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 A.W.M. (Anne) van Heijst 

The European Commission focuses on the renovation process of the existing building stock to enhance energy efficiency of 
buildings. Energy Peformance Contracts are an important tool in this renovation process. This market is however still small 
because of the lack of reliable energy predictions and the financial risks this causes for Energy Service Companies. The aim of this 
research is therefore to reduce these financial risks for Energy Service Companies. This is done by identifying which building 
design, building energy system and occupant behavior related aspects have a strong influence on the Key Peformance Indicators. 
First a local sensitiviy analysis was performed to identify the most influential Key Performance Indicators.  After that all possible 
scenarios were made with the minimum and maximum values of the parameters. The Mann-Whitney-Wilcoxon test was used to 
identify if there is a significant difference between the scenarios with the minimum and maximum value. These analyses show 
that the scenario uncertainties cause the most of the spread in the results. These scenarios can however not be influenced by the 
Energy Service Company. By transfering the responsibilities of these scenarios to the client, the financial risk can be reduced with 
48%. In this way the financial risks become manageable again. Besides this main target of identifying the causal factors and 
reducing the financial risks, the complexity level of the model is investigated and a comparison between different performance 
gaps is made.  
 
Keywords: energy performance gap, causal factors, energy service companies, predictions, energy performance contracts. 
 

1. Introduction 
According to the European Commission, energy efficiency is the 
most cost effective way of reducing greenhouse gas emissions. 
This is why energy efficiency is the central strategy in the Europe 
2020 policy (European Commission 2011). Buildings are seen as 
a great starting point, because they account for 30% of the total 
energy consumption and thus they have a high saving potential 
(IEA 2010). For this reason, the European Commission focuses 
on the renovation process of the existing building stock to 
enhance energy efficiency of these buildings. Energy 
Performance Contracts are an important tool in this renovation 
process. Within an Energy Performance Contract an Energy 
Service Company (ESCo) guarantees a set amount of  energy 
savings or delivers a renewable energy project. Guaranteed 
performance is defined by certain Key Performance Indicators 
(KPI’s) (Agentschap NL 2012). Investment costs for these 
projects and measures are paid back by the cost savings or the 
produced renewable energy, as can be seen in Figure 1.1. Thus 
the Energy Service Company will not receive its payment unless 
the project delivers energy savings as expected. 
 

It is however good to note that the ESCo market is still small. 
This is partly due to legal barriers, but even more due to the lack 
of reliable energy predictions (Yik & Lee 2004).  Measured 
energy consumption in buildings during operation frequently 
shows major differences when compared to the predicted 
performance (van Dronkelaar et al. 2016). This mismatch was 
first addressed in 1999 by the Post-occupancy Review of 
Building and their Engineering (PROBE). They carried out the 
first systematic post-occupancy evaluation program. The actual 
energy consumption of most buildings in the program was 
higher than expected. Furthermore, there was little connection 
between the design estimations and the actual values of the 
building in operation (Bordass et al. 2001). These conclusions 
are confirmed in more recent research and are termed ‘the 
performance gap’ (van Dronkelaar et al. 2016; de Wilde 2014; 
Ryan & Sanquist 2012; Carbon Trust 2011; Menezes et al. 2012; 
Burman et. al. 2014). In conclusion, there is still a significant gap 
between actual performance and predictions made in the 
design phase.  
 
1.1 The performance gap 
As previously mentioned the performance gap creates risks for 
ESCO’s because they will receive penalties when not meeting 
the agreed performance. The reliability of the predictions thus 
directly influences the profits of the ESCo (Yik & Lee 2004). The 
guaranteed savings in their contracts are based on the 
calculated performance in the design phase, but are effectuated 
on the performance in the operational phase. However, design 
teams often cannot fully predict the future performance of the 
building; as operational requirements and conditions might be 
subject to significant change (De Wilde 2014). Therefore the 
input data into a building performance model relies on 
assumptions. This can lead to oversimplified and/or unrealistic 
input of the built quality, occupancy patterns and the 
management and control of the building and its services 
(Menezes et al. 2012; Robertson & Mumovic 2014).  Figure 1.1 – Approach Energy Performance Contracts 

Source: M. Hamdy (2016) 
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The use of these assumptions will result in unreliable 
predictions and a gap further down the line. The lessons learned 
from previous Energy Performance Contracts prove that it is 
important to determine how to deal with changing 
circumstances and that risks need to be transferred to the 
responsible parties (Agentschap NL 2012). To reduce the 
financial risks for ESCo’s it is essential to know which building 
design, building energy system and occupant behavior related 
aspects have a strong influence on the KPI’s and therefore 
which aspects should be included in a performance contract.  
 
1.2 Project aim and scope 
Strukton Worksphere has been active as an ESCo in the 
Netherlands for several years now, working with Energy 
Performance Contracts, Public Private Partnerships and 
reducing the energy consumption and CO2 emission of several 
governmental buildings. However, they still encounter 
difficulties with performance gaps and the financial risks that 
they entail.  
 
The aim of the research presented in this paper is to develop a 
methodology that quantifies the impact of design assumptions, 
so that they can be used to define contract constraints. These 
contract constraints should be defined for KPI’s and their 
influencing factors, making contracts and responsibilities more 
transparent for both the client and the contractor. The newly 
developed methodology needs to be able to operate on low 
computational costs, because of the commercial nature of 
Strukton Worksphere. Therefore the following research 
questions have to be answered:  
 
- Which KPI’s are used to evaluate the performance of the 

building?  
- What level of model complexity is appropriate for this 

purpose?  
- Which parameters have a strong influence on the KPI’s? 
- How can these parameters be limited within the contract 

to reduce the risks for ESCo’s? 

 
 

2. Background Information 
At first the comparison between predicted and measured 
energy performance might seem simple, but the performance 
gap is actually quite complex. Various approaches exist for both 
predictions and measurements in the building design and 
engineering world. The following modeling methods and gaps 
are distinguished in research (de Wilde 2014; van Dronkelaar et 
al. 2016):  
 
 Compliance modeling: using thermal modelling to calculate 

the energy performance of a building under standardized 
operating conditions (occupant density, set-points, 
operating schedules, etc.), which are determined in 
national calculation methodologies. This is useful in 
assessing the energy efficiency of buildings under 
standardized conditions to determine if the minimum 
performance requirements are met. However, comparing 
these calculations with measured energy use may lead to 
an incorrect view of the energy performance gap.  

 
 Performance modelling: simulating the actual operating 

conditions, with respect to the building context and the 
actual operating conditions of the building. With this 
method, the performance gap could be reduced because all 
the energy quantification methods that aim to accurately 
predict the performance are included.  

 
 Calibration techniques: these methods give insights into 

the operational inefficiencies of a building and can identify 
underlying reasons for differences between design 
estimations and actual use. Subsequently, the impact of 
underlying causes and design assumptions on the energy 
performance can be quantified.  

 
Figure 2.1 presents an overview of how these modeling 
methods and types of gaps evolve over the building life cycle.  
 
 

 
 Figure 2.1 – Building energy models and performance gaps during the building life cycle.  

Source: M. Hamdy (2016) 
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With these three different types of modeling de Wilde (2014), 
van Dronkelaar (2016) and Hamdy (2016) essentially formulate 
the same types of gaps:  
 
1. Regulatory performance gap: compares predictions from 

compliance modeling to measured energy use. 
2. Static performance gap: compares predictions from 

performance modeling to measured energy use.  
3. Dynamic performance gap: utilizes calibrated predictions 

from performance modeling with measured energy use for 
a longitudinal perspective in order to diagnose underlying 
issues and their impact. 

 
2.1 Compliance modeling 
The European Parliament and Councils of individual countries 
have specified their standardized calculation methodologies to 
quantify the energy performance of buildings. The Energy 
Performance standard for Utility buildings (EPU) is one such  
Dutch calculation method. With this standard the energy 
efficiency of a new office building is expressed in an Energy 
Performance Coefficient (Agentschap NL 2010). In addition to 
the EPU each building has its own energy label. Both methods 
can be considered as compliance models because they both 
calculate the energy performance using standardized 
conditions such as standardized weather data and standardized 
user behavior (ISSO 75.1 2013). Nevertheless, such calculation 
methodologies should not be used as baseline predictions for 
actual performance (Burman et. al. 2014). This is because 
energy-related issues may go unnoticed, as the discrepancy 
between measured and modeled energy may be understood as 
the result of expected differences in operating conditions and 
the exclusion of non-regulated loads from compliance modeling 
(van Dronkelaar et al. 2016).  However, in literature the 
regulatory performance gap is studied the most, because 
compliance models are compulsory for every building and they 
are therefore widely available.  

3. Methodology 

 
A methodology is developed including stepwise activities to 
interpret differences between predicted and measured 
performance, while determining the influence of assumptions. 
The process consists of: an initial comparison of actual and 

measured building energy performance, a sensitivity analysis to 
determine causal factors and variability in results, and finally a 
risk analysis of the different KPI’s to understand the impact of 
the assumptions. Figure 3.1 presents this methodology.  
3.1 Defining Key Performance Indicators 
The building performance plays a major role in the expectations 
expressed by owners and occupants and their fulfillment by 
designers and building operators. To compare the building 
performance over time, objectively quantifiable measurements 
are needed. Therefore the building performance is often 
expressed by KPI’s. These are measurable variables to analyze 
and asses the performance of the building. A KPI can be used to 
state expectations in the design phase as well as to quantify 
actual performance fulfillment (Augenbroe & Park 2005). 
 
Since Strukton Worksphere works as an Energy Service 
Company, the performance of their buildings is often assessed 
by different KPI’s. These KPI’s and their restrictions are defined 
in Energy Performance Contracts. In order to analyze the 
influence of assumptions on the performance of the building it 
is important to specify which indicators describe the 
performance. For ESCo contracts, energy reduction and comfort 
are often specified as KPI’s. To quantify the energy reduction 
the electricity and the gas consumption are taken as KPI’s. 
Another KPI which is often used is sustainability and is 
quantified by CO2 emissions of the building. For buildings with  
thermal energy storage the balance between heating and 
cooling is important to avoid any imbalance in the system. 
Comfort is not taken into account in this research because it is 
mostly specified as a boundary condition. Therefore this case-
study will primarily consider KPI’s that describe the energy 
performance of the building:  
 
- Electricity Consumption    [MWh/year] ,  
- Gas Consumption     [MWh/year],  
- CO2 emissions      [kgCO2/year], 
- Heating and cooling balance  [%].  
 
