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Summary  

To achieve the national 2030 climate targets, we will have to rapidly increase the pace of renovation 

projects to over 50,000 existing homes per year by 2021. One of the barriers to achieving higher 

renovation rates is that most renovation activities are still at the craftsman stage [1], in which they are 

planned and implemented in separate approaches per dwelling. Given the mentioned energy-

efficiency targets and deadlines set by EU countries, including the Netherlands, the housing renovation 

process needs a substantial upscaling. To this end, renovations’ requirements need to be elicited in a 

structured format such that the building industry can offer standardized solutions that allow large 

scale, high-speed construction processes. These requirements should be incorporated in a publicly 

accessible digital platform enabling required data for heat transmission, CO2 emission, and 

construction cost calculations to prepare the foundations for tendering renovation clusters allowing 

the construction companies to adapt their production process and achieve economies of scale. 

During this process, building energy simulation systems, especially those designed based on national-

level regulations (e.g., NTA8800 in the Netherlands), play an essential role since they can calculate 

current building energy performance if the required information had been provided. Performing a 

holistic energy calculation requires two types of energy usage information. First, building-related 

energy consumption, which is related to the building's ability to avoid heat loss in winter and heat gain 

in summer and maximize natural light use. Second, user-related energy consumption, which is related 

to occupants' gas, electricity, and water consumption for cooking, domestic hot water, and electric 

equipment and appliances [2]. Although many of these inputs can be correlated based on their 

calculation methods, the required information must be aggregated from various data sources and 

seeking all of them simultaneously would be a burdensome and time-consuming task. When it comes 

to mass-scale renovation, the situation becomes even worse since data collection and information 

production must be handled not for a single house but thousands of dwellings. Thus, prioritizing input 

information is essential to facilitate and illuminate the orderly way of acquiring preliminary 

information.  

This report's conducted study aims to ascertain the prioritization of the most and least influential 

parameters for determining the total heating and cooling energy demand (BENG1) derived from 

NTA8800 regulations. For that purpose, two well-known global sensitivity analysis methods, 

commonly used in the building energy performance simulations (Morris’s and Sobol’s methods), were 

selected and applied to the WoonConnect energy calculation software, which has been developed 

based on the NTA8800 regulations. Based on the literature, fifteen physical characteristics of a typical 

three-floor row dwelling were selected as the input factors for the sensitivity analyses. The analyses 

were performed with an adequate number of simulations to ensure results’ robustness, which was 

further confirmed by attaining the same results from both applied methods. From the obtained results, 

the previously chosen input parameters were categorized into three priority levels. The top priority 

level gathers the parameters with a sensitivity measure greater than 0.05. The parameters in this 

category dramatically influence the heating and cooling energy demands, so providing this information 

has the top priority, and information must be as exact as possible. This priority level includes mostly 

dwellings’ geometrical properties. The next priority was assigned to the parameters with sensitivity 

measures between 0.01 and 0.05, which moderately impacted the BENG1 value. However, since they 
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have mostly non-linear behavior, the uncertainty in information provision should be minimized as 

much as possible. All the parameters that reside in the second priority level directly relate to buildings’ 

thermal properties. The last category encompasses all the other parameters with negligible effects on 

determining the BENG1 value. These parameters are mostly associated with the sun radiation part of 

energy demand calculations. 

Within the following phase of the project, we will focus on providing information for required input 

parameters based on their priority level. Thus, in the next step, we will attempt to determine dwellings’ 

geometrical properties from available data sources. Publicly available point clouds derived from aerial 

LiDAR surveys are valuable sources to extract dwellings required geometrical information. Because 

they are available countrywide, it is possible to use them in large-scale information extraction to 

accelerate dwellings’ energy demand calculations and subsequently facilitate upscaling of the 

renovation process. 

1. Introduction 

1.1 Background 

The building sector contributes significantly to world energy consumption. For instance, buildings in 

the EU are responsible for around 40% of the final energy consumption and 36% of CO2 emissions [3]. 

A considerable part of this energy consumption is attributed to the residential sector. On average, 

27.2% of the total energy in the EU is consumed by dwellings [4]. Several reasons, including population 

growth, building services enhancement, remotely working occupations, and new lifestyles derived 

from global crises such as the recent pandemic, have increased the amount of time spent by individuals 

in dwellings. These shifts seem to indicate an upward trend in residential buildings' energy demand for 

the foreseeable future.  

Fortunately, in recent years, significant progress has been made in producing energy-efficient and eco-

friendly construction materials, most of which are incorporated in regulations to improve new 

buildings' energy performance [5]. Still, much of the high energy consumption problems are mainly 

attributed to existing buildings, of which many are aged more than 50 years [6] with relatively low 

energy efficiency. The Netherlands, for example, with more than 2.6 million houses built in the post-

war period 1945-1975, has an overall average of 'D', on a scale from A to G, for dwellings’ energy label 

performance [7].  

Since nearly more than 80 percent of residential buildings were built before 1990 in Europe [6], 

renovating existing buildings would be a solution that can reduce the EU's total energy consumption 

and CO2 emissions by about 5% [1]. To fulfill the minimum energy performance according to Article 4 

of Directive 2010/31/EU, an annual 3% rate of renovation of occupied buildings should be set by each 

EU member-state [8]. However, the current rate of the annual renovation of building stocks in the 

Netherlands is only 1.3% [9], less than half of the required rate and surprisingly not increasing per year 

[10]! Thus, the existing buildings’ accelerating renovation rate is a core strategy for the EU [11] and 

also the Netherlands to meet its climate and energy objectives [5]. 
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1.2 Target: 2030 

To achieve the 2030 climate targets, we will have to rapidly increase the pace of renovation projects 

to over 50,000 existing homes per year by 2021. One of the barriers to achieving higher renovation 

rates is that most renovation activities are still at the craftsman stage [1], in which they are planned 

and implemented in separate approaches per dwelling. Given the above-mentioned energy-efficiency 

targets and deadlines set by EU countries, including the Netherlands, it is clear that the housing 

renovation process needs a substantial upscaling with industrial approaches to minimize waste, reduce 

costs, and optimize on-site productivity [1]. 

The existing challenges require novel approaches to address renovations at a different scale, larger 

than a single building but small enough to have common criteria for generating renovation solutions. 

This upscaling needs the contribution and integrity of technological and industrial knowledge, which 

must be applied to the current renovation process. 

2. BTIC - MMIP - Integral Energy Transition Existing 

Construction 
 

 

 

 

 

 

 

 

 

 

 

 

 

Within BTIC, consortia are initiated that consist of companies, government, and knowledge institutions 

and that jointly propose and implement innovation processes. It monitors the innovation processes' 

progress and gives its partners access to the knowledge and innovation developed. This leads to 

innovative technologies, processes, and social innovations. The objective of the BTIC program Integral 

energy transition for existing buildings, IEBB, is to have the (scientific and applied) research and 

innovation in the field of construction, design, and technology required to realize the objectives of the 

Climate Agreement. 

Many fragmented and non-integrated processes occur in current construction and renovation 

practices. Within the IEBB project, this leads to the following solution. Through more cooperation and 

integration among the homeowners, suppliers, and government, end users can be offered a more 

integrated, cheaper, and less inconvenient renovation solution. Shortening process chains by 

digitization can save time and costs while at the same time increasing the profitability of the renovation 

sector. This insight is not new, but for the large-scale renovation tasks for the entire Dutch building 
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stock, breakthroughs will be necessary that go hand in hand with cultural changes with new forms of 

cooperation and alternative contracts. There are also opportunities to scale up tenders considerably 

by designing an innovative method of bundling the housing stock based on similar characteristics and 

similar renovation strategies. This opens the possibility of bundling the tenders.  Various clients will 

have to work together in order to arrive at bundled tenders. For example, various housing associations, 

possibly together with homeowner corporations (Vereniging van Eigenaars – VvEs) and individual 

homeowners, can arrive at joint project definitions and tenders. Matching innovative business models 

must be further developed. 

