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Abstract 

Energy performance contracting (EPC) is a solution for stakeholders of a building when they cannot invest 

in energy conservation measures (ECM). An energy service company (ESCO) offers the EPC to the 

stakeholder, in which a new predicted energy consumption is guaranteed after taking ECM. Sometimes 

the measured energy consumption will be higher than the guaranteed energy consumption. One of the 

major causes for this performance gap is occupant behavior (OB). OB can however not be influenced by 

an ESCO, and therefore in this graduation project a stepwise approach is developed to support the ESCO 

with including OB within EPC in a time-efficient way.  

The first part of the project is about identifying the influential OB-aspects, wherefore the newly developed 

impact indices method is used. The method includes the effect of blinds, equipment, lighting, presence 

and temperature setpoints on the cooling and heating energy demand of a building. The method answers 

to the question of having a time-efficient and cost-effective sensitivity analysis. For this reason, the 

method is regarded suitable in the approach. Impact index values of a pool of buildings of the same type 

can help to identify high impact indices. In this research the simulation models of two case-studies in IES 

VE are used which are provided by Strukton Worksphere.  

The second part is about the translation of an influential OB-aspect into information about risk. The goal 

of the approach is to express OB-related risks into a risk matrix value to identify risk as being low, moderate 

or high. The risk matrix is a known risk management strategy at Strukton Worksphere. Information that is 

needed to go from an influential OB-aspect to a risk matrix value, is the magnitude of energy variation 

caused by OB and the likelihood of energy variation caused by OB. 

The stepwise approach that is developed from these two parts, is tested by using the case-study buildings. 

The stepwise approach highlights the correct OB-aspects as being risky. The case-study buildings are both 

open plan office buildings. From the pool of building variants, it is found that for open plan office buildings 

the blinds use is more influential than equipment, lighting and presence. 
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List of abbreviations  

ECM  Energy Conservation Measures 

EPC  Energy Performance Contract 

ESCO  Energy Service Company 

HB  Heat Balance 

OAT  One-at-a-time 

OB  Occupant Behavior 

SA:V  Surface-area-to-volume ratio 

TSP  Temperature Setpoint 

UR  Uncertainty Range 

WWR  Window-to-wall ratio 
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1. Introduction 

In the 2015 United Nations Climate Change Conference, agreements are made between many countries 

to limit the global temperature increase due to greenhouse gas emissions [1]. Currently, the greenhouse 

gas emissions are too high to achieve the agreements. Building energy consumption contributes for a big 

part to the emissions [2]. It is important that the existing building stock becomes more energy efficient, 

which can be achieved by taking energy conservation measures (ECM) to lower the energy consumption 

[3]. Examples of ECM are better system efficiencies or improved thermal insulations. Taking ECM is often 

expensive, which makes it unattractive for the stakeholder (such as the owner or the tenant of the 

building). Therefore, solutions are developed to cater to the desires of the stakeholder. One solution is the 

energy performance contract (EPC). In an EPC, an energy service company (ESCO) agrees with the 

stakeholder about the ECM. The ESCO does the investments and the profit is split between the ESCO and 

the stakeholder. The profit is the difference between the energy consumption before and after 

implementing the ECM. The new energy consumption baseline after the ECM is provided and guaranteed 

by the ESCO. When the baseline is not met, the ESCO will be financially responsible for the involved risks 

[3]. 

The energy baseline needs to be calculated to set up an EPC. This can be done by simple rules of thumb, 

by case-based reasoning or by computational simulation programs [4]. Dynamic building energy simulation 

(BES) programs can represent the building performance model with a high level of detail. A highly complex 

model includes many details of the building [5]. A detailed simulation model reduces errors due to 

approximation. In this way, the model will be a better representation of the real building. In the building 

simulation program, the analyst enters the physical characteristics of the building, the use of the building 

and information about the systems. The physical characteristics include for example the geometry and the 

material properties. When these input parameters are entered into the simulation program, the 

simulation program calculates the energy performance of the building by running a simulation. However, 

a mismatch between the predicted energy consumption and the actual measured energy consumption 

can arise. This mismatch is called the performance gap [6].  The performance gap can be caused by a 

number of uncertainties in the following categories: numerical uncertainty, modeling uncertainty, scenario 

uncertainty and design uncertainty [4]. This research focuses on the scenario uncertainties due to the 

building use, or occupant behavior. The input parameters concerning the building use are often difficult 

to predict. Regarded as one of the most important causes of the performance gap are uncertainties in 

occupant behavior (OB) [6].  

For predicting the energy baseline, OB is now mostly modelled in a deterministic or static way [7]. This 

way of modeling is a low complexity level and occurs partly because simulation programs are focused more 

on the physical design factors than the interaction between the occupants and the building. The model is 

then not always a good representation of the reality, because it does not take possible irregularities and 

specific occupant characteristics into account. It turns out that different workstyles (austerity, standard, 

wasteful) can have an effect of -50% to +90% on the energy performance of a building [8]. However, this 

effect varies according to building characteristics and use scenario and therefore a method is needed to 

find how sensitive a building is to this effect [9]. Improved modeling of OB could serve as a solution for 

optimizing a building’s performance [10]. However, increasing the model complexity by using more 
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detailed occupancy patterns can in turn lead to uncertainties due to estimations of input parameters [5]. 

An optimal “fit-for-purpose” model complexity, which is the perfect balance between adding details and 

excluding uncertainties, would lead to the best modelled representation of the reality. Finding the best fit-

for-purpose model is a difficult task and therefore also the complete understanding of the performance 

gap is difficult. The alternative is to examine a buildings’ sensitivity to different OB-aspects so that the 

effect of the uncertainties in OB can be anticipated.  

The sensitivity of a building to OB-aspects can be explored by doing a sensitivity analysis [11]. A sensitivity 

analysis identifies which aspects have the largest influence on a performance indicator. The performance 

indicator can be for example the gas consumption, the electricity use or the CO2-emissions of the building. 

There are various reasons to do a sensitivity analysis. In new buildings the different design options can be 

compared. For example, the output from the simulation program when entering different design options 

can highlight the most energy efficient design. For existing buildings it can be investigated which input 

parameters are the most influential in causing a performance gap.  

There are different sensitivity analysis methods, which can be categorized into global methods and a local 

method [11]. The global methods are divided into four subcategories and they all consider the interaction 

between different inputs. They are computationally high demanding because many simulation runs are 

needed to analyze all possible scenarios. In contrast to the global methods, the local method does not 

consider the interaction between different input parameters. The input parameters are single values which 

are the boundary conditions of a certain aspect and only one input parameter at a time can be analyzed 

[4]. The main advantage is that the local sensitivity analysis is computationally less demanding and easier 

to interpret.  

Still, a sensitivity analysis is not practiced by ESCOs because even the local sensitivity analysis is too time-

consuming and not cost-effective. Therefore a new sensitivity analysis method is developed addressing to 

this problem. It is called “impact indices method” and it is supposed to be time-efficient and user friendly, 

which meets the need of ESCOs [12]. Only one simulation run is needed to gain insight into a building’s 

most influential OB-related parameters. Currently, the method is able to identify the potential impact from 

the use of blinds, equipment and lighting, the presence of occupants, and temperature setpoint variations 

on the heating and cooling energy demand. This performance indicator is often important for ESCOs, 

because they are interested in the baseline energy of a building for setting up an EPC [3]. In the future a 

similar method could be developed addressing to other OB-aspects and performance indicators. 

When the sensitivity of a building to OB is known, it can give the opportunity to estimate how risky a 

building is regarding OB. A risk consists of two components: the probability that an event occurs, and the 

consequence of that event [13]. The consequence is often expressed in costs. In the field of building 

performance, the consequence could be unexpected costs due to the performance gap. As said before, 

the performance gap comes from uncertainties in input parameters. When the risky aspects causing a 

performance gap are known, but the aspect cannot be influenced by the ESCO, the ESCO can act 

accordingly. For instance, correction factors for the performance gap due to the outdoor climate already 

exist in EPCs [14]. The correction factors correct the baseline energy consumption according to the severity 

of the environmental conditions; a year with a lower average temperature could result in a higher heating 

energy demand. Correction factors for the performance gap due to uncertainties in OB are however 

lacking. The Rijksdienst voor Ondernemend Nederland provided a formula for including user intensity to 

correct the baseline energy consumption, but its use is unclear [15]. Also in practice ESCOs hardly use 
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correction factors for OB in EPCs. This is because the involved risk due to uncertainties in OB is often 

unknown. OB-aspects are however gaining more influence on the energy consumption of a building. In 

fact, whereas traditionally buildings were more likely to be skin-load dominated, now they are becoming 

more internal load dominated [14]. The energy consumption of a skin-load dominated building is mainly 

influenced by the environmental conditions. Buildings are becoming less influenced by the environment 

because of improving thermal insulations and better system efficiencies [16]. The energy consumption of 

an internal load dominated building is mainly influenced by internal gains such as gains from presence, 

lighting and equipment. There is thus a need for better insight into OB-related risks which can help ESCOs 

to agree with their stakeholders about the financial responsibility of the performance gap.  

RESEARCH OBJECTIVES 

OB can have a large influence on the building performance, but predicting OB is very complex. Therefore 

it is important to gain insight into OB-related risks in a way that ESCOs can act accordingly. Objective of 

this research is to find out whether it is possible to develop a stepwise approach that can support ESCOs 

in gaining insight into a building’s most critical OB-aspects. The approach is meant to be a fast screening 

approach and it focuses on identifying OB-related risks.  The main research question is: 

- Is it possible to support ESCOs in including OB within EPC by a time-efficient stepwise approach? 

Sub questions are: 

- Is the impact indices method suitable to be included in the stepwise approach to do a first 

screening on the most influential OB-aspects? 

- What information is needed to estimate the OB-related risk in a time-efficient way? 

- Which steps must be included to go from a potentially risky OB-aspect to information about OB-

related risk? 

- Does the stepwise approach lead to physically correct results? 

- Is the provided stepwise approach robust? 
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2. Methodology 

The goal is to support ESCOs with including OB in EPCs by means of an easy-to-use stepwise approach. The 

approach is developed in collaboration with an ESCO, namely Strukton Worksphere. This collaboration is 

essential for testing the approach on real cases and for assessing the overall usability of the approach.  

The development of the approach can be divided in two main sections. The first section is about testing 

the suitability of the impact indices method (Figure 1). At Strukton Worksphere they use the simulation 

program IES VE. Section 2.1 will show how the method is used in IES VE and how it can be useful in the 

stepwise approach. Testing the impact indices method in IES VE is done by using two case-studies that are 

provided by the company. The second section (Section 2.2) is about the translation of a potentially 

influential OB-aspect into information about OB-related risk. A high impact index indicates a potentially 

influential OB-aspect. The impact index is a relative value, and the main purpose of Section 2.2 is to find 

what information is needed to translate this relative value into an absolute risk. Section 2.1 and 2.2 

contribute to the development of the stepwise approach that is given in the third section (see Section 2.3). 

The fourth section (Section 2.4) is meant to test the usability of the approach. The testing occurs by using 

the two case-study buildings. The fifth section (Section 2.5) will investigate the robustness of the approach 

regarding the environmental conditions and the model complexity. The following sections will provide 

further detail of the methods used in each part of the study. 

 

 

Figure 1: Methodology scheme 
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2.1 SUITABILITY OF THE IMPACT INDICES METHOD 

The impact indices method is tested for suitability by using two case-study buildings and the simulation 

program IES VE. The method is regarded as suitable when it works correctly in IES VE, and when it can 

highlight the potential risky OB-aspects after one simulation run. First, general information about the 

method, the case-studies and the simulation program is provided. Thereafter follows the testing process 

of the suitability of the method that is divided into two parts: (1) the general functioning of the method, 

and (2) giving meaning to the impact index values. 

2.1.1 General information 

The impact indices method 

An impact index indicates the potential influence of an OB-aspect on the heating and cooling energy 

demand of a building [12]. Within the impact indices method, the impact of the use of blinds, equipment 

and lighting, the presence of occupants and temperature setpoint variations can be calculated. An impact 

index is a single, non-dimensional value which can be calculated already after one simulation run. The 

higher an impact index, the more likely the influence of the OB-aspect on the building energy demand. For 

the calculation, the output of the building simulation program needs to be used. 

 

 

Figure 2: Schematic of heat balance processes [17] 

 

The impact indices for blinds, equipment, lighting and presence are based on the building’s heat balance 

(HB). Figure 2 shows the four processes of the HB: the outdoor-face HB, the through-the-wall conduction, 

the indoor-face HB and the air HB [17]. The arrows indicate the interaction between different processes. 
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The three processes inside the grey box are part of the surface HBs. The fourth process, the air HB, is the 

process of interest in the impact indices method. The air HB can be viewed as the HB for a closed volume 

such as a building. The air HB is influenced directly by the infiltration and ventilation of exhaust air, by 

convection from internal gains (equipment, lighting, people), by heat transfer from the HVAC system, and 

by convection to the zone air. Indirectly, the air HB is also influenced by for example solar radiation, or 

radiation from internal gains. The different contributors to the HB can be either heat losses or heat gains. 

The total sum of every HB process is equal to zero, which makes them in balance. The air HB is also known 

as the sensible HB and focuses on variations in air temperature, excluding the effect of moisture (latent 

HB).  

The impact index for blinds, equipment, lighting and presence are calculated by formula (1) and (2). There 

is heating demand (from the HVAC system) when there are more losses than gains, and there is cooling 

demand when there are more gains than losses. Based on this fact, the formulas for impact indices are 

developed. The impact index value quantifies the weight of an OB-aspect within the heat balance by 

connecting the single types of gains and losses to the corresponding OB. The higher the contribution of 

the specific gain to the HB, the higher the impact index. A high impact index means a high potential impact 

of an OB-aspect on the heating or cooling energy demand. In the original paper, the impact index for blinds 

is calculated for the cooling season and the impact indices for equipment, lighting and presence are 

calculated for both the cooling and the heating season. Generally speaking, the impact indices for heating 

and cooling are developed as follows: 

 

𝐼𝐼𝑥,𝐻 =  
𝑄𝐿,𝑇𝑜𝑡−(𝑄𝐺,𝑇𝑜𝑡−𝑄𝐺,𝑥)

𝑄𝑁𝐻
− 1                   (1) 

 

𝐼𝐼𝑥,𝐶 = 1 − 
(𝑄𝐺,𝑇𝑜𝑡−𝑄𝐺,𝑥)−𝑄𝐿,𝑇𝑜𝑡

𝑄𝑁𝐶
                   (2) 

 

Where: IIx,H = Impact index heating season [-] 

IIx,C = Impact index cooling season [-] 

QL,Tot = the total losses of the building [J] 

QG,Tot = the total gains of the building [J] 

QG,x = specific heat gain [J] (where x = blinds / equipment / lighting / presence) 

QNH = HVAC input sensible heating [J] 

QNC = HVAC input sensible cooling [J] 

 

The impact indices for heating and cooling temperature setpoints are calculated by plotting the energy 

signature [12]. In the energy signature graph, the temperature difference between the outdoor and indoor 

temperature is plotted against the cooling demand (in cooling season) and heating demand (in heating 

season) (Figure 3). The correlation between the two is the impact index. When the temperature difference 

is highly correlating with the energy demand, the building is supposed to be sensitive to the temperature 

setpoint. 
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Figure 3: Left: building with a low correlation (thus low impact index), right: building with a high correlation (thus high impact 

index) [12] 

Case-study buildings 

In this research, two case-study buildings are used to be able to test the method on buildings with different 

characteristics. The simulation model of case-study (1) (CS1) is obtained from an earlier study [18]. The 

simulation model of case-study (2) (CS2) is provided by Strukton Worksphere. The model had to be 

completed in the building construction, the profiling and the HVAC system. Extensive information on the 

simulation models can be found in Appendix A. 