Consequently to these KPI’s we have the contract constraints. 
During different interviews with consultants at Strukton 
Worksphere four possible consequences for Energy 
Performance Contracts are identified:  
 
1. For public private partnership contracts Strukton 

Worksphere is responsible for the operating period for a 
certain amount of years and so pays the operating costs for 
this period. The margin of risk taken into account in these 
contracts is on average 5% for the total costs.  

2. For ESCo projects the payback period will be longer when 
the performance of the building is worse than expected.  

3. In some contracts  penalties have to be payed when 
exceeding certain limitations. An example is 0.5% more CO2 
emission means an penalty of € 100.000,-. 

4. For buildings with an aquifer thermal energy storage, 
Strukton is responsible to keep the storage in balance over 
ten years.  

Figure 3.1 – Methodology framework 
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3.2 Collect building information and measurement data 
The case-study building is an office building of Strukton 
Worksphere in Son, the Netherlands, shown in Figure 3.2. The 
office was built in 2010 and has a total floor area of 
approximately 6700 m2 divided over six floors with office space 
and a canteen. The attached storage/logistics hall has not been 
taken into account for this case-study. Table 3.1 presents 
general information about the case-study building. More 
detailed information about the building construction can be 
found in Appendix A.  
 

Previous models which were made in VABI elements and 
HAMBASE were used to collect data such as the dimensions of 
the building, properties of the constructions, as well as design 
conditions for the occupancy patterns, efficiencies and 
setpoints for the HVAC-system. After creating the model the 
performance will be simulated. In order to investigate the 
discrepancy between predicted and measured performance 
data about the actual performance of the building has also been 
gathered. Data about the actual performance is gathered by the 
meter readings per month since the building is in operation and 
this measurements are filtered for the office building, without 
the parking space and the attached hall.  
 
Table 3.1 – General information about the Case-study building.  

 

3.3 Create a (performance) model 
The case-study building is modeled using the building 
performance simulation program IES VE to predict the 
performance with the available design parameters. IES VE is 
chosen because Strukton Worksphere is implementing IES VE in 
its work flow and wants to gain experience with this program. 
IES VE will also probably be used for future predictions, so a 
method for  sensitivity analysis with this program is desirable. 
To represent the outdoor weather conditions in the simulation, 
weather files for Eindhoven were created with hourly data from 
KNMI from 2011 to 2016. For the sensitivity analysis the 
weather data of NEN5060-A were also used. 
 
To create the model and assign the characteristics of the 
building, the ApacheSim thermal analysis program was used 
instead of ApacheHVAC. However, the input of the program is 
limited and only overall specifications and capacities of the 
system are given instead of a more detailed input. This avoids 
more input uncertainty due to a larger number of parameters.  
Furthermore ApacheSim is a relatively simple way to quickly 
simulate a model and calculate its performance. Therefore 
Strukton Worksphere is likely to increasingly use this program 
for this purpose. Appendix B shows the input as entered into 
the building performance model.  
 
3.3.1 Fit-for-purpose model complexity 
Despite the great variation in possibilities for Building 
Performance Simulation (BPS), a methodology for choosing the 
most applicable modeling approach is missing (Enk 2016). 
Complex models may offer a better approximation of reality, 
the reliability of their results could be undermined by the higher 
number of parameters that is not always be known or certain, 
but need to be input (Gaetani et al. 2017). In order to 
investigate the needed level of complexity of the model, three 
different model complexities were created: one at room level, 
one at floor level and one at building level. For the models at 
room and floor level the surrounding building space which is not 
taken into account is simulated as adiabatic. The results for the 
room and floor level models are multiplied by the total square 
meters of the building, so that the difference between the 
accuracy of the different models can be directly compared. 
Appendix C shows the characteristics of the different levels of 
complexity.   

General information  
Floor area 6700 m2 
Year of construction 2010 
Floors 6 
Orientation E-W 
Window to wall ratio 40% 
Office hours 7:00-18:00 
HVAC system 
First loop 
Heating & Cooling Four gas engine driven heat pumps 

(air to water). 
Ventilation Two air handling units 
Second loop 
Heating, cooling and 
ventilation 

Four pipes induction units.  

Figure 3.2 – Case-study building Office Strukton Worksphere Son, the Netherlands.  
Source: van Schijndel Bouwgroep. 
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Figure 3.3 – Different levels of complexity compared for the gas consumption.  
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As can be seen in Figure 3.3, Figure 3.4 and Figure 3.5 the 
difference in results between the different model complexities 
is relatively small. Table 3.2 shows the difference between the 
complexities compared with complexity 1. This quantitative 
effect on energy use approximately matches with the estimated 
quantitative effect for model simplification of <10% in literature 
(van Dronkelaar et al. 2016). In terms of money the difference 
per year between complexity 1 and 3 is on average €2.400,- for 
the gas consumption and €1.350,- for electricity.  
 
Table 3.2 – Relative difference between the complexities compared to complexity 1. 

 
The difference in time spending to create the different model 
complexities is for this building relatively small, because the 
building is quite straightforward and has many similar spaces. 
The difference in energy costs can increase fast because they 
come back every year. Therefore we choose to continue with 
complexity 3 for this case-study building. For other buildings 
with a different geometry and layout such advise may be 
different.  
 
 

3.4 Analyzing the discrepancy 
When the models are made the simulations are run with the 
standard (design) values for the input parameters. As previously 
stated the model will not be calibrated because the focus will 
be a sensitivity analysis in the design phase. The results of the 
models will be compared with the actual measurements of the 
building over the last few years. These results will be compared 
on the KPI’s defined in section 3.1. Consequently, the 
discrepancy for each KPI can be calculated. This discrepancy is 
termed as a static performance gap, because of the used 
performance model.  
 
For this comparison the operational performance of the 
building is required. These data have been monitored for the 
last few years. Different floors have their own meters to 
measure their electricity consumption. The gas consumption is 
only measured for the whole building including the attached 
logistics hall. However, the logistics hall is not heated with gas 
so we assume that this can be neglected. For the determination 
of the electricity consumption the meters in the logistics hall 
and the indoor parking were not taken into account.  
 
3.4.1 Sensitivity Analysis 
To understand the impact of inaccurate assumptions on 
simulation outputs, the relative influence of different input 
parameters is studied by a sensitivity analysis. Different 
sensitivity analysis methods can be distinguished in literature 
(Daly et al. 2014): 
 
 Local sensitivity analysis: varying one uncertain input 

parameter at a time for each simulation.  
 Monte Carlo analysis: varying all uncertain input 

parameters for each simulation based on a probability 
distribution.  

 Stochastic sensitivity analysis: varying all uncertain inputs 
at each simulation time step.  

 
However, the probability distribution of the input parameters is 
unclear and IES VE has some limitations with varying multiple 
input parameters. It is important that this method is applicable 
for Strukton Worksphere in the future with low computational 
costs. Consequently, we choose to do a local sensitivity analysis. 
The local sensitivity analysis provides information about the 
sensitivity of a single parameter and does not assess the 
interaction between parameters (Hopfe 2009). Therefore this 
local sensitivity analysis can only be used to do a first ranking to 
identify which parameters are the most influential. To be able 
to evenly compare the influence of the parameters the non-
dimensional influence coefficient is calculated using the 
following formula  (Daly et al. 2014). 
Influence Coefficient  ∆ /

∆ / ∙ 100% %   
%              (1) 

Where ΔIP and ΔOP are the changes in input and output 
parameters, respectively;  and IPbc and OPbc are the base case 
values for output and input, respectively. 

 Complexity 2 
(Floor) 

Complexity 3 
(Building) 

Gas consumption 0% 11% 
Electricity consumption 3% 4% 
CO2 emission 2% 0% 

0
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300000
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Complexity 1 (Office) Complexity 2 (Floor) Complexity 3 (Building)
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100
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Figure 3.4 – Different levels of complexity compared for the electricity consumption.  

Figure 3.5 – Different levels of complexity compared for the CO2 emission. 
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After this sensitivity analysis a first filtering between the more 
influential and less influential parameters is done. The Mann-
Whitney-Wilcoxon test is used to investigate if the difference 
caused by the most influential parameters, identified with the 
local sensitivity analysis, is significant. The Mann-Whitney-
Wilcoxon test is a non-parametric, statistical test which can be 
used to assess whether there is evidence that two independent 
groups are significantly different (Gaetani et al. 2017).  
Once the most influential input parameters have been selected, 
all possible combinations are made with their minimum and 
maximum values. The results for the scenarios with the 
minimum value of the input parameter were compared with the 
scenarios with the maximum value using the Mann-Whitney-
Wilcoxon test. This allows us to identify any input parameters 
which are responsible for the spread in the results, so that more 
attention can be directed to those aspects. All statistical 
analyses were conducted with Matlab and a p value less than 
0.05 was considered significant.  
 
3.4.2 Uncertainty input parameters 
For this sensitivity analysis a list with input parameters and their 
variability is required. When working with ESCo contracts the 
aim is to improve a current building, which means that the input 
parameters corresponding to the building structure will not 
change considerably. The input parameters which can be 
subject to changes, have a broader uncertainty range and are 
more interesting to investigate for these contracts. Hence, two 
different types of uncertainty can be distinguished, design 
parameter uncertainty and scenario uncertainty. Design 
parameter uncertainty is the lack of knowledge in parameters 
for which a decision has been made. For example, the nominal 
distribution around an R-value, due to on-site workmanship or 
wrong specifications of the manufacturer. Scenario uncertainty 
contains the boundary conditions and scenario of use, such as 
weather conditions and occupancy. The uncertainty of the 
scenario uncertainties have a wider distribution in comparison 
with the design parameter distribution (Rezaee et al. 2015). 
Appendix D describes how the uncertainty range of each 
parameter is defined.  
 