The BTIC program ‘Integrated energy transition for existing buildings’ (IEBB) consists of four sub-lines:   

1. Renovation concepts  

2. Sustainable individual heating systems  

3. The transition process  

4. Intelligent control of energy demand 

 

 
Figure 1- BTIC's ambition of housing renovation for a carbon-neutral environment 

3. Problem description  
During the process of mass-scale renovation, building energy simulation systems, especially those 

designed based on national-level regulations (e.g., NTA8800 in the Netherlands), play an important 

role since they can calculate current building energy performance if the required information is 

provided. Performing a holistic energy calculation requires two types of energy usage information. 

First, building-related energy consumption, which is related to the building's ability to avoid heat loss 

in winter and heat gain in summer and maximize natural light use. Second, user-related energy 

consumption, which is related to occupants' gas, electricity, and water consumption for cooking, 

domestic hot water, and electric equipment and appliances [2]. Although many of these inputs can be 

correlated based on their calculation methods, the required information must be aggregated from 

various data sources, which is a burdensome and time-consuming task. When it comes to mass-scale 

renovation, the situation becomes even worse since data collection and information production must 

be handled not for a single house but thousands of dwellings. Therefore, attempts at capturing data 

must be concentrated on the most determinative inputs (features for housing classification). 

On the other hand, finding an optimal renovation solution in terms of energy performance requires a 

lot of effort. Since each of the dwellings has a specific optimized renovation solution, optimizing energy 
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performance includes numerous simulations considering different combinations of input parameters’ 

values. However, identifying the most influential parameters of the simulation system can reduce the 

number of simulations and subsequent computational costs by focusing only on the most critical 

parameters. Thus, to generate the optimal renovation solution based on a specific building energy 

simulation system, it is crucial to know the extent of each input parameter’s contribution to energy 

performance variation. 

To handle the above-mentioned challenges, three questions must be answered. 

• First: Among the required input parameters for building energy calculations based on 

NTA8800, which ones can be considered presumed fixed values without significantly affecting 

the output results? 

• Second: Among the required input parameters for building energy calculations based on 

NTA8800, which parameters are in the top priorities for modifications to find optimal 

renovation solutions? 

• Third: What are the available sources to collate information from for those parameters? 

4. Research Methodology 
As the literature suggests, sensitivity analysis is an excellent tool for prioritizing inputs based on their 

contribution to output variations. Thus, to adequately address the previous section’s problem, 

sensitivity analyses were designed and implemented on NTA8800 input parameters of building 

envelope characteristics for the typical row-dwellings in the Netherlands. The WoonConnect energy 

calculation software developed by de Tweesnoeken was selected as the target model for these 

analyses since it has been developed based on NTA8800 regulation. Below, the following chapters of 

this document are briefly explained. 

5. Sensitivity analysis and building energy performance: 

This section consists of an introduction to the concept of sensitivity analysis and its 

application in building energy performance modeling. 

6. Model description: 

The model’s architecture, its constituent, their relationship, and possible input variables have 

been explained in detail in this section. 

7. Determining inputs of interest parameters and their variability: 

This section describes the process of selecting the sensitivity analyses input parameters 

based on the literature and NTA8800 requirements. 

8. Selecting proper sensitivity analysis methods: 

From what has been extracted from the literature and similar previous efforts, this section 

indicates what kind of SA method would be more appropriate for under investigation model 

based on its characteristics and number of input parameters. Furthermore, in this section, 

the mathematical theory behind each of chosen methods has been elaborated. 

9. Performing sensitivity analyses: 

This section describes the environment that has been built for conducting sensitivity analysis, 

the case study features, and how to set SA settings to achieve robust results. 

10. Results and discussion: 
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In this section, the initial and in-depth results of the sensitivity analyses have been 

demonstrated and interpreted in details to justifying the drawn conclusion 

11. Conclusion: 

This part will sum up the results that have been discussed in its previous section and present 

the conclusion derived from the analysis results.   

 

5. Sensitivity analysis and building energy performance 
Sensitivity analysis (SA) can be defined as “the study of how uncertainty in the output of a numerical 

(or otherwise) model can be apportioned to different sources of uncertainty in the model input” [12]. It 

is a systematic investigation by which assessors bridge the uncertainty gaps [13]. Such analysis is useful 

for the model's predictability and robustness. In other words, sensitivity analysis identifies priorities of 

the phenomenon under study [14] and is often employed to determine the importance of a model’s 

input parameters on the behavior of the system [15]. 

The uses of sensitivity analysis can be of a wide range. However, these use cases can mainly be divided 

into four categories including decision making: to provide recommendations for decision-makers; 

communication: making recommendations more credible, understandable, compelling, or persuasive; 

increased understanding or quantification of the system; and model development: calibrating, 

simplifying, or testing the model for validity or accuracy [16]. 

Methods for performing sensitivity analysis are distinguished into two majors categories: local and 

global. Local (or differential) sensitivity analysis is based on one-factor-at-a-time methods in which one 

factor is changed while all the other ones are fixed [17]. A local SA measures a single parameter value's 

relative sensitivity to change in other parameters [15] around a point or base case. Despite its wide 

use due to its straightforwardness and low computational cost, local SA suffers from a lack of self-

verification. This method's results are also limited around a base case, not the entire model [17]. Global 

SA methods, on the other hand, are more focused on the influences of uncertain inputs over the whole 

input space. It is a quantitative and rigorous overview of how different inputs influence the output. 

Given that some parameters play significant roles, while others are marginally important, make global 

SA a valuable tool and more reliable approach. However, they have a high computational cost and 

complexity, especially when the number of inputs is high [15]. 

Building energy performance analysis (BEPA) is an essential step towards having energy-efficient 

buildings in both design and renovation phases. Building energy performance models have been 

getting more and more complex throughout the years to enhance their accuracy and robustness. 

However, this complexity accompanying tries to have complete coverage of various input parameters 

makes it hard to measure the input parameters’ overall influence on the output and identify their 

relative importance [18]. 

The SA capability to identify the most influential system’s parameters and provide “if-then” analysis 

for decision support makes it a great solution for the above-mentioned problem. Thus, it has been 

widely used in several buildings’ energy simulations thermal performance applications such as system 

calibration, Identification, optimization in design and operation, and buildings’ renovation [6, 7]. 
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6. The under-investigation model 

6.1 Model description 

The sensitivity analysis's target model is a software developed by de TweeSnoeken to calculate building 
energy performance based on NTA8800 regulations. This software is a part of a bigger platform of de 
TweeSnoeken company known as WoonConnect. 
 
The mentioned software, currently running only on Windows operating system, has been coded in a 
.NET environment using C# programming language. The energy calculation part consists of two 
namespaces, one for the calculation part named Regelgeving.NTA8800 and the other for the input 
and output data are called Regelgeving.NTA8800Data. 
 
The Regelgeving.NTA8800 namespace comprises of six folders including analysis, containing classes 
and methods to extract information from existing building models within the platform; Calculation, 
containing classes and methods to perform different energy calculations such as heating, cooling, 
ventilation, etc.; Formulas, contacting classes which have methods representing formulas from 
NTA8800 for energy calculations; Report, contacting report class for presenting the results; Tables, 
containing NTA8800 tables required for performing calculations. 
 
The Regelgeving.NTA8800Data namespace includes input and output folders. The input folder contains 
the model input variables, defined in 32 classes associated with each other in 5 hierarchy levels, and 
the output folder includes classes storing values from performed calculations in the Calculation class 
as mentioned earlier. The output folder contains energy calculation results of building, lighting, heating 
and cooling, hot water, humidification, production, transmission, ventilation, and airflows. 

6.2 Model’s input variables 

Each of the model’s input classes represents different classifications of the building systems and 
elements contributing to the building’s total energy consumption. The hierarchy and association within 
these classes are shown in Table 1. The associations between classes can be categorized into five 
different hierarchy levels, which are elaborated below. 

Level 0 to Level 1: 

NTA8800Building class, derived from Building class, contains general information of a building object 
considering NTA8800 definitions. Each NTA8800Building class is associated with at least one 
ClimateZone class (Figure 2).  

