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 Section: Energy for Buildings 
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Abstract 
The article presents an investigation of the use of three methodologies in order to find the optimal combination of the technologies of the 
building energy system. The DesignBuilder software has been used to model the energy demand of the building. The Polysun software 
has been used to simulate the combinations of the technologies of the building energy system. The evolutionary solving method, 
integrated into MS Excel Solver, is applied for an optimization of the building energy system. The results of the optimization showed the 
necessity to use the decision making methods in order to select the rational combination of the energy system. Multi-criteria decision 
making methods WASPAS and TOPSIS are used in this case study. The main goal of this study is to find the rational combination of the 
technologies of the building energy system, considering the efficient energy use in the building, low impact to the environment and 
economic rationality. Five alternatives are foreseen to represent the energy use of the building. The results of the case study showed that 
the wood boiler with the integrated solar collector and photovoltaic systems are the rational configuration of the building energy system. 
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Nomenclature 
xij – value of j criterion in alternative i 
qj  – the weight of j criterion 
m – the number of alternatives 
n – the number of criteria 
ijx  – the normalized values of the j criterion for i alternative 
,i outE   – input values of the building energy demand in the model (the physical outputs of the hub), kWh/m2a 
, ,i del inE   – delivered energy, which is expressed per energy carrier i and supplied to the technical building systems 

through the system boundary (the physical inputs of the hub), kWh/m2a 
, , ,el gen out iE  – electricity production of the generation device i, kWh/m2a 
,H ndQ  – energy need for space heating, kWh/m2a 
,W ndQ  – energy need for domestic hot water (DHW), kWh/m2a 
, ,gen out iQ   – thermal output of the generation device i (thermal input required by the distribution systems fed by this 

generator), kWh/m2a 
VE  – energy use for ventilation, kWh/m2a 
LE  – energy use for lighting, kWh/m2a 
AE  – energy use for appliances, kWh/m2a 
HWW   – auxiliary energy of the heating and domestic hot water systems without generation, kWh/m2a 

D  – a backward coupling matrix 
,i genP  – design power of energy generator i, kW 
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i
genv   – the ratio between the power flow of the energy generator i on a line and the total power flow of the energy 

generator i at the output 
,i genε   – energy efficiency of energy generator i, % 

,i genSCOP  – seasonal coefficient of performance of energy generator i 
Subscripts 
A  – appliances 
CO2  – related to CO2 emissions 
H  – heating 
L – lighting 
PE  – primary energy 
V  – ventilation 
W  – hot water 
del  – delivered 
el  – electricity 
gen  – generator 
i  – dummy subscript 
in  – input 
nd  – need 
out  – output 
Superscripts 
en  – related to primary energy use 
ev  – related to environmental impact 
ec  – related to economic impact 
Abbreviations 
DHW  – domestic hot water 
NPV  – net present value 

1. Introduction 

During the past decade and particularly over the past five years, national policies in both Europe and the United States have 
begun to mandate requirements for new buildings and retrofits of existing buildings that are designed to achieve ambitious 
performance goals centered on renewable energy, climate change and improved energy performance [1]. Traditionally 
heating, cooling, lighting, ventilation, domestic electrical appliances are the main energy users of the building. Therefore, 
the main attention has been directed to reduce this energy use by implementing the technical innovations, regulatory control 
and assessing a wide range of rating methods [2]. The relevance of making building more environmental friendly nowadays 
is uncontended. Here the authors present the tool for choosing the rational option of the combination of the technologies of 
the building energy system. The article introduces the multi-criteria methodology, which is used for the calculations; 
describes the analyzed case study; adduces the results and presents the final conclusions. 

2. Methodology 

The evaluation and optimization algorithm of the building energy system, presented in Figure 1, is used in the case study 
[3]. The multi-criteria decision making methods WASPAS [4] and TOPSIS [5] are used for the final decision making in the 
rank of the configuration of the building energy system. WASPAS and TOPSIS are very useful methods in solving this kind 
of tasks, especially, if these methods are multidimensional [6]. Weights for each criterion are calculated with the help of 
AHP pair-wise comparison matrix [7], [8]. 
The WASPAS method’s calculations are carried out with Eqns (1–4) and are described as follows:  

− normalized values for WASPAS method: 

 , 1, ; 1, ;

min

ij
i

ij
ij

opt x
x where i m j nx
if opt value is

= = =  (1) 

− weighted and normalized values for the summarized part of WASPAS method: 
 , , 1, ; 1,ij sum ij jx x q where i m j n= = = ; (2) 
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Fig. 1. Evaluation and optimization algorithm of building energy system 

− weighted and normalized values for the multiplication part of WASPAS method: 
 

,
, 1, ; 1,jqij mult ijx x where i m j n= = = . (3) 

The final results of WASPAS calculation are carried out with this equation: 

 
1 1

0.5 0.5 , 1, ; 1,
nn

ij iji
j j

WPS x x where i m j n
= =

= + = =∑ ∏ . (4) 