3.5 Normalization 
During the preliminary interviews with Strukton Worksphere it 
was mentioned that there have been almost no risk analyses 
done for the performance of the building. Since Strukton will be 
responsible for the building performance for many years, a risk 
assessment in the design phase is crucial. Risk can be defined as 
the product of the probability of occurrence and its impact or 
consequences and describes the effect uncertainties on 
objectives (Wackers 2015). In the case of Energy Performance 
Contracts the consequences can be easily quantified by the 
potential costs it will bring e.g. energy bills, repair costs or 
financial penalties. The accepted level of uncertainty of an 
assessment is determined by the accepted level of risk for the 
objective.  
 

When the most influential parameters are known, the risks can 
be reduced to limit the parameters by transferring the 
responsibilities. The performance of most design parameters 
will probably be the responsibility of Strukton Worksphere, as 
they guarantee the performance of the building in Energy 
Performance Contracts. However, some of the scenario 
uncertainties cannot be controlled by Strukton Worksphere but 
depend on the user behavior or weather conditions.  
 
Agentschap NL (2013) made a manual for a ESCo agreement. In 
which they describe the essential components for an Energy 
Performance Contract. This also contains a procedure for the 
determination of the energy savings which are the result of the 
measures of the ESCo. For this determination, the following 
steps are required: 
 
1. A reference value for the actual energy costs needs to be 

adopted: the so-called baseline value i.e. reference use and 
reference cost. 

2. The energy costs that are made, must be monitored for the 
respective billing period. This requirement generally lies 
with the ESCo. 

3. The actual energy costs have to be corrected for all of the 
factors which are outside the control of the ESCo - and for 
all the savings that cannot be attributed to the measures 
carried out by the ESCo. 

 
To correct the energy costs an adjustment process has to be 
defined. Adjustment like climate and usage adaptation are 
needed in order to take into account the climate adaptability or 
the changes in use of the contract object.  Aim of this correction 
is to convert the energy costs of the charging period to the 
usage level or climate in the reference period. A precise 
determination requires that the influence of the different 
operating parameters on the energy consumption is known. 
Otherwise the calculated energy consumption may contain 
deviations and the ESCo or the client will be disadvantaged. The 
following formula presents a converting methodology for the 
number of occupants recommended by Agentschap NL.  
 

, 1 ∙                                       (2) 
 

,  =  corrected energy consumption 
  = energy consumption billing period 

   = dependence of occupants per day 
  = number of occupants per day baseline 
 = number of occupants per day during the billing 

period. 
 
Agentschap NL warns that for an exact determination the 
influence of the scenario uncertainties on the energy 
consumption is required. The development of a mathematical 
relationship between these factors is not easy to determine. It 
is not straightforward whether a certain change of usage 
intensity (in percentage) results in a proportional change in the 
energy consumption.  
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4. Results 
4.1 Discrepancy compliance model 
Figure 4.1 and Figure 4.2 show respectively the gas- and 
electricity consumption of the case-study building compared 
with the calculation results of the energy label determined by 
the Energy Performance of Buildings Directive (EPBD) and the 
average consumption for office buildings with the same square 
meters determined by Centraal Bureau voor Statistiek (CBS).  

 
Figure 4.1 shows that gas consumption gradually decreased 
between 2011 and 2014 and that the average gas consumption 
between 2011 and 2016 is 10.6 m3/m2. Comparing this with the 
calculated consumption in the label there is a discrepancy of 
52%. This discrepancy is known as the regulatory performance 
gap. Despite the fact that the case-study building is heated and 
cooled with gas, the gas consumption is approximately the 
same as the national average for similar office buildings. Figure 
4.2 presents the electricity consumption which has been more 
stable over time. A regulatory performance gap of 65% can be 
identified compared with the predicted consumption of the 
label. The electricity consumption seems to be in line with the 
average even though the building does not use electricity for 
heating and cooling.  

4.2 Discrepancy performance model 
As described in section 3.3 model complexity 3 is chosen to use 
as performance model. The results of these simulations were 
compared with the operational energy consumption of the 
building since 2011. Figure 4.3, Figure 4.4 and Figure 4.5 show 
respectively the operational gas- and electricity consumption 
and the CO2 emission of the building.  

 

Figure 4.2 – The light blue bars present the operational measurements for the 
electricity consumption of the building since 2011.  The dark blue line represents the 
average consumption over the same years. The orange bars present the consumption 
calculated by the energy label of the EPBD and the average consumption of office 
buildings with the same square meters in the Netherlands (CBS 2016). 
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Figure 4.1 - The light blue bars present the operational measurements for the gas 
consumption of the building since 2011.  The dark blue line represents the average 
consumption over the same years. The orange bars present the consumption 
calculated by the energy label of the EPBD and the average consumption of office 
buildings with the same square meters in the Netherlands (CBS 2016). 

Figure 4.3 - Gas consumption of the case-study building (blue) compared with the 
performance model (orange). 

Figure 4.4 - Electricity consumption of the case-study building (blue) compared with the 
performance model (orange). 

Figure 4.5 – CO2 emission of the case-study building (blue) compared with the 
performance model (orange).  
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As can be seen in Figure 4.3 the gas consumption is reduced 
considerably over the first three years. Since gas consumption 
depends on the weather conditions the gas consumption is 
compared with the degree days of that year. By calculating the 
gas consumption per degree day the reduction in the first three 
years proves to be 55%. Moreover, the static performance gap 
was also reduced during the same period. In 2011 the static 
performance gap was 65% and was reduced to a static 
performance gap of 30% in 2016. The average static 
performance gap from 2011 to 2016 for gas consumption is 
40%.  
 
Figure 4.4 shows the static performance gap for the electricity 
consumption over the past six years. In comparison with the gas 
consumption the electricity consumption is more stable.  The 
performance model also shows this steady trend. The electricity 
consumption of the building consists of lighting, plug loads and 
HVAC electricity for the air handling units and therefore does 
not strongly depend on outdoor weather conditions. The 
average static performance gap from 2011 to 2016 for the 
electricity consumption is 25%. 
 
The CO2 emission is presented in Figure 4.5 and is the sum of 
the CO2 emission of gas and electricity consumption. The 
average difference between the model results and the actual 
CO2 emission is 30%. The conversion factors used to calculated 
the CO2 emission are presented in Table 4.1.  
 
Table 4.1 – Conversion factors  

Natural gas 0.193 kg CO2/kWh i 
Electricity 0.526 kg CO2/kWh 
Natural gas 0.00977 MWh/m3 ii 

 
 

 

 

Table 4.2 – Regulatory and static performance gap [%] 
 Regulatory 

performance gap 
Static 

performance gap 
Gas consumption 52% 40% 
Electricity 
consumption 65% 25% 
CO2 emission 55% 30% 

 
Table 4.2 shows the regulatory and static performance gap for 
the different KPI’s. The regulatory performance gap shows a 
bigger discrepancy than the static performance gap for all KPI’s. 
 
To identify the causes of the performance gap the energy 
consumption is split up into heating and cooling energy, HVAC 
electricity and electricity used for lighting and appliances. The 
results are plotted for 2014 and shown in Figure 4.6 and Figure 
4.7. It can be seen that the appliance and lighting electricity is 
quite constant over the year and the discrepancy between the 
predicted and actual consumption is around 30% on average. 
The HVAC electricity also does not differ much over the year. 
The discrepancy between the predicted and actual 
consumption is on average 10%. When looking at the cooling 
energy, we see that in practice there is more cooling in between 
seasons.  Noteworthy is that there is always some heating even 
during summer while the simulations show that this is probably 
not necessary. In addition the energy used for heating and 
cooling is in both cases higher than predicted with the model. 
For cooling an absolute difference of almost 50% and for 
heating an absolute difference of 40% occurs.  
 
 
 
 

Figure 4.6 – Prediction consumption divided over heating and cooling energy, HVAC 
and appliance electricity.  

Figure 4.7 – Actual consumption divided over heating and cooling energy, HVAC and 
appliance electricity.  
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 4.3 Local sensitivity analysis 
To investigate which parameters cause the discrepancy 
between the predictions and actual consumption we have done 
a local sensitivity analysis. As described in section 3.4.2 the 
input parameters can be distinguished into two different 
groups: the design parameter uncertainty and scenario 
uncertainty. Figure 4.8 and Figure 4.9 show the results for the 
gas consumption. For the gas consumption the heating and 
cooling setpoint, HVAC operation hours and occupancy hours 
are the most influential scenario uncertainties. The SCoP of the 
heating system, efficiency of the heat recovery, infiltration and 
the ventilation rate are the influential design parameters 
uncertainties. The sensitivity caused by the single parameters 
for the electricity consumption is shown in Figure 4.10 and 
Figure 4.11. 

 
The design parameter uncertainty shows a lower sensitivity 
compared to the scenario uncertainty and thus does have less 
influence on the electricity consumption. From the design 
parameter uncertainties the Specific Fan Power and the 
Ventilation rate of the Air Handling Unit for the Office are the 
most influential. The scenario uncertainties are more sensitive. 
For the electricity consumption the HVAC operation hours, the 
lighting power density, appliance power density and occupancy 
hours are the most influential, but the cooling setpoint also 
causes differences in electricity consumption. This sensitivity 
analysis also investigated the influencing parameters for the 
CO2 emission and heating and cooling balance. These results are 
presented in Appendix F. 
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Scenario uncertainty

max min
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Design parameter uncertainty

max min -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6
g-value windowsInfiltrationExternal wall conductivityExternal wall densityExternal wall specific heatGround floor conductivityGround floor densityGround floor specific heatRoof conductivityRoof densityRoof specific heatVentilation rate officeVentilation rate restaurantEfficiency heat recoverySeasonal efficiency heat pumpSCoP (heating)Seasonal EERSSEERHeat rejectionSFP (Restaurant)SFP (Office)Heating unit capacityCooling unit capacity
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Figure 4.8 – Sensitivity scenario uncertainty on the gas consumption.  

Figure 4.9 – Sensitivity design parameter uncertainties  on the gas consumption.  Figure 4.11 – Sensitivity design parameter uncertainties  on the electricity consumption. 
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Figure 4.10 – Sensitivity scenario uncertainty on the electricity consumption.   
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4.4 Mann-Whitney-Wilcoxon test 
The Mann-Whitney-Wilcoxon test was used to investigate if  the 
most influential parameters cause a significant difference. The 
results match with the outcome of the local sensitivity analysis. 
Figure 4.12 shows that the gas consumption significantly 
depends on the HVAC operation hours, heating setpoint and 
infiltration of the building. Figure 4.13 shows that the electricity 
consumption significantly depends on the occupancy hours, 
appliance power density, lighting power density and HVAC 
operation hours. Appendix G shows additional information 
about the Mann-Whitney-Wilcoxon test. 

