝑖𝑛 −  �̇�𝑖𝑛 𝑐𝑚 𝑇𝐸𝑆 

In this equation, the mass flow �̇�𝑖𝑛 into and out of the emitter system of the medium 
with capacity 𝑐𝑚 is assumed to be equal. 

Valves  
The effect of three-point valves is modelled by introducing the mass conservation as a 
constraint in the mass flow equations. To model a temperature control function, the 
splitting of the mass flows to maintain the target temperature is added as additional 
constraint equation.  
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Sensible thermal storage 
The sensible thermal storage is modelled as a vertical standing vessel with constant 
cross-section 𝐴 and height ℎ. The height of the system is split into 𝑁 equal slices of 
height Δℎ = ℎ/𝑁. The mass flows from inlet and outlet pipe to the storage cause inter-
nal mass flows �̇�𝑢𝑝(𝑖) (upwards) and �̇�𝑑𝑜𝑤𝑛(𝑖) (downwards) in the slices 𝑖 between 
inlet and outlet channels depending on the flow direction. For instance, an inlet mass 
flow of 1 l/s in a storage vessel with a height of ℎ = 1 𝑚 discretized in 𝑁 = 11 slices, 
where the inlet enters at a height of 10 cm and exits at a height of 50 cm, causes a mass 
flow upwards of 1 l/s for the nodes at 10, 20, 30, 40 and 50 cm. The dynamics within 
the storage vessel is captured via the evolution of the average temperature 𝑇𝑖  in the slice 
𝑖 given by the following energy conservation equation: 

𝑚𝑖 𝑐𝑚
𝜕 𝑇𝑖

𝜕 𝑡
=  𝑈 ⋅ 𝐴𝑙𝑜𝑠𝑠 ⋅ (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − 𝑇(𝑖)) 

                             + 
𝜋 𝑑2

4
 𝜆𝐹

𝑇(𝑖 + 1) + 𝑇(𝑖 − 1) − 2 𝑇(𝑖)
Δℎ2  +   �̇�𝑖𝑛(𝑖) 

                             + 𝑐𝑝  (�̇�𝑢𝑝(𝑖) (𝑇(𝑖 − 1) − 𝑇(𝑖)) + �̇�𝑑𝑜𝑤𝑛(𝑖) (𝑇(𝑖 + 1) − 𝑇(𝑖))) 
with 𝐴𝑙𝑜𝑠𝑠 the surface of the slice in contact with the environment at temperature 
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , 𝜆𝐹 the heat conduction coefficient between adjacent slices, �̇�𝑖𝑛(𝑖) the 
heat injected in slice 𝑖 by external sources such as heat exchanges and �̇�𝑢𝑝/𝑑𝑜𝑤𝑛(𝑖) the 
mass flows in slice 𝑖 in upward and downward direction, respectively. For the nodes at 
the bottom and at the top of the storage vessel also the losses through the lids are incor-
porated with a term analogous to the term on the first line on the right. Effects of free 
convection within the storage vessel are not directly modelled but may be taken into 
consideration by the adaption of the thermal conductivity between adjacent slices.   

2.3 Calculation of key performance indicators 

Energy consumption 
The energy consumption of the residential heating system is calculated by integrating 
the power injected by the heat source into the heating system. As described in detail in 
Section 2.4, the integration is performed stepwise, i.e., every 180 seconds, the 
instantaneous power of the heat source is multiplied with the width of the integration 
time window (unless the remaining simulation time is shorter, an integration interval of 
180 seconds is chosen) and summed over the whole simulation period.  

Consumption of energy carrier 
The consumption of the energy carrier for the heat source is determined analogously to 
the energy consumption by stepwise integration of the instantaneous consumption. For 
the model of the oil/gas/biomass boiler, the instantaneous consumption of the energy 
carrier is calculated by the model according to EN norm 15316-4-1. In the heat pump 
model, the instantaneous, average coefficient of performance is determined by an in-
terpolation of the provided COP map. By a division of the heat generated instantane-
ously and the current COP, the current electrical power consumption can be determined.  
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Comfort indicators 
As comfort indicator, the integrated deviation of the room temperature from the set 
temperature is considered. To incorporate the human insensitivity to deviations of 
0.5 K, the difference is only considered if the room temperature is 0.5 K below the 
actual set temperature.  