 

Figure 2- Object Diagram from level 0 to 1 

Level 0 to Level 1: 

ClimateZone class is referred to a part of a building that shared the same heating, ventilation, cooling, 
and hot water system. Most of the time, a typical residential building consists of only one climate zone. 
Apart from general information related to each climate zone, such as usage area and the number of 
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floors, a ClimateZone object contains one or more HotWaterSystem, and CalculationZone objects and 
zero or one object from each of the HeatingSystem, CoolingSystem, Ventilation, Humidification, and 
Production classes. All the associated classes with the ClimateZone, except the Ventilation class, are 
branched into more detailed classes (Figure 3). 

Table 1- The hierarchy and association within the software classes 

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 

NTA8800 
Building 

Climate 
Zone 

HotWater 
System 

HotWaterShowerHeatRecoveryUnit 

   

HotWaterSolarWaterHeater 

   

HotWaterGeneration 
   

HotWaterDistribution 
   

HotWaterStorage 
   

Heating 
System 

HeatingStorage 
   

HeatingGenerator 
   

HeatingEmission 
   

HeatingDistribution 
   

Cooling 
System 

CoolingGenerator 
   

CoolingEmission 
   

CoolingDistribution 
   

Production PvModule 
   

Calculation 
Zone 

VerticalConduit 
   

UnheatedAdjacentRoom 

   

UsageFunction 
   

EnvelopePart 
NTA8800Floor   

NTA8800Window   

LightingInOut LightningZone 

Lightning 
Daylight 
Segment 

Lightning 
Fixture 
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Figure 3- Object diagram for level 1 to 2 

Level 2 to Level 3: 

HotWaterSystem class contains properties about piping system towards kitchen and bathroom such 
as origin, length, and piping diameters. Other input information regarding the climate zones’ hot water 
system such as generators, distribution, and storage systems is embedded into five classes branched 
from HotWaterSystem class, as shown in Figure 4. 

 

Figure 4- Hot water system object diagram 

Other associated classes to the ClimateZone class (except ClaculationZone), including HeatingSystem, 
CoolingSystem, Production, and the classes branched from them, are shown in Figures 4 to 7. 
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Figure 5- Heating system object diagram 

CalculationZone class: 

According to NTA8800 regulations, a calculation zone is a way of dividing buildings into logical units to 
perform energy calculations. Same as the climate zone, usually a typical house will consist of only one 
calculation zone. Many essential input variables for calculating building energy demands are included 
in CalculationZone class and its associated classes; input variables such as constructions mass, 
infiltration rate, building envelope properties, and lightning demand. Envelope parts properties are 
usually determining variables for both estimating energy demand and providing renovation solutions. 

 

 
Figure 6- Cooling system object diagram 

 
Figure 7- Production class object diagram 
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Figure 8- Calculation Zone object diagram 

 

7. Determining inputs of interest parameters and their 

variability 
A comprehensive literature review was conducted to find commonly used input factors and their 

variability range in the field of sensitivity analysis for energy demand estimation by building energy 

simulations. “Building,” “Energy Simulation,” and “Sensitivity Analysis” were used as keywords to 

search through the Scopus database with subject areas limited to “Engineering,” “Energy,” 

“Environmental Science,” and “Material Science”. As a result, 252 related English articles were found, 

each of which was manually investigated. Finally, only 21 articles directly related to our study subject 

(sensitivity analysis in energy demand/performance for building energy simulations of residential 

buildings) were found that specified the input variables, their variability range, and distribution 

functions for conducted sensitivity analyses. From these articles, all the input variables and their 

variability ranges were extracted and summarized in Table 2. Then these variables were compared to 

the ISO 52016-1 input data, NTA8800 specifications, and software input variables to identify the inputs 

of interest for carrying out the sensitivity analysis. 

Table 2- Summary of input variables used for sensitivity analysis for building energy simulations extracted from reviewed 
articles 

Parameter ISO description Unit Distribution Range Reference 

Geometry 
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Area of each floor Useful floor area per 
elementary space 

𝑚2 Uniform [0.5, 3] [19], [20] 

Orientation Orientation angle per 
external building 
element (expressed as 
the geographical 
azimuth angle of the 
horizontal projection of 
the inclined surface 
normal; convention: 
angle from South, 
eastwards positive, 
westwards negative) 

° Uniform [0, 360] [21] 

Uniform [0, 360] [22] 

Uniform [0, 360] [19], [20] 

Uniform [45, 135] [23] 

Uniform [0, 360] [24] 

Uniform [0, 180] [25] 

Window/Wall ratio Glazed area, per 
window element 

 
Uniform [0.2, 0.8] [21] 

Uniform [0.1, 0.4] [19], [20] 

Uniform [0.05, 0.55] [22] 

Uniform [0.05, 0.65] [23] 

Uniform (0, 1) [24] 

Uniform (0, 0.6] [26] 

Uniform [0.1, 0.7] [25] 

External Wall and façade 

Rc  Thermal resistance, per 
opaque building 
element 

𝑚2. 𝐾/𝑊 Uniform [1.12, 5.4] [27] 

Uniform [0.09, 1.85] [22] 

Normal 4.7, 0.05*4.7  [28] 

U-value Thermal transmittance, 
per curtain wall 

𝑊/𝑚2 ˑ 𝐾 Triangle 0.11, 0.35, 1.5 [29] 

Uniform [0.1, 0.5] [21] 

Uniform [0.2, 0.4] [30] 

Uniform [0.3, 1.5] [31] 

Discrete-
Uniform 

[0.75, 1.75, 2.75, 
3.75] 

[32], [33] 

Uniform [0.4, 3.85] [34] 

Uniform [0.3, 0.6] [35] 

Window 

U-value Thermal transmittance, 
per window 

𝑊/𝑚2 ˑ 𝐾 Uniform [1.1, 2.5] [36] 

Triangle 0.9, 1.78, 3.1 [29] 

Uniform [1, 3] [21] 

Uniform [1, 3] [30] 

Normal 1.1,0.11 [37] 

Uniform [0.5, 6] [22] 

Uniform [1.5, 6.5] [31] 

Normal 1.1, 0.004*1.1  [28] 

Uniform [0.6, 4.6] [25] 

Uniform [0.9, 3.2] [23] 

Uniform [2, 4] [38] 

Uniform [0.85, 5.75] [34] 

Solar Heat Gain Coefficient 
[G value] 

Total solar energy 
transmittance at normal 
incidence, for the 
transparent part, per 
transparent 
building element with 
non-scattering glazing 

- Triangle [0.5, 0.7, 0.85] [29] 

Uniform [0.3, 0.7] [21] 

Uniform [0.2, 0.8] [30] 

Uniform [0.2, 0.9] [22] 

Uniform [0.3, 0.7] [31] 

Normal 0.7, 0.006*0.7 [28] 
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Uniform [0.36, 0.53, 0.7, 
0.87] 

[32], [33] 

Uniform [0.1, 0.9] [25] 

Discrete-
Uniform 

[0.2, 0.4, 0.6, 
0.8] 

[39] 

Uniform [0.22, 0.76] [23] 

Uniform (0,1) [24] 

Uniform [0.2, 0.5] [35] 

Uniform [0.2, 0.6] [34] 

Overhang depth Depth of a (simple) 
overhang (or similar 
shading object) 

𝑚 Uniform [0, 2] [23] 

Uniform [0, 0.5] [24] 

Uniform [0.1, 1] [36] 

Overhang projection factor 
 

𝑚 Uniform [0.1, 1.5] [22] 

Uniform [0, 0.42] [34] 

Overhang height Height, per shaded 
surface, from bottom to 
top; if tilted: vertical 
projection 

𝑚 Uniform [0, 0.5] [23] 

Floor and Ceiling 

U-value Thermal transmittance, 
per opaque element 

𝑊/𝑚2 ˑ 𝐾 Triangle [0.15, 0.62, 2] [29] 

Discrete-
Uniform 

[0.8, 1.9, 3, 4.1] [32], [33] 

Uniform [0.1, 1.1] [25] 

Rc  Thermal resistance, per 
opaque building 
element 

𝑚2. 𝐾/𝑊 Normal 5, 0.05*5 [28] 