 
4.5 Uncertainty range 
As the aim of an uncertainty analysis is to discover the likely 
variation in the output due to actual variations in the input, the 
variation in input parameters is critical to the analysis 
(Macdonald 2002). Thus in order to define the uncertainty 
range of the results, the sources of uncertainty for each 
parameter must be identified and a probability distribution has 
to be attributed to each. This is however impossible for some 
parameters because we do not know how likely it is this 
scenario will happen.  It is therefore impossible to perform an 
uncertainty analysis and define the distribution of the results. 
We can only determine the minimum and maximum of the 
uncertainty range by calculating the scenario with all 
parameters on their minimum level and all parameters on their 
maximum level. The minimum and maximum effect deviates 
per parameter and differs for the electricity and gas 
consumption. 
 

 
 
An overview of the effect of each parameter is shown in 
Appendix H. We did this for all parameters but we also made a 
distinction by only taken into account the scenario uncertainty 
and only the design parameter uncertainty. The results of this 
distributions can be seen in Figure 4.14 and Figure 4.15. For the 
gas consumption the range is more than two times the 
minimum consumption. The uncertainty range for the 
electricity consumption is slightly smaller. For both gas and 
electricity the actual consumption is within the uncertainty 
range. For the gas consumption the scenario uncertainty 
describes 77% and the design parameters uncertainty 26% of 
the total uncertainty range. For the electricity consumption the 
scenario uncertainty describe 95% and the design parameter 
uncertainty 4% of the total uncertainty range.  
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Figure 4.12 – Sensitivity of the gas consumption to various parameters; parameters 
with 1-p > 0.95 are considered sensitive (orange-filled bars).  

Figure 4.13 – Sensitivity of the electricity consumption to various parameters; 
parameters with 1-p > 0.95 are considered sensitive (orange-filled bars). 

Figure 4.14 – Distribution for the minimum and the maximum range of the results for 
the gas consumption.  

Figure 4.15 – Distribution for the minimum and maximum range of the results for the 
electricity consumption.  
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4.6 Normalization 
As described in section 3.6 Agentschap NL has published a 
manual with recommendations for energy performance 
contracts and transferring responsibilities. They suggest to use 
formula 2 to correct the energy costs based on the usage level 
or climate in the reference period. With this formula the 
influence of the input parameters that cannot be controlled by 
the ESCo can be corrected and the uncertainty of these 
parameters can be excluded. This applies for all scenario 
uncertainties.  
 
In Appendix I is attempted to calculate the dependence factor 
for the number of occupants per day, the occupancy hours 
combined with the HVAC operation hours and the heating and 
cooling setpoint. Since for the most parameters no clear linear 
dependency is found the experimental results are only 
presented in the Appendix  
 
Figure 4.16, Figure 4.17, Figure 4.18 and Figure 4.19 show the 
uncertainty range for respectively the CO2 emission, gas 
consumption, electricity consumption and total energy costs. 
The graphs show the uncertainty range before and after 
transferring the responsibilities of the scenario uncertainties In 
the situation before the uncertainty of all parameters is taken 
into account. In the situation after the uncertainty of the 
scenario uncertainties is hold on their base case values and only 
the uncertainty of the design parameters is varied. Table 4.3 
shows the maximum uncertainty occurring based on the base 
case value.  
 
Table 4.3 – Uncertainty before and after transferring the responsibilities for the 
scenario uncertainties. 

 CO2 
emission Gas Electricity Total 

Uncertainty 
before 52% 49% 53% 51% 
Uncertainty 
after 5.5% 16% 2% 7% 

  

Figure 4.18 – Uncertainty range electricity consumption in euros per year before and 
after transferring the responsibilities.  

Figure 4.19 – Uncertainty range total energy costs in euros per year before and after 
transferring the responsibilities. 

0
5000

10000
15000
20000
25000
30000
35000
40000

before after

€/y
ear

minimum base case maximum

0
10000
20000
30000
40000
50000
60000

before after

€/y
ear

minimum base case maximum

0
10000
20000
30000
40000
50000
60000
70000
80000
90000

100000

before after

€/y
ear

minimum base case measurements 2016 maximum

0
50000

100000
150000
200000
250000
300000
350000
400000
450000
500000

before after

kgC
O 2/

yea
r

minimum base case maximum
Figure 4.16 – Uncertainty range CO2 emission per year before and after transferring the 
responsibilities. 

Figure 4.17 – Uncertainty range gas consumption in euros per year before and after 
transferring the responsibilities.  
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5. Discussion 
5.1 Discrepancy compliance model 
The results of the compliance model show a substantial 
discrepancy with the operational measurements. The 
regulatory performance gap is at least 52% and causes 
considerable risks for Energy Performance Contracts. It is again 
clear that such calculation methods should not be used as a 
baseline for actual performance (van Dronkelaar et al. 2016; 
Burman et. al. 2014).  
 
Figure 4.1 and Figure 4.2 show that the actual performance of 
the building does match with the performance of similar 
buildings. It thus can be relevant to compare with the 
performance of other buildings with the same characteristics. 
However, one should be critical when deciding which database 
to use, to be sure to compare with a same type of building.   
 
5.2 Discrepancy performance model 
An investigation was done to see if any advice can be given 
about the balance between consuming less time by building the 
model and more accurate results. As can be seen in Figure 3.3, 
Figure 3.4 and Figure 3.5 the differences in results between the 
model complexities are small. For the electricity consumption 
this can be clarified, because the electricity consumption does 
not depend on the building structure. As expected for the gas 
consumption the difference between complexity one and two 
compared with complexity three is bigger, probably because of 
the different outdoor surfaces and construction characteristics. 
So in this case only for the gas consumption it is advantageous 
to use a higher model complexity. Nevertheless this findings 
may not be generalized, the results for the different 
complexities are probably individual for each building.  
 
The actual gas consumption of the case-study building  reduced 
considerably over the first few years. This reduction can 
probably be explained by the commissioning of the building: 
inadequate or not completely satisfactory commissioning 
results in a reduced system efficiency. In the first few years the 
building system was heating and cooling the building at the 
same time. By commissioning the system these problems were 
solved and gas consumption was reduced by 55%. In conclusion, 
commissioning can be seen as an important causal factor of the 
performance gap, as in this case the static performance gap was 
reduced from 68% to 37%. Frequent energy audits as well as re-
commissioning exercises can help to maximize the efficiency of 
building services, avoiding unnecessary energy waste (Menezes 
et al. 2012). Furthermore, the process of transmitting the design 
intent of the various systems to the facilities management team 
is essential, because they need to fully understand how systems 
are supposed to perform in terms of energy as well as their 
operation and maintenance (Carbon Trust 2011). 
 
In Table 4.2 we see that the performance gap in this case is at 
least 12% reduced by using a performance model compared to 
the energy label.  

When working with energy performance contracts this is 
already a valuable improvement, but the static performance 
gap still remains considerable and in this way contains a too big 
risk for ESCo’s. 
 
In Figure 4.6 and Figure 4.7 we see the differences in energy 
consumption after the consumption reduction through 
commissioning. The difference in HVAC electricity and the 
difference in heating and cooling consumption causes the 
biggest part of the gap. This is probably partly caused by the 
scenario uncertainty but can also be caused by poor practice 
and malfunctioning equipment and uncertainty in building 
energy modeling. As has already been described a simplified 
application for the input of the building system was used. This 
is because this method was less time consuming but also 
because of the lack of information on the exact properties of 
model parameters, such as HVAC specifications and plant and 
system schedules. This specification uncertainty in building 
modeling has an estimated effect of 20-60% on the energy 
consumption (van Dronkelaar et al. 2016). Besides,  the 
difference can also be caused by poor practice and operational 
inefficiencies (Burman et. al. 2014). The uncertainty of the HVAC 
system properties is now estimated at 5%, but may deviate 
more in practice. During the design stage the actual 
performance of the system is idealized when making 
assumptions for temperature set-points, control schedules, and 
general performance of HVAC systems. However, in operation 
these assumptions cannot be fulfilled and influence the 
building’s energy consumption (van Dronkelaar et al. 2016). In 
his research van Dronkelaar et al. (2016) defines poor practice 
and malfunctioning equipment as one of the three most 
important underlying causes and estimates the effect on 15-
80%.   
 
5.3 Local sensitivity analysis  
The local sensitivity analysis is a good first step to analyze and 
filter the most influential input parameters. With the new 
developments of IES VE a local sensitivity analysis will be easy 
to implement in the design phase. It is not necessary to know 
the uncertainty distribution of the parameter, which is usually 
unknown. Although for this case-study the results may be 
obvious, it is at least clear which parameters need more 
attention and that most design parameter uncertainties can be 
ignored. For this case occupant behavior causes the biggest 
differences in energy consumption.  
 
With regards to electricity consumption the occupancy hours 
are the most influential and the lighting and appliance power 
density depend on the occupancy density. For gas consumption 
the HVAC operation hours and the heating and cooling setpoints 
are the most influential parameters. The HVAC operation hours 
depend on the occupancy hours and the heating and cooling 
setpoint for some buildings are set, but sometimes they can also 
be changed by the occupants. These results confirm the findings 
in literature, van Dronkelaar et al. (2016) state that occupant 
behavior causes an effect of 10-80% on energy consumption.  
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5.4 Mann-Whitney-Wilcoxon test 
The results of the Mann-Whitney-Wilcoxon test confirm the 
results of the local sensitivity analysis. To be able to use this test, 
the energy performance of the building has to be calculated for 
multiple scenarios. With IES VE this is very time-consuming, 
because the program does not support automatically changing 
multiple parameters at the  same time. Since the results of the 
test do not lead to new insights and it does take a lot of time to 
produce the results for the scenarios, in this case the use of the 
Mann-Whitney-Wilcoxon is no added value.  
  
