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Abstract 
 
With the increased global concerns on climate change, housing developers are under an obligation to 

move towards energy-efficient buildings. In the Netherlands, this resulted in a trend towards highly 

insulated dwellings which are more prone to overheating and therefore increased adverse health 

effects for the occupants. Despite this knowledge, little attention has been given to the prevention of 

overheating which resulted in residential buildings that mostly rely on cooling by natural ventilation. 

However, as the outdoor temperatures are likely to increase in the future, ventilative cooling may not 

provide a significant cooling benefit. Therefore, mechanical cooling may become necessary to 

maintain the thermal comfort, but is usually ignored as it comes with an additional consumption. 

 

Given the prospect of increased overheating risks in the future, it is important to assess the 

performance of ventilative and mechanical cooling to avoid overheating risks. Therefore, the 

following research question has been drawn up: “Is mechanical cooling the ultimate cooling strategy for 

residential zero energy buildings to avoid overheating risks in the future?”. In order to answer this 

question, a comparative assessment is performed of ventilative and mechanical cooling using 

building performance simulations. The proposed methodology is generic which means that it can be 

applied to various residential buildings. In this study, the methodology has been applied on a case 

study building representing an existing detached house that needs to be renovated into a zero energy 

building. A design space has been formed varying in different building parameters such as 

insulation level, energy generation system and cooling strategy. The performance of these design 

variants is assessed in the field of thermal comfort, energy, and cost, for different scenarios that 

include the climate, household size, and the occupant behavior. 

 

The simulation results show that the prevention of overheating by the use of ventilative cooling is 

very dependent on the occupant behavior since overheating is mainly caused by high internal heat 

gains which cannot be discharged due to too low natural air flow rates. This is especially true for 

buildings with highly insulated building envelopes. A worrying development is that in the future 

there are an increasing number of extremely hot days on which ventilative cooling is unusable. 

Mechanical cooling prevents these overheating risks at negligible investment cost, but comes with an 

increased electricity consumption of 3 - 15%, and therefore increased operating cost. Through the use 

of PV panels, up to 64% of this additional consumption can be fulfilled by on-site generated 

electricity which would normally be exported into the grid. This means that mechanical cooling 

improves the on-site energy matching. However, the use of larger PV systems reduces the yearly 

match since the additionally generated electricity is often useless when no cooling is needed. This 

means that larger PV systems are not always economically beneficial when no feed-in tariff is taken 

into account. The findings from this study are translated into practical implications based on the 

preferences of a single decision maker. From a house owner’s perspective, it is recommended to 

minimize the amount of insulation since it is economically not profitable to invest in the building 

envelope. This also reduces the overheating risks when using ventilative cooling. Mechanical cooling 

is recommended in an urbanized environment due to a limited utilization of natural ventilation 

through the external windows. Ventilative cooling is recommended in rural environments since the 

natural ventilation through windows can be fully utilized. However, this does not apply to 

households with high internal heat gains and who less actively utilize the external windows. 
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Terminology and definitions 
 
Adaptive overheating criteria include the adaptation of the occupants in the assessment of the 

thermal comfort based on the outdoor temperatures to which they have recently been exposed. 

Air circulation pattern is the displacement of air in the atmosphere which determines the way in 

which heat is distributed across the earth's surface by convection. 

Air circulation rate is a measure of how fast the air is replaced within the building by natural 

ventilation through the windows or by mechanical means.  

ALPHA buildings are buildings where adaptation to the outdoor climate plays an important role in 

the perception of the indoor thermal climate. 

BETA buildings are buildings where adaptation to the outdoor climate plays a less important role in 

the perception of the indoor thermal climate. 

Boxplot is a graphical representation of a five-number statistical summary of the observed data which 

consist of the minimum, the first quartile, median, third quartile and the maximum. 

Building typology divides buildings into groups based on one or more corresponding characteristics, 

such as dimensions and shape (e.g. terraced house). 

Behavior scenario represents the occupant behavior which includes their presence, temperature 

setpoints, ventilation setpoints, heat gains, DHW consumptions and shading control. 

Case study building represents a dwelling on which the methodology has been applied. 

Climate change results in a global temperature rise mainly due to greenhouse gasses in the 

atmosphere such as CO2. Scientists agree that humans are largely responsible for global warming. 

Climate scenario describes the future climate taking into account a certain atmospheric GHGs 

concentration. 

Comfort region is the region between the lower and upper-temperature limit according to the 

(adaptive) comfort model. The indoor temperature must remain within this region to maintain a 

good thermal comfort. 

Cross ventilation is the ventilation through openings on different sides of a building. 

Dead band is a region around the temperature setpoint in which no actions are performed. Between 

the deadband limits, the system can be on or off, depending on the preliminary stage.  

Decision maker is one of the actors who takes decisions during the design process of the building. 

Design variants are variants of a building which differ in building parameters such as the 

orientation, envelope quality, PV surface area, cooling strategy and heat pump capacity.  

Electricity surplus is the yearly on-site generated energy minus the yearly energy consumption. 

Energy label is designed according to European directives and shows how environmentally friendly a 

building is. 
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Envelope quality describes the performance of the envelope and consists of the thermal resistance of 

the roof, walls and ground floor, the heat transfer through the windows and the airtightness. 

Global average temperature is the average temperature of thousands of measurements from weather 

stations over land areas of the world in combination with thousands of sea surface measurements 

taken from ships. 

Global costs are the summation of the investment costs, replacement costs, maintenance costs and 

operating costs for a 30-year period based on (Mohamed Hamdy et al., 2013). In this research study, 

the additional investment costs are used instead of the total investment costs. 