2.4 Simulation framework 

The simulation framework is implemented in C++ with Visual Studio Community 2017 
from Microsoft. The models of the individual components are implemented in individ-
ual classes.  
The simulation is performed in three stages:  

1. The hydraulic configuration of the system is defined, all component models are 
loaded with the component parameters and required input and output values of the 
individual models are connected among the different component models by pointer 
algebra.  

2. The dynamic simulation is performed: The whole simulation time (typically a full 
year) is split into small windows of 180 seconds. During this window the ambient 
temperature, the mass flow through the individual components and the control sig-
nals for the components are assumed to be constant. The dynamics of the heating 
system during this period is simulated by solving the system of coupled differential 
equations with an implementation of the controlled Runge-Kutta algorithm from the 
odeint package from the Boost 1.6.4 library (www.boost.org).  
After each 180 second-window, the mass flows through the individual components 
are recalculated to account for changes in the operation conditions (e.g. changes in 
the mixing ratio of a temperature controlled mixing valve). The mass flows are 
determined by solving the system of mass conservation equations in each point of 
the hydraulic schema with the Eigen library (eigen.tuxfamily.org). In addition to the 
mass flow update, the climatic information is updated, changes in the control signal 
for the individual components are determined, and the changes on the key perfor-
mance indicators (cf. Sections 2.3) are calculated. 

3. In the last stage, the key performance indicators for the simulation are calculated, 
and the simulation program is terminated.  

2.5 Reference simulations for the building models 

For the benchmark of the building model, the reference buildings single family house 
SFH15, 45 and 100 from the IEA SHC Task 44 are considered [14, 15]. These three 
reference buildings are models for typical buildings with an annual space heating de-
mand of 15, 45 and 100 kWh/m2 and represent a modern energy efficient building 
(SFH15), a conventional, modern house (SFH45) and an existing, non-renovated build-
ing (SFH100) located in Strasbourg. To determine the annual energy demand for the 
models, a simple residential heating system is implemented in the framework: A heat 
source with constant power output (if running) is connected to the emitter system, 
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which provides the energy to the building for space heating via the term �̇�𝐸𝑆. The usage 
profiles and contributions of the appliances �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙  are taken from the reference pub-
lication [14, 15].  
The simulations are performed for the climatic test reference year (TRY) of Strasbourg 
as extracted from Meteonorm. To measure the energy demand of the building alone, 
the heat source is exchanged with a constant power heat source injecting the same 
power into the heating system whenever activated. The shading control and air ex-
change are implemented as described in [14, 15]. 
In the building validation simulation, the heat source is controlled by a two position 
controller based on the current room temperature (set temperature 20°C with a death 
band of 1 K). 
To obtain time resolved reference energy consumption profiles of the building during 
one year, the energy consumption is as well simulated with the two reference software 
packages Matlab/Simulink (Carnot Blockset) [9] and IDA Indoor Climate and Energy 
framework (EQUA Simulation AB, Solna, Sweden). These reference simulations have 
been described elsewhere in detail [16]. 

3 Results 

3.1 Parametrisation of reference buildings and validation results 

Based on the detailed description of the buildings in [14, 15], the values of the lumped 
losses 𝐻, the summative building capacity 𝐶 and the solar gain factor 𝑔 have been cal-
culated according to the procedure in [11]. The resulting values are reproduced in Table 
1 together with the parameters of the emitter system and heat source in the simple 
benchmarking heating system.  

 Building 
Parameter SFH 15 SFH 45 SFH 100 
Loss factor 𝐻 (W/K) 94.2 160.7 299.8 
Capacity 𝐶 (kJ/K) 169 640 167 123 163 349 
Solar gain factor 𝑔 (m2) 11.5 12.2 14.8 
Radiator exponent 𝑛𝑟 (-) 1.1 1.1 1.3 
Design power �̇�𝑑𝑒𝑠𝑖𝑔𝑛 (W) (Strasbourg) 1 792 4 072 7 337 
Design temperature difference Δ𝑇𝑑𝑒𝑠𝑖𝑔𝑛 (K) 15 15 35 
Maximum power of heating system (W) 2 330 5 293 9 538 
Ventilation (h-1) 0.4 0.4 0.4 
Heat exchanger effectiveness 0.6 0 0 

Table 1. Parameters of building models according to Eq. (1), emitter system and heat source 
for the validation of the reference buildings SFH 15, SFH 45 and SFH 100 considered here. 