5.5 Uncertainty range 
Initially a Monte Carlo analysis was planned to define the 
uncertainty range and risks of the results. This proved to be  
impossible because the probability distributions of the input 
parameters are not known and thus the probability of the 
different outcomes occurring cannot be determined. 
Consequently, it was not possible to perform a risk analysis, 
because the risk is defined by multiplying the probability with 
the impact. Undoubtedly a risk analysis would be valuable for 
Strukton Worksphere to determine whether a tender or 
contract would be feasible or not, but in literature there is little 
information available about the probability distribution of 
different parameters. The information that is available is often 
specific for a certain case.  This lack of information on the 
probability distribution of input parameters could be solved by 
performing measurements and gathering data about the 
probability of different scenarios happening or design 
parameters changing. The problem again is that gathering this 
information would be case specific and very time consuming. 
For now it is only possible to calculate the minimum and 
maximum of the range. However, by distinguishing the 
uncertainty range of the design and scenario uncertainties it is 
already clear that the biggest part of the uncertainty range is 
caused by the scenario uncertainties for the gas consumption as 
well as the electricity consumption. The uncertainty caused by 
the remaining design parameter uncertainties is the 
responsibility of the ESCo. With the local sensitivity analysis can 
be analyzed which parameters need more attention than 
others. By identifying the probability distribution of these 
parameters, the risk can be better estimated. 
 
5.6 Normalization 
It is wise to transfer the responsibility of the scenario 
uncertainties to the client, because the ESCo does not have any 
influence on these parameters. As can be seen in Figure 4.18 
and Figure 4.19 the uncertainty range and with that the risk for 
the ESCo can be considerable reduced by this transfer of 
responsibilities. As is clear from Appendix I it is hard to calculate 
the converting factors and define what part of the consumption 
depends on for example occupant behavior. It is unlikely to 
capture this in a linear equation, since the effects of the 
scenarios will not be linear. Extensive further research is 
desirable for this part. A possible solution could be calibrating 
the model with the operating scenarios.  

How this can be done and if it is possible will have to be 
discussed in cooperation with the client. However, if such a 
methodology is used, it will be necessary to measure 
parameters as the occupancy density and the opening hours of 
the building. 
 
Section 3.1 defines the constraints as they can be applied for 
different energy performance contracts. As the case-study 
building has no aquifer thermal energy storage we were not 
able to look into the balance of such a system, but we have 
looked into the parameters which are sensitive to the heating 
and cooling consumption. The same applies to the payback 
period,  since this was not specified for the building on forehand 
we also cannot look into this constraint.  
 
Another way to interpret if the calculated risks are acceptable is 
pretending that the case-study building is a public private 
partnership contract and Strukton Worksphere is responsible 
for the energy costs during the operation period. The defined 
risk for these contracts is normally between 3-5% for the total 
building and operating costs. The calculated risk based on the 
uncertainty range is 7%  for the energy costs. The ratio between 
the energy costs and total building and operating costs is 
different for each building. When looking into the CO2 emissions 
of the building a contract boundary can be a penalty for 0.5% 
more CO2 emissions than agreed on forehand. On that point the 
uncertainty is also not in the safe zone. The maximum of the 
uncertainty range in this case is 5.5% more CO2 emissions which 
means that a penalty of € 1.100.000,- has to be paid.  

6. Conclusion 
The developed methodology presented in this paper shows an 
efficient way of identifying the causal factors of the Energy 
Performance gap and quantifying their impact for a market 
where the success rate of Energy Performance Contracts is 
strongly influenced by this gap. The application showed that 
with a simple assessment approach of a local sensitivity analysis 
the causal factors can be identified. 
 
Simulation assumptions that most strongly influence the 
predicted energy consumption of the case-study building are 
the scenario uncertainties. These scenarios cannot be 
influenced by the ESCo and therefore the responsibility of these 
uncertainties should be transferred to the client. With this 
transfer the uncertainty range can be reduced effectively.  
 
The study also raises new questions. The probability distribution 
of the design parameter uncertainties and scenario 
uncertainties is often unknown. It is therefore valuable to 
measure these parameters to get insight into their distribution 
and to be able to better define uncertainties. This measuring 
becomes necessary when transferring responsibilities, because 
than the scenario uncertainties occurring need to be known. 
Furthermore the investigation of the appropriate model 
complexity is interesting, because it can save time and money.  
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A. Building information 
The used case study building is an office building of Strukton Worksphere in Son, the Netherlands. The office is built 
in 2010 and has an floor area of about 6700 m2 divided over 6 floors and a canteen. The attached magazine/logistics 
hall is not taken into account in the model and calculations. Figure A.1 shows a picture of the case study building. 
Table A.1 presents general information about the case study building. Figure A.2 presents a section of the case study 
building and Figure A.3 presents a floor plan of the case study building.  
  

Table A.1 – General information about the case study building. 

 
 

 

 
 

General information  
Floor area 6700 m2 
Year of construction 2010 
Floors 6 
Orientation E-W 
Window to wall ratio 40% 
Office hours 7:00-18:00 
R-value external wall 3,2 m2K/W 
R-value ground floor 3,3 m2K/W 
R-value roof 2,9 m2K/W 
U-value windows 1,3 W/m2K 
  

Figure A.2 – Section of the case study building. 

Figure A.3 – Floor plan of the case study building.  

Figure A.1 – Case study building in Son, the Netherlands.  
Source: van Schijndel Bouwgroep 
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Characteristics of the climate system 
The building HVAC-system’s main heating and cooling plant consists of four gas-engine air heat pumps. A running 
heat pump which is either heating or cooling also delivers free engine heat on side. A cooling heat pump is able to 
produce heat at the same time as cooling. An additional hot water boiler is provided for peak heating demands. On 
the building’s roof there are two large Air Handling Units present. The larger one is for the ventilation of the office 
floors and the other one supplies air to the restaurant and two meeting rooms. The heating and cooling distribution 
is done by a four pipe induction system. There is an extensive, branched induction circuit throughout the roofs of all 
the office area. All branches have local valves which make sure the induction segment is supplied by the right mix 
of cold and hot water to ensure the right supply temperature. The induction system is a so called four pipe system. 
There are two supply pipes and two return pipes for each induction unit. One of both contains hot water, the other 
one contains cold water. Table A.2 and Table A.3 provide information about the specifications of the HVAC-system. 
Figure A.5 and Figure A.4 show an impression of the building system.  
 
Table A.2 – HVAC-system characteristics of the first system.  

HVAC-system 
 Generation Maximum capacity Generation 

efficiency System efficiency 
Heating Four gas engine driven 

heat pumps (air to water).  336 KW 1.5 0.84 
Cooling Four gas engine driven 

heat pumps (air to water). 284 KW 1.95 0.85  
 
Table A.3 – HVAC system characteristics of the secondary system.  

 Generation Maximum capacity Rated air flow Heat recovery 
Ventilation Air Handling Unit 

for office 
ventilation. 

150 KW (heating) 
235 KW (cooling) 10.3 m/s Energy wheel 310 KW 

Air Handling Unit 
for restaurant 
ventilation.  

43 KW (heating) 
37 KW (cooling) 1.6 m/s Heat exchanger 32 KW 

 Figure A.5 – Impression of the heat pumps and gas boiler present in the case study building (Hissel, 2011) 

Figure A.4 – Impression of the Air Handling Units present on the roof of the case study building (Hissel, 2011). 
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B. Input Building Performance model 
Building Construction 
The following Tables B1 – B8 present the characteristics of the building construction.  
 
Table B.1 – Construction characteristics of the internal partition of limestone.  
Internal partition - limestone     

  
Thickness Conductivity Density Specific heat 

capacity Resistance     
[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]  U-value 3.06 W/m2K 

1 limestone 0.1 1.5 2000 840 0.0667  Total R-value 0.067 m2K/W 
    
Table B.2 – Construction characteristics of the internal partition of concrete. 
Internal partition - concrete     

  
Thickness Conductivity Density Specific heat 

capacity Resistance     
[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]  U-value 2.95 W/m2K 

1 concrete 0.15 1.9 2500 840 0.0789  Total R-value 0.079 m2K/W 
 
Table B.3 – Construction characteristics of the internal partition of metal stud. 
Internal partition - metal stud     

  
Thickness Conductivity Density Specific heat 

capacity Resistance     
[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]     

1 gypsum 0.015 0.23 800 840 0.0652     
2 insulation 0.07 0.035 35 840 2.0000  U-value 0.42 W/m2K 
3 gypsum 0.015 0.23 800 840 0.0652  Total R-value 2.13 m2K/W 

 
Table B.4 – Construction characteristics of the external wall. 
External wall     

  
Thickness Conductivity Density Specific heat 

capacity Resistance     
[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]     

1 clay tile 0.015 0.44 1000 840 0.0341     
2 insulation 0.1 0.035 35 840 2.8571     
3 cavity 0.03 - - - 0.1800     
4 concrete 0.25 1.9 2500 840 0.1316  U-value 0.29 W/m2K 
5 gypsum 0.005 0.16 800 840 0.0313  Total R-value 3.23 m2K/W 

 
Table B.5 – Construction characteristics of the ground floor. 
Ground floor     

  
Thickness Conductivity Density Specific heat 

capacity Resistance     
[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]     

1 tiles 0.05 1.3 2000 840 0.0385     
2 PUR 0.07 0.023 30 1470 3.0435     
3 concrete 0.08 1.4 2300 840 0.0571  U-value 0.28 W/m2K 
4 concrete 0.32 1.9 2000 840 0.1684  Total R-value 3.31 m2K/W 
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Table B.6 - Construction characteristics of the roof.  
Roof     

  
Thickness Conductivity Density Specific heat 

capacity Resistance     
[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]     

1 felt 0.008 0.17 1200 1470 0.0471     
2 insulation 0.07 0.035 35 840 2.0000     
3 concrete 0.25 1.9 2500 840 0.1316     
4 cavity 0.25    0.1800  U-value 0.33 W/m2K 
5 ceiling 0.02 0.04 35 840 0.5000  Total R-value 2.86 m2K/W 

 
Table B.7 - Construction characteristics of the internal ceiling/floor.  
Internal ceiling/floor     

  
Thicknes

s Conductivity Density Specific heat 
capacity Resistance     

[m] [W/mK] [kg/m3] [J/kgK] [m2K/W]     
1 tiles 0.06 1.3 2000 840 0.0462     
2 concrete 0.08 1.4 2300 840 0.0571     
3 concrete 0.32 1.9 2000 840 0.1684     
4 cavity 0.425    0.1800  U-value 0.97 W/m2K 
5 ceiling 0.015 0.04 35 840 0.3750  Total R-value 0.83 m2K/W 

 
Table B.8 – Construction characteristics of the external window. 
External window 

  
Thickness Conductivity Transmittanc

e 
Refractive 

index Resistance 
[m] [W/mK] [-] [-] [m2K/W] 

1 float 0.005 0.008 0.7 1.526 0.6250 
2 cavity 0.015 - - - 0.2695 
3 float 0.004 0.008 0.7 1.526 0.5000 
       

  
percentag

e U-value absorptance resistance type 
[%] [W/m2K] [-] [m2K/W] [-] 

4 frame 26 3.0998 0.7 0.1526 aluminum 
 

U-value 0.64 W/m2K 
U-value + frame 1.28 W/m2K 
Total R-value 1.39 m2K/W 
g-value 0.67 - 
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Thermal zones 
The following Tables B9 – B18 present the input of the different thermal zones of the building. 
 