The normalized values of TOPSIS method calculations are carried out with formula (5). Normalized and weighted values 
are carried out with the same equation (2) as for summarizing values for WASPAS method. The next steps of TOPSIS 
calculations are carried out with the Eqns (6–9) and (10). 
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Here and after xij is a value of j criterion for i alternative; m – is a number of the alternative, n – is the number of the 
criteria; q – is the weight of the criterion.  
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where: 1 0, 1, 2, 3,..., .iK i m≥ ≥ =  
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where jx
+  and jx

−  can be described as follows: 

 1 2(max ), (min '), 1, , ,..., ;ij ij nii
D x j J x j J i m x x x+ + + +  = ∈ ∈ = =        (9) 

 1 2(min ), (max '), 1, , ,..., ;ij ij ni i
D x j J x j J i m x x x− − − −  = ∈ ∈ = =        (10) 

3. Case study 

The object of the case study is an existing low energy individual family house with five residents, located in Vilnius, 
Lithuania. The house is single storey, the useful floor area is 153.5 m2. The structural system of the building is a residual 
formworks system from polystyrene foam blocks. The physical basis of the system of polystyrene foam blocks is composed. 
The extra insulation of 15 cm polystyrene foam slabs is equipped on the exterior facades. The windows are with 
exceptionally low U values; triple-pane insulated glazing with air-seals and specially developed thermally-broken window 
frames. The ratio of windows and walls is 16%. The thermal conductivity of the house components is presented in Table 1. 

Table 1. The thermal conductivity of house components 

House component U, W/m2K 
External walls 0.120 
Roof 0.087 
Floor 0.111 
Windows 0.802 
External door 1.20 
Linear thermal conductivity of thermal bridge: Ψ, W/mK 
outside corner –0.114 
roof –0.095 
floor slab –0.153 
window 0.035 

 

The existing installed energy system of the house is an air–water heat pump. The normalized measured data, presented in 
Table 2, is used for the simulations of the combinations of the building energy systems.  
Table 2. The thermal conductivity of house elements 

Input data Symbol, unit Normalized measured data 
Outdoor air temperature  °C Measured values 
Indoor air temperature  °C 23 
Transmission heat transfer  kWh/m2 51.7 
Ventilation heat transfer by mechanical ventilation system  kWh/m2 2.95 
Internal heat gains from persons  kWh/m2 3.10 
Solar heat gains  kWh/m2 11.30 
Recovered ventilation heat losses  kWh/m2 37.5 
Annual heat demand  kWh/m2 40.3 
Energy need for space heating QH,nd, kWh/m2 37.4 
Energy need for domestic hot water (DHW) QW,nd, kWh/m2 29.1 
Energy use for ventilation EV, kWh/m2 8.4 
Energy use for lighting EL, kWh/m2 7.0 
Energy use for appliances EA, kWh/m2 16.0 
Solar irradiation onto 1 m2 collector (or solar cells) area Esol, kWh/m2 1195 
Cooling capacity  kW 5.22 
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As can be seen from Table 2, the building energy demand for heating is in agreement to the requirements for the low 
energy house. In order to minimize the primary energy demand of non-renewable energy sources, environmental impact to 
the environment, the optimal combination of building energy system has to be selected. The combination of energy 
generators provides the possibility to meet the thermal and electrical loads. Thermal load can be met by: wood boiler, 
condensing boiler, air–to–water heat pump, ground–to–water heat pump, water–water heat pump, and solar collectors. The 
electricity can be met by: electricity from the grid, photovoltaic system. This case study presents five combinations of 
building energy systems: D1 – wood boiler, solar collector system of 7.2 m2, photovoltaic system of 1.0 m2, electricity grid; 
D2 – condensing gas boiler, solar collector system of 7.2 m2, photovoltaic system of 1.0 m2, electricity grid; D3 – air-to-
water heat pump, solar collector system of 7.2 m2, photovoltaic system of 1.0 m2, electricity grid; D4 – ground-to-water heat 
pump, solar collector system of 7.2 m2, photovoltaic system of 1.0 m2, electricity grid; D5 – water-to-water heat pump, solar 
collector system of 7.2 m2, photovoltaic system of 1.0 m2, electricity grid. Decision making matrix with the minimized 
values of objective functions of the case is presented in Table 3. 
Table 3. Decision making matrix with the minimized values of objective functions 

Energy generator min f min f 
i
genν  (Ei, del,in)PE,  (kWhPE/year) (Ei, del,in)CO2, (kgCO2/year) i

genν  GDV, (LTL) 
Wood boiler 0.69 1386 426 0 0 
Condensing gas boiler 0 0 0 0 0 
Air–to–water heat pump 0 0 0 0 0 
Ground–to–water heat pump 0 0 0 0.69 –34051 
Water–water heat pump 0 0 0 0 0 
Solar collectors 0.31 0 0 0.31 –19867 
Σ 1 – – 1 – 
Photovoltaic system 0.007 106 34 0.007 –1584 
Electricity grid 0.993 11437 2093 0.993 –27611 
Σ 1 – – 1  
Total – 12929 2106 – –156873 
Total for 1m2 – 84.2 13.7 – –1022 