Roof 

U-value Thermal transmittance, 
per opaque element 

𝑊/𝑚2 ˑ 𝐾 Triangle [0.09, 0.29, 1] [29] 

Uniform [0.1, 0.4] [21] 

Uniform [0.1, 0.3] [30] 

Discrete-
Uniform 

[0.8, 1.9, 3, 4.1] [32], [33] 

Uniform [0.2, 0.4] [38] 

Uniform [0.1,0.9] [25] 

Rc  Thermal resistance, per 
opaque building 
element 

𝑚2. 𝐾/𝑊 Normal 5, 0.05*5 [28] 

Uniform [0.2, 0.8] [39] 

Other 

Infiltration rate Monthly time-average 
airflow rate of airflow 
element, k entering the 
thermal zone, for 
heating/cooling, for 
each month 

𝑑𝑚3/𝑚2𝑠 Uniform [0.01, 0.22] [36] 

Normal 0.5, 0.2*0.5 [19], [20] 

Uniform [0.6, 0.8] [35] 

Uniform [0.5, 1.5] [25] 

 

According to NTA8800, the valid range of window solar heat coefficient (G-value) is between the 

minimum value of 0.4 for a glazing type of “triple glass with two spectral selective and low emissive 

coatings” and a maximum value of 0.85 for a “one glass window”. However, in the presence of sun 

blinds, this range will multiply to the solar heat gain reduction factor (𝐹𝑐) varying from 0.12 to 0.9 

depending on the type, color, and control type of sun blinds and window orientation. Also, for 
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considering the impact of frame fraction, a range of 15 to 25 percentage of window area was assigned 

for its variability. 

Each of the reviewed studies in Table 2 considers different shading properties (depth, height, and 

projection factor of the overhang) in their analysis. NTA8800 regulation employs heating and cooling 

shade reduction factors based on an obstruction's relative height (ℎ𝑏), the relative width of an 

obstruction (𝑏𝑏), the relative height of an overhang (ℎ𝑜), window orientation, window inclination, and 

the year's months. Depending on the obstruction situation, a total of 14 different combinations, shown 

in Table 3, must be used to determine the shade reduction factor.  

The infiltration rate or qv10 in NTA8800 is highly dependent on the building type, position, number of 

layers, roof type, and construction year and varies from 0.35 𝑑𝑚3/𝑚2𝑠 𝑡𝑜 4.2 𝑑𝑚3/𝑚2𝑠. However, for 

our case study, a row dwelling with a middle position, this range will be shrunk to 0.7 𝑑𝑚3/

𝑚2𝑠 𝑡𝑜 3 𝑑𝑚3/𝑚2𝑠. In addition to the parameters mentioned above, for needed energy estimation, the 

software considers the specific internal heat capacity based on the mass of the construction per square 

meter of usable surface and type of ceiling (open or closed), which leads to 6 different combinations 

with 7 different outputs as shown in Table 4. 

Based on the literature, the BENG value also depends on the building compactness, whose value is 

equal to the ratio between the building envelope's surface area (Als) and the heated floor area (Ag). 

Therefore, to evaluate the compactness influence relative to other input factors, it was decided to 

include the Als/Ag as one of the sensitivity analysis input parameters with a variability range between 

1.2 to 1.9. The method of its implementation will be discussed in more detail in Section 9. 

Considering what has been explained above, 15 variables were finally chosen as input parameters for 

conducting sensitivity analysis on the energy calculation software. These variables, their variability 

ranges, and distributions can be found in Table 5.  

Table 3- Different scenarios for window obstruction extracted from NTA8800 

 ℎ𝑏 (𝑚) 𝑏𝑏 (𝑚) ℎ𝑜 (𝑚) Number of combinations 

Minimal obstruction 0. ≤ 36 ≥ 3.73 ≥ 1 1 

Parallel obstruction 

(0.36, 0.5) 

≥ 3.73 ≥ 1 3 [0.5, 1) 

≥ 1 

Flat overhang ≤ 0.36 ≥ 3.73 

< 0.5 

3 [0.5, 1) 

≥  1 

Left-side barrier ≤ 0.36 
< 1 

≥  1 2 
≥ 1 

Right-side barrier ≤ 0.36 
< 1 

≥  1 2 
≥ 1 

Both-side barrier ≤ 0.36 
< 1 

≥ 1 2 
≥ 1 

Complete obstruction ≥ 0.36  < 1 1 
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Table 4- Value of Specific internal heat capacity from NTA8800 

Mass of construction (𝑘𝑔/𝑚2) Specific internal heat capacity (k𝐽/𝑚2. 𝐾) 

Closed ceiling Open ceiling 

Less than 250 55 80 

Between 250 to 500 110 180 

Between 500 to 750 180 360 

More than 750 250 450 

 

Table 5- Chosen set of variables and their variability characteristics to use as input factors for sensitivity analyses 

Input parameter Range Unit Variable type Distribution 

Roof Rc [0.5, 6] 𝑚2. 𝐾/𝑊 Continuous  Uniform 

Floor Rc [0.5, 6] 𝑚2. 𝐾/𝑊 Continuous Uniform 

Facades Rc [0.5, 6] 𝑚2. 𝐾/𝑊 Continuous Uniform 

Windows to wall ratio [0.1, 0.7]  - Continuous Uniform 

Windows U-value [1.2, 4.5] 𝑊/𝑚2 ˑ 𝐾 Continuous Uniform 

Windows G-value [0.4, 0.85] 𝑊/𝑚2 ˑ 𝐾 Continuous Uniform 

Windows frame fraction [0.15, 0.3]  - Continuous Uniform 

Windows obstruction scenario [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14]  - Discrete Uniform 

Windows sunblind type [1, 2, 3, 4, 5]  - Discrete Uniform 

Windows sunblind colour [1, 2, 3]  - Discrete Uniform 

Windows sunblind control type [1, 2, 3]  - Discrete Uniform 

Als/Ag (1.1, 1.9]  𝑚2 Continuous Uniform 

Infiltration rate [0.7, 3]  𝑑𝑚3/𝑚2𝑠 Continuous Uniform 

Specific internal heat capacity [55, 80, 110, 180, 250, 360, 450]  𝑘𝐽/𝑚2. 𝐾 Discrete Uniform 

Orientation [0, 45, 90, 75, 180] ° Discrete Uniform 

8. Selecting proper sensitivity analysis methods 
Based on the literature [6, 7, 10, 11, 12], four main criteria, including system linearity, system 

monotonicity, the importance of the computational efficiency, and the number of inputs, were 

considered to select sensitivity analysis methods. 

System linearity: Non-linear. Although many energy calculation functions are linear at first glance, 

NTA8800 regulation relies on various pre-defined tables. Different values are picked based on certain 

conditions, which can increase the whole system’s non-linearity. 

System monotonicity: Not monotonic. Increasing some inputs can result in a decrease in the energy 

needs and use (e.g., thermal resistance), while some inputs may have an inverse relationship with the 

energy performance (e.g., solar heat gain coefficient and heat generator efficiency). 

Importance of computational efficiency: Low. Fortunately, the simulation system can generate outputs 

at a decent speed (0.02 sec/one simulation), so computational cost, in this case, was not an issue to 

consider. 
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The number of inputs: Low. As previously described, 15 variables have been chosen as input 

parameters for sensitivity analysis, which is relevantly low considering the simulation speed.  

Iooss and Lemaire presented a chart in which different SA methods are positioned based on the target 

model’s conditions, computational cost, and the type of information presented by each method [40]. 

Pang et al., based on Pianosi et al.’s work [42], added robustness to that chart and drew it similar to 

what is shown in Figure 9 [18]. The orange rectangle illustrated in Figure 9 shows the suitable options 

for performing SA in our case since the target model is complex, but there is no significant 

computational cost limitation.  

To narrow down the choices and find appropriate SA methods, Rocuigny et al. presented a decision 

diagram (Figure 10) based on the model’s linearity, monotonicity, and the number of input candidates 

contributing to sensitivity analysis [41]. Based on this flowchart, variance-based methods such as Sobol 

and FAST, as well as the Morris screening method, are the appropriate choices for our understudy case. 