Table B.9 – Input parameters for the restaurant thermal zone. 
Thermal zone: Restaurant  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  
Set-point [ºC] 21ºC   
DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday)  6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC day  Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 5.55  l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

90 W/person, 8 m2/person People linked to occupancy canteen 
1.65 W/m2  Base load (power consumption) on continuously 

 
Table B.10 – Input parameters for the entrance thermal zone.  
Thermal zone: Entrance  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2   
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

1.65 W/m2  Base load (power consumption) on continuously 
 
Table B.11 – Input parameters for the lobby thermal zone.  
Thermal zone: Lobby  
Heating profile off continuously  Set-point [ºC] -  DHW consumption 0.15 l/(h*person)  Cooling profile off continuously  Set-point [ºC] -  Ventilation profile off continuously -  Ventilation rate -  
Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

1.65 W/m2  Base load (power consumption) on continuously 
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Table B.12 – Input parameters for the meeting rooms thermal zone.  
Thermal zone: Meeting Rooms  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

10 W/m2 Computers linked to occupancy 
90 W/person, 10m2/person People linked to occupancy 
1.65 W/m2  Base load (power consumption) on continuously 

 
Table B.13 – Input parameters for the office thermal zone. 
Thermal zone: Offices  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

10 W/m2 Computers linked to occupancy 
90 W/person, 10 m2/person People linked to occupancy 
1.65 W/m2  Base load (power consumption) on continuously 

 
Table B.14 – Input parameters for the open plan office thermal zone.  
Thermal zone: Open plan offices  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

10 W/m2 Computers linked to occupancy 
90 W/person, 10m2/person People linked to occupancy 
1.65 W/m2  Base load (power consumption) on continuously 
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Table B.15 – Input parameters for the pantry thermal zone.  
Thermal zone: Pantry  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

1.65 W/m2  Base load (power consumption) on continuously 
 
Table B.16 – Input parameters for the reception thermal zone.  
Thermal zone: Reception  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

10 W/m2 Computers linked to occupancy 
90 W/person, 10 m2/person People linked to occupancy 
1.65 W/m2  Base load (power consumption) on continuously 

 
Table B.17 – Input parameters for the stairs and elevators thermal zone.  
Thermal zone: Stairs and elevators  
Heating profile off continuously  Set-point [ºC] -  DHW consumption 0.15 l/(h*person)  Cooling profile off continuously  Set-point [ºC] -  Ventilation profile off continuously  Ventilation rate -  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

1.65 W/m2  Base load (power consumption) on continuously 
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Table B.18 – Input parameters for the toilets thermal zone.  
Thermal zone: Toilets  
Heating profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 21ºC   DHW consumption 0.15 l/(h*person)  Cooling profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Set-point [ºC] 24ºC   Ventilation profile 4:00-18:00 (Monday) 6:00-18:00 (Tuesday-Friday)  Ventilation rate 1.60 l/s/m2  
Heating unit capacity 45 W/m2  Cooling unit capacity 38 W/m2  Internal gains 8 W/m2 Fluorescent lighting linked to occupancy 

1.65 W/m2  Base load (power consumption) on continuously 
 
Figure B.1 and Figure B.2 present how the different thermal zones are applied on the floor plans.  
 

 
Figure B.1 – Ground floor of the case study building with the applied thermal zones.  

 
Figure B.2 – Second floor of the case study building with the applied thermal zones.  
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Input parameters 
Table B.19 presents an overview of the input parameters for the IES VE model. Most values are based on the previous 
performance models and experience of consultants doing the energy consumption predictions for Energy 
Performance Contracts. Figure B.4, B.4 and B.5 show the operating schedules for the systems and occupancy.  
 
Table B.19 – Input parameters IES VE performance model. 

 

 

Scenario uncertainty 
Sensible gain by occupants 90 W/person 
Sensible gain by appliances 10 W/m2 
Sensible gain by lighting 8 W/m2 
Occupancy density office 10 m2/person 
Occupancy density restaurant 8 m2/person 
Occupancy hours 7:00-18:00 hours 
Appliance power density 10 W/m2 
Lighting power density 8 W/m2 
DHW consumption 0.15 l/(h·person) 
HVAC operation hours 6:00-18:00 hours 
Heating setpoint  21 ̊C 
Cooling setpoint  24 ̊C 
Design parameter uncertainty   
g-value windows 0.67 - 
Infiltration 0.8 l/(s·m2fac) 
Rc external wall 3.2 m2K/W 
Rc ground floor 3.3 m2K/W 
Rc roof 2.9 m2K/W 
U-value windows 1.3 W/m2K 
Ventilation rate office 1.6 l/s/m2 
Ventilation rate restaurant 5.6 l/s/m2 
Efficiency heat recovery 60 % 
Seasonal efficiency heat pump 1.5 - 
SCoP (heating) 1.3 kW/kW 
Seasonal EER 1.5 kW/kW 
SSEER 1.1 kW/kW 
Heat rejection (pump and fan power) 5.0 % 
SFP (Restaurant) 1.83 W/(l/s) 
SFP (Office) 1.61 W/(l/s) 
Heating unit capacity 45 W/m2 
Cooling unit capacity 38 W/m2 

Figure B.4 – Occupancy profile for the weekdays.  Figure B.5 – Operating schedule of the building systems.  Figure B.3 – Occupancy canteen on weekdays. 
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Weather files 
IES VE has the possibility to use standardized design days or your own created weather files in .epw or .fwt format. 
Making a comparison between the actual and predicted performance of a building it is important to exclude the 
influence of the weather conditions by using the historical weather data of that year.  Hourly weather data collected 
by the KNMI is used to create these weather files and can be downloaded with the following link: 
https://www.knmi.nl/nederland-nu/klimatologie/uurgegevens.  
The data is provided in an text document with ten years of hourly weather data. This text document first has to be 
converted to an .epw or .fwt format before it can be used in IES VE. IES VE does not provide an weather converter 
their selves  so the weather converter of EnergyPlus is used. The following steps have to be followed: 
  First the unnecessary data of other years has to be removed.   The date is in YYYYMMDD format and this has to be converted to DD-MM-YYYY format.   Paste the data in Excel and use the function Data  Text to columns whereby a comma has to be set as 

separation sign.   Save the Excel document as an .CSV document.   Make a .txt document with the same name as the .csv document.   Make sure the information as presented in Figure B.6 is in this document.   Save this document as a .def document with the same name as the .csv document.  Change the document settings of the .csv document to a .txt document.   Open the Energy Plus weather converter and select the .txt document.   Use the override default type to change the data type to custom data format, see Figure B.7.   Set the output file as .epw file and save the created document.   Now you can use your own created weather file in IES VE. 

 
 
  
  

Figure B.6 – Pre-sets for creating the weather file in Energy Plus.  

Figure B.7 – Energy Plus weather converter.  
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C. Model complexities 
Three different model complexities were created to investigate the needed level of complexity in order to achieve 
accurate performance predictions. The lowest model complexity is at room level, the second model complexity is at 
floor level and the highest model complexity is at building level.  
 
Table C.1 – Square meters of the different complexities. 

 
 
  

Model complexity Square meters 
Complexity 1 - Office 392 m2 
Complexity 2 - Floor 1.175 m2 
Complexity 3 - Building 7.550 m2 

Figure C.1 – Model complexity 1, office level. Left a visualization and right a floor plan.  

Figure C.3 – Model complexity 2, floor level. On top a visualization and beneath that a floor plan.  

Figure C.2 – Visualization of model complexity 3 the whole building.  
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D. Uncertainty range parameters  
Table D.1 shows the list with input parameters and their minimum and maximum variability. The sections afterwards 
explain how this range is defined.   
 
