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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The future climate conditions will differ from the current climate conditions. Most building system are used for a longer period of 
time. Therefore is it important to consider the performance of building systems for a longer period of time. The purpose of this 
study is to develop a generic model as a subject and tool for scientific research, where the performance of state-space based models 
can be visualized for Europe over an extended period of time. The use of the tool is demonstrated by a state-space model of a brick 
work solar collector. We conclude that the tool is efficiently capable of simulating and mapping of any state-space system.     
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1. Introduction 

A lot of studies exist on the performances of new innovative building systems. The performance of building systems 
is often dependent of external climate conditions. The variety of climate conditions in Europe make the performance 
of building systems dependent of the geographical location. Mapping the performance of systems on European scale 
can give more insight into the regions where building systems perform well or worse. Indicating in which region a 
building system performs well can be used for commercial purposes. Mapping building system performances on 
European scale decreases the chance that, due to choosing unfavorable climate conditions, innovations are unjustly 
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classified to have a low performance. The future climate conditions will differ from the current climate conditions [1]. 
Most building system are used for a longer period of time. Therefore is it important to consider the performance of 
building systems for a longer period of time. The purpose of this study is to develop a MatLab [3] tool, where the 
performance of state-space based models can be visualized for Europe over an extended period of time. This MatLab 
model will be usable for other users with knowledge of building systems. The climate change was evaluated using 
climate files created with the REMO [2] model. From literature the following two papers are related to our topic.  M. 
Gaetani et al. [4] have done an assessment on the performance of photovoltaic energy. Their research is limited for 
this specific system and results can’t be applied to other systems. The paper by van Schijndel and Schellen [5] is 
mainly focused on an evaluation tool for the performance of the indoor climate performance of buildings on European 
scale. Both researches focus on an evaluation tool for buildings or building systems, but neither focus on the impact 
of future climate on buildings or building systems. The goal of this project is to develop a tool for simulating and 
mapping the performance of building systems on European scale for different (future) time periods. The modeling and 
implementation is discussed in Section 2. This Section will discuss the overall developed MatLab-files of the tool, the 
usage of state-space models and the used climate files. In Section 3 an application is shown, a solar collector. This 
case is used as an example to demonstrate the usage of the tool. In Section 4, the general applicability of the tool for 
scientific research is discussed. Conclusions are provided in Section 5. 

2. Modeling and implementation of the tool 

The model has been created using MatLab including the Control System Toolbox and Mapping Toolbox. The MatLab 
tool contains a model of the building system of which the performance is mapped. In the MatLab model, the following 
aspects of the systems were defined: constants, state-space model, start values, used external climate data and the 
performance indicator. This information is used to determine a performance value for the three time periods for each 
location. The start file contains a time loop to calculate performance indicators for the three time periods. Within this 
time loop another loop is defined to calculate the performance indicators of each geographical location. The 
calculation time is reduced by using state-space models instead of ordinary differential equations. State-space is 
derived from the state-variable method, which describes a dynamic system with a set of first-order differential 
equations in the vector-valued state. State-space combines the set of first-order differential equations into matrices, 
which provides the possibility to work directly with the state-variable description of the system. In Eq. (1) a state-
space  is shown. 
 
�̇�𝑥(𝑡𝑡) = 𝐴𝐴𝑥𝑥(𝑡𝑡) + 𝐵𝐵𝐵𝐵(𝑡𝑡)                 (1) 
𝑦𝑦(𝑡𝑡) = 𝐶𝐶𝑥𝑥(𝑡𝑡) + 𝐷𝐷𝐵𝐵(𝑡𝑡)   
 
Where, x = the state vector; y = the output vector; u = the input vector; A = the system matrix; B = the input matrix; 
C = the output matrix; D = the direct transmission matrix; t=time [s]. For the state-space model,  constants, state-space 
matrix and the start values of the state vector, need to be determined. The system matrix (A) and the input matrix (B) 
are used to define the building system. Both matrices contain known constants, therefore the constants are defined 
first in the MatLab start file. The system matrix (A) and the input matrix (B) are designed to define the system with 
the state vector and the input vector. The output matrix (C) and the direct transmission matrix (D) are designed to 
create an output vector. When for instance the aim of the research is to determine the state vector, than the output 
matrix should be an identity matrix and the direct transmission matrix should only contain zeros. These matrices can 
be used to create the state-space model, by using the MatLab command “ss(A,B,C,D)”. The state vector is time 
dependent, therefore  the initial conditions are necessary. The input vector describes the climate variables and is also 
time dependent. The input vector is created with climatic data using the REMO model  [2]. This procedure is included 
in the MatLab start file for creating an output vector. The input vector u(t) contains climatic variables. The climatic 
data is extracted from the climate files of the EU FP7 project Climate for Culture. Within this project, climate files 
were developed for three periods: the Past (1960-1990), the Near Future’ (2020-2050) and the Far Future (2070-2100) 
using the REMO model [2] and a moderate climate scenario. For each time period there were external climate files 
available for 474 locations in Europe, as shown in Figure 1 Left.  
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Fig. 1. Left: Locations of the simulated climate files using the REMO model; Right: Parameter values of the solar brick model (See Section 3)  