CS1 is the office building of Strukton in Son and CS2 is the city hall / music theater in Amsterdam. The case-

studies are comparable in size. The whole building of CS2 is actually very large, but only a part of the 

building is analyzed for time-efficient reasons. Furthermore, this part is a common repeating part of the 

building for which the simulation results can easily be translated to the total building. The case-studies are 

both open plan office buildings of about the same size. For both buildings, all floors are considered in the 

analysis except for the ground floor. The ground floor has a different function than being an open plan 

office for both case-studies. 

 

  

Figure 4: Case-study (1) (left, source: van Schijndel Bouwgroep) and case-study (2) (right) 
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For a relevant comparison, the buildings are modelled using the same level of complexity. This means that 

the whole building is modelled and the floors are divided into different zones. The zones of the two 

buildings that have the same function are highlighted in the same color (Figure 5). This shows that the 

design is comparable where the main area is the open plan office and there are small separate offices on 

the sides. The user profiles of the zones are building specific. For example, CS2 is designed to have a slightly 

higher occupancy level than CS1. The exact profiles can be found in Appendix A. 

 

 

Figure 5: Floor plans case-study (1) (high) and case-study (2) (low) 

Table 1 provides a general description of the two case-studies. As can be seen from Table 1, CS2 is an older 

building and has worse insulation. Figure 5 shows that CS2 is adjacent to other parts of the building which 

are also open plan offices. Relatively less surfaces of CS2 are exposed to the outdoor conditions than of 

CS1, so CS2 has a lower surface-area-to-volume ratio. Moreover, CS2 has a lower window-to-wall ratio.  

Table 2 indicates the use of the case-studies, and indicates to what extent the users are able to influence 

the blinds, equipment, lighting, presence and temperature setpoints. Because the buildings have the same 

function, the use is also comparable (Table 2). In the large open spaces it is less common that the indoor 

conditions can be adjusted to every person’s need than in small personal offices. In an open plan office 

building there are often flexible workplaces. The workplaces are most of the time not fully occupied and 

the exact presence is more difficult to predict. This can lead to more fluctuations in presence than in an 

office building where there are fixed workplaces. The equipment and lighting use of both case-studies are 

dependent on the presence. One main difference between the case-studies is the use of blinds. In CS1 the 

blinds are controlled manually which means a higher degree of freedom of the occupant. Especially, in 

combination with the higher surface-area-to-volume ratio and window-to-wall ratio. The occupants of CS2 
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are more limited on the use of blinds. The temperature setpoint variations are in both cases limited to a 

±1°C.  

Table 1: General description case-studies 

 Case-study (1) Case-study (2) 

Floor area [m2] 6700 6000 

Floors 6 6 

Year of construction 2010 1984 

R-value walls [m2K/W] 3.23 2.2 – 2.4 

Surface-area-to-volume ratio [-] 0.26 0.19 

Window-to-wall ratio [-] 40% 36% 
 

Table 2: Building use case-studies 

 Case-study (1) Case-study (2) 

Blinds Manual Automatic, manually overruled 

Equipment Depending on presence Depending on presence 

Lighting Occupancy sensors Occupancy sensors 

Presence - - 

Temperature setpoints ±1°C ±1°C 

The simulation program 

The simulation program IES VE is used [19]. This program is chosen because it is also used by Strukton 

Worksphere. Testing the suitability of the impact indices method in IES VE, will support Strukton in using 

the method. 

2.1.2 Suitability of the impact indices method in the stepwise approach 

Testing the suitability of the impact indices method is needed to find out whether the impact indices 

method can be one of the steps in the approach to support ESCOs in including OB in EPCs. The testing 

consists of two parts: (1) the general functioning of the impact indices method, and (2) providing context 

for the meaning of the impact index values. The meaning includes information on the impact index being 

high or low to be able to highlight potential risky OB-aspects. 

General functioning 

The impact indices method has not been implemented before in IES VE and therefore the method should 

first be tested.  

- Output variables IES VE 

It is important to use the correct simulation output to calculate the impact indices. The impact indices for 

blinds and internal gains are based on the heat balance. Whether the correct output variables are used for 

the calculation of these impact indices, can be verified by performing a building heat balance and testing 

whether the sum of the variables equals to zero. For this operation, the yearly heat balance of CS1 and 

CS2 will be used.  
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- Ease of use and meaningful results 

Because the impact indices method answers to the question to be a user friendly sensitivity analysis, the 

ease of use is tested in IES VE and through interviews at Strukton Worksphere. Also the impact index 

results are analyzed. The results should genuinely represent the contribution of an OB-aspect to the 

heating and cooling energy demand. Issues will be mentioned and resolved when possible. 

Meaning of the impact index values 

The impact indices of the case-study buildings are calculated. The impact index values are single, non-

dimensional values. For the sake of the approach it would be helpful if an impact index value indicates 

whether the OB-aspect is potentially risky or not for EPC. In general, a high impact index means a high 

potential risk. Knowledge about the meaning of an impact index value can eliminate the low impact indices 

that do not need further analysis. So the question that arises from this is: when can an impact index be 

considered as high?  

Ideally one would compare the impact index value to a pool of buildings of the same type. However, there 

is not much information yet about typical impact index values, because the method is new. Also, the 

company has no pool of buildings that can be used as a reference. Therefore a virtual pool of buildings is 

created and impact indices are calculated for all developed building models. The building variants are 

obtained by using the simulation models of the case-studies. Extreme values for the structure, the gain 

intensity and the orientation of the buildings are considered (Table 3). Extreme values are chosen in an 

attempt to cover the whole impact index value range for typical open plan office buildings. All possible 

combinations of the extreme building characteristics resulted in 64 building variants. The 6 characteristics 

of the façade are combined where one extreme includes the low R-values, and the high window values (U-

value, g-value, visual transmittance). The other extreme includes the high R-values and the low window 

values. In this way there are extremely well insulated variants, and extremely bad insulated variants. The 

lighting power density and the equipment power density are also combined where one extreme is a low 

lighting and equipment power density. The other extreme is a high lighting and equipment power density. 

The combinations of the characteristics of the building variants can be found in Appendix B.   

It is tried to find clarification of the impact index values being “high” or “low” by comparing obtained 

values with those from the virtual pool of buildings.  

Table 3: Ranges of extreme values for the building variants 

Building characteristic Range Reference 

Surface area to volume ratio [m2/m3] (SA:V) 0.19 – 0.26  - 

Orientation (long façade) [°] 0 – 90 - 

Window to wall ratio [-] (WWR) 0.20 – 0.60 [20] 

Façade characteristics  Wall R-value [m2K/W] 1.30 – 4.50 [16] 
 
 

Roof R-value [m2K/W] 1.30 – 6.00 

Floor R-value [m2K/W] 1.30 – 3.50 

Window U-value [W/m2K] 3.10 – 1.30 

g-value [-] 0.73 – 0.59 [19] 

Visual transmittance [-] 0.76 – 0.48 [12] 

Lighting power density [W/m2] 5.38 – 16.14 [21] 
 Equipment power density [W/m2] 5.38 – 16.14  

Occupancy density [m2/person] 5.45 – 16.35 [22] 
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2.2 TRANSLATION OF THE IMPACT INDEX TO OB-RELATED RISK 

An impact index is a relative value. It can draw attention to the potential influential OB-aspect, but it does 

not say everything about risk. A risk namely also includes information on the predictability of the OB-

aspects. In this section, the goal is to find a quick and easy way to go from the relative impact index to an 

OB-related risk. This translation will contribute to the stepwise approach. This section can be divided into 

two main parts: (1) translating the relative impact index into the effect on absolute energy demand, and 

(2) the translation of information provided by the impact indices into OB-related risk information. 

2.2.1 Relative versus absolute 

The impact index is a relative value on the potential impact of an OB-aspect. As long as the OB-aspect can 

exactly be predicted, the impact on the energy demand will be zero. The potential impact only comes 

forward when the exact prediction of the input parameter is not possible. A lack of knowledge of input 

parameters of the OB-aspects results in input parameter variations. To quantify the output uncertainty, 

which is the risk for the ESCO, the input variations need to be entered into the simulation program.  

In [12], the impact indices showed high correlation with the variation in energy use resulting from a one-

at-a-time (OAT) sensitivity analysis (Figure 6). The OAT sensitivity analysis was done to evaluate the 

significance of the impact indices. For the significance test, various building variants are used. The linear 

relation suggests that the correlation may be building-independent and thus universally applicable. In 

developing a stepwise approach, the correlation could be useful to estimate the absolute energy variation 

(or: energy uncertainty range) without doing extra simulations. This would make the approach more 

efficient. One could then estimate the uncertainty in energy demand after one simulation run by using the 

impact index value and the input parameter variations.  

 

 

Figure 6: Impact index validation lighting use [12] 
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To verify this assumption, again an OAT sensitivity analysis is done by using the building variants. Half of 

the variants (32) are used in the analysis for time-efficient reasons, and they are picked randomly. Table 4 

shows the input parameter variations. These variations are theoretical. The equipment, lighting, presence 

and temperature setpoint variations are used as in [12]. The equipment, lighting and presence gains are 

varied by ±50% and the temperature setpoints for both heating and cooling by ±1°C. The blinds are 

lowered when there is an incident solar radiation of 250 W/m2. This value is also used by Strukton 

Worksphere, and is based on [23]. If the OAT sensitivity analysis does not give a building-independent, 

high correlation between the impact indices and the variation on energy demand, another easy way of 

finding the energy variation needs to be developed. 

 

Table 4: Theoretical input parameter variations for the OAT sensitivity analysis 

Input parameter Input variation 

Blinds Incident solar radiation of 250 W/m2 

Equipment ±50% 

Lighting ±50% 

Presence ±50% 

Temperature setpoints ±1°C 

 

2.2.2 Definition of risk and direction of the approach 

To be able to investigate OB-related risks, it is important to know what a risk exactly includes. For this 

reason, a framework of risk is given. The purpose is to use this framework to define risk in relation to OB. 

Secondly, the risk matrix is shown. The risk matrix is the direction towards which the stepwise approach 

should lead. The risk matrix is a method of risk estimation used at Strukton Worksphere. 

Framework 

A risk is defined as the “inability to achieve overall program objectives”, and is the product between the 

probability or likelihood that an event occurs, and the consequence of that event [13]. The first step of risk 

management, identifying the risk, serves as a screening process. This research focuses on identifying risks. 

In the beginning risks are often overestimated, but it is very useful for identifying aspects of low risks which 

can be left out without further analysis. When identifying risks, there will be uncertainties in the likelihood 

as well as in the consequence of the objective. However, because of the overestimation, the prioritized 

risk can be further analyzed in detail, and the uncertainties in the risk estimation can be quantified if 

needed. 

There are many forms of risk analysis methods [13]. There are qualitative methods, which generally look 

into the severity of the risk. These are easier and quicker to use. Qualitative risk methods are useful for 

making decisions. When the exact consequence of the risk needs to be known, there are quantitative 

methods. These are more precise, but more detailed information is needed. To find the optimal risk 

analysis method, a consideration should be made between the involved costs and the obtained 

information.  
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The risk matrix 

At Strukton Worksphere, the qualitative/semi-quantitative method of the risk matrix is used to identify 

potential risks (Table 5). The probability goes in ranges from “rare” to “certain”. This probability is 

estimated from experience. The consequence is expressed as a financial expenditure, in terms of a 

percentage of the contract sum of the building. If an event will certainly occur (in this case, the uncertainty 

related to an OB aspect), and the consequence will be up to 2% of the contract sum, the risk is identified 

as high. If an event rarely occurs and the effect would only be a small part of the contract sum, the risk will 

be identified as low. The risk matrix is mainly used to rank various aspects on their severity of risk from 

low (value: 1 – 2), to moderate (3 – 12), to high (15 – 25) [13]. 

It would be useful if the ESCO could include OB-related risks in their ordinary risk management process. In 

this way they can compare OB-related risks with risks from other angles such as planning, geology, location 

etcetera. The end result of the approach will thus express itself in a risk matrix value. The steps that are 

needed to go from the impact index to the risk matrix value should be developed. To be able to include 

OB in the risk matrix, the definition of the probability and the consequence regarding OB will be given.   

 

 

Table 5: Risk matrix Strukton Worksphere. Green = low, yellow = moderate, red = high 
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2.3 STEPWISE APPROACH 

Section 3.3 will show the stepwise approach and an explanation of the different steps. The first steps come 

from testing the method in IES VE and using the information from the paper [12]. Subsequent steps are 

developed from interviews within the company and by analyzing literature. [4, 11, 13, 18]. The literature 

included information about methods to find the uncertainty in input parameters and output variables and 

about risk management. 

2.4 TESTING THE STEPWISE APPROACH 

The stepwise approach will be tested as described in Section 3.3 by using the case-study buildings. The 

focus will be on the applicability and the ease of use. A main purpose of the method is that one can focus 

quite quickly on the risky OB-aspects and leave out the non- risky aspects. Besides the ease of use, the 

results should also be correct. Whether the approach highlights the riskiest OB-aspects will be verified by 

doing OAT simulations for the blinds, equipment, lighting, presence and temperature setpoints for both 

case-studies. The uncertainty range per aspect will be compared. All information that is used for testing 

the stepwise approach is based on the actual building use. This information is obtained by looking at actual 

gathered building data and experience from Strukton Worksphere.  

2.5 ROBUSTNESS OF THE APPROACH 

In the last section, the robustness of the approach will be tested by using different weather files, and by 

using a less complex simulation model of CS1. The approach is regarded as robust when it will give the 

same results as the original testing conditions. The tests will be based on the hierarchy of the impact index 

values.  

2.5.1 Weather files 

In developing the approach the standard reference weather file is used at all times. This weather file is 

recommended for use when doing energy performance calculations [24]. Because there is a close 

interaction between the effect of environmental conditions and internal loads on a building’s energy 

performance, the weather files with a 1%-, 2%, and 5% exceedance are used to test the robustness of the 

approach to weather uncertainties. Exceedance means that there is a chance of higher or lower climatic 

conditions (such as temperature, solar radiation), than the conditions that are given in the standard 

reference year. The exceedance can occur randomly, and the files are provided by [24]. The percentages 

correspond to the amount of exceedances in the weather file, compared to the standard reference year. 

A year with extreme weather could give different results in the approach. These weather files are not given 

by IES VE, and therefore they are generated by using the weather and statistics program of EnergyPlus and 

the NEN5060 [24]  (Appendix C). 
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2.5.2 Complexity level 

Another test for robustness is on the complexity level of the building model. An oversimplified model can 

give errors due to approximations whereas a too complex model can give unwanted uncertainties due to 

estimations [5]. By using less complex models of CS1, that are provided by the earlier research [18], the 

robustness regarding model complexity can be tested. Three model complexities are compared: namely 

room level, floor level, and building level (Figure 7). 