The orange rectangle shows the area in which our model’s condition fits. 

As the literature suggests, in case multiple options are available, conducting at least two appropriate 

SA methods can reinforce the general conclusions drawn from analyses. Morris screening method, 

coupled with a variance-based method, is a common approach in many scientific fields. In this regard, 

both Sobol variance-based and the Morris screening Method were selected as the target sensitivity 

analysis methods for the under investigation energy calculation model. 

 

 

Figure 9-A positioning chart for different SA methods based on model characteristics presented by Pang et al. 
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Figure 10- Decision diagram for selecting proper SA method [41] 

8.1 Morris screening method 

Screening methods rank the importance of the model parameters using a relatively small number of 

model executions. However, they tend to give qualitative measures. Meaningful information resides 

in the rank itself but not in the exact importance of the output parameters. These methods are 

precious to identify the non-influential parameters of a model, which could be safely excluded from 

further detailed analysis. This exclusion step is important to reduce the problem's size, especially if a 

more expensive method is to be applied at the next step. In this work, attention was paid to a particular 

screening method proposed by Morris [43]. 

The Morris or Elementary Effect Test method [16] is a screening method relying on an extension of the 

local sensitivity analysis OAT (One-Factor-At-a-Time) concept, i.e., two successive points differ only by 

one factor [44]. Morris's method determines which input factors have negligible effects, large linear 

effects without interactions, and large non-linear and/or interaction effects [40]. What follows, first 

describe the Local OAT method, then the method of Morris based on it.  

Suppose 𝑋 is a vector of input parameters for sensitivity analysis 𝑥1, … , 𝑥𝑘  as shown in Eq. (1). In the 

OAT approach, first, the base vector �̅� , based on a real case or randomly, is defined by assigning  

�̅�1, … , �̅�𝑘  values to correspondent  𝑥1, … , 𝑥𝑘   input parameters Eq. (2). Then the sensitivity measure 

for the 𝑖-th input (�̂�𝑖(�̅�)) takes from Eq. (3) where 𝑔 is the function that maps the input factors into 

the output, ∆𝑖 is the value of the deviation of 𝑖-th input from its base vector value, and 𝑐𝑖 is the scaling 

factor. 
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𝑋 = [𝑥1, … , 𝑥𝑘]           (1) 

�̅� = [𝑥1 =  �̅�1, … , 𝑥𝑘 =  �̅�𝑘]          (2) 

�̂�𝑖(�̅�) =  
𝑔(�̅�1,… ,�̅�𝑖+∆𝑖,… ,�̅�𝑘)−𝑔(�̅�1,… ,�̅�𝑖,…, �̅�𝑘)

∆𝑖
𝑐𝑖        (3) 

However, Morris's method's approach is to compute output variations from multiple base input 

vectors within the feasible input space and to calculate the global sensitivity by summing up the value 

of these individual sensitivities [42]. The SA measures derived from Morris's method are based on 

calculating the elementary effects' statistical measures. An improved version of Morris's method 

proposed by G. Pujol has been employed in this report. The characteristics of the employed method 

have described below [44]: 

Factor: 

For the given input vector 𝑋 (Eq. (1)), the input variables 𝑥1… 𝑥𝑘  are called factors.  
 
Trajectory: 

For the given input vector 𝑋 with 𝑘 factors, each trajectory consists of 𝑘 + 1 𝑘-dimension vectors; each 

consists of 𝑘 values within corresponding factors’ variability space. The total number of trajectories, 𝑟, 

is defined by the user. 𝑟 should be large enough to compute statistics such as mean and standard 

deviations [44].  

Starting point: 

Each trajectory has one starting point (base vector),  �̅�0, which is randomly chosen on the grid. Eq. (4) 

shows the starting point of the 𝑗th trajectory. 

�̅�0
𝑗

= [�̅�𝑗
1, … , �̅�𝑗

𝑘]    (𝑗 =  1, … , 𝑟)        (4) 

Sample points: 

Each trajectory consists of 𝑘 sample points generated from the trajectory’s starting point based on Eq. 

(5) [44]. 

�̅�𝑖
𝑗

 =  �̅�𝑖−1
𝑗

+  ∆𝑖𝑒𝑖 (𝑗 =  1, … , 𝑟 𝑎𝑛𝑑 𝑖 = 1, … , 𝑘)      (5) 

In Eq. 5, ∆𝑖 is a multiple of the grid spacing in the 𝑖th direction, and 𝑒 is a vector of zeros except for the 

𝑖th factor (Eq. (6)). 

∆𝑖𝑒𝑖 = [0, … , 0, ∆𝑖 , … , 0]         (6) 

 

Elementary effect: 

The elementary effect of the 𝑖-th factor in the 𝑗-th trajectory (𝐸𝐸𝑖
𝑗
) is defined as Eq. (7) [44]:  
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𝐸𝐸𝑖
𝑗

=
𝑔(�̅�𝑖

𝑗
)−𝑔(�̅�𝑖−1

𝑗
)

∆
           (7)

                       

In Eq. (5) and (6), ∆𝑖  is the step value for changing the value of 𝑥𝑖  within its acceptable variation range 

Figure 11. 

𝑖𝑓 𝑎, ℎ ∈ 𝑅, ∀ 𝑥𝑖  ∈ [𝑎, ℎ] →  ∆𝑖=  ∆ × (ℎ − 𝑎)       

 (8) 

∆, the grid jump determines the magnitude of steps. The convenient choice ∆ is shown in Eq. (9), where 

𝑝 (must be even) is the number of levels chosen by the user [45]. 

∆ =  𝑝 [2(𝑝 − 1)]⁄           (9) 

𝑝 or the number of levels determines the grid size, which for each factor is equal to 1/(𝑝 − 1) of the 

range of the factor’s variability [42]. In other words, the variation range of the 𝑖th factor, 𝑥𝑖, is divided 

to  (𝑝 − 1) equally sized sections Figure 11. The typical values for 𝑝 ranges from 4 to 8 (2 3 ≤ ∆≤ 4/7)⁄  

since these setups, allow elementary effects to capture finite and rather large perturbations [42].  

 

Figure 11 – Grid size and ∆𝑖 in a supposed variability range of [𝑎, ℎ] given 𝑝 = 8 

Trajectories’ starting points are randomly generated over a uniform grid of the subsequent 𝑝 points 

(e.g., [𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑓, 𝑔, ℎ] in Figure 11) by moving one factor at a time of a fixed amount of ∆𝑖 [42]. 

The sensitivity indexes derived from the method of Morris are comprised of 𝜇, 𝜇∗ and 𝜎 [34]. The 
statistical summary of 𝐸𝐸𝑖  from the sampled trajectories can be achieved by calculating 𝜇𝑖 (Eq. (10)). 
𝜇𝑖 is the elementary effects’ mean value for the 𝑖-th input variable, which enables measuring the 
variable’s influence concerning its direct or inverse relationship to output variation. As a change in a 
parameter value might have a changing sign on the output and thus result in a cancelation effect (as 
can be the case for a nonmonotonic function) Campolongo et al. [46] proposed the use of the mean of 
the absolute elementary effects, 𝜇𝑖

∗ (Eq. (11)),  to circumvent this issue. 𝜎𝑖  (Eq. (12)) is the standard 
deviation of the 𝑖-th input’s elementary effects over all the trajectories, which estimates the ensemble 
of the input’s higher-order effects, i.e., the interaction with other inputs and/or the non-linearity 
effect. Given 𝑟 trajectories, the sensitivity indexes of the Morris method for the 𝑖-th element are 
calculated as follows: 
 

𝜇𝑖 =  
1

𝑟
∑ 𝐸𝐸𝑖

𝑗𝑟
𝑗=1           (10) 
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𝜇𝑖
∗ =  

1

𝑟
∑ |𝐸𝐸𝑖

𝑗
|𝑟

𝑗=1           (11) 

 

𝜎𝑖 =  √
1

(𝑟−1)
∑ (𝐸𝐸𝑖

𝑗
− 𝜇𝑖)2𝑟

𝑗=1          (12) 

 
Besides, the ratio between standard deviation and absolute average can be used as a measure of non-
linearity effect for each parameter or interactions with other inputs [34]. Concerning different ranges 
of 𝜎𝑖 𝜇𝑖

∗⁄ , input variables are considered as almost linear (𝜎𝑖 𝜇𝑖
∗ < 0.1⁄ ), monotonic 

(0.1 ≤ 𝜎𝑖 𝜇𝑖
∗ < 0.5⁄ ), almost monotonic (0.5 ≤ 𝜎𝑖 𝜇𝑖

∗ < 1⁄ ), or non-monotonic and nonlinear 
(𝜎𝑖 𝜇𝑖

∗ ≥ 1⁄ ) [34]. 
 