The following geographical information is given in the climate files: Longitude [°], Latitude [°], Height above sea 
level [m], Time Zone [h from UTC] and Time Step [h]. The following external climate data are available to use for 
the model: Air temperature [°C] (TA), Relative Humidity [%] (HREL), Horizontal Global Solar Radiation [W/m²] 
(ISGH), Diffuse Horizontal Solar Radiation [W/m²] (ISD), Air pressure [Pa] (PSTA), Rain intensity [mm/h] (RN), 
Wind Direction [°] (WD), Wind Speed [m/s] (WS), Cloud Index [-] (CI), Atmospheric Counter Horizontal Long wave 
Radiation [W/m²] (ILAH), Atmospheric Horizontal Long wave Radiation [W/m²] (ILTH), Ground Temperature [°C] 
(GT), Ground Reflectance [-] (GR) and Direct Horizontal Solar Radiation [W/m²] (ISvar). The aimed result of the 
tool are maps of the performance indicator over three time periods: the Past (1960-1990), the Near Future (2020-2050) 
and the Far Future (2070-2100). The climate data are automatically extracted from the climate files using in-house 
developed MatLab functions of HAMLab [6]. 

2.1. The performance indicator 

The performance indicator can be defined as the output using the state-space model by the output matrix (C) and the 
direct transmission matrix (D). The output vector is calculated using the MatLab command “lsim”, which simulates 
the time response of a dynamic system to arbitrary inputs. The state-space model, the input vector, the system time 
units and the initial conditions are needed as input for the command “lsim”. This results in a hourly based output 
vector for each location. The mean of the performance indicators are combined in one text file. This text file contains 
of each geographical location the following data: longitude, latitude and five different mean performance values. The 
first three performance indicators are the values for each time period: the past, the near future and the far future. The 
fourth performance value is the difference between the near future and the past. The fifth performance value is the 
difference between the far future and the past. 

2.2. Mapping of results 

For each geographical location the performance is shown as a color. Between geographical locations the performance 
is interpolated, thus creating a fully colored image of Europe. The performance indicator differences regarding 
different time periods maybe small and can create very similar images of the performances of the different time 
periods. For example, this can be seen in Figure 3, where the performances of a concrete brickwork solar collector are 
shown for the Past and Far Future. Although the results are not the same, they look quite similar. Therefore two more 
mapping results were included in the tool: Performance maps of the difference between the near future and the past 
and the difference between far future and the past. The latter can been seen in Figure 4. At this point, the reader should 
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notice that the MatLab tool is designed to automatically simulate and create maps from any given state-space matrices 
A,B,C,D. The example of the concrete brickwork solar collector will be fully discussed in the next Section.   

3. Application  

The concrete brickwork solar collector described by [7] has been used as an example for this research. Figure 2, 
Left shows the solar collector, Figure 2, Right shows the thermal network. Due to space limitations, the parameters 
C1, C2, R1,  … are already described in Fig. 1. Left.  The performance indicators have been reduced to a single 
performance indicator: the heat gain (see Formula (4)). The system has three states (temperatures T1-T3) ) and three 
inputs: the external air temperature (Te), solar radiation (Irrad) and the supply water temperature (Tsup). The latter is 
held constant.  

  

Fig. 2. Left: Visual representation of the concrete brickwork solar collector; Right: Thermal network of the concrete brickwork solar collector 
(The parameters C1, C2, R1,  … are described in Fig. 1. Right ) ;  

The thermal network can be translated into three ODEs see Formula (2).  
 

𝐶𝐶1
𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑 = ℎ ∙ S ∙ (𝑑𝑑𝑒𝑒 − 𝑑𝑑1) −  𝑑𝑑1 − 𝑑𝑑2

𝑅𝑅1
+ ∝∙ S ∙ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑑𝑑 

𝐶𝐶2
𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑 = �̇�𝑚 ∙ 𝑐𝑐 ∙ (𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑑𝑑2) + 𝑑𝑑1 − 𝑑𝑑2

𝑅𝑅1
− 𝑑𝑑2 − 𝑑𝑑3

𝑅𝑅2
 

𝐶𝐶3
𝑑𝑑𝑑𝑑3
𝑑𝑑𝑑𝑑 = 𝑑𝑑2 − 𝑑𝑑3

𝑅𝑅2
 

 
 

                                                                                  (2) 

  
The set of ODEs on its turn, can be translated into state-space matrices, see Formulas (3)-(5).  

 

𝑥𝑥(𝑑𝑑) = [
𝑑𝑑1
𝑑𝑑2
𝑑𝑑2

],      𝑢𝑢(𝑑𝑑) = [
𝑑𝑑𝑒𝑒

𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑑𝑑

]                    (3)       

 
𝑦𝑦(𝑑𝑑) = �̇�𝑚 ∙ 𝑐𝑐 ∙ 𝑑𝑑2 − �̇�𝑚 ∙ 𝑐𝑐 ∙ 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                    (4) 
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held constant.  