 

 

Figure 7: Complexity levels room (left), floor (middle), building (right) [18] 
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3. Results 

3.1 SUITABILITY OF THE IMPACT INDICES METHOD 

 

3.1.1 General functioning 

Output variables IES VE 

The output variables that need to be used for the impact index calculation are shown in Table 6. The 

variables correspond to the given thermal processes of the heat balance. The last output variable (air and 

furniture dynamics gain) is used by the software to correct the heat balance, so that all gains and losses 

indeed are in balance. This term includes the heat storage in the room air and in the furniture. The 

magnitude of this value is relatively low compared to other variables, and can therefore be neglected. 

Figure 8 shows the heat balance results for CS1 and CS2. The correct output variables are used because 

the sum of both heat balances is equal to zero. 

 

Table 6: Heat balance output variables IES VE to use for calculating the impact indices for blinds and internal gains 

Output variables IES VE Thermal process 

External conduction gain Heat conduction through surfaces 

Internal conduction gain Heat conduction through surfaces 

Solar gain Heat gain 

Equipment gain Heat gain 

Lighting gain Heat gain 

People gain Heat gain 

Infiltration gain Sensible load from infiltration 

Space conditioning sensible Heat transfer from the HVAC system 
Sensible load from ventilation 

Air & furniture dynamics gain - 

 

 

 

Figure 8: Heat balance check 
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Ease of use and meaningful results 

Testing the impact indices method led to the following issues: 

- Issue #1: 

For the ease of use, the formulas are represented in an easier way (formula (3) and (4)). Formerly, the 

calculation looked very complicated and it included many input parameters. After rewriting the formulas, 

there is only knowledge on the specific gain and the heating or cooling energy demand required. The 

elaboration can be found in formula (5) up to (10).  

 

𝐼𝐼𝑥,𝐻 =  
𝑄𝐺,𝑥

𝑄𝑁𝐻
                     (3) 

 

𝐼𝐼𝑥,𝐶 =
𝑄𝐺,𝑥

𝑄𝑁𝐶
                     (4) 

 

Where: IIx,H = Impact index heating season [-] 

 IIx,C = Impact index cooling season [-] 

 QG,x = Specific heat gain [J] (where x = blinds / equipment / lighting / presence) 

QNH = HVAC input sensible heating [J] 

QNC = HVAC input sensible cooling [J] 

 

Elaboration cooling impact index calculation: 

𝐼𝐼𝑥,𝐶 = 1 −
(𝑄𝐺,𝑇𝑜𝑡−𝑄𝐺,𝑥)−𝑄𝐿,𝑇𝑜𝑡

𝑄𝑁𝐶
=

𝑄𝑁𝐶

𝑄𝑁𝐶
−

(𝑄𝐺,𝑇𝑜𝑡−𝑄𝐺,𝑥)−𝑄𝐿,𝑇𝑜𝑡

𝑄𝑁𝐶
=

𝑄𝑁𝐶−𝑄𝐺,𝑇𝑜𝑡+𝑄𝐺,𝑥+𝑄𝐿,𝑇𝑜𝑡

𝑄𝑁𝐶
            (5) 

Where: IIx,C = Impact index cooling season [-] 

QG,Tot = Total amount of gains [J] 

QL,Tot = Total amount of losses [J] 

 QG,x = Specific heat gain [J] (where x = blinds / equipment / lighting / presence) 

QNC = HVAC input sensible cooling [J] 

 

And knowing that [12]: 

𝑄𝑁𝐶 = 𝑄𝐺,𝑇𝑜𝑡 − 𝑄𝐿,𝑇𝑜𝑡                     (6) 

 

Results in: 

𝐼𝐼𝑥,𝐶 =
𝑄𝐺,𝑇𝑜𝑡−𝑄𝐿,𝑇𝑜𝑡−𝑄𝐺,𝑇𝑜𝑡+𝑄𝐺,𝑥+𝑄𝐿,𝑇𝑜𝑡

𝑄𝑁𝐶
=

𝑄𝐺,𝑥

𝑄𝑁𝐶
                      (7) 
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Elaboration heating impact index calculation: 

𝐼𝐼𝑥,𝐻 = 1 −
𝑄𝐿,𝑇𝑜𝑡−(𝑄𝐺,𝑇𝑜𝑡−𝑄𝐺,𝑥)

𝑄𝑁𝐻
=

𝑄𝐿,𝑇𝑜𝑡−(𝑄𝐺,𝑇𝑜𝑡−𝑄𝐺,𝑥)

𝑄𝑁𝐻
−

𝑄𝑁𝐻

𝑄𝑁𝐻
=

𝑄𝐿,𝑇𝑜𝑡−𝑄𝐺,𝑇𝑜𝑡+𝑄𝐺,𝑥−𝑄𝑁𝐻

𝑄𝑁𝐻
            (8) 

Where: IIx,H = Impact index heating season [-] 

QG,Tot = Total amount of gains [J] 

QL,Tot = Total amount of losses [J] 

 QG,x = Specific heat gain [J] (where x = blinds / equipment / lighting / presence) 

QNH = HVAC input sensible heating [J] 

 

And knowing that [12]: 

𝑄𝑁𝐻 = 𝑄𝐿,𝑇𝑜𝑡 − 𝑄𝐺,𝑇𝑜𝑡                     (9) 

 

Results in: 

𝐼𝐼𝑂𝐵,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝑄𝐿,𝑇𝑜𝑡−𝑄𝐺,𝑇𝑜𝑡+𝑄𝐺,𝑥−𝑄𝐿,𝑇𝑜𝑡+𝑄𝐺,𝑇𝑜𝑡

𝑄𝑁𝐻
=

𝑄𝐺,𝑥

𝑄𝑁𝐻
              (10) 

 

- Issue #2: 

The space conditioning sensible output variable includes both heating and cooling energy demand. Over a 

larger time span this could mean that they cancel each other out, because negative values are given when 

there is cooling energy demand and positive values are given when there is heating energy demand. The 

impact indices method is designed to calculate an impact index over a heating or a cooling season. 

However, during the heating season there can be cooling energy demand and vice versa. In office buildings 

of this size it is even common that there is heating energy demand in the morning, and cooling energy 

demand in the afternoon (Figure 9). Additionally, IES VE output variable “space conditioning sensible” adds 

the (negative) cooling and (positive) heating demand. In the original method this issue would not arise, 

because the simulation program EnergyPlus separates the heating and cooling in the output variables. 

However in IES VE, the average value of the space conditioning sensible could become really low when the 

variable is summed over a larger time period. In Figure 9, the “Cooling + Heating” displays the combined 

cooling and heating when one would calculate the impact index over a day. The negative cooling and 

positive heating demand of one day are added, and the total sum is divided hourly over the day. In this 

way, Figure 9 visualizes the effect of calculating the impact index over a larger time span combining hours 

with cooling and heating energy demand. While the internal and solar gains remain the same, the energy 

demand becomes lower. Because the cooling or heating energy demand is the denominator in the formula, 

the calculation of impact indices over combined cooling and heating hours could give unrealistic high 

results. In the further research the impact indices are calculated over a heating and cooling mode. The 

heating mode includes all the occupied hours in a year when there is heating energy demand. The cooling 

mode includes all the occupied hours in a year when there is cooling energy demand. 
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Figure 9: Space conditioning sensible Monday April 10th, CS2 

- Issue #3: 

In the original method, the impact index for blinds is only calculated for the cooling mode. Now it will also 

be calculated for the heating mode. The use of blinds in heating mode can namely increase the heating 

demand. An increase in heating demand occurs when the occupants of a building are not raising the blinds 

when there is heating demand, while the blinds are blocking incoming solar radiation. The increase in 

heating demand could be a risk for ESCOs, while they cannot influence the blinds use when they are 

controlled manually.  

- Issue #4: 

What is not mentioned before, but is certainly important for the heat balance, is the utilization factor. The 

utilization factor says something about the part of the gains that can actually be utilized in lowering the 

heating energy demand or increasing the cooling energy demand [25]. The value ranges between 0 and 1 

and is dependent on the ratio between gains and losses and on a building’s time constant. IES VE does not 

include the effect of the utilization factor in the amount of gains that are found in the building heat 

balance; the output of the gains are constant as implemented by the analyst. IES VE does however correctly 

calculate the heat balance in a way that not all gains contribute to reducing the heating demand or 

increasing the cooling demand. Therefore, in some cases the impact indices can represent overestimated 

values. The impact index value is high when the gains are high and the energy demand is low. If the 

utilization factor is not included in the internal gain output variables, the result will be a higher and 

probably overestimated impact index. This issue of the simulation program needs to be addressed, but 

cannot be solved in the interest of this research. Further research needs to be done. 
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3.1.2 Meaning of the impact index values 

In Table 7 the impact index results for CS1 and CS2 can be seen. CS1 has higher impact indices for blinds 

and the cooling temperature setpoint than CS2. CS2 has higher impact indices for the internal gains and 

the heating temperature setpoint than CS1. 

 

Table 7: Results impact indices case-study (1) and (2) 

 CS1 CS2 

Impact index [-] Cooling Heating Cooling Heating 

Blinds 1.10 0.59 0.88 0.44 

Equipment 0.14 0.19 0.25 0.29 

Lighting 0.15 0.20 0.47 0.55 

Presence 0.16 0.21 0.28 0.32 

TSP cooling 0.46 - 0.32 - 

TSP heating - 0.10 - 0.43 

 

Blinds, equipment, lighting, presence 

An impact index is a relative value considering the cooling or heating energy demand of a building. To get 

one value for the building that represents the impact of an OB-aspect on both heating and cooling, it is 

proposed to weight the impact indices for blinds, equipment, lighting and presence (formula (5)).  

 

𝐼𝐼𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 =
𝐼𝐼𝑐𝑜𝑜𝑙𝑖𝑛𝑔∙𝑄𝑁𝐶+𝐼𝐼ℎ𝑒𝑎𝑡𝑖𝑛𝑔∙𝑄𝑁𝐻

𝑄𝑁𝐶+𝑁𝐻
                  (5) 

 

Figure 10 shows the results of the weighted impact indices for blinds, equipment, lighting and presence. 

The results of the virtual pool of building variants are in the boxplots to provide context to the impact 

index values. The exact values can be found in Appendix B. The black dot is the weighted impact index 

value for CS1 and the purple dot for CS2. As a reminder, typical building information on the case-studies 

can be seen in Figure 11. The results show that the impact index for blinds use of typical open plan office 

buildings is most of the time higher than the impact indices for internal gains (equipment, lighting, 

presence). The blinds use of both case-studies is therefore considered as potentially influential. The 

internal gains of CS2 seem to be relatively influential compared to buildings of the same type, and are 

therefore also considered as high.  
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Figure 10: Results building variants and CS1 (black dot) and CS2 (purple dot) 

 

 

CS1 
Open plan office, 
Strukton  Son 
 
R-value: 3.23 m2K/W 
WWR: 40% 
SA:V: 0.26  

CS2 
City hall / Music theater 
Amsterdam 
 
R-value: 2.2 – 2.4 m2K/W 
WWR: 36% 
SA:V: 0.19 

Figure 11: Characteristics of the case-studies (WWR = window-to-wall ratio, SA:V = surface-area-to-volume ratio) 

 

Temperature setpoints 

The impact indices for temperature setpoints are calculated differently than the impact indices that are 

based on the heat balance, and therefore they are also treated differently in the approach. There is not 

one cause for a temperature setpoint impact index to be high, but it depends on a combination of the 

control strategy, the physical characteristics of the building, and the environmental conditions (Appendix 

D).  

Figure 12 shows the energy signatures for obtaining the cooling temperature setpoint impact indices for 

CS1 and CS2. In Figure 13, the energy signatures of the heating temperature setpoint impact indices for 

CS1 and CS2 can be seen. The value of CS1 is very low (0.10) whereas the value of CS2 is really high (0.43) 

compared to the results of the building variants (Appendix B). This implies that the setting of the heating 

temperature setpoint will probably not be of risk for CS1. However, from the local sensitivity analysis of 

the earlier study [18], the heating setpoint has a large influence on the energy performance of the building. 

A value of 0.10 could therefore already indicate a potential risk. For this reason, it is advised to always 

advance the setting of temperature setpoints to the next step in the approach.  
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Figure 12: Cooling temperature setpoint impact index CS1 (left) and CS2 (right) 

 

  

Figure 13: Heating temperature setpoint impact index CS1 (left) and CS2 (right) 
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3.2 TRANSLATION OF THE IMPACT INDEX TO OB-RELATED RISK 

3.2.1 Relative versus absolute 

A OAT sensitivity analysis is carried out as a testing method to evaluate the significance of the impact 

indices, and possibly derive conclusions that can be applied independently on the buildings. The results of 

the OAT sensitivity analysis show that input variations for equipment, lighting and presence are highly 

correlating with the effect on the energy demand (Figure 14, Figure 15, Figure 16). The results include 

buildings of different simulation models (thus different shape, orientation etc.), different intensity of 

internal gains, and different thermal structures. These characteristics explain why the results are 

sometimes slightly deviating from the linear line. But for the stepwise approach, a rough estimation on 

the uncertainty in energy demand from the linear relation can be used.  

 

Figure 14: Results OAT sensitivity analysis equipment gain, cooling mode (left) and heating mode (right) 

 

 

Figure 15: Results OAT sensitivity analysis lighting gain, cooling mode (left) and heating mode (right) 
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Figure 16: Results OAT sensitivity analysis presence gain, cooling mode (left) and heating mode (right) 

 

There is a lower building independent correlation found for the use of blinds (Figure 17). The use of blinds 

is dependent on many variables, such as the orientation of the building, the type of blinds, and the window 

size. This could explain the lower correlation. While a trend can still be seen, the results cannot be 

generalized. It is still possible to compare the impact index values in between buildings, but the actual 

impact on the energy demand depends on different factors. When the impact index of blinds is high, an 

extra OAT simulation should be done with the blinds closed. 

 

 

Figure 17: Results OAT sensitivity analysis blinds use, cooling mode (left) and heating mode (right) 
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The temperature setpoint variations are dependent on multiple variables. The variation is also dependent 

on the presence of a temperature setback and on the control strategy. For the cooling temperature 

setpoint, the correlation is extremely low (Figure 18). The results of the heating setpoint are divided into 

two groups: buildings with a temperature setback, and buildings without a temperature setback. The 

steeper line with a higher correlation indicates the results for buildings without a temperature setback. 

The less steep line with a lower correlation indicates the results for buildings with a temperature setback. 

When there is a temperature setback, the occupant has less influence on the total energy demand than 

when there is no setback. The lower steepness and the lower correlation can be explained by the fact that 

the heating temperature setpoint is only varied during occupied hours, and not during the night or 

weekends.  

In Section 3.1.2, it is advised to always advance the setting of temperature setpoints to the next step in 

the approach. The OAT sensitivity analysis results in Figure 18 support this idea. CS1 has no temperature 

setback. However, the variation of the heating temperature setpoint, with an impact index of 0.10, has a 

larger influence on the heating energy demand than the variation of the heating temperature setpoint in 

CS2, with an impact index of 0.43. The effect of temperature setpoint variation, including the effect of a 

temperature setback, explains why a value of 0.10 for CS1 could still indicate potential risk. It is not possible 

to generalize the results for building independent use. Extra simulations should be done by entering the 

maximum degree of freedom in temperature setpoints. 