Thus, there are three possible categories of parameter importance: 

1. Parameters with non-influential effects, i.e., the parameters that have relatively small values 
of both 𝜇∗ and 𝜎. The small values of both indicate that the parameter has a negligible overall 
effect on the model output. 

2. Parameters with linear and/or additive effects, i.e., the parameters that have a relatively large 
value of 𝜇∗ and relatively small value of 𝜎. This indicates that the variation of elementary 
effects is small, while the magnitude of the effect itself is consistently large for the parameter 
space's perturbations. 

3. Parameters with nonlinear and/or interaction effects, i.e., the parameters with a relatively 

moderate value of 𝜇∗ and a relatively large value of 𝜎. A large value of 𝜎 indicates that the 

effect's variation is considerable; the effect can be large or negligibly small depending on the 

other values of parameters at which the model is evaluated. Such large variation is a 

symptom of nonlinear effects and/or parameter interaction. 

 
The computational cost for the Morris method (number of simulation runs) is equal to 𝑟(𝑘 + 1) model 

evaluations, in which 𝑟 is the number of trajectories defined by the user and 𝑘 is the number of input 

factors. This method's computational cost is far less than other sensitivity analysis methods since 

setting the 𝑟 value around 10 is usually enough to reach a convergence [47][42][18]. 

8.2 Sobol’s method 

Another method used in this work is the Sobol variance-based SA method, in which the output’s 

uncertainty is decomposed into a sum of corresponding inputs’ variance and the combinations thereof 

[17] [18]. The variance-based method includes three basic principles [42]: 

1. Input factors are considered as stochastic variables so that the model induces a distribution in 

the output space 

2. The variance of the output distribution is a good proxy of output uncertainty 

3. The contribution to the output variance from a given input factor is a measure of sensitivity 

Assume that the model under investigation is described as a square-integrable function𝑓: 𝑋 ∈
[0,1]𝐷 ↦ 𝑌 = 𝑓(𝑋) ∈ 𝑅, where 𝑌 is a scalar output, and 𝑋 is a set of 𝑘 input factors (𝑥1, … , 𝑥𝑘), which 
are supposed to be random variables described by known probability distributions with variability 
ranges scaled over 0 to 1. The high dimensional model representation (HDMR) of 𝑓(𝑋) is a linear 

combination of functions with increasing dimensionality as it is shown in Eq. (13), where 𝑓0 is a 
constant [48]. 
 

𝑓(𝑋) = 𝑓0 + ∑ 𝑓𝑖(𝑥𝑗
𝑘
𝑖=1 ) + ∑ 𝑓𝑖𝑗(𝑥𝑖,

𝑘
1≤𝑖<𝑗 𝑥𝑗) + ⋯ + 𝑓1,…,𝑘(𝑥1, … , 𝑥𝑘)    (13) 
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Moreover, if the input factors are mutually independent, a functional decomposition of the variance, 
also known as functional ANOVA (Analysis of Variance), is available as it is shown in Eq. (14) [49]: 
 

𝑉(𝑌) = ∑ 𝑉𝑖
𝑘
𝑖=1 + ∑ 𝑉𝑖𝑗

𝑘
1≤𝑖<𝑗 + ⋯ + 𝑉1,…,𝑘       (14) 

 

Where 𝑉𝑖, 𝑉𝑖𝑗, 𝑉1,…,𝑘 denote the variance of 𝑓𝑖, 𝑓𝑖𝑗, 𝑓1,…,𝑘 respectivezly: 
𝑉𝑖 =  𝑉 (𝐸(𝑌 |𝑋𝑖)) 

𝑉𝑖𝑗 =  𝑉 (𝐸(𝑌 |𝑋𝑖, 𝑋𝑗)) −  𝑉𝑖 −  𝑉𝑗 

𝑉𝑖𝑗𝑘 =  𝑉 (𝐸(𝑌 |𝑋𝑖, 𝑋𝑗 , 𝑋𝑘)) −  𝑉𝑖𝑗 −  𝑉𝑖𝑘 −  𝑉𝑗𝑘 −  𝑉𝑖 −  𝑉𝑗 −  𝑉𝑘 

. 

. 

. 

𝑉1,…,𝑘 = 𝑉(𝑌) − ∑ 𝑉𝑖
𝑘
𝑖=1 − ∑ 𝑉𝑖𝑗

𝑘
1≤𝑖<𝑗 + ⋯ + ∑ 𝑉1,…,𝑘−1

𝑘−1
1≤𝑖<𝑗      (15) 

 
Then a normalized variance-based sensitivity measure for the first-order effect of a model input 
parameter 𝑋𝑖 can be written as: 
 

𝑆𝑖 =
𝑉𝑖

𝑉(𝑌)
           (16) 

 
The first-order SA index, also known as “the main effect”, measures the direct contribution to the 
output variance from individual input factors or, in other words, the expected reduction in output 
variance that can be obtained by assigning a fixed value to a specific input [42]. The other terms of the 
decomposition can similarly be interpreted as higher-order sensitivity indexes [50].  
 

𝑆𝑖𝑗 =
𝑉𝑖𝑗

𝑉(𝑌)
, 𝑆𝑖𝑗𝑧 =

𝑉𝑖𝑗𝑧

𝑉(𝑌)
          (17) 

 
Homma and Saltelli [51] introduced an additional index, the total-order sensitivity index, 𝑆𝑇𝑖, that 
accounts for all the contributions to the output variation due to factor 𝑥𝑖  (i.e., first-order index plus all 
its interactions): 
 

𝑆𝑇𝑖 =  𝑆𝑖 +  ∑ 𝑆𝑖𝑗𝑗≠𝑖 + ⋯ +𝑆1,…,𝑘        (18) 

 
Thus, 𝑆𝑖 ≤ 𝑆𝑇𝑖 ≤ 1 
 
Based on the sensitivity analysis's objective, each of the first order and total order sensitivity indices 
has different applications. For instance, to fix the factors which are not important (determining 
negligible factors) in the energy models, the total sensitivity index should be used. On the other hand, 
if the purpose is prioritizing energy-saving measures, the first-order effects would be a better option 
[17].  
 
Sampling method for Sobol sensitivity analysis: 
 
The Sobol sequence, a quasi-random sequence, is the most suitable for the computation of the 
variance-based SA indices. A quasi-random sequence is a set of sampling techniques used to improve 
the normal Monte Carlo simulation's convergence rate. In these methods, each sample point is 
generated regarding previous ones, which dramatically prevents clusters' occurrence [18]. In this work, 
an improved scheme for the Sobol sequence sampling method proposed by Saltelli has been used. This 
scheme for calculating all effects of the first and total order requires 𝑛(𝑘 + 2)  simulations and 2𝑛(𝑘 +
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2)  for calculating second order effects as well. In the recent formulas, 𝑘 is the number of input factors, 
and 𝑛 represents coefficient, which varies depending on the requirement for the accuracy of the result. 
The value of 𝑛 is usually around 1000 or more, depending on the case and required confidence intervals 
[18]. 

9. Performing sensitivity analyses 
For conducting sensitivity analysis, an integrated environment was built by scripting in Python 
programming language and creating test functions in the software source code within Visual Studio 
environment using C# language programming and .NET framework. Within the environment, the 
information exchange was enabled through CSV files and Microsoft.Data.Analysis (version 4.0) NuGet 
package. This package brings the option of working with data frames, as does the Pandas library for 
Python (Figure 12). For generating samples and conducting analyses, the SALib library was used. SALib 
is an open-source Python library of commonly used sensitivity analysis methods, including Sobol, 
Morris, and FAST [52]. 
 