The calculated cumulative weekly heat demand of the building for one year is shown 
in Fig. 2 and compared to the reference models. Comparing the three profiles indicates 
that all three simulations agree. The deviations of the annual space heat demand range 
between 1.2 % (SFH15), 6.2 % (SFH45) and 8.5 % (SFH100). Although this deviation 
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is non-negligible, it is compatible with the variation among the reference codes (e.g. 
11.7 % for SFH100). Noteworthily, all simulations of the current model have been 
performed with a focus on precise temperature control in the building: The comfort 
indicator (the integrated deviation of the room temperature – when larger than 0.5 K) 
ranged only between 5 and 12 Kh over a full year (8760 h). 

 
Fig. 2. Comparison of space heating energy demand for the three-considered reference building 
SFH15 (top, left), SFH45 (top, right) and SFH100 (bottom, left) for all considered simulation 

frameworks.  

 Building 
Result SFH 15 SFH 45 SFH 100 
Annual energy demand (kWh) 2 125 5 909 15 194 
Specific annual energy demand (kWh/m2) 15.18 42.2 108.5 
Comfort indicator (Kh) 12 5 8.7 
Execution time for annual simulation (s) 3.54 3.66 3.61 

Table 2. Results of benchmarking study to evaluate annual space heating energy demand. The 
calculated specific annual energy demands match the expected values of 15, 45 and 

100 kWh/m2 accurately. 

3.2 Running time considerations 

The running times for the annual simulations are reported in Table 2 and range between 
3.5 and 3.6 seconds. Due to the architecture tailored on speed, these running times are 
substantially lower than for the reference simulations, where annual simulations require 
execution times longer than 10 minutes. 

3.3 Application on residential heating system with different heating systems 

As a final application study, the building SFH100 is located in Helsinki (Meteonorm 
data set FI-Helsinki-Kaisani-29980). To cover the increased heat demand due to lower 
ambient temperatures, the power of the heat source has been adjusted appropriately (cf. 
Table 3 for reference). The (specific) energy consumption for the individual heat 
sources and the comfort indicators are shown in Table 3 as well. The constant power 
boiler and the condensing boiler are operated with a two level control based on the room 
temperature (set temperature 20°C) and a dead band of 1 K. The heat pump operation 
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is controlled based on a set temperature on return temperature to the heat pump 
according to the heating curve modified by the six-fold deviation of room and set 
temperature.  

Property Fixed capacity 
boiler 

Heat 
pump 

Condensing 
boiler 

Power heat source at -20 °C at de-
sign point (W) 

10 931 10 911 10 886 

Heat generated per year (kWh) 29 306 29 387 29 147 
Specific annual energy consump-
tion (kWh/m2) 

209.3 209.9 208.19 

Annual final energy consumption 
(kWh) 

29305 13284 31957 

Comfort indicator (Kh) 368.8 46.3 436 
Execution time for annual simula-
tion (s) 

4.00 4.27 4.10 

Table 3. Annual specific energy demand and comfort indicators for an SFH 100 building in 
Helsinki. 

Non-surprisingly, the heat demand for space heating almost doubled due to the change 
of location, which agrees with other simulation studies. The different control algorithms 
have only a minor impact on the total energy consumption. However, the heat pump 
control algorithm keeps the temperature in a narrower range yielding an improved value 
for the comfort indicator. For the considered heat pump, no performance data for am-
bient temperatures below -10 °C are available. Therefore, the heat capacity and COP 
values for ambient temperatures below -10°C have been derived from a linear extrapo-
lation of the data in the range 0°C and -10 °C. This may also be a reason for the rather 
high values of the seasonal performance factor of 2.19 calculated with the values above.  

4 Conclusions 

In this paper, a novel simulation platform for residential heating systems has been 
presented. The key features of this platform are its broad range of covered system com-
ponents (different types of buildings, oil/gas/biomass boilers, heat pumps, different 
types of emitter systems as thermal storages) as well as its short execution time. These 
short execution times are vital for a fast assessment of different system configurations. 
To validate the building model, the simulation is compared with reference simulations 
performed with Matlab/Simulink (Carnot Blockset) and the IDA-Indoor Climate and 
Energy frameworks. The results of the framework agree well with the reference simu-
lations for the SFH 15, 45 and 100 models as introduced by the IEA SHC Task 44. As 
an application, the energy consumption of the above three buildings has been compared 
for the different heat sources and different control algorithms with Helsinki and Stras-
bourg (reference location) as a point of installation.  
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