 

 

 

Figure 18: Results OAT sensitivity analysis TSP use, cooling mode (left) and heating mode (right). Heating mode: steep line are 

buildings without a temperature setback, less steep line are buildings with a temperature setback. 
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The OAT sensitivity analysis is only done for an extreme ±50% input variation of the internal gains. It is 

found that it can also be predicted quite precisely what the effect of a lower, probably more realistic, input 

variation is when dividing the slope of the extreme variation in Figure 14, Figure 15 and Figure 16. Table 8 

shows an example of one building variant, where the results from prediction by using Figure 14, Figure 15 

and Figure 16 are compared to the results from extra simulations in IES VE. The deviations between the 

predictions and the results obtained from extra simulations, are at most 3%.  

 

Table 8: Uncertainty energy demand predicted from OAT sensitivity analysis results and calculated by extra simulations in IES VE 

– using equipment gains, building variant CS (2) - 32 

 Uncertainty in energy demand 

 Cooling Heating 

 Prediction Simulation Deviation Prediction Simulation Deviation 

±50% 45% 42% 3% 119% 120% 0% 

±25% 22% 21% 1% 60% 56% 3% 

±12.5% 11% 11% 1% 30% 28% 2% 

±6.25% 6% 5% 0% 15% 14% 1% 

±3.125% 3% 3% 0% 7% 7% 0% 
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3.2.2 Definition of risk and direction of the approach 

As said earlier, a risk consists of two components: (1) the probability that an event occurs and (2) the 

consequence of that event. For the ease of explaining the terms that are used to develop the approach, 

the definition of risk starts with the risk matrix value. The risk matrix value is the end result of the risk 

estimation in the approach. Figure 19 visualizes the terminology that will be further explained in the 

subsequent text. 

 

 

One component that is needed to obtain this risk matrix value, is the probability. In the approach the 

probability is called the “likelihood of variation” and it says something about the likelihood that OB varies. 

The likelihood of variation is often an estimation from experience. When the likelihood of variation is not 

known, one should always use the highest likelihood (certain). 

The other component that is needed to obtain the risk, is the consequence. Due to OB-variation, 

uncertainties in the energy demand arise. These uncertainties are called the “uncertainty range”. Because 

only the extra costs that arise from the uncertainty are the risk for the ESCO, the energy demand above 

the energy baseline indicates the risk. This energy baseline will usually be given in the EPC. Uncertainties 

below the energy baseline are only profitable for the ESCO and the stakeholder. 

The uncertainty range arises due to input parameter variations. The input variation is called the 

“magnitude of variation”. The magnitude of variation can be obtained from real data, from reference 

projects or from known control strategies. The magnitude of variation is the most extreme OB-variation 

that can occur in the buildings. This step immediately follows after the sensitivity analysis, where the 

influential OB-aspects are determined from the impact index values.  

PROBABILITY 

“Likelihood of variation” 

RISK MATRIX VALUE 

CONSEQUENCE 

“Uncertainty range in energy 

demand” 

INPUT PARAMETER 

VARIATIONS 

 “Magnitude of variation” 

Simulation 

X 

Figure 19: Visualization of terminology 
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3.3 STEPWISE APPROACH 

Figure 20 shows the stepwise approach, which is designed as a flowchart. A flowchart helps in visualizing 

the different steps, so that the user of the approach knows what needs to be done. The stepwise approach 

is developed until step 2b in the earlier paper [12]. These steps are confirmed by this research. The other 

steps are developed based on the findings in Sections 3.1.2, 3.2.1 and 0. The different steps are illustrated. 

STEP 0 – For using the approach, a base case model of the building of interest should be available. This 

base case model includes all the initial design characteristics. Assumptions need to be done on the use of 

the building regarding OB. 

STEP 1 – From the base case model, the first question is whether the heating and cooling demand are 

relevant. This step was already developed in the earlier research [12]. The heating and cooling demand 

are considered relevant in this research when they cover more than 5% of the total primary energy use of 

the building. In reality, the user of the method will establish whether he/she is interested in heating and 

cooling demand. 

STEP 2a – The impact indices are calculated as proposed in Section 3.1.  

STEP 2b – From the impact index values for blinds, equipment, lighting and presence, a selection can be 

made on the potentially risky OB-aspects. This selection is based on three rules. Firstly, the OB-aspect with 

the highest impact index should be taken to the next steps of the approach. Secondly, regarding the 

sensitivity analysis for which weighted impact index values are used, an impact index is also considered as 

potentially risky when it scores relatively higher than buildings of the same type. And thirdly, the effect of 

OB on the temperature setpoints should always be continued to the next step as indicated in Section 3.1.2 

and Section 3.2.1. 

STEP 3a – The magnitude of variation is estimated. Information on the magnitude of variation can be 

obtained from gathering real building data, from reference projects or from known control strategies. The 

magnitude of variation is the most extreme OB-variation that can occur in the buildings.  

STEP 3b – The magnitude of variation will result in the uncertainty range. The uncertainty range of the OB-

aspects with a high impact index is predicted (internal gains) or obtained by simulations (blinds, 

temperature setpoints). The uncertainty range will originally be given in energy demand, and it will be 

translated to costs by easy manual calculations including system efficiency and conversion factors of 

primary energy use. 

STEP 4a – The likelihood of variation is estimated. The likelihood of variation can be obtained from 

company experience, or by gathering actual building data. When no reliable estimation on the likelihood 

can be done (from rare to certain), the worst case scenario should always be regarded.  

STEP 4b – The risk is estimated. Risk includes information on the likelihood of variation, and the 

consequence. The consequence of the risk is the costs due to the uncertainty range in energy demand 

from step 3. For the risk estimation, the risk matrix is used. The design of the risk matrix is based on the 

contract sum of the building. The contract sum includes building costs and the operation and maintenance 

costs over the contract duration. 
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Figure 20: Stepwise approach 
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STEP 5a – Based on the risk estimation results, the ESCO can ask themselves whether it is possible to take 

measures. If no measures can be taken, due to uncertainties in the analysis or disagreements with the 

stakeholder, uncertainty reduction can take place. If it is possible to take measures, the ESCO should take 

measures. 

STEP 5b – If a risk is high, measures should be taken. The different measures are obtained from interviews 

within Strukton Worksphere. The measures are: 

1. Avoid. In the tender phase of the building life cycle it is important to know what risks are involved. 

When it appears after a first screening that there are many OB-related risks, the ESCO can choose 

to not accept the project. In this way they play it safe. 

2. Prevent. In a later phase, when the building is already in use, risky OB could be prevented. This can 

be done by limiting the freedom of use of occupants (for example, by choosing to apply automatic 

shading devices). 

3. Protect. When the OB-related risks are high but the ESCO still wants to accept the project, and 

when there is no possibility of limiting the freedom of use of occupants, the ESCO can add 

correction factors to the EPC. In this way they can cover themselves and they can transfer the 

responsibility of higher costs to the stakeholder (for example, by including the clause that EPC is 

guaranteed only for variations of the Tsp ≤ 2 °C). 

STEP 6 – Due to uncertainties in the analysis it is possible that the ESCO and the stakeholder do not agree 

about the identified risks and the measures that should be taken. Uncertainties can arise due to various 

reasons. The different levels on which uncertainty reduction can take place are explained: 

- Base case model: it can be chosen to model in a higher complexity. This depends on whether the 

model is the best “fit-for-purpose” model [5]. 

- Sensitivity analysis: a more detailed sensitivity analysis can be chosen. If it is feasible and cost-

effective, a global sensitivity analysis can be chosen. 

- Magnitude of variation: the magnitude of variation is often an estimation. If detailed information 

is needed, data monitoring of the OB-aspects can take place. This is only possible when the 

building is already in use. 

- Likelihood of variation: the likelihood of variation is now a very rough estimation. If a detailed 

probability distribution is preferred over deterministic input parameters, a Monte Carlo analysis 

can be done [11, 4]. 

- Risk estimation: for the risk estimation, a qualitative-/-semi-quantitative method is now used. For 

better risk assessment, a quantitative method can be chosen. 
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3.4 TESTING THE STEPWISE APPROACH 

3.4.1 Applicability and ease of use 

The stepwise approach is tested by using CS1 and CS2. The different steps of the stepwise approach are 

first elaborated. Thereafter, a summary of the results is given in a clear overview. 

STEP 0 – This step starts with the base case model. Pictures of the buildings are shown in Figure 21. 

 

 

CS1 
Open plan office, 
Strukton  Son 
 
R-value: 3.23 m2K/W 
WWR: 40% 
SA:V: 0.26  

CS2 
City hall / Music theater 
Amsterdam 
 
R-value: 2.2 – 2.4 m2K/W 
WWR: 36% 
SA:V: 0.19 

 

Figure 21: Characteristics of the case-studies 

STEP 1 – This step is for confirming the heating and cooling energy relevance. For both case-studies the 

heating and cooling energy are more than 5% of the total energy (Figure 23). The cooling and heating are 

thus relevant and both case-studies can be analyzed in the further steps of the approach. 

STEP 2a – The impact index results are calculated (Table 9). 

Table 9: Results impact indices case-study (1) and (2) 

 CS1 CS2 

Impact index [-] Cooling Heating Cooling Heating 

Blinds 1.10 0.59 0.88 0.44 

Equipment 0.14 0.19 0.25 0.29 

Lighting 0.15 0.20 0.47 0.55 

Presence 0.16 0.21 0.28 0.32 

TSP cooling 0.46 - 0.32 - 

TSP heating - 0.10 - 0.43 

 

STEP 2b – This step makes a selection in potentially risky OB-aspects and the OB-aspects that will not be 

of potential risk. As a reminder, the weighted impact index values compared to buildings of the same type 

are given (Figure 22).  

For the selection there are three rules: (1) the OB-aspect with the highest weighted impact index should 

be included, (2) OB-aspects that score relatively higher than buildings of the same type should be selected, 

and (3) the temperature setpoints are always included. Table 10 shows which OB-aspects are selected for 

these rules. For CS1, the blinds use and temperature setpoints are taken to the next steps. For CS2, all the 

OB-aspects can be potentially risky and are taken to the next steps.  
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Figure 22: Results building variants and CS1 (black dot) and CS2 (purple dot) 

Table 10: Selection of potentially risky OB-aspects 

 CS1 CS2 

Selected OB-aspects 

  
 

STEP 3a – In this step the magnitude of variation is determined. The magnitude of variation is the most 

extreme OB-variation that can occur in the buildings. For the development of the approach, a ±50% 

variation of the internal gains is used. This variation is now refined using actual data and experience from 

Strukton Worksphere (Table 11, Table 12, Appendix E). The temperature setpoint variation of both case-

studies is limited to a ±1°C. For the blinds use, it is chosen to do simulations with all the blinds lowered. 

All blinds down will be the most extreme situation, even for CS2 where the blinds are controlled 

automatically and are manually overruled. 

STEP 3b – The uncertainty range in energy demand is estimated or calculated (Table 11, Table 12). The 

uncertainty range as a consequence should be translated from energy demand to costs, to be able to 

estimate the risk matrix value in step 4. The uncertainty range in costs is obtained by manual calculations 

using the uncertainty range in energy demand, including the system efficiency, the conversion factors for 

energy costs and the contract duration of the buildings (Table 13). The contract duration of both case-

studies is 15 years. The system efficiencies and conversion factors are obtained from [26] and knowledge 

within Strukton Worksphere.  

CS1 has four heat pumps which are driven by gas. Also the cooling energy is generated by natural gas. CS2 

has a more complicated system. It consists of a CHP, boilers, heat pumps, and thermal storage. It is 

assumed that the CHP is mainly for hot water, and the heating energy is for 80% delivered by the heat 

pump that is using thermal storage and 20% by the boilers. Cooling energy is delivered by free cooling 

from the thermal storage. The elaboration of the calculation of the uncertainty range in costs is given in 

Formula (11) and (12) for CS1, and Formula (13) and (14) for CS2. 
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Table 11: Results stepwise approach CS1 step 3 

 CS1 

Critical OB-aspects Blinds TSP 

* Magnitude of variation All blinds down ±1°C 

Performance indicator Heating C H 

Uncertainty range [MWhth] 65.28 16.18 22.77 

* Uncertainty range [€] € 36 818 € 12 006 € 12 844 

 

Table 12: Results stepwise approach CS2 step 3 

 CS2 

Critical OB-aspects Blinds Equipment Lighting Presence TSP 

* Magnitude of variation All blinds down 16% (±8%) 10% (±5%) 16% (±8%) ±1°C 

Performance indicator Heating C H C H C H C H 

Uncertainty range [MWhth] 20.8 2.9 2.1 3.6 2.3 3.0 2.3 17 19.3 

* Uncertainty range [€] €9 759 €153 €986 €191 €1 097 €162 €1 077 €904 €9 053 

 

 

Table 13: System efficiencies CS1 and CS2, and conversion factors for energy costs 

   

System efficiency (η)  Generation System 

 ηCS1,C 1.5 0.84 

 ηCS1,H 1.95 0.85 

 ηCS2,C 25 - 

 ηCS2,H1 0.85 0.95 

 ηCS2,H2 5.5 0.95 

 ηCS2,H3 25 - 

Conversion factors (cf) cfMWh(gas)/m3 9.7694/1000 

 cf€/m3 0.60885 

 cf€/MWh(el) 88.67 

 

 

𝑈𝑅𝐶𝑜𝑜𝑙𝑖𝑛𝑔,𝐶𝑆1 [€] = 𝑈𝑅𝐶𝑜𝑜𝑙𝑖𝑛𝑔,𝐶𝑆1[𝑀𝑊ℎ𝑡ℎ] ÷ 𝜂𝐶𝑆1,𝐶 ÷ 𝑐𝑓𝑀𝑊ℎ𝑔𝑎𝑠

𝑚3

∙ 𝑐𝑓 €

𝑚3
∙ 𝑎𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡          (11) 

 

𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆1 [€] = 𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆1 [𝑀𝑊ℎ𝑡ℎ] ÷ 𝜂𝐶𝑆1,𝐻 ÷ 𝑐𝑓𝑀𝑊ℎ𝑔𝑎𝑠

𝑚3

∙ 𝑐𝑓 €

𝑚3
∙ 𝑎𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡          (12) 

 

Where: URCooling,CS1 [€] = Uncertainty range in €, cooling mode 

URCooling,CS1 [MWhth] = Uncertainty range in cooling energy demand 

URHeating,CS1 [€] = Uncertainty range in €, heating mode 

URHeating,CS1 [MWhth] = Uncertainty range in heating energy demand 

acontract = contract duration in years 

Efficiencies and conversion factors =  see Table 11 
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𝑈𝑅𝐶𝑜𝑜𝑙𝑖𝑛𝑔,𝐶𝑆2 [€] = 𝑈𝑅𝐶𝑜𝑜𝑙𝑖𝑛𝑔,𝐶𝑆2 [𝑀𝑊ℎ𝑡ℎ] ÷ 𝜂𝐶𝑆2,𝐶 ∙ 𝑐𝑓 €

𝑀𝑊ℎ𝑒𝑙

∙ 𝑎𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡           (13) 

 

𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆2 [€] = 20% ∙ 𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆2[𝑀𝑊ℎ𝑡ℎ] ÷ 𝜂𝐶𝑆2,𝐻1 ÷ 𝑐𝑓𝑀𝑊ℎ𝑔𝑎𝑠

𝑚3

∙ 𝑐𝑓 €

𝑚3
∙ 𝑎𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡 + (80% ∙

𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆2 [𝑀𝑊ℎ𝑡ℎ] ÷ 𝜂𝐶𝑆2,𝐻2 +
80%∙𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆2 [𝑀𝑊ℎ𝑡ℎ]−80%∙𝑈𝑅𝐻𝑒𝑎𝑡𝑖𝑛𝑔,𝐶𝑆2 [𝑀𝑊ℎ𝑡ℎ]÷𝜂𝐶𝑆2,𝐻2

𝜂𝐶𝑆2,𝐻3
) ∙

𝑐𝑓 €

𝑀𝑊ℎ𝑒𝑙

∙ 𝑎𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡                  (14) 

 

 

Where: URCooling,CS2 [€] = Uncertainty range in €, cooling mode 

URCooling,CS2 [MWhth] = Uncertainty range in cooling energy demand 

URHeating,CS2 [€] = Uncertainty range in €, heating mode 

URHeating,CS2 [MWhth] = Uncertainty range in heating energy demand 

acontract = contract duration in years 

Efficiencies and conversion factors =  see Table 11 

 

STEP 4a – For the risk estimation, the likelihood of variation is needed (Table 14, Table 15). The likelihood 

of variation is obtained from knowledge within Strukton Worksphere (Appendix E). The results of the risk 

matrix values are also given. For the risk matrix value estimation, the contract sum of the buildings is 

needed (see step 4b). 