 
Figure 12- Information exchange between Python and .Net environment 

9.1 Case study 

A typical row dwelling in the middle position with two façades in front and back with windows in each 
and two adiabatic sidewalls was considered a case study. The input factors for the sensitivity analyses 
correspond to what has previously been described in section 7, Table 5. 
 
In this study, the under-investigation row dwelling consists of a total of 3 floors, one of which is the 
attic. For implementing the building compactness (the ratio between the surface area of the building 
envelope and the heated floor area), we extend only the building's length since it is an independent 
dimension from window to wall ratio, which is the other geometrical input variable in our sensitivity 
analysis. The dimension settings for the row dwelling as a sensitivity analysis model are described in 
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Figure 13. All of the building dimensions are fixed except for the building length to generate different 
buildings with different compactness values. 
 

Figure 13 - The case study and its geometrical variability to enable compactness (Als/Ag) as one of the 
input variables for sensitivity analysis. Left: Floor plan view, the minimum and maximum range for floor 
area variation, Top right: Façade view, the façade and roof dimensions, bottom right: Cross-section 
view, the useable attic area, and building height dimensions. 
 
The ratio of area loss to the heated area can be calculated as Eq. (19) where 𝐹𝑙𝐴 is the area of each 

floor, 𝐹𝑐𝐴 is the façade area, 𝑅𝐴 is the roof area and 𝐴𝑈𝐴 is equal to the useable area of the attic. Since 

the building width is the only variable in Eq. (19), the equation can be simplified as what is shown in 

Eq. (20), where the 𝐵𝑙 stands for the building length, which varies from 5 to 15 meters. 

𝐴𝑙𝑠/𝐴𝑔 = 
𝐹𝑙𝐴 + 2×𝐹𝑐𝐴 +𝑅𝐴

2×𝐹𝑙𝐴+𝐴𝑈𝐴
         (19) 

𝐴𝑙𝑠/𝐴𝑔 = 
5𝐵𝑙+ 54 +10√𝐵𝑙

2

2
+5.76

11.875𝐵𝑙
         (20) 

The mentioned settings lead to the approximate range of variability for 𝐴𝑙𝑠/𝐴𝑔 between 1.91 to 1.15. 

9.2 Determining the minimum enough simulations for a robust result 

First, for determining enough simulations to reach the convergence in both Morris and Sobol methods, 
ranking parameter comparison with an increasing trajectory approach was applied. For the Morris 
method, the simulation started with 40 and ended with 10240 trajectories with doubling the 
trajectories’ size in each step (Figure 14). For the Sobol method, since it inherently needs many more 
number simulations than other SA methods, the coefficient value started ten times greater than the 
Morris method with 400 and stopped at 102400 (Figure 15). The number of simulations in each step is 
equal to 𝑛(𝑘 + 1) and 2𝑛(𝑘 + 1)  for Morris and Sobol method respectively, where 𝑘 is the number 
of input parameters, which here is equal to 17 based on Table 5, and 𝑛 is the number of trajectories 
for Morris’s method and coefficient value for the Sobol’s method. 
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Figure 14- Relative ranking of input parameters for the given trajectory number based on µ* value in the Morris method 

Figure 14 shows how parameters’ ranking change with doubling the number of trajectories for the 

Morris method. According to Figure 14, for our model with the mentioned input factors, choosing a 

trajectory number greater than 320 can lead to robust results in ranking all Morris method factors. For 

the Sobol method, the total-order sensitivity measure, 𝑆𝑇, is used for determining negligible 

parameters, and the first-order sensitivity measure, 𝑆1, for determining the most influential 

parameters.  

As seen in Figure 14, the relative rankings of input factors based on the measure 𝑆𝑇 are consistent with 

the coefficient value of 6400. Still, their ranks based on 𝑆1 keeps fluctuating even in higher numbers. 

This phenomenon shows that reaching the full convergence of the Sobol method requires numerous 

simulations, which is the reason for making it very computationally expensive. However, from Figure 

15, it is evident that the ten most influential parameters are almost consistent in orders for the 

coefficient values higher than 6400, and flections are related to the least important parameters whose 

𝑆𝑇 is the measure of order, not 𝑆1. 
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Figure 15- Left: relative ranking of input parameters for the given coefficient number based on St value in the Sobol method, 
right: relative ranking of input parameters for the given coefficient number based on St value in the Sobol method 

9.3 Sensitivity analyses settings 

The sensitivity analyses were conducted for the BENG1 value as a scaler output of the model. The 

BENG1 value is an indicator of the total heating and cooling energy requirement, which is calculated 

in 𝑘𝑊ℎ/𝑚² per year. For Morris’s method, the number of levels and trajectories were set on 14 and 

10240, respectively, which resulted in 163840 simulations. Also, Sobol’s coefficient value was 

considered 102400, leading to a total of 3,481,600 simulations for Sobol sensitivity analysis. 
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10. Results and discussion 

10.1 SA ranking results 

Tables 6 summarizes both Sobol and Morris methods' sensitivity measures resulting from sensitivity 
analyses for the model output, BENG1 value. 

Table 6- Sensitivity measures of the input factors considering BENG1 as the model’s target output 

Parameters ranked by 𝑺𝑻  
Sobol's measures Morris’s measures 

𝑺𝟏 𝑺𝑻 𝝁∗ 𝝈 
Als/Ag 0.3403 0.3871 46.7482 27.0216 

Window to Wall Ratio 0.1941 0.2522 36.8152 22.0452 

Window U 0.1639 0.2053 34.1940 18.3421 

Infiltration Rate 0.1049 0.1056 27.2538 2.4074 

Facades Rc 0.0412 0.0456 15.1574 13.8789 

Roof Rc 0.0361 0.0367 13.9962 11.7750 

Floor Rc 0.0205 0.0210 11.0565 5.7789 

Specific Internal Heat Capacity 0.0106 0.0190 8.0246 11.1094 

Window Obstruction 0.0055 0.0087 5.5338 5.0508 

Window G 0.0026 0.0057 4.5009 6.5799 

Orientation 0.0009 0.0020 2.4855 3.6835 

Sunblind Type 0.0001 0.0020 2.3379 3.5110 

Frame Fraction 0.0002 0.0008 1.9550 2.1167 

Sunblind Colour 0.0000 0.0002 0.4220 1.0354 

Sunblind Control 0.0000 0.0000 0.0000 0.0000 

 

Based on the Sobol method’s sensitivity indices, factors with sensitivity either first-order or total-order 

index value greater than 0.05 can be considered influential on the output variations. From Tables 6 

and 7, “Als/Ag”, “Window to wall ratio”, “Window U”, “Infiltration Rate”,” Facade Rc”, and “Roof Rc” 

for both model’s output have Sobol indices more than 0.05. Figure 16 visualizes the Sobol indices 

values of input factors and their relative influence ranking based on total-order sensitivity indices. 

As mentioned earlier in section 8.1, the Morris method resulted in qualitative results. The notions of 

influential and non-influential parameters are based on the relative locations of elementary effects’ 

statistics in the plane. Typically, the non-influential ones are clustered closer to the origin (relative to 

the more influential ones) with a pronounced boundary. Figure 17 represents the µ*-σ chart from the 

Morris method. The area within the red cycles in the figure represents negligible parameters, while 

the green circle represents the influential ones. As can be seen, the detected influential parameters in 

both SA methods for each model’s output are the same, which indicates the robustness of the 

conducted sensitivity analyses. 