Table D.1 – Uncertainty range of the input parameters for the model  

Scenario uncertainty Base case Minimum Maximum Unit 
Sensible gain by occupants 90 80 100 W/person 
Sensible gain by appliances 10 5 15 W/m2 
Sensible gain by lighting 8 5 10 W/m2 
Occupancy density office 10 15 7 m2/person 
Occupancy density restaurant 8 12 5 m2/person 
Occupancy hours 7:00-18:00 9:00-16:00 6:00-20:00 hours 
Appliance power density 10 5 15 W/m2 
Lighting power density 8 5 10 W/m2 
DHW consumption 0.15 0.10 0.30 l·h·person 
HVAC operation hours 6:00-18:00 8:00-18:00 4:00-20:00 hours 
Heating setpoint during office hours 21 20 22 ºC 
Cooling setpoint during office hours 24 23 25 ºC 
Design parameter uncertainty      
g-value windows 0.67 0.63 0.71 - 
Infiltration 0.8 0.6 1.0 l/(s·m2·fac) 
External wall conductivity Base -5% +5% % 
External wall density Base -1% +1% % 
External wall specific heat Base -12.25% +12.25% % 
Ground floor conductivity Base -5% +5% % 
Ground floor density Base -1% +1% % 
Ground floor specific heat Base -12.25% +12.25% % 
Roof conductivity Base -5% +5% % 
Roof density Base -1% +1% % 
Roof specific heat base -12.25% +12.25% % 
Ventilation rate office 1.60 1.52 1.76 l/s/m2 
Ventilation rate restaurant 5.55 5.27 5.83 l/s/m2 
Efficiency heat recovery 60 57 63 % 
Seasonal efficiency heat pump 1.5 1.43 1.58 - 
SCoP (heating) 1.3 1.24 1.37 kW/kW 
Seasonal EER 1.5 1.43 1.68 kW/kW 
SSEER 1.1 1.05 1.16 kW/kW 
Heat rejection (pump and fan power) 5.0 4.75 5.25 % rejected heat 
SFP (Restaurant) 1.83 1.74 1.92 W/l/s 
SFP (Office) 1.61 1.53 1.69 W/l/s 
Heating unit capacity 45 43 47 W/m2 
Cooling unit capacity 38 36 40 W/m2 
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Sensible gains 
Uncertainties in causal gains can be related to; measurement 
errors, task performance and activity description (Macdonald 
2002b). The sensible gains of the occupants, appliances and 
lighting in the building are determined with the knowledge of 
consultants working in the design process of Strukton 
Worksphere. The metabolic rate normally used for building 
performance simulations differs from 80 to 100 W/person. This is 
within the metabolic rate for office work according to Fanger. The 
sensible gains by the appliances and lighting are defined based on 
the range of the power consumption of these parameters.  
 
Occupancy 
The input variables for the other user scenario parameters are determined based on experience of consultants in 
the design as well as the exploitation phase. This is applicable for the power densities for appliances and lighting, 
occupancy densities, occupancy hours, DHW consumption, operation hours of the HVAC system and heating and 
cooling setpoints. Determining the uncertainty range of these parameters is done based on experience with office 
buildings like the case-study building.  
 
Infiltration 
The infiltration is strongly correlated with the quality of the building construction, the usage of the building, the 
weather conditions and the local climate. The infiltration rate of the building is calculated with ISSO publication 53 
and NEN 8088-1. The variation of the infiltration is also determined by the classification schemes of these standards.  
 
The qv10,kar value is calculated in the EPU and was determined to be 0.3 dm3/sm2. With this value the infiltration can 
be determined with Table D.2. As can be seen the infiltration for the case study building is 0,00077 m3/(s·m2gevelopp.). In practice infiltration is often not known or measured. Therefore is based on assumptions chosen to vary the 
infiltration from 0.6 to 1.0 with an base case value of 0.8 dm3/(s·m2gevelopp). 
Table D.2 – Infiltration according ISSO publication 53.  

 Infiltration for an office building [m³/(s·m²gevelopp.)] 
qv10,kar  [dm³/(s·m²gebruiksopp.)
] 

Building height [m] 
3 m 6 m 12 m 20 m > 30 m 

< 0.20 0.00026 0.00034 0.00043 0.00051 0.00062 
0.20 - 0.40 0.00039 0.0005 0.00063 0.00077 0.00092 
0.40 - 0.60 0.00064 0.00082 0.00103 0.00126 0.00149 
0.60 - 0.80 0.00088 0.00111 0.0014 0.00172 0.00200 
0.80 - 1.00 0.00109 0.00138 0.00175 0.00213 0.00251 
> 1.0 0.00118 0.00151 0.00189 0.00232 0.00273 

 
HVAC system characteristics 
For the different input parameters used to describe the efficiencies of the HVAC system it is more difficult to 
determine the uncertainty range. It is hard to find any information of these specific systems in literature. Beside that 
manufacturers do not measure the efficiencies in that detail and the building owners also do not register enough 
information to determine the uncertainty of these parameters. Therefore we chose to assume an uncertainty of 5% 
for all these parameters. The uncertainty range so is formed around the base case value with -5% and +5%. Probably 
this range is a bit small and the uncertainties might be higher in practice.  
 
Material properties 
The uncertainty distribution of thermophysical material properties is assessed by different studies (Breesch & 
Janssens 2010; Clarke & Yaneske 2009; Domínguez-Muñoz et al. 2010). Nevertheless this information is mostly 
unusable due to the fixed range which does not match with the design input of the constructions. (Macdonald 
2002a) introduces uncertainties in percentages for the conductivity, density and specific heat respectively; 5%, 1% 
and 12,25%. These percentages are applied to the known design material properties, creating a range around the 
base case value. Table D.3, Table D.4 and Table D.5 present the uncertainty range for each material in the different 
outer constructions.  

Figure D.1 -  Metabolic rate data according to Fanger [W] 
Source: Macdonald (2002). 
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Table D.3 – Uncertainty range defined for each material in the external wall construction.  

External wall 
  

Conductivity [W/mK] Density [kg/m3] Specific heat capacity [J/kgK] 
min base max min base max min base max 

1 clay tile 0.418 0.440 0.462 990 1000 1010 735 840 945 
2 insulation 0.033 0.035 0.037 34.65 35 35.35 735 840 945 
3 cavity  -   -   -  
4 concrete 1.805 1.900 1.995 2475 2500 2525 735 840 945 
5 gypsum 0.152 0.160 0.168 792 800 808 735 840 945 

 
 
Table D.4 – Uncertainty range defined for each material in the ground floor construction.  

Ground floor 
  

Conductivity [W/mK] Density [kg/m3] Specific heat capacity [J/kgK] 
min base max min base max min base max 

1 tiles 1.235 1.300 1.365 1980 2000 2020 735 840 945 
2 PUR 0.022 0.023 0.024 29.7 30 30.3 1286 1470 1653 
3 concrete 1.330 1.400 1.470 2277 2300 2323 735 840 945 
4 concrete 1.805 1.900 1.995 1980 2000 2020 735 840 945 

 
 
Table D.5 – Uncertainty range defined for each material in the roof construction.  

Roof 
  

Conductivity [W/mK] Density [kg/m3] Specific heat capacity [J/kgK] 
min base max min base max min base max 

1 felt 0.162 0.170 0.179 1188 1200 1212 1286 1470 1653 
2 insulation 0.033 0.035 0.037 34.65 35 35.35 735 840 945 
3 concrete 1.805 1.900 1.995 2475 2500 2525 735 840 945 
4 cavity          
5 ceiling 0.038 0.040 0.042 34,65 35 35,35 735 840 945 
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E. Results static performance gap 
Table E.1, Table E.2 and Table E.3 show the results of the simulations for the three different model complexities. 
The results of complexity 1 and complexity 2 in Table E.1 and Table E.2 are multiplied with the total square meters 
of the building, so that the results can be compared evenly with the results of complexity 3 and the operational 
measurements in Table E.3 and Table E.4. 
 
Table E.1 – Simulation results for complexity 1 (office) multiplied by the total square meters of the building.  

Complexity 1 (Office)  
  

Gas consumption Electricity consumption CO2 emission 
[MWh] [MWh] [kg] 

2011 319 427 285924 
2012 371 429 297028 
2013 413 427 304419 
2014 303 427 283192 
2015 340 428 290708 
2016 375 433 300045 

 
Table E.2 – Simulation results for complexity 2 (floor) multiplied by the total square meters of the building. 

Complexity 2 (Floor)  
  

Gas consumption Electricity consumption CO2 emission 
[MWh] [MWh] [kg] 

2011 318 415 279725 
2012 370 417 290823 
2013 416 416 298820 
2014 303 416 277064 
2015 340 417 284705 
2016 373 421 293533 

 
Table E.3 – Simulation results for complexity 3 (building). 

Complexity 3 (Building)  
  

Gas consumption Electricity consumption CO2 emission 
[MWh] [MWh] [kg] 

2011 355 412 284944 
2012 411 414 296874 
2013 459 412 305357 
2014 339 412 282145 
2015 378 413 290103 
2016 416 418 300032 

 
Table E.4 – Operational measurements of the building. 

Operational measurements  
  

Gas consumption Electricity consumption CO2 emission 
[MWh] [MWh] [kg] 

2011 1007 538 477116 
2012 774 562 444694 
2013 722 581 444923 
2014 500 529 374835 
2015 533 539 386117 
2016 592 556 406535 
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In Table E.5, Table E.6 and Table E.7 the performance gap is calculated for respectively complexity 1, 2 and 3.  
 
Table E.5 – Calculated performance gap for complexity 1 (office).  

Performance gap Complexity 1 (Office)  
  Gas consumption Electricity consumption CO2 emission 
2011 68% 21% 40% 
2012 52% 24% 33% 
2013 43% 27% 32% 
2014 39% 19% 24% 
2015 36% 21% 25% 
2016 37% 22% 26% 
Average 46% 22% 30% 

 
Table E.6 – Calculated performance gap for complexity 2 (floor). 

Performance gap Complexity 2 (Floor)  
  Gas consumption Electricity consumption CO2 emission 
2011 68% 23% 41% 
2012 52% 26% 35% 
2013 42% 29% 33% 
2014 39% 21% 26% 
2015 36% 23% 26% 
2016 37% 24% 28% 
Average 46% 24% 31% 

 
Table E.7 – Calculated performance gap for complexity 3 (building). 

Performance gap Complexity 3 (Building)  
  Gas consumption Electricity consumption CO2 emission 
2011 65% 24% 40% 
2012 47% 26% 33% 
2013 36% 29% 31% 
2014 32% 22% 25% 
2015 29% 23% 25% 
2016 30% 25% 26% 
Average 40% 25% 30% 

 
In Table E.8 the reduction of the gas consumption over the years is calculated. This is done by calculating the gas 
consumption per degree day. By comparing this consumption per degree day over the years the reduction can be 
determined.  
 
Table E.8 – Calculated reduction of the gas consumption.  

Reduction Gas consumption 
  Gas [MWh] Degree days Gas/Degree day Reduction Percentage 
2011 1007 2587 0,39   
2012 774 2897 0,27 0,12 31% 
2013 722 3072 0,23 0,03 12% 
2014 500 2406 0,21 0,03 12% 
2015 533 2664 0,20 0,01 4% 
2016 592 2770 0,21 -0,01 0% 
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F. Results Sensitivity Analysis 
The sensitivity caused by the single parameters for the CO2 emission is shown in Figure F.1 and Figure F.2. 
 

 
Figure F.1 – Sensitivity scenario uncertainties on the CO2 emission of the building.  