 

Table 14: Results stepwise approach CS1 step 4 

 CS1 

Critical OB-aspects Blinds TSP 

Performance indicator Heating C H 

Likelihood of variation Certain Certain 

Risk matrix value 15 5 10 

 

 

Table 15: Results stepwise approach CS2 step 4 

 CS2 

Critical OB-aspects Blinds Equipment Lighting Presence TSP 

Performance indicator Heating C H C H C H C H 

Likelihood of variation Possible Certain Certain Certain Unlikely 

Risk matrix value 6 5 5 5 5 5 5 2 4 
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STEP 4b – In this step, the risk is estimated. Besides the likelihood of variation, the contract sum of the 

case-studies is important for the risk estimation and the risk matrix design. The contract sum of the case-

studies is given in Table 16, and it is a sum of the initial building costs and the operation and maintenance 

costs over the contract duration.  

The building costs and operation and maintenance costs for CS1 are based on key figures from [27] and 

[28]. The building costs and operation and maintenance costs for CS2 are obtained from the price ceiling 

of the project description of Strukton Worksphere. The building costs are in this case renovation costs, for 

renovating the building and its installations. Because of the differences in contract sum, the ranges on the 

consequence side of the risk matrix design are also different. Table 17 shows the risk matrix design for 

both case-studies. 

Table 16: Contract sum CS1 and CS2 

 CS1 CS2 

Building costs 7.56 mln € 3 mln € 

Operation & maintenance costs 0.14 mln € 0.24 mln € 

Contract duration 15 years 15 years 

Contract sum 9.72 mln € 6.6 mln € 

 
 

Table 17: Risk matrix. Green = low, yellow = moderate, red = high 

 1 2 3 4 5 CS1 CS2 

5 5 10 15 20 25 

€ 194 400 € 132 000 

  

€ 97 200 € 66 000 

4 4 8 12 16 20 

€ 97 200 € 66 000 

  

€ 48 600 € 33 000 

3 3 6 9 12 15 

€ 48 600 € 33 000 

  

€ 24 300 € 16 500 

2 2 4 6 8 10 

€ 24 300 € 16 500 

  

€ 12 150 € 8 250 

1 1 2 3 4 5 
€ 12 150 € 8 250 
  
€ 0 € 0 
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In Figure 23 a summary of the results of the stepwise approach are shown. The different steps are 

indicated, and also the amount of simulations that is needed to obtain the results.  

STEP 5 – Based on the risk matrix value results, measures can be taken. For CS1 this would be limiting the 

freedom of use of blinds and the temperature setpoints. Limiting the freedom of the heating temperature 

setpoint is of higher importance than limiting the cooling temperature setpoint. If there is no opportunity 

to limit the freedom of occupants, correction factors can be added to the EPC.  

For CS2 the internal gains, the blinds use and the heating temperature setpoint are of moderate risk. A risk 

matrix value of 5 is not high though, and an ESCO will not immediately act on it.  The low uncertainty range 

in costs, related to the risks for equipment, lighting, and presence, supports this idea (Table 12). The blinds 

of CS2 are automatically controlled and manually overruled. When the occupants are limited in their 

freedom of using the blinds, the likelihood of variation will become rare. In this way, the risk will become 

low (2).   

 

 

Figure 23: visualization of the stepwise approach results (* see Table 11, Table 12, Table 14, Table 15) 
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3.4.2 Correctness of the results 

The results from Section 3.4.1 are correct when the right OB-aspects are included in the stepwise approach 

and the corresponding risk is estimated. To check whether the approach highlights the correct OB-aspects 

as being risky, the uncertainty range of the OB-aspects that were considered as non-influential are also 

analyzed. In Figure 24 and Figure 25, the results are shown that are obtained by doing a OAT sensitivity 

analysis on the case-studies. The input that is used to obtain these results, are the realistic building specific 

values as also displayed in the earlier Section 3.4.1 (realistic), and the input that is used when developing 

the method in Section 3.2.1 (theoretical). Originally, when actual building data regarding the use of the 

building is not accessible, the equipment, lighting and presence are varied by ±50% as in Section 3.2.1.  

From the building specific (realistic) results, it seems that the effect of the internal gains of CS2 is minimal 

whereas the impact indices are relatively high. This change in uncertainty range is due to the magnitude 

of variation. The magnitude of variation can have a large influence on the actual impact on the cooling and 

heating energy demand. For CS1 the same effect can be seen, but then less extreme. It is correct that the 

impact index values for equipment, lighting, and presence of CS1 are regarded as “low” or not potentially 

risky. Even with an extreme ±50% variation, the uncertainty range is lower than the use of blinds and 

temperature setpoints. 

From these results it can be concluded that the approach leads to the right results when it is used as 

described in Section 3.3. Also the usability of the comparison in between buildings by using building 

variants of the same type (Section 3.1.2) is approved, because it turns out that the internal gains of CS2 

could have a large influence on the uncertainty range. 

 

 

Figure 24: Results uncertainty range CS1 by doing OAT sensitivity analysis 
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Figure 25: Results uncertainty range CS2 by doing OAT sensitivity analysis 

3.5 ROBUSTNESS OF THE APPROACH 

As mentioned in Section 2.5, the robustness of the approach is tested by using different weather files with 

more extreme weather, and by using simulation models with a lower complexity level. For the first test 

considering the weather files, both CS1 and CS2 are used. For the test on complexity level CS1 is used as 

an example. It is tested whether the hierarchy of the impact index values remains the same for the case-

studies.  

3.5.1 Weather files 

Figure 26 shows the original impact index results for the case-studies and the results when extreme 

weather files are used. The OB-aspects on the left side of the line are the weighted values, and the 

temperature setpoint impact indices on the right side of the line are not weighted. The exact values, 

including the not weighted impact indices, can be found in Appendix F.   

The hierarchy of the weighted impact index values for blinds, equipment, lighting and presence remains 

the same. The higher impact indices however seem to be less stable than the lower impact indices. In most 

cases (except for lighting) the impact index value becomes lower. The heating temperature setpoint 

impact index for CS1 is comparable under extreme weather conditions. The other impact indices are 

shifting more. 
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Figure 26: Impact index results CS1 (left) and CS2 (right) using extreme weather files. Left side vertical line: weighted impact 

indices, right side vertical line: not weighted impact indices. 

3.5.2 Complexity level 

The simulation models with a lower complexity level show that the weighted impact index results for 

blinds, equipment, lighting and presence are comparable (Figure 27). The heating temperature setpoint 

impact index is also comparable. The cooling temperature setpoint impact index is shifting the most. 

Considering blinds, equipment, lighting and presence, the higher impact indices again seem to shift more 

than the lower impact indices.  

However, a simpler simulation model can be used to give a good indication on the impact indices for blinds, 

equipment, lighting and presence when they are weighted. The impact index values of the three models 

without weighting them are very different from each other (Table 18). Therefore it is advised to use a more 

detailed model in the further approach when the weighted impact indices indicate potential risks. 
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Figure 27: Impact indices CS1, using different complexity levels. Left side vertical line: weighted impact indices, right side vertical 

line: not weighted impact indices. 

 

Table 18: Impact indices (not weighted) for different model complexities 
 

Blinds Equipment Lighting Presence TSP 
 

C H C H C H C H C H 

Building 1.10 0.59 0.14 0.19 0.15 0.20 0.16 0.21 0.46 0.10 

Floor 0.92 0.46 0.19 1.32 0.15 1.06 0.17 1.19 0.27 0.05 

Room 0.87 0.46 0.20 0.67 0.16 0.54 0.18 0.61 0.16 0.02 
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4. Discussion 

There are different parts in this research that contributed to the development of the stepwise approach. 

The results will be discussed in four sections: the impact index calculation, the suitability of the impact 

indices method in the stepwise approach, the translation of an impact index into information about risk, 

and the stepwise approach itself. 

4.1 Impact index calculation 

For the impact index calculation, it was important to find out how the impact indices method works in IES 

VE. The simulation program IES VE is used by Strukton Worksphere. The output variables from IES VE that 

determine the impact indices are now known, which makes it is easy for the ESCO to calculate the impact 

indices. Especially after rewriting the formulas, the impact indices that are based on the heat balance are 

easier to calculate and understand because less output variables are needed. The idea of calculating these 

impact indices hourly over a heating and cooling mode, instead of over a heating and cooling season, 

corrects for the fact that there can be heating and cooling even in one day. For the relative comparison, it 

is proposed to weight the impact indices for blinds, equipment, lighting and presence. In this way, one 

value represents the impact of an OB-aspect on both cooling and heating energy demand. The robustness 

test on complexity level supported the idea of weighting these impact indices for relative comparison. The 

not weighted values would give highly varying results, whereas weighting the values only gives small 

deviations. There is a relationship between high impact indices and low amounts of energy demand. The 

impact index could indicate a high potential impact, whereas relatively little energy is involved. By 

weighting the values, the impact index is a better representation of the actual sensitivity of a building 

towards OB.  

The hierarchy of the weighted impact index values remains the same disregarding the weather file or the 

model complexity. Especially the usability of a low model complexity is interesting for the ESCO, because 

they can quickly make a simple model to calculate the impact indices and estimate the influence of OB. If 

it is expected that OB will have a large influence, the simulation model can be made more complex. The 

extreme weather files show that the impact indices for blinds, equipment and presence become slightly 

lower when there is extreme weather. The environmental conditions will probably have a larger influence 

on the energy demand of the building. Extreme weather will however not result in higher risks for the 

ESCO, because correction factors regarding heating degree days are already available [14].  

The impact index values can sometimes overestimate the actual influence of OB. Underestimation would 

be a problem, because then it is possible that certain risks are not identified. Overestimation may also be 

a problem. The impact indices that are based on the heat balance are interrelated. When the contribution 

of one OB-aspect becomes higher, the other OB-aspects will give lower results due to the working of the 

heat balance. In this way, overestimation of one OB-aspect can cause the other OB-aspects to be unfairly 

ignored in the methodology. The analyst should be aware of this fact. When an OB-aspect is identified as 

a high risk, the analyst can focus in more detail on the aspect. If the OB-aspect is indeed overestimated, 

the analyst can correct for the overestimation. The other OB-aspects should be considered again to be 
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sure that they were not left out earlier. There are three reasons why the impact index can over- or 

underestimate the actual influence of OB.  

The first reason is about the calculation of the impact indices for blinds, equipment, lighting and presence 

for occupied hours. These impact indices are now calculated for the occupied hours, because then the 

impact index value indicates which part of the heating or cooling energy demand can actually be influenced 

by the occupants. However, sometimes there may be overworking hours outside the opening hours of the 

building, which are now not taken into account. Overworking hours will result in more energy demand, 

and also differences in the amount of internal gains. The impact index can therefore over- or 

underestimate the actual influence of OB. This effect will be interesting for further research. Besides the 

overworking hours, not including the hours outside working hours also removes the effect of a 

temperature setback. When a building has a temperature setback, the building is kept at a constant 

temperature during the night or weekend. In this case, there is relatively less energy demand during the 

occupied hours. Calculating the impact indices over occupied hours could therefore overestimate the total 

influence. When all hours are included in the calculation, there will be more energy demand. Looking at 

the formulas, more energy demand will result in a lower impact index value. 

Secondly, overestimation can occur due to the fact that the utilization factor is not included in the internal 

gains. The utilization factor is addressed as an issue in 3.1.1. This factor includes information on the part 

of the gains that can be used for decreasing the cooling or heating energy demand [25, 29]. The sensible 

heat balance is correctly calculated by IES VE, but the program probably does not take the utilization factor 

into account in the internal and solar gains. For buildings with a high gain:loss-ratio or a low time constant, 

one should be careful with using the approach. 

Thirdly, the way of OB-modelling can also result in over- or underestimated impact indices. OB is now 

modelled deterministic. This static way of OB-modelling is not representative for a real situation, where 

OB is always stochastic. Stochastic modelling can namely influence the amount of cooling or heating 

energy demand, which directly influences the impact index value [9]. For the less influential OB-aspects, it 

will not be a problem that OB is modelled in less detail. For OB-aspects that indicate a high potential 

impact, it is likely that the impact indices over- or underestimate the actual influence on the heating or 

cooling energy demand. In IES VE it is not possible to implement stochastic models of OB [30], but it would 

be interesting for further research to analyze the effect of differences in OB-modelling on the impact index 

value. 

4.2 Suitability of the impact indices method in the stepwise approach 

The method is regarded as suitable if the analyst can quickly scan the different impact index values, and 

select the potentially risky OB-aspects for including them in the further approach. The impact indices 

method is suitable for the approach, because the results of the influential OB-aspects can be obtained 

much faster than when using a local or global sensitivity analysis. To help the analyst in selecting the 

potentially risky OB-aspects from the impact index values, three rules are developed. The three rules are 

based on findings in this research. The rules now cover a broad range, and they can be specified in the 

future when more information on impact index values for certain types of buildings are known. 

The first rule is simply about including the OB-aspect with the highest impact index. The second rule is 

based on comparing the impact indices to that of building variants of the same type. The OB-aspects that 
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score relatively high are included in the further steps of the approach. The results of the building variants 

in this research are specific for open plan office buildings of around 6000 m2 floor plan. The third rule is to 

always include the temperature setpoint in the next step. This third rule is set up for several reasons. 

Firstly, because the impact index value for the heating temperature setpoint that is found in this research 

is not in line with the local sensitivity analysis results in [18] where the same building (CS1) is used. The 

local sensitivity analysis showed that the heating setpoint was the most influential parameter on the gas 

consumption, whereas the impact index for the heating temperature setpoint in this study is just 0.10. 