  

Fig. 2. Left: Visual representation of the concrete brickwork solar collector; Right: Thermal network of the concrete brickwork solar collector 
(The parameters C1, C2, R1,  … are described in Fig. 1. Right ) ;  

The thermal network can be translated into three ODEs see Formula (2).  
 

𝐶𝐶1
𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑 = ℎ ∙ S ∙ (𝑑𝑑𝑒𝑒 − 𝑑𝑑1) −  𝑑𝑑1 − 𝑑𝑑2

𝑅𝑅1
+ ∝∙ S ∙ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑑𝑑 

𝐶𝐶2
𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑 = �̇�𝑚 ∙ 𝑐𝑐 ∙ (𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑑𝑑2) + 𝑑𝑑1 − 𝑑𝑑2

𝑅𝑅1
− 𝑑𝑑2 − 𝑑𝑑3

𝑅𝑅2
 

𝐶𝐶3
𝑑𝑑𝑑𝑑3
𝑑𝑑𝑑𝑑 = 𝑑𝑑2 − 𝑑𝑑3

𝑅𝑅2
 

 
 

                                                                                  (2) 

  
The set of ODEs on its turn, can be translated into state-space matrices, see Formulas (3)-(5).  

 

𝑥𝑥(𝑑𝑑) = [
𝑑𝑑1
𝑑𝑑2
𝑑𝑑2

],      𝑢𝑢(𝑑𝑑) = [
𝑑𝑑𝑒𝑒

𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑑𝑑

]                    (3)       

 
𝑦𝑦(𝑑𝑑) = �̇�𝑚 ∙ 𝑐𝑐 ∙ 𝑑𝑑2 − �̇�𝑚 ∙ 𝑐𝑐 ∙ 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                    (4) 
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𝐶𝐶 =  [
0 0 0
0 �̇�𝑚 ∙ 𝑐𝑐 0
0 0 0

]𝐷𝐷 =  [
0 0 0
0 −�̇�𝑚 ∙ 𝑐𝑐 0
0 0 0

]           (5)                

 
By taking numerical values for the systems parameters shown in Figure 1 Right, matrices A,B,C,D become 

numerical and suitable as the input for the MatLab tool. We proceed with the output that is produced using the tool. 
The total calculation duration time is less than 10 minutes on 8GB/2GHz desktop computer.   

 
The output y is a single performance indicator, i.e. the mean net heat gain of the solar collector [W]. The tool 

produces five maps (see Section 2.1) of the mean net heat gain. The maps of the Past and Far Future are presented in 
Figure 3. The map of the Near Future is not included due to space limitations.  As can be seen the maps are quite 
similar. The maps of the Past subtracted of the Near Future and the Far Future give a more clear representation of the 
effect of climate change on the system. This is shown in Figure 4 which shows again the performances of a concrete 
brickwork solar collector. As can be seen in the maps, the color differences are much more distinguishable, due to the 
smaller range of values that is mapped. These figures are more suitable for the assessment of the effect of climate 
change on this building system. For example, it better shows that for whole Europe the performance of the solar 
collector will increase due to the expected climate change. The regions near the North Sea will have a minimal increase 
in performance. Eastern Europe and North Africa show a higher increase in performance. The Far Future minus the 
Past shows the same trend as the Near Future minus the Past, but the increase in performance is larger. 

 
  

 

Fig 3. The mean performance [W] of the solar collector during, Left: the Past (period 1960-1990); Right: Far Future (period (2070-2100)) 
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Fig. 4. The difference in performance [W] of the solar collector between the periods, Left: Near Future [2020-2050] minus the Past [1960-1990]; 
Right Far Future [2070-2100] minus the Past [1960-1990]; 

4. The applicatibilty of the tool for scientific reasearch 

The methodology presented in this paper together with the public available European external climate data provides 
a very powerful tool to simulate the future performance of any state-space based model on the European scale.  In this 
paper we demonstrated the methodology by the state-space model of a solar collector, but any other state-space based 
model, think of heat storage systems, building components, HVAC systems, etc. may be used. The future 
performances of all of these energy based systems can be simulated and studied for scientific research.     

5. Conclusions 

In this paper we presented a tool that can be used to determine the effect of climate change on the performance of 
building systems. The input of the tool are four matrices A,B,C,D of state-space systems as representations of building 
systems. The tool uses available external climate files, consisting of hourly based values of 474 locations spread over 
Europe for three 30 year time periods the Past 1960-1990, the Near Future 2020-2050 and the Far Future 2070-2100. 
The simulated outputs are mapped using five different time periods: The just mentioned three periods plus two extra: 
Near Future [2020-2050] minus the Past [1960-1990] and Far Future [2070-2100] minus the Past [1960-1990]. The 
total calculation duration time is less than 10 minutes on 8GB/2GHz desktop computer. The use of the tool is 
demonstrated by a state-space model of a brick work solar collector. We conclude that the tool is efficiently capable 
of simulating and mapping of any state-space system.      
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Fig. 4. The difference in performance [W] of the solar collector between the periods, Left: Near Future [2020-2050] minus the Past [1960-1990]; 
Right Far Future [2070-2100] minus the Past [1960-1990]; 
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