 
Figure F.2 – Sensitivity design parameter uncertainties on the CO2 emission of the building.  
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The sensitivity caused by the single parameters for the heating energy is shown in Figure F.3 and Figure F.4. 
 

 
Figure F.3 – Sensitivity scenario uncertainties on the heating energy of the building.  

 
Figure F.4 – Sensitivity design parameter uncertainties on the heating energy of the building.  
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The sensitivity caused by the single parameters for the heating energy is shown in Figure F.5 and Figure F.6. 
 

 
Figure F.5 – Sensitivity scenario uncertainties on the cooling energy of the building.  

 
Figure F.6 – Sensitivity design parameter uncertainties on the cooling energy of the building.  
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G. Results Mann-Whitney U test 
Electricity parameters 
The results of the local sensitivity analysis show that the, HVAC operation hours, lighting power density, appliance 
power density, occupancy hours, specific fan power of the air handling unit and the ventilation rate of the office are 
the most influential parameters for the electricity consumption. With these parameters all possible combinations of 
their minimum and maximum value are combined and calculated. Figure G.2 and Figure G.1 show the minimum and 
maximum range of the scenarios for the different parameters. Table G.1 presents the results of the Mann-Whitney-
Wilcoxon test.  

 

 
 
   
   
 
 
 
 
 

 
Table G.1 – Results Mann-Whitney-Wilcoxon test for the electricity consumption.  

 
 
 
 
 

  p-value z-value h ranksum 1-p value 
Cooling setpoint 0,83 0,21 0 4237 0,17 
HVAC operation hours 0,04 -2,07 1 3692 0,96 
Occupancy hours 0,00 -8,20 1 2407 1,00 
Ventilation rate Office 0,47 -0,72 0 3975 0,53 
Lighting power density 0,00 -3,18 1 3460 1,00 
Appliance power density 0,00 -4,83 1 3115 1,00 
SFP Office 0,45 -0,75 0 39705 0,55 

Figure G.2 – Uncertainty range of the results for all minimum scenarios and all maximum scenarios for the different parameters. Blue = minimum, orange = maximum. 

Figure G.1 – Uncertainty range of the results for all minimum scenarios and all maximum scenarios for the different parameters. Blue = minimum, orange = maximum. 
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Gas parameters 
The results of the local sensitivity analysis show that the, HVAC operation hours, heating setpoint, cooling setpoint, 
SCoP of the heating system, efficiency heat recovery and the infiltration are the most influential parameters for the 
gas consumption. With these parameters all possible combinations of their minimum and maximum value are 
combined and calculated. Figure G.3 and Figure G.4 show the minimum and maximum range of the scenarios for 
the different parameters. Table G.2 presents the results of the Mann-Whitney-Wilcoxon test 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Table G.2 - Results Mann-Whitney-Wilcoxon test for the gas consumption.  

 
 
 
 
 

  p-value z-value h ranksum 1-p value 
HVAC operation hours 0,00 -2,93 1 821 1,00 
Heating setpoint 0,00 -4,83 1 680 1,00 
Cooling setpoint 0,08 1,75 0 1171 0,92 
SCoP Heating system 0,08 1,76 0 1172 0,92 
Efficiency heat recovery 0,35 0,93 0 1110 0,65 
Infiltration 0,00 -4,40 1 712 1,00 

Figure G.3 – Uncertainty range of the results for all minimum scenarios and all maximum scenarios for the different parameters. Blue = minimum, orange = maximum.   

Figure G.4 – Uncertainty range of the results for all minimum scenarios and all maximum scenarios for the different parameters. Blue = minimum, orange = maximum. 
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H. Uncertainty range 
The minimum and maximum range of the results is calculated by running simulations with all parameters on their minimum 
and all parameters on their maximum level. However, the minimum or maximum effect deviates per parameter and differs 
for the electricity and gas consumption. Table H.1 shows the input for each parameter for the different scenarios.  
Table H.1 – Input for the different parameters to calculate the minimum and maximum of the uncertainty range. 

 Electricity consumption Gas consumption 
Scenario uncertainties Minimum Maximum Minimum Maximum 
Sensible gain by occupants  80 100 100 80 
Sensible gain by appliances  5 15 15 5 
Sensible gain by lighting  5 10 10 5 
Occupancy density office 15 7 7 15 
Occupancy density restaurant 12 5 5 12 
Occupancy hours 9:00-16:00 6:00-20:00 6:00-20:00 9:00-16:00 
Appliance power density 5 15 - - 
Lighting power density 5 10 - - 
DHW consumption 0.1 0.3 - - 
HVAC operation hours 8:00-18:00 4:00-20:00 8:00-18:00 4:00-20:00 
Heating setpoint  20 22 20 22 
Cooling setpoint  25 23 25 23 
Design parameter uncertainty     
g-value windows 0.63 0.71 0.63 0.71 
Infiltration 1.0 0.6 1.0 0.6 
External wall conductivity - - -5% 5% 
External wall density - - - - 
External wall specific heat - - 12.25% -12.25% 
Ground floor conductivity - - -5% 5% 
Ground floor density - - - - 
Ground floor specific heat - - 12.25% -12.25% 
Roof conductivity - - -5% 5% 
Roof density - - - - 
Roof specific heat - - 12.25% -12.25% 
Ventilation rate office 1.52 1.68 1.52 1.68 
Ventilation rate restaurant 5.27 5.83 5.27 5.83 
Efficiency heat recovery - - 0.63 0.57 
Seasonal efficiency heat pump - - 1.43 1.58 
SCoP (heating) - - 1.24 1.37 
Seasonal EER 1.43 1.58 1.58 1.43 
SSEER 1.16 1.05 1.16 1.05 
Heat rejection  4.75 5.25 5.25 4.75 
SFP (Restaurant) 1.74 1.92 - - 
SFP (Office) 1.53 1.69 - - 
Heating unit capacity - - 43 47 
Cooling unit capacity - - 36 40 
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I. Converting factors 
Agentschap NL advises the following formula to correct the measured energy consumption in the charging period 
to the energy consumption based on the assumptions made in the baseline period. It is therefore necessary to define 
the dependence factor fn and measure the values for NICP for example the occupants per day.  
 

, = 1 − + ∙                                       (2) 
 

,   =  corrected energy consumption 
  = energy consumption charging period 

  = dependence of occupants per day 
  = number of occupants per day baseline 
  = number of occupants per day charging period  

 
Defining this dependence factor is however very difficult.  
Table I.1 shows the user scenario parameters for which the energy consumption has to be corrected and the 
calculated dependence factors. As can be seen we were not able to calculate the dependence factor for the heating 
and cooling setpoint yet.  
 
Table I.1 – Dependence factor for several parameters.  

 Gas consumption Electricity consumption 
Number of occupants per day: 
- Occupancy density office 
- Occupancy density restaurant 
- Appliance power density 
- Lighting power density 
- DHW consumption 

0.14 0.36 

Occupancy hours: 
- HVAC operation hours 
- Occupancy hours 

0.1 0.53 (min) 
0.85 (max) 

Weather conditions  
- Heating and cooling setpoint 

  
 
Table I.2 and  show the calculation for the dependence factor of the number of occupants for respectively the 
electricity and gas consumption. First the electricity consumption is calculated with the baseline occupancy. After 
that a simulation without any occupants is done. In this way the electricity or gas consumption caused by occupants 
can be calculated.  
 
Table I.2 – Defining the electricity consumption due to occupancy. 

NEN5060 – total electricity consumption 410   
Electricity consumption due to occupancy 148 MWh 36% 
Electricity consumption not due to occupancy 262 MWh 64% 
weather file 2016 – total electricity consumption 416   
Electricity consumption due to occupancy 150 MWh 36% 
Electricity consumption not due to occupancy 266 MWh 64% 
weather file 2015 – total electricity consumption 411   
Electricity consumption due to occupancy 148 MWh 36% 
Electricity consumption not due to occupancy 263 MWh 64% 
weather file 2014 – total electricity consumption 410   
Electricity consumption due to occupancy 148 MWh 36% 
Electricity consumption not due to occupancy 262 MWh 64% 
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Table I.3 – Defining the gas consumption due to occupancy.  

NEN5060 – total gas consumption 472   
Gas consumption due to occupancy 88 MWh 19% 
Gas consumption not due to occupancy 383 MWh 81% 
weather file 2016 – total gas consumption 471   
Gas consumption due to occupancy 57 MWh 12% 
Gas consumption not due to occupancy 414 MWh 88% 
weather file 2015 – total gas consumption 438   
Gas consumption due to occupancy 62 MWh 14% 
Gas consumption not due to occupancy 376 MWh 86% 
weather file 2014 – total gas consumption 399   
Gas consumption due to occupancy 62 MWh 16% 
Gas consumption not due to occupancy 337 MWh 84%     
Average gas consumption due to occupancy 14% 

 
Table I.4 shows the calculation for the dependence factors for the HVAC operation hours. First a baseline calculation 
is made (HVAC operation per day = 11 hours). After that the minimum and maximum scenario with respectively 7 
and 14 HVAC operation hours per day are calculated. With these results is tried to find a linear relationship between 
these different scenarios. We tried to calculate the dependence factor with the use of formula 2 and the best 
approach of the baseline consumption. For the electricity consumption no linear relationship can be found between 
the HVAC operation hours and the electricity consumption. The dependence factor is different when having less 
HVAC operation hours or more HVAC operation hours.  
 
Table I.4 Defining the gas and electricity consumption due to HVAC operation hours. The left part shows the results and the calculated dependence factor.  
The right side shows the approach of the baseline consumption when using formula 2 and the calculated dependence factor.  

 2014  2014 
  electricity gas hours  Electricity Gas  
baseline 410 338 11    
min 315 318 7  411 336 
max 502 344 14  410 336 
        
fn 0.53 0,1     
  0.85      
2015  2015 
  electricity gas hours    
baseline 411 377 11    
min 316 355 7  411 375 
max 503 383 14  411 375 
        
fn 0.53 0,1     
  0.85      
2016  2016 
  electricity gas hours    
baseline 416 415 11    
min 320 390 7  417 412 
max 509 423 14  416 414 
        
fn  0.53 0,1     
  0.85      