This value is very low compared to buildings of the same type. Secondly, the variation of the temperature 

setpoints has a larger impact on the cooling and heating energy demand than the variation of equipment, 

lighting, presence and blinds. This effect will be even larger when considering the possibility that the 

variation can occur; a temperature setpoint variation of ±1°C is more realistic than a ±50% variation in 

presence for open plan office buildings. Also the absence of a temperature setback will result in a much 

higher effect of temperature setpoint variations, as described in Section 3.2.1. 

More knowledge on the impact index values and their behavior for certain building types can help ESCOs 

in understanding the potential risks. From the boxplots of the building variants, it can be concluded that 

for typical open plan office buildings of this size, the impact index value of blinds is in general always higher 

than the impact index values for equipment, lighting, and presence. This information is useful for using the 

impact indices method in the stepwise approach. 

4.3 Translation of an impact index into information about risk 

In this part of the research, it was important to find out how the relative impact indices can be translated 

into absolute values. This translation should be time-efficient. Secondly, the translation to absolute values 

leads to the next steps in the approach that gives information about OB-related risks. 

The result that contributes to the approach being time-efficient, is the strong correlation that is found for 

the variation of equipment, lighting and presence in Section 3.2.1. Not only do these results show the 

significance of the impact indices, they can possibly also be applied building independently. For open plan 

office buildings the linear relation can be used to predict the uncertainty range in energy demand without 

doing extra simulations. The correlation for the blinds use is lower. The effect of varying blinds is 

dependent on multiple factors such as type of blinds and the building orientation. For the cooling 

temperature setpoint variation, no correlation is found. For the heating temperature setpoint variation, 

the correlation depends on the presence of a temperature setback. Occupants have a larger influence on 

the variation in energy demand when there is no temperature setback. 

Besides the impact index value, the magnitude of variation of the OB-aspects is an important factor 

regarding risk. This was shown in Section 0, where a lower variation of equipment, lighting and presence 

caused the uncertainty range to be minimal whereas the impact index values were relatively high. This 

combination is explained by using Figure 28. 

The figure shows three different output results, and the necessary input is indicated on the right. The 

impact index is based only on information of the base case model (a). It is a single value on the heating or 

cooling energy demand that can be either higher or lower, and it includes no information on the input 

variations. These variations are included in (b), the figure represents the consequence component of risk. 

The results from a local and global sensitivity analysis are obtained on the level of (b). The only step from 
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(b) to (c) is to add the second component of risk, the likelihood. Figure 28 shows that information on the 

input variations is needed for determining whether an impact index value indicates a risk. The input 

variations are the reason why a high impact index will not always indicate a high risk, when the OB-aspect 

can be predicted very well. 

 

 

Figure 28: Visualization impact index versus risk 

For indicating the severity of the OB-related risks, the risk matrix is used in the design of Strukton 

Worksphere. Using the same risk matrix as the company does in their regular risk management, gives the 

opportunity for them to compare OB-related risks to risks of other types. The risk matrix is very useful for 

identifying and ranking different risks [13].  

Additional benefits are the discussions that the risk matrix can provoke between the ESCO and the 

stakeholder. These discussions can arise because it is assumed that the likelihood and the consequence 

are known with confidence. However, it is possible that uncertainties in the likelihood and consequence 

always remain. For example, it is now advised to use the highest likelihood when the actual likelihood is 

unknown. This option is not profitable for the stakeholder, because the risk can be estimated quite high 

whereas the stakeholder can reply that the event will occur less likely. During such discussion the ESCO 

can talk with the stakeholder about measures to reduce uncertainties. Both parties will benefit from these 

discussions. When the stakeholder does not want to meet the requirements of the ESCO, the ESCO has 

the choice of not offering an EPC. An ESCO will benefit when they do not offer an EPC. 

However, the user of the approach should be aware of some limitations on the risk matrix. First of all, the 

interaction between the various aspects is not considered. In this way one cannot include all OB-aspects 

in one risk matrix value. For adding correction factors to the EPC, one should now base it on the OB-aspects 

separately. This could provoke discussions with the stakeholder when the ESCO cannot prove that it was 

for example the presence of occupants that caused the higher energy use. Secondly, the risk matrix values 

are fixed. This means that the likelihood is a fixed probability and as a consequence there is a fixed 

percentage of the contract sum. These fixed ranges could sometimes not be appropriate for every project. 

The risk matrix value can then be unrepresentative for the actual behavior of the building regarding OB-

related risks.  
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4.4 Stepwise approach 

The stepwise approach is developed to be easy to use, with the main objective that the results can be 

obtained very quickly. The approach is meant to obtain results regarding OB-related risks with the least 

possible simulations. For both case-studies in this research, the risks were identified after five simulations. 

This amount is really low compared to other sensitivity analyses. 

The stepwise approach also answers to the need of including OB within EPC. The approach can highlight 

the high OB-related risks. This information can be used as an advice by the ESCO when setting up an EPC. 

They can add correction factors to the contract, they can limit the freedom of occupants, or they can 

choose to not accept the project. Rejecting a project due to high risks is also of much added value for the 

ESCO. 

Considering all the steps, the stepwise approach seems to be complete for estimating OB-related risks. 

However, there is one thing that can be added if regarded necessary. In literature it is stated that 

verification of a sensitivity analysis is needed to determine whether the OB-aspects cause a significant 

difference on the output [11]. Global sensitivity analyses often include self-verification, but the impact 

indices method does not. If there are doubts that OB-aspects that are identified as being risky, also cause 

a significant effect on the energy demand, the analyst can do a verification as a last step (e.g. Mann-

Whitney-Wilcoxon). The extra time that is needed for verification should compensate for the financial 

reasons. 
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5. Conclusion 

In this research, a stepwise approach is developed to support ESCOs with including OB within EPC. The 

stepwise approach is meant to be easy to use and to give results on OB-related risks very quickly. The 

expectations are that this objective is achieved, because only a few simulations are needed to obtain 

information on risks regarding OB. This knowledge can help the ESCO in acting on high OB-related risks in 

the form of avoiding the project, preventing the risk, or protecting the risk. 

In the stepwise approach the impact indices method is suitable, because after one simulation an indication 

on the potential impact of blinds, equipment, lighting, presence and temperature setpoints is given. The 

rules that are developed for now, can help the analyst in selecting the potentially influential OB-aspects. 

More knowledge on typical impact index values can help with placing them in context. This knowledge can 

grow within the ESCO when the approach is used for different projects. For open plan office buildings, the 

impact index for blinds will generally be higher than for equipment, lighting and presence. Besides the 

impact index value, the magnitude of input variations are important regarding risk.  

Input variations are thus important in the stepwise approach to be able to estimate risk. The input 

variations are defined as magnitude of variation and likelihood of variation. For the equipment, lighting 

and presence impact indices, a linear relation is found that can be applied building independently. It helps 

with predicting the uncertainty in energy demand without doing extra simulations. For blinds use and 

temperature setpoint variations, extra OAT simulations need to be done to find the actual impact on the 

energy demand. To express the uncertainty range as a consequence and the likelihood of variation into 

risk, the risk matrix is used because this is a known risk management strategy at Strukton Worksphere. 

The risk matrix is suitable for the approach, because it gives the opportunity to quickly rank various risks. 

In this way, the user of the approach can focus on the high risks and leave out the OB-aspects of low risk. 

The risk matrix contributes to finding risk in a quick and efficient way. The risk matrix is also a very practical 

solution for Strukton Worksphere, because now they can compare OB-related risks to risk of different 

types. 

Using different weather files and model complexities showed that the weighted impact indices for blinds, 

equipment, lighting and presence are robust. Especially the complexity level test can help an ESCO, 

because they can quickly calculate the impact indices of a building by making a simple model.  
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6. Future research 

There are a number of suggestions for future research regarding the stepwise approach. Some of them 

are quite practical, because the approach is developed for practical use. 

The first suggestion is about OB-modeling. For the development of the approach, OB is only modelled in a 

deterministic way. It would be interesting to analyze the effect of the impact index values when OB is 

modelled stochastically. It is expected that the stochastic behavior of occupants will result in a lower 

impact on the building performance than deterministic OB that is used in this research. For deterministic 

OB-modelling as used in this research, the variation of equipment, lighting and presence can give building 

independent conclusions. It is interesting to find out whether stochastic modelling of OB can confirm or 

contradict these results. This also includes the effect of overworking hours, that is now not included in the 

research. 

Secondly, more research needs to be done on the utilization factor and how the simulation program 

calculates with this factor within the heat balance. It is expected that the utilization factor is not included 

in the internal gains, which can lead to overestimation of the impact index values. At this time, the method 

is only used by using a simulation program. When the method will for example be applied to actual 

measured data, the impact index values will probably give different results because then the utilization 

factor is expressed in the internal gains.   

Thirdly, it will be helpful for the ESCO to have a database of typical yearly impact index values. Combining 

the values with knowledge and experience in practice, can give a better meaning to the impact index values 

in terms of risk. Especially in combination with the contract sum, a better understanding of the impact 

index values can be obtained. 

Lastly, it is important that the ease of use of the approach is tested in practice by employees of the ESCO. 

The stepwise approach is now promised to be very easy to use and to give quick results. However, the use 

of the approach asks for some knowledge of the analyst about for example the heat balance, and the use 

of sensitivity analyses. Also the fact that impact indices are relative values can be distracting for the 

analysts, because they will be interested more in the effect of OB in an absolute context.  
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A. BUILDING PERFORMANCE MODELS 

Building construction 

Table S: Information on building construction CS1 

CS1 Material Thickness 
[m] 

Conductivity 
[W/mK] 

Thermal 
resistance 
[m2K/W] 

R-value (total) 

External wall Clay tile 0.015 0.44 0.0341 3.23 

 Insulation 0.1 0.035 2.8571 

 Cavity 0.03 - 0.18 

 Concrete 0.25 1.9 0.1316 

 Gypsum 0.005 0.16 0.0313 

Internal wall 1 Limestone 0.1 1.5 0.0667 0.067 

Internal wall 2 Concrete 0.15 1.9 0.0789 0.079 

Internal wall 3 Gypsum 0.015 0.23 0.0652 2.13 

 Insulation 0.07 0.035 2.0 

 Gypsum 0.015 0.23 0.0652 

Roof Felt 0.008 0.17 0.0471 2.86 

 Insulation 0.07 0.035 2.0 

 Concrete 0.25 1.9 0.1316 

 Cavity 0.25 - 0.18 

 Ceiling 0.02 0.04 0.5 

Ground floor Tiles 0.05 1.3 0.0385 3.31 

 PUR 0.07 0.023 3.0435 

 Concrete 0.08 1.4 0.0571 

 Concrete 0.32 1.9 0.1684 

Internal floor Tiles 0.06 1.3 0.0462 0.83 

 Concrete 0.08 1.4 0.0571 

 Concrete 0.32 1.9 0.1684 

 Cavity 0.425 - 0.18 

 Ceiling 0.015 0.04 0.375 

External window Outer pane 0.005 0.008 0.625 1.39 
(g-value: 0.67)  Cavity 0.015 - 0.2695 

 Inner pane 0.004 0.008 1.526 

 

Table T: Information on building construction CS2 

CS2 Material Thickness 
[m] 

Conductivity 
[W/mK] 

Thermal 
resistance 
[m2K/W] 

R-value (total) 
[m2K/W] 

External wall Brickwork 0.1 0.84 0.119 2.38 

 Cavity 0.06 - 0.13 

 Insulation 0.05 0.025 2.0 

 Brickwork 0.08 0.62 0.129 

Internal wall  Foam slag 0.015 0.25 0.06 0.06 

Roof Insulation 0.1544 0.03 5.1467 5.42 

 Membrane 0.0001 1.0 0.0001 
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 Concrete 0.1 2.0 0.05 

 Cavity 0.05 - 0.16 

 Plasterboard 0.0125 0.21 0.0595 

Ground floor Insulation 0.0982 0.025 3.928 4.34 

 Reinforced concrete 0.1 0.025 3.928 

 Cavity 0.05 - 0.21 

 Chipboard flooring 0.02 0.13 0.1538 

Internal floor Synthetic carpet 0.005 0.06 0.0833 0.64 

 Screed 0.05 1.15 0.0435 

 Reinforced concrete 0.22 2.3 0.0957 

 Cavity 0.4 - 0.21 

 Fiberboard 0.012 0.058 0.2069 

External window Outer pane 0.012 1.06 0.0113 0.5218 
(g-value: 0.41)  Cavity 0.006 - 0.331 

 Inner pane 0.010 1.06 0.0094 

 

Building system 

CS1 has four heat pumps which are driven by gas. Also the cooling energy is generated by natural gas.  

CS2 has a more complicated system. It consists of a CHP, boilers, heat pumps, and thermal storage. It is 

assumed that the CHP is mainly for hot water, and the heating energy is for 80% delivered by the heat 

pump that is using thermal storage and 20% by the boilers. Cooling energy is delivered by free cooling 

from the thermal storage. 

Table U: System characteristics CS1 

 Type of system Primary energy Generation efficiency System efficiency 

Cooling 4 heat pumps Natural gas 1.5 0.84 

Heating 4 heat pumps Natural gas 1.95 0.85 

 

Table V: System characteristics CS2 

 Type of system Primary energy Generation efficiency System efficiency 

Cooling Thermal storage Electricity 25 - 

Heating Heat pump (80%) Electricity 5.5 0.95 

 Thermal storage Electricity 25 - 

 Boiler (20%) Natural gas 0.85 0.95 

 

Input parameters 

Table W: Input parameters meeting rooms, offices, open plan offices CS1 

Meeting Rooms 
Offices 
Open plan offices 

Input parameter Profile 

Heating  21°C Monday: 4:00-18:00 
Tuesday – Friday: 6:00-18:00 
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Cooling  24°C Monday: 4:00-18:00 
Tuesday – Friday: 6:00-18:00 

Ventilation 1.60 l/s/m2 Monday: 4:00-18:00 
Tuesday – Friday: 6:00-18:00 

Infiltration 0.80 l/(s*m2*fac) On continuously 

Internal gains Equipment 10 W/m2 Occupancy schedule* 

Lighting 8 W/m2 Occupancy schedule* 

Presence 90 W/person, 10 m2/person Occupancy schedule* 

 

Table X: Input parameters pantry, toilets CS1 

Pantry 
Toilets 

Input parameter Profile 

Heating  21°C Monday: 4:00-18:00 
Tuesday – Friday: 6:00-18:00 

Cooling  24°C Monday: 4:00-18:00 
Tuesday – Friday: 6:00-18:00 

Ventilation 1.60 l/s/m2 Monday: 4:00-18:00 
Tuesday – Friday: 6:00-18:00 

Infiltration 0.80 l/(s*m2*fac) On continuously 

Internal gains Lighting 8 W/m2 Occupancy schedule* 

 

Table Y: Input parameters stairs and elevators CS1 

Stairs and elevators Input parameter Profile 

Heating  - Off continuously 

Cooling  - Off continuously 

Ventilation - Off continuously 

Infiltration 0.80 l/(s*m2*fac) On continuously 

Internal gains Lighting 8 W/m2 Occupancy schedule* 

 

*Occupancy schedule CS1: 
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Table Z: Input parameters meeting rooms, offices, open plan offices CS1 

Offices Input parameter Profile 

Heating  21°C Weekdays: 7:00-19:00 

 18°C Nights & weekends 

Cooling  24°C Weekdays: 7:00-19:00 

 30°C Nights & weekends 

Ventilation 1.60 l/s/m2 Weekdays: 7:00-19:00 

Infiltration 0.625 l/(s*m2*fac) On continuously 

Internal gains Equipment 8 W/m2 (office 1) 
13 W/m2 (office 2) 
5.5 W/m2 (open plan off.) 