Heat wave is the name for a period in which the temperature during five consecutive days does not 

fall below 25°C. Also, at least three of those days have to be 30°C or warmer. 

Internal heat gain is heat produced in the building by persons, lighting and appliances. 

Latent heat from people and equipment added to the space is an instantaneous cooling load. 

Long-wave radiation is located in the infrared region and contains less energy than short-wave 

radiation. The sun emits short-wave radiation which is absorbed by materials on earth, and then, re-

emitted as long-wave radiation in the form of infrared rays. 

Mechanical cooling is heat removal through the use of refrigeration based systems. 

Metabolism is a process in which food is converted into heat (and labor), described by the amount of 

energy released per m2 of skin per unit of time. 

Neutral comfort temperature is the temperature of the immediate environment in which a standard 

healthy adult will be thermally neutral or in which the largest proportion of a group of people will be 

comfortable. 

Night-purge ventilation uses natural ventilation during the night through the opening of windows. 

This reduces the indoor temperature and cools down the building construction. This results in a 

lower maximum daytime temperature and therefore also a lower cooling demand. 

Occupant scenario is the combination of a certain behavior scenario and household size. 

On-site generated energy is generated at the location of the building, rather than renewable energy 

imported from distribution grids (e.g. by solar and wind power). 

On-site Energy Fraction (OEF) indicates the proportion of the total building load covered by on-site 

generated energy. 

On-site Energy Matching (OEM) indicates the proportion of on-site generated energy that is directly 

used by the building rather than being dumped or exported. 

Operative temperature combines air temperature and mean radiant temperature into a single value 

that accounts for their joint effect. 

Overheating occurs when the temperature limit, described by a comfort model, is exceeded. 

(Weighted) overheating hours are the hours when the indoor temperature exceeds the temperature 

limit defined by a thermal comfort model. Weighted overheating hours are overheating hours 

multiplied by a weighting factor for every excess degree than the allowable indoor temperature.  
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Normalized performance data is the capacity and power of a heat pump system for different 

conditions which are divided by the capacity and power at the rated condition. 

Performance indicators are variables that are used to analyze the performance of the design variants. 

These variables can cover various areas (e.g. energy, thermal comfort and cost). 

Performance spread is the total spread of a boxplot (the difference between the minimum and 

maximum value) and represents the influence of the occupants on certain the performance. 

Purge ventilation is the ventilation of rooms at a relatively high flow rate to reduce the indoor 

temperature or rapidly dilute pollutants and or water vapor. 

Real interest rate is the interest rate adjusted for inflation. 

(Modified) reference buildings are developed by the government and are a good reflection of the 

current building production which includes the latest information on the development of supply, 

marketing and production of new homes in the Netherlands. A modified reference house is adjusted 

based on experiences in highly energy-efficient homes. 

Refrigeration based system moves heat from one location to another driven by work. 

Sensible heat is the heat that is first absorbed by the surroundings and then released into the air 

increasing its temperature, and therefore a time-delayed cooling load. 

Running mean outdoor temperature is the average temperature over a longer period. 

Static overheating criteria assess overheating risks inside dwellings by calculating the number of 

hours above a fixed temperature threshold. 

Single-sided ventilation is the ventilation of rooms where openings are only present along one side. 

Thermal comfort can be described as “a state of mind that expresses satisfaction with the thermal 

environment” (Peeters et al., 2009), and thus describes the psychological state of a person that 

indicates whether someone is hot or cold. 

Thermal mass is the ability of a structural element to store energy in the form of heat which 

especially dependents on the material. 

Thermoregulatory system maintains the human body at a temperature around 37°C. This is done by 

producing (e.g. shivering) or releasing (e.g. sweating) heat. 

(Calculation) time-step is the time change for which all the different simulation components are 

being solved, simultaneously by a successive substitution method, until the solution is converged. 

Urban heat island is the phenomenon that the average temperature in an urban area is higher than 

in the surrounding rural area. 

Urbanization is the gradual expansion of dense urban areas, as a result of population growth and 

changes in the life pattern of the population. 

Ventilative cooling is the removal of heat through natural ventilation or by mechanical means (i.e. 

pumps or fans, to transport “heat” between a building and a heat sink). 

Zero energy building has a net zero energy consumption, meaning that the total amount of energy 

used on an annual basis is at least equal to the amount of renewable on-site generated energy. 
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Symbols 
 a   discount factor [-] 

a�   corrected discount factor (including the energy price escalation rate) [-] 

�   constant for asymmetrically split around the neutral temperature [-] 

   absorptance [-] 

�   surface area [m2] 

�    capacity constant [-] 

��   specific heat [kJ/kg·K]   

ε   emissivity [-] 

�   energy price escalation rate [%] 

	   efficiency [%] 

EC   imported electricity [kWh] 

�   correction factors for the altitude of the installation [-] 

��   correction factors for the water velocity [-] 

�    on-site generated power [kW] 

��   global costs [€] 

���   investment costs of design variable � [€]  

λ   thermal conductivity [W/m·K] 

�    load power [kW] 

�   mass flow rate [kg/h] 

�   metabolism [W/m2] 

��   maintenance costs [€] 

�   time [years] 

   capacity exponent [-] 

������   number of pipes [-] 

��     operating costs [€/30 years] 

���    on-site energy fraction [-] 

���    on-site energy matching [-] 

ρ   density [kg/m3] 

P   pressure [pascal] 
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electricity price [€/kWh] 

�� !;���#   infiltration rate at 10 Pascal pressure difference [dm3/(s·m2)] 

�$���%&   design capacity [kW] 

'   energy transfer [kJ/h] 

(   real interest rate [%] 

)   thermal resistance [m