4. Results 

Table 3 presents the results, calculated with the minimized values of the objective function. It is seen that basing on 
objective function, we get the different combinations. So the next step is to calculate the best solution with the help of 
MCDM and present the final results. But first of all we should calculate the weights, basing on AHP methodology (Table 4). 
Table 4. A pair–wise comparison table of criteria weights 

  x1 x2 x3 Σ Q 
x1   0.73 0.87 1.60 0.25 
x2 1.37   1.50 2.87 0.46 
x3 1.15 0.67   1.82 0.29 

   
Σ 6.29 1.00 

 
This initial decision making matrix, we expressed as a final decision making matrix, is prepared for MCMD calculation 

(Table 5). Weights are expressed as q and are calculated with AHP method, giving the questioner to the respondents. 
Table 5. The final matrix of the initial decisions  

 

Criteria 
x1 x2 x3 

Optimization direction 
min min Min 

q 0.25 0.46 0.29 
D1 84.23 16.63 1037.90 
D2 140.59 28.02 1169,80 
D3 121.91 22.40 1045.10 
D4 107.75 19.81 1021.80 
D5 108.77 20.00 1023.40 
∑ 563.25 106.86 5298.00 

Optimal values 84.23 16.63 1021.80 
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The normalized decision making matrix is presented in Table 6 and expresses the normalized values for the decision 
making method WASPAS. 

Table 6. A normalized matrix of the initial decisions 

Alternatives Criteria 
x1 x2 x3 

D1 1.000 0 1.000 0 0.984 5 
D2 0.599 1 0.593 5 0.873 5 
D3 0.690 9 0.742 4 0.977 7 
D4 0.781 7 0.839 5 1.0000 
D5 0.774 4 0.831 5 0.998 4 

 
Weighted and normalized decision making matrix for the summarized and multiplication part of WASPAS method is 

presented in Table 7. 
Table 7. A weighted–normalized decision making matrix for WASPAS method with final results 

Alternatives Values for summarizing part Values for multiplication part Final results 
x1 x2 x3 x1 x2 x3 

D1 0.2545 0.456 6 0.2844 1.0000 1.0000 0.9955 0.9955 
D2 0.1525 0.271 0 0.2524 0.8777 0.7881 0.9617 0.6705 
D3 0.1759 0.338 9 0.2825 0.9102 0.8729 0.9935 0.7933 
D4 0.1990 0.383 3 0.2889 0.9392 0.9232 1.0000 0.8691 
D5 0.1971 0.379 6 0.2885 0.9370 0.9192 0.9995 0.8630 
 
Weighted and normalized decision making matrix for TOPSIS method is presented in Table 8. 

Table 8. A weighted–normalized decision making matrix for TOPSIS 

Alternatives x1 x2 x3 
D1 0.0840 0.1564 0.1264 
D2 0.1402 0.2636 0.1424 
D3 0.1216 0.2107 0.1273 
D4 0.1074 0.1863 0.1244 
D5 0.1085 0.1881 0.1246 
D+ 0.0840 0.1564 0.1244 
D- 0.1402 0.2636 0.1424 

 
Final results of TOPSIS method are presented in Table 9. 

Table 9. Decision making matrix for TOPSIS (final results) 

D1 0 0 3.84351E-06 3.84351E-06 L1+ 0.00196 
D2 0.003158178 0.01147824 0.000324788 0.014961206 L2+ 0.122316 
D3 0.001411615 0.00294564 8.04987E-06 0.004365304 L3+ 0.06607 K1 0.98419 
D4 0.000550008 0.00089471 0 0.001444718 L4+ 0.038009 K2 0 
D5 0.000598748 0.00100482 3.79592E-08 0.001603604 L5+ 0.040045 K3 0.467771 
D1 0.003158178 0.01147824 0.000257968 0.014894386 L1- 0.122043 K4 0.692987 
D2 0 0 0 0 L2- 0 K5 0.676541 
D3 0.000346935 0.00279448 0.000230574 0.003371986 L3- 0.058069 
D4 0.001072262 0.00596368 0.000324788 0.007360728 L4- 0.085795 
D5 0.001006688 0.00569084 0.000317804 0.007015335 L5- 0.083758 
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Both methods showed the same results: the firs alternative D1 is the best solution to this case study, which means that the 
house, heated with the wood boiler with the integrated solar collector and photovoltaic systems is the best solution. Worse 
results showed the alternative number D2, the gas boiler with the integrated solar collector. The next researches could be 
based on the possibility to combine the referred technologies, in order to get the best solution.   

5. Conclusions 

1. The presented combinations of the technologies of the building energy system were simulated with Polysun software. 
Using evolutionary solving method it was tried to evaluate the best solution. However, considering that the general 
criteria of presented alternatives have different dimensions, the comparison of alternatives and the making of the decision 
become a complex task. 

2. Decision making methods are useful in making the decision in civil engineering tasks, especially if the case study is 
multidimensional. 

3. TOPSIS and WASPAS methods were presented as a methodology for decision making between presented alternatives; 
and seems to be useful, as their results were similar.  

4. The results generated by WASPAS and TOPSIS methods showed that the best solution for the presented building is the 
wood boiler with the integrated solar collector and photovoltaic systems. 
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