Occupancy schedule* 

Lighting 9.6 W/m2 Occupancy schedule* 

Presence 90 W/person,  
10 m2/person (office 1) 
90 W/person,  
6.2 m2/person (office 2) 
90 W/person,  
14.6 m2/person (open plan off.) 

Occupancy schedule* 

 

Table AA: Input parameters meeting rooms, offices, open plan offices CS1 

Toilets 
Copy room 
Pantry 

Input parameter Profile 

Heating  21°C Weekdays: 7:00-19:00 

 18°C Nights & weekends 

Cooling  24°C Weekdays: 7:00-19:00 

 30°C Nights & weekends 

Ventilation 1.60 l/s/m2 Weekdays: 7:00-19:00 

Infiltration 0.625 l/(s*m2*fac) On continuously 

Internal gains Lighting 9.6 W/m2 Weekdays: 7:00-19:00 
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Table BB: Input parameters meeting rooms, offices, open plan offices CS1 

Stairs and elevators Input parameter Profile 

Heating  10°C On continuously 

Cooling  - Off continuously 

Ventilation 1.60 l/s/m2 Weekdays: 7:00-19:00 

Infiltration 0.625 l/(s*m2*fac) On continuously 

Internal gains Lighting 9.6 W/m2 Weekdays: 7:00-19:00 

 

*Occupancy schedule CS2: 
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B. BUILDING VARIANTS 

1. Window-to-wall ratio 

2. Façade characteristics 

3. Power density 

4. Occupancy density 

5. Orientation 

Table CC: Building variants 

 1 2 3 4 5   1 2 3 4 5 

CS (x) – 1 Min Min Min Max Min CS (x) – 17 Min Min Min Max Max 

CS (x) – 2 Max Min Min Max Min CS (x) – 18 Max Min Min Max Max 

CS (x) – 3 Min Max Min Max Min CS (x) – 19 Min Max Min Max Max 

CS (x) – 4 Max Max Min Max Min CS (x) – 20 Max Max Min Max Max 

CS (x) – 5 Min Min Max Max Min CS (x) – 21 Min Min Max Max Max 

CS (x) – 6 Max Min Max Max Min CS (x) – 22 Max Min Max Max Max 

CS (x) – 7 Min Max Max Max Min CS (x) – 23 Min Max Max Max Max 

CS (x) – 8 Max Max Max Max Min CS (x) – 24 Max Max Max Max Max 

CS (x) – 9 Min Min Min Min Min CS (x) – 25 Min Min Min Min Max 

CS (x) – 10 Max Min Min Min Min CS (x) – 26 Max Min Min Min Max 

CS (x) – 11 Min Max Min Min Min CS (x) – 27 Min Max Min Min Max 

CS (x) – 12 Max Max Min Min Min CS (x) – 28 Max Max Min Min Max 

CS (x) – 13 Min Min Max Min Min CS (x) – 29 Min Min Max Min Max 

CS (x) – 14 Max Min Max Min Min CS (x) – 30 Max Min Max Min Max 

CS (x) – 15 Min Max Max Min Min CS (x) – 31 Min Max Max Min Max 

CS (x) – 16 Max Max Max Min Min CS (x) – 32 Max Max Max Min Max 

 

Table DD: Building variant results 

 II blinds II equipment II lighting II presence II TSP 

 C H C H C H C H C H 

CS (1) - 1 1.25 0.31 0.15 0.07 0.21 0.10 0.59 0.28 0.36 0.21 

CS (1) - 2 1.54 0.63 0.07 0.06 0.09 0.09 0.25 0.25 0.36 0.16 

CS (1) - 3 1.00 0.34 0.16 0.12 0.22 0.16 0.63 0.45 0.49 0.13 

CS (1) - 4 1.11 0.62 0.06 0.09 0.09 0.13 0.25 0.36 0.41 0.10 

CS (1) - 5 0.94 0.31 0.36 0.25 0.48 0.33 0.46 0.31 0.44 0.17 

CS (1) - 6 1.37 0.62 0.18 0.21 0.25 0.28 0.24 0.27 0.36 0.14 

CS (1) - 7 0.71 0.26 0.40 0.27 0.53 0.37 0.51 0.35 0.57 0.09 

CS (1) - 8 0.97 0.48 0.19 0.22 0.25 0.30 0.24 0.28 0.41 0.09 

CS (1) - 9 1.54 0.30 0.18 0.07 0.25 0.09 0.23 0.09 0.31 0.21 

CS (1) - 10 1.67 0.62 0.07 0.06 0.09 0.08 0.09 0.08 0.36 0.16 

CS (1) - 11 1.25 0.34 0.20 0.11 0.26 0.14 0.25 0.14 0.44 0.15 

CS (1) - 12 1.20 0.63 0.07 0.09 0.09 0.13 0.08 0.12 0.39 0.11 

CS (1) - 13 1.11 0.31 0.42 0.23 0.56 0.31 0.18 0.10 0.41 0.19 

CS (1) - 14 1.46 0.63 0.19 0.20 0.25 0.27 0.08 0.09 0.36 0.16 

CS (1) - 15 0.86 0.30 0.45 0.33 0.61 0.44 0.19 0.14 0.55 0.11 
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CS (1) - 16 1.05 0.56 0.19 0.26 0.26 0.35 0.08 0.11 0.42 0.09 

CS (1) - 17 1.61 0.47 0.21 0.08 0.29 0.11 0.82 0.31 0.45 0.22 

CS (1) - 18 2.17 0.93 0.09 0.07 0.13 0.09 0.37 0.27 0.61 0.14 

CS (1) - 19 1.32 0.46 0.22 0.11 0.30 0.15 0.85 0.44 0.61 0.11 

CS (1) - 20 1.46 0.75 0.09 0.08 0.12 0.11 0.33 0.31 0.60 0.09 

CS (1) - 21 1.17 0.48 0.47 0.27 0.63 0.36 0.60 0.34 0.52 0.15 

CS (1) - 22 1.81 0.79 0.25 0.20 0.33 0.27 0.32 0.25 0.59 0.13 

CS (1) - 23 0.86 0.34 0.46 0.25 0.62 0.34 0.59 0.32 0.57 0.09 

CS (1) - 24 1.15 0.76 0.21 0.20 0.28 0.27 0.27 0.26 0.52 0.09 

CS (1) - 25 1.92 0.46 0.25 0.08 0.34 0.10 0.32 0.10 0.38 0.24 

CS (1) - 26 2.46 0.96 0.11 0.07 0.14 0.09 0.14 0.09 0.62 0.14 

CS (1) - 27 1.62 0.52 0.27 0.12 0.36 0.16 0.34 0.15 0.58 0.14 

CS (1) - 28 1.70 0.82 0.10 0.09 0.13 0.12 0.12 0.11 0.63 0.08 

CS (1) - 29 1.40 0.48 0.56 0.25 0.75 0.34 0.24 0.11 0.50 0.19 

CS (1) - 30 2.01 0.88 0.27 0.21 0.37 0.28 0.11 0.09 0.61 0.13 

CS (1) - 31 1.11 0.40 0.58 0.31 0.77 0.42 0.25 0.13 0.62 0.10 

CS (1) - 32 1.32 0.73 0.24 0.22 0.32 0.29 0.10 0.09 0.58 0.09 

CS (2) - 1 0.96 0.75 0.23 0.22 0.33 0.33 0.72 0.68 0.52 0.29 

CS (2) - 2 1.66 0.90 0.11 0.15 0.15 0.23 0.33 0.45 0.27 0.36 

CS (2) - 3 0.57 0.54 0.29 0.28 0.41 0.46 0.89 0.87 0.66 0.13 

CS (2) - 4 1.16 0.76 0.16 0.22 0.23 0.37 0.49 0.68 0.26 0.19 

CS (2) - 5 0.51 0.76 0.41 0.31 0.58 0.57 0.42 0.31 0.48 0.28 

CS (2) - 6 1.14 0.97 0.25 0.29 0.35 0.52 0.25 0.29 0.24 0.36 

CS (2) - 7 0.25 0.54 0.40 0.52 0.57 1.03 0.41 0.54 0.48 0.08 

CS (2) - 8 0.68 0.71 0.30 0.43 0.42 0.86 0.30 0.44 0.20 0.15 

CS (2) - 9 1.22 0.82 0.28 0.24 0.40 0.36 0.29 0.25 0.47 0.32 

CS (2) - 10 1.98 0.96 0.12 0.16 0.17 0.25 0.12 0.17 0.30 0.34 

CS (2) - 11 0.85 0.57 0.41 0.36 0.58 0.54 0.42 0.37 0.69 0.15 

CS (2) - 12 1.53 0.83 0.20 0.28 0.28 0.43 0.20 0.29 0.29 0.19 

CS (2) - 13 0.66 0.74 0.52 0.43 0.74 0.72 0.18 0.14 0.54 0.28 

CS (2) - 14 1.33 0.94 0.28 0.35 0.39 0.60 0.09 0.12 0.27 0.36 

CS (2) - 15 0.33 0.53 0.54 0.57 0.77 1.05 0.18 0.19 0.59 0.09 

CS (2) - 16 0.83 0.72 0.36 0.48 0.51 0.89 0.12 0.16 0.24 0.16 

CS (2) - 17 0.81 0.54 0.16 0.23 0.23 0.35 0.51 0.72 0.39 0.29 

CS (2) - 18 1.45 0.79 0.08 0.16 0.12 0.25 0.25 0.51 0.41 0.31 

CS (2) - 19 0.50 0.44 0.24 0.31 0.34 0.48 0.73 0.96 0.64 0.14 

CS (2) - 20 1.03 0.60 0.13 0.24 0.18 0.38 0.40 0.76 0.33 0.21 

CS (2) - 21 0.50 0.54 0.36 0.32 0.51 0.56 0.37 0.32 0.43 0.26 

CS (2) - 22 1.09 0.77 0.23 0.26 0.32 0.41 0.23 0.26 0.39 0.31 

CS (2) - 23 0.24 0.49 0.37 0.44 0.54 0.87 0.38 0.45 0.56 0.10 

CS (2) - 24 0.66 0.60 0.27 0.37 0.38 0.71 0.28 0.38 0.29 0.19 
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CS (2) - 25 1.01 0.51 0.19 0.21 0.27 0.31 0.19 0.22 0.31 0.34 

CS (2) - 26 1.62 0.82 0.08 0.17 0.12 0.24 0.09 0.17 0.40 0.33 

CS (2) - 27 0.70 0.42 0.29 0.34 0.41 0.50 0.29 0.35 0.55 0.17 

CS (2) - 28 1.25 0.64 0.14 0.28 0.20 0.41 0.14 0.28 0.30 0.24 

CS (2) - 29 0.62 0.53 0.43 0.48 0.61 0.78 0.15 0.16 0.45 0.26 

CS (2) - 30 1.24 0.75 0.23 0.38 0.33 0.60 0.08 0.13 0.41 0.31 

CS (2) - 31 0.32 0.46 0.44 0.53 0.78 1.31 0.15 0.18 0.64 0.11 

CS (2) - 32 0.79 0.59 0.32 0.45 0.45 0.81 0.11 0.15 0.33 0.20 
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C. GENERATING A WEATHER FILE 

Sometimes it is preferable to use a local and recent weather file when simulating a building in IES VE. 

However, there are only standard weather files given which can be used. When actual data is available 

(Klimatologie - Uurgegevens van het weer in Nederland - Download, sd), it is possible to make your own 

.epw file. For this you need to download EnergyPlus (EnergyPlus Downloads, n.d.), which contains the 

“Weather Statistics and Conversions” program.  

Important factors that are needed for the climate file are: wind direction [°], wind speed [m/s], dry bulb 

temperature [°C], dew point temperature [°C], global horizontal radiation [J/cm2], atmospheric pressure 

[hPa], total sky cover [octants] and relative humidity [%]. It is necessary to have hourly data.  

About the .def file 

For the generation of the epw. file, a .txt file and a .def file are needed. The .def file describes what is 

shown in the .txt file, so that the Weather converter can read it in the correct way. In Figure CC is shown 

how the .def file should look like. If you are not familiar with this type of files, you can easily make a .txt 

file containing the text shown in Figure CC and change the extension manually (for example rename file: 

“standard.txt” to “standard.def”).  

The information about the location can be adjusted in the .def file, of course agreeing with the actual 

location characteristics. The second part (&wthdata) describes the weather data given in the .txt 

document. You can see that some “DataElements” can be ignored. The reason why they are still included 

and not deleted, which should logically be a second option, is because otherwise the program will give an 

error. Therefore it is important to keep this exact script. The DataElements that are not ignored, 

corresponding to the important factors given above, can be indicated in the .txt file which will be explained 

later. Note also some conversion factors (“DataConversionFactors”) that are deviating from 1. This is for 

example because the temperature obtained from KNMI is in 0.1 degrees. Check if the conversion factors 

are correct for the data you obtained, otherwise you can change them. 

The last part (&datacontrol) describes the “layout” of your text file. In this case, the data starts at row one 

(nothing is skipped) and is 8760 rows long (the amount of hours in a year). NB. When you are going to 

make a weather file for a leap year the MaxNumRecordsToRead will become 8784, because a leap year 

contains an extra day (February 29th), and thus 24 hours extra. 
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Figure CC: Example .def file 

About the .txt file 

As said before, the .def file describes the information that is given in the .txt file. It is therefore important 

that the two agree completely. However, there is one illogical thing about the .txt file. Namely, if you count 

the DataElements (the amount of columns in the .txt file) you will come to a number of 25. If you count 

the DataElements in the .def file, there will be 24. This is something I cannot explain, but you should just 

take that from me (or try it yourself!). To finally have a working .txt file I therefore received a template 

from my colleague. When you are interested in this you can contact me, but in Table EE it is shown clearly 

what the .txt should look like. However, first it is important to know how the .txt file is generated.  

For creating the .txt file, the data should be adjusted and ordered well in Excel. Make sure that every 

DataElement is in one separate column. Of course again according to the sequence described in the .def 

file. The DataElement “date” will explicitly be addressed now, because it could easily go wrong. The .def 

file namely says that the date is indicated in DD-MM-YYYY. When retrieving the data from the website of 

KNMI, the date is ordered like YYYYMMDD. To rewrite the date in the right order, you should in Excel go 

to Data > Text to columns. Tick as original data type “Fixed width”, click next, and then place lines in the 

preview of selected data where you want to split the text. NB. You should make sure that the two columns 

on the right are empty. Then, to put the date together in one column again you can use the formula 

=concatenate(DD,”-“,MM,”-“,YYYY).  

In the next table the structure of the .txt file is shown. There are 25 columns (A-Y), which do not fit in a 

row in this document, so the table will run over three lines. But they should logically run from column A to 

Y in Excel. 