Moreover, from the µ*-𝜎 chart, it can be inferred that roof and façade R-values have almost nonlinear 

effects on the output results since they are close to the  𝜎 𝜇∗⁄  = 1 line. On the other hand, changes in 

infiltration rate demonstrate a highly linear behavior towards changes in the BENG1 value. 
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Figure 17 – The µ*-𝜎 chart result of the Morris method. Red circle: The parameters with negligible effects 

10.2 Discussion 

Figures 18 to 20 show the changes in the BENG1 based on the changes in each influential parameter 

identified from sensitivity analysis. The charts’ values have been extracted from Sobol analysis. Each 

point on the graphs below represents a single simulation in which the x-axis value equals the amount 

of change in the specific parameter, and the y-axis represents the change in the target output derived 

from the change in that input. Moreover, each graph contains information regarding the linear 

regression between the input parameters' changes and the relative target output change. 

As it previously turned out from the Morris SA result, here also can be seen the highly linear (𝑅2 =

0.98) relationship between changes in BENG1 and changes in the and infiltration rate values. Figures 

18 to 20 also show that the absolute range of changes in the target outputs derived from changes 

within each input factor's range has a significant role in determining its sensitivity indices values in the 

Sobol method. For instance, Als/Ag and window to wall ratio, ranked as the first and second most 

influential parameters, cover the approximate range of -100 to 100  and -80 to 80 respectively of the 

Figure 16 - Sobol indices measures of input parameters for BENG1 value ranked by total sensitivity measures 
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changes in the BENG1 value, which is higher than the variation ranges result from all other input 

parameters.  

 

Figure 18- Changes in the BENG1 value from changes in the value of Als/Ag (left) and window to wall ratio (right) 

 

Figure 19 - Changes in the BENG1 value from changes in the value of  Window U (left) and infiltration rate (right)  

  

Figure 20- Changes in the BENG1 value from changes in the value of Façade Rc (left) and Roof Rc (right)  

From an in-depth analysis of the Morris method results, it was found that insulation properties' 

parameters have a highly non-linear behavior, which means a constant change within their variability 

range from different start point leads to very different variation ranges for the BENG1 value. Figure 22 

and Table 7 show that when R values are close to their lowest boundary, a fixed increment in their 

value influences the BENG1 variation much more than when they are in the middle or close to the 

upper bound of their variability range.  
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Figure 21 - The variation range and their mean values of BENG1 for each step number of Façade Rc (left) and Roof Rc (right) 

Table 7 - Variation details for each step number in input and output values for Roof Rc and Façade Rc 

Step Number 

Facade Rc BENG1 Roof Rc BENG1 

Input variations Output variations Input variations Output variations 

From To Range Mean From To Range Mean 

1 0.5 3.5 28.78 -22.85 0.5 3.5 28.78 -21.71 

2 0.9 3.9 16.54 -9.03 0.9 3.9 16.54 -11.10 

3 1.35 4.35 16.44 -7.10 1.35 4.35 16.44 -7.23 

4 1.75 4.75 10.87 -6.13 1.75 4.75 10.87 -5.2 

5 2.2 5.2 10.95 -5.84 2.2 5.2 10.95 -3.34 

6 2.6 5.2 7.76 -3.88 2.6 5.2 7.76 -2.17 

7 3 6.00 6.29 -2.85 3 6.00 6.29 -1.76 
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11. Conclusion 
Determining the current state of dwellings’ energy performance as well as the ability to generate 

suitable renovation solutions based on their current state is necessary for accelerating the mass-scale 

renovation rate. In this regard, providing useable information would be crucial for proper simulation 

and analysis. However, seeking all the required data simultaneously and making them useable require 

a massive effort, which in some cases, might be infeasible to fulfil. Thus, prioritizing input information 

is essential to facilitate and illuminate the orderly way of acquiring preliminary information. This 

report's conducted study tried to ascertain the prioritization of the most and least influential 

parameters for determining the total heating and cooling energy demand (BENG1) derived from 

NTA8800 regulations. Thus, two well-known global sensitivity analysis methods, commonly used in the 

building energy performance simulations (Morris’s and Sobol’s methods), were selected to apply on 

the WoonConnect energy calculation software. Based on the literature, fifteen physical characteristics 

of a typical three-floor row dwelling were chosen as the analyses’ input factors. The analyses were 

performed with an adequate number of simulations to ensure results’ robustness, which was further 

confirmed by attaining the same results from both applied methods. From what previously discussed, 

the input factors can be categorized into three priority levels.  

Priority Level 1: the parameters with the first and total sensitivity measures greater than 0.05 (S1, ST > 

0.05). These parameters are highly influential, so that even small changes in each may significantly 

impact in determining the BENG1 value. This category includes “Compactness (Als/Ag)”, “Window to 

wall ratio”, “Window U”, and the “Infiltration rate”. The first two parameters are directly derived from 

dwelling geometrical characteristics, and the others depend on glazing and construction year, 

respectively.  

Priority Level 2: the parameters with the first and total sensitivity measures between 0.01 to 0.05 ( 

0.01< S1, ST < 0.05). These parameters are not as influential as the ones in the first category, which 

means that their variation would not significantly impact the value of BENG1. This category consists of 

façade, roof, floor R values, and specific internal heat capacity. For determining R values, material and 

insulation of dwellings must be considered and the value of specific internal heat capacity specified 

based on the construction mass, which must also be calculated based on the building's structural 

material weight. Although this category's parameters are not as influential as those in the first one, 

the uncertainty for determining them should be minimized as much as possible since their non-linear 

behavior makes them more influential as their value approaches the lower limits (e.g., R values less 

than one). 

Priority Level 3: the parameters with the first and total sensitivity measures less than 0.01 (S1, ST < 

0.01). As the sensitivity measures approach zero, the parameters' changes do not lead to a significant 

range of variations in the output value compared to the other input factors. Moreover, in contrast to 

the highly influential parameters, there are no distinct patterns between the changes in the value of 

the parameters in this category and the subsequent variation in the value of BENG1. This category 

encompasses seven parameters mostly related to the sun radiation, namely window obstruction, G 

value, orientation, frame fraction, and sunblind settings. 

Table 8 summarized the input parameters’ categorization based on sensitivity measures. Note that this 

categorization is only valid for the parameters considered as input factors in this study, and it is limited 



  

31 
 

to the analyses on the BENG1 value. So, the prioritization and parameters influence might differ, 

considering other target outputs such as primary energy consumption or users’ comfort. Due to the 

NTA8800 requirements, this study is limited in terms of the number of influential parameters for 

determining dwellings’ heating and cooling energy demand. The NTA8800 has been developed to 

assess houses for energy efficiency. This standard is based on average use and average conditions (for 

the Netherlands). This was done to be able to compare dwellings with each other in the most objective 

way possible. It is therefore impossible to make a correct prediction with the NTA8800 of the actual 

energy demand of a house and its residents without taking into account the regional differences in 

climate, heat flows between rooms and residents’ behavior. 

Table 8 - Input parameters' categorization based on sensitivity measures range 

Priority 
level  

Sensitivity 
measure 

Parameters 
Change 
pattern 

Source of 
information 

Acceptable 
uncertainty  

1 
Greater than 
0.05 

Als/Ag 

Linear  

Geometrical 
properties 

As exact as possible 
Window to Wall Ratio 

Window U Glazing 

Infiltration Rate 
Construction 
year 

2 
Between 0.01 
and 0.05 

Facades Rc 

non-linear 
Thermal 
properties 

Uncertainty should be 
minimized as values 
approach to the 
lower limits 

Roof Rc 

Floor Rc 

Specific Internal Heat 
Capacity 

Almost linear  
Construction 
mass 

3 
Less than 
0.001 

Window Obstruction 

no distinct 
pattern 

Sun radiation 
Better to be known if 
the information is 
available 

Window G 

Orientation 

Sunblind Type 

Frame Fraction 

Sunblind Colour 

Sunblind Control 

 

From what has been achieved in this study, the project will be focused on gathering the required 

information based on their priority. In the next step, we will be focused on determining dwellings’ 

geometrical properties from available data sources. One of the most valuable sources to obtain 

required geometrical information would be publicly available point clouds of existing dwellings, 

derived from aerial LiDAR surveys. Being available countrywide makes the point cloud a worthwhile 

data source from which useable information can be extracted to accelerate dwellings’ energy demand 

calculations on large scales and subsequently facilitate the upscaling renovation process12.  
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