&location 

City='Eindhoven' 

StateProv='Noord-Brabant' 

Country='The Netherlands' 

InLat=51.44 

InLong=5.46 

InElev=22 
InTime=1 

/ 

 

&wthdata 

NumInHour=1 

InputFileType='CUSTOM' 

InFormat='DELIMITED' 

DataElements=Ignore,Date,Hour,Wind Direction,Wind Speed,Ignore,Ignore,Dry Bulb Temperature,Ignore,Dew Point 

Temperature,Ignore,Global Horizontal Radiation,Ignore,Ignore,Atmospheric Pressure,Ignore,Total Sky 

Cover,Relative Humidity,Ignore,Ignore,Ignore,Ignore,Ignore,Ignore 

DataUnits='x','dd-mm-

yyyy','HH','deg','m/s',x,x,'C',x,'C',x,'Wh/m2',x,'mm','hPa',x,'octants','%',x,x,x,x,x,x 

DataConversionFactors=1,1,1,1,0.1,1,1,0.1,1,0.1,1,2.78,1,10,10,1,1,1,1,1,1,1,1,1 

DelimiterChar=';' 

DateSeparator='-' 

DecimalSymbolChar='.' 

/ 

 

&datacontrol 

NumRecordsToSkip=0 

MaxNumRecordsToRead=8760 

MissingWindDirAction=RANDOM 

/ 



68 
 

 

Table EE: Layout .txt file 

 A 
(ignore) 

B 
(date) 

C  
(hour) 

D 
(wind 
dir.) 

E 
(wind 
speed) 

F (ignore) G 
(ignore) 

H 
(dry bulb 

temp.) 

I (ignore) 

1  1-1-2017 1 180 30   -15  

…  … … … …   …  

8760  31-12-2017 24 220 20   8  

 

 J 
(dew 
point 

temp.) 

K 
(ignore) 

L 
(global 

hor. rad.) 

M 
(ignore) 

N 
(ignore) 

O 
(atm. 

press.) 

P 
(ignore) 

Q 
(total sky 

cover) 

1 -16  0   10249  9 

… …  …   …  … 

8760 5  0   10239  7 

 

 R 
(rel. 

humid.) 

S (ignore) T (ignore) U 
(ignore) 

V 
(ignore) 

W 
(ignore) 

X 
(ignore) 

Y (ignore) 

1 99        

… …        

8760 97        

 

As you can see the “extra” column (25 instead of 24 as described by the .def file) is in the last end of the 

table. Again, why this is happening is not sure, but just accept it. The columns can contain any information, 

because it will be ignored and thus neglected by the Weather converter. So usually I use a standard Excel 

document in which I only adjust the weather data for the new file (so column B, C, D, E, H, J, L, O, Q and 

R).  

So all the weather data is until now processed as an .xlsx file. A comma-separated value file (.csv) should 

be made by “save as …” in Excel. Now you have the weather data in a .csv file. Make sure that it starts at 

row one and contains hourly data until row 8760 (8784 if leap year). The next step is important to follow 

exactly. 

To go from a .csv file to a .txt file, you should change the extension of the file manually again. So by 

renaming the file from “standard.csv” to “standard.txt”. You can check whether it went right by looking if 

the data that was first in different columns, is now separated by a semicolon (DelimeterChar=’;’).  

NB. A very important one! The .def file and the .txt should have the same name. Otherwise the program 

will not recognize the document. 

Converting 

Now it is time for the last step: the actual conversion of the weather data to an .epw file. As “Input Weather 

Data File” you take your “standard.txt” file. Then click “Override Default Type” and select the upper option: 

“Custom Data Format (requires DEF file)”. The rest speaks for itself! 
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D. N-WAY ANOVA TEMPERATURE SETPOINT IMPACT INDICES 

The meaning of the impact index values for temperature setpoints are investigated by doing an N-way 

ANOVA test as in (Ghahramani, Zhang, Dutta, Yang, & Becerik-Gerber, 2016). It is found that the impact 

index for the cooling setpoint is mainly depending on the window-to-wall ratio of a building, and also on 

the amount of hours that the system is in cooling mode (Table FF). The impact index for the heating 

setpoint is mainly depending on the surface-area-to-volume ratio and on the amount of hours that the 

system is in heating mode (Table GG). Because the impact indices for the temperature setpoints are 

calculated outside working hours, a temperature setback can apparently have a huge influence on the 

value of the impact indices. The temperature setpoint impact indices are thus a combination of the control 

strategy, the physical characteristics of the building, and the environmental conditions. It is proposed that 

for the stepwise approach, a more detailed analysis is desirable to analyze the effect of varying 

temperature setpoints. It cannot be said with certainty that a low impact index for temperature setpoints 

will not be potentially risky. 

Table FF: N-way ANOVA cooling TSPs 

Impact index cooling temperature setpoint 

Parameter F. sig. 

Hrs. 5.161 0.001 

Energy demand 1.558 0.186 

WWR 8.057 0.006 

SA:V 0.012 0.914 

Power density 0.022 0.883 

Façade 0.071 0.791 

Occupancy density 0.022 0.883 

 

Table GG: N-way ANOVA heating TSPs 

Impact index heating temperature setpoint 

Parameter F. sig. 

Hrs. 23.352 0.000 

Energy demand 1.777 0.132 

WWR 1.332 0.253 

SA:V 30.565 0.000 

Power density 0.353 0.554 

Façade 1.623 0.207 

Occupancy density 0.353 0.554 
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E. MAGNITUDE & LIKELIHOOD OF VARIATION INTERNAL GAINS 

Magnitude of variation - Case-study (1) 

From this building much data is gathered by the building management system. From that data, the 

maximum variation for various occupant behavioral aspects can be obtained. 

- Lighting 

The lighting is controlled by sensors, and they turn on when the first person enters the building, and turn 

down after the last person leaves the building. The shortest period amounts 11:25 hours and the longest 

period 15:15 hours. 

 

Figure DD: Shortest and longest period with occupants (and thus lighting) 

In total over a whole day, this variation of 3:50 hours is a maximum variation of 16%. However, it is 

assumed that all the lighting in the whole building is on when there is one person in the building.  

This assumption is probably an overestimation of the variation. Therefore another approach will be tested. 

Up until 50% occupation it will be assumed that the lighting turns on in a stepwise way per floor level. 

Above 50% occupation it is assumed that all the lighting in the whole building is on. In Figure EE and Table 

HH the results for all the analyzed days can be seen, and at which time the lighting on every floor is on. 

When calculating the difference between the longest possible time (max) and the shortest possible time 

(min) that the lighting is on, a variation of 9% on average over the whole building is found (±4.5%).  

 

Figure EE: Assumed that all the lighting is on per floor level 
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Table HH: Time when all the lighting is on per floor level 

Floor Time on [h] Time off [h] Total lighting 
hours [h] 

Variation [%] 

1 Min 07:25:00 16:55:00 09:30:00 12 

Max 06:40:00 19:05:00 12:25:00 

2 Min 07:45:00 16:35:00 08:50:00 8 

Max 07:00:00 17:45:00 10:45:00 

3 Min 07:55:00 16:20:00 08:25:00 7 

Max 07:15:00 17:15:00 10:00:00 

4 Min 08:15:00 16:00:00 07:45:00 7 

Max 07:20:00 16:50:00 09:30:00 

5 Min 08:35:00 15:45:00 07:10:00 8 

Max 07:30:00 16:35:00 09:05:00 

6 Min 09:15:00 15:15:00 06:00:00 11 

Max 07:40:00 16:25:00 08:45:00 

 

- Presence 

To determine the range in which the presence is varied, accurate data over the period of 7-2-2018 to 14-

3-2018 is analyzed. Every 5 minutes the amount of people inside the building is counted by sensors at the 

entrance doors. The data for all occupied days are displayed in Figure FF. The highest peak is around 330 

people, and there is a dip during lunchtime with 140 people as the lowest value. The total capacity of the 

building is 570 people. 

 

Figure FF: Occupancy in case-study (1) 

To find out what the variation in percentages is day by day, the amount of people is averaged over the day 

during the occupancy hours (06:00-18:00). The difference in maximum and minimum average is divided 

by the total capacity of the building. This results in a 20% variation. 

- Equipment 

Because it is an office building, the maximum variation in equipment use is directly related to the presence. 

This is thus also 20% (±10%). 

Magnitude of variation - Case-study (2) 
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The data of this building is not gathered by a building management system, which makes the deduction of 

the likelihood of variation more difficult. However, at Strukton Worksphere they do have data of another 

city hall, where the use can be comparable to that of the city hall / musictheater of Amsterdam.  

- Lighting 

In Figure GG the electricity use of the city hall in Zaandam can be seen which is used as a reference case. 

The lighting is controlled by sensors. It can be seen that mainly on Friday there are less people than on the 

other days. The higher tail on the end of the day on Tuesday and Thursday indicate the weekly meetings. 

When you look at the differences between the peaks of the electricity use, the maximum variation can be 

determined. The lines from Saturday and Sunday also indicate the emergency lighting, which should be 

taken into account for calculating the maximum variation. The peak on Tuesday is at 29 250 kWh and the 

peak on Friday is at 26 500 kWh. The maximum variation will therefore be 9.4%. 

 

Figure GG: Electricity use in a typical week in a city hall 

- Presence 

Because the lighting is controlled by sensors, it expresses in a certain way also the presence of occupants. 

However, this maximum variation should be obtained without considering the emergency lighting. The 

“base-case” of no occupants is then namely 0 in weekends which is still a 11 500 kWh electricity use. The 

maximum variation in presence will be 16%. 

- Equipment 

Because it is a part of the city hall that is an open plan office, the maximum variation in equipment use is 

directly related to the presence. This is thus also 16%. 

Likelihood of variation - Case-study (1) 

- Blinds 

The blinds are controlled manually, and therefore it is assumed that the likelihood of variation reaches up 

to the second highest level of likelihood: likely. It is not chosen for a higher likelihood, because the building 

has internal blinds which cause less uncertainty than external blinds. 

- Temperature setpoints 
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The heating setpoint is installed at 21°C and the cooling setpoint at 24°C and they can both be changed 

manually by ±1°C. The experience of the users of the building is that this happens a lot, but the actual 

switching is not captured. An earlier study to the comfort level in this same building can maybe give some 

better insights (Figure HH). Around 40% considered the temperature as neutral, around 40% leans more 

to the warm side and 20% to the cool side. Assuming that everyone who does not consider the 

temperature to be neutral changes the temperature setpoint, a %-variation can be determined. The 

surveys were taken in February and in May and thus in a colder and a warmer period. Because the 

distribution over these months is not known, the same values will be used for both heating and cooling 

temperature setpoints. The likelihood that occupants change the temperature setpoints will be certain. 

 

Figure HH: Thermal sensation vote (TSV) from a survey (Kooi, 2017) 

The likelihood of equipment, lighting and presence cannot be determined, and therefore the worst case 

scenario: certain will be used. 

Likelihood of variation - Case-study (2) 

- Blinds 

The blinds in case-study (2) are controlled automatically and overruled manually. When considering 

automatic blinds as highly predictable and the lowest level of likelihood of variation, and manual blinds as 

highly unpredictable and the highest level of likelihood of variation, the blinds control in case-study (2) can 

be considered in the mid-level of likelihood of variation: possible. 

- Temperature setpoints 

The building system of case-study (2) is designed as comfortclass A, which will result in a 5% of people that 

are dissatisfied following ISSO 74. It will therefore rarely happen. 

The likelihood of equipment, lighting and presence cannot be determined, and therefore the worst case 

scenario: certain will be used. 
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F. ROBUSTNESS TESTS 

- Weather files 

Table II: Uncertainty in energy demand: prediction from OAT sensitivity analysis results and calculated by extra simulations in IES 

VE. 

   
Prediction Simulation Deviation 

CS1 Equipment Cooling 1.8% 1.8% 0.1% 
  

Heating 2.8% 2.7% 0.1% 
 

Lighting Cooling 0.7% 0.9% -0.2% 
  

Heating 1.4% 1.4% -0.1% 
 

Presence Cooling 2.4% 2.0% 0.4% 
  

Heating 3.4% 3.2% 0.2% 

CS2 Equipment Cooling 2.7% 2.9% -0.2% 

  Heating 3.5% 3.1% 0.4% 

 Lighting Cooling 3.2% 3.4% -0.2% 

  Heating 5.0% 3.8% 1.2% 

 Presence Cooling 3.0% 3.2% -0.2% 

  Heating 4.0% 3.5% 0.5% 

 

Table JJ: Impact index values CS1 and CS2 under extreme weather conditions (not weighted) 

  
II blinds II equipment II lighting II presence  II tsp  

 
Unweighted C H C H C H C H C H 

CS1 Standard reference year 1.10 0.59 0.14 0.19 0.15 0.20 0.16 0.21 0.46 0.10 
 

1% exceedance 0.98 0.57 0.12 0.15 0.13 0.16 0.14 0.17 0.20 0.06 
 

2% exceedance 0.99 0.58 0.12 0.17 0.13 0.18 0.14 0.19 0.27 0.09 
 

5% exceedance 1.01 0.59 0.13 0.18 0.14 0.20 0.15 0.21 0.28 0.11 

CS2 Standard reference year 0.88 0.44 0.25 0.29 0.47 0.55 0.28 0.32 0.33 0.44 

 1% exceedance 0.80 0.38 0.21 0.21 0.40 0.41 0.24 0.24 0.12 0.18 

 2% exceedance 0.83 0.40 0.21 0.22 0.48 0.55 0.23 0.25 0.14 0.14 

 5% exceedance 0.82 0.46 0.21 0.25 0.50 0.63 0.24 0.28 0.16 0.22 

 

Table KK: Weighted impact index values CS1 and CS2 under extreme weather conditions 

 
Weighted II blinds II equipment II lighting II presence  

CS1 Standard reference year 0.98 0.15 0.16 0.17 
 

1% exceedance 0.86 0.13 0.14 0.15 
 

2% exceedance 0.88 0.14 0.15 0.15 
 

5% exceedance 0.92 0.14 0.15 0.16 
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CS2 Standard reference year 0.75 0.26 0.49 0.30 
 

1% exceedance 0.66 0.21 0.40 0.24 
 

2% exceedance 0.70 0.21 0.50 0.24 
 

5% exceedance 0.73 0.22 0.53 0.25 

 

Table LL: Impact index values CS1 different model complexities (not weighted) 

 
II blinds II equipment II lighting II presence  II tsp  

 
C H C H C H C H C H 

Building 1.10 0.59 0.14 0.19 0.15 0.20 0.16 0.21 0.46 0.10 

Floor 0.92 0.46 0.19 1.32 0.15 1.06 0.17 1.19 0.27 0.05 

Room 0.87 0.46 0.20 0.67 0.16 0.54 0.18 0.61 0.16 0.02 

 

Table MM: Weighted impact index values CS1 different model complexities 

 II blinds II equipment II lighting II presence  

Building 0.98 0.15 0.16 0.17 

Floor 0.92 0.19 0.15 0.17 

Room 0.87 0.20 0.16 0.18 

 

Table NN: Uncertainty in energy demand: prediction from OAT sensitivity analysis results and calculated by extra simulations in 

IES VE. 

   
Prediction Simulation Difference 

ROOM Equipment Cooling 3.0% 4.0% -0.9% 
  

Heating 16.1% 9.9% 6.3% 
 

Lighting Cooling 1.0% 1.6% -0.6% 
  

Heating 6.9% 4.3% 2.6% 
 

Presence Cooling 2.9% 3.6% -0.6% 
  

Heating 13.7% 8.8% 4.9% 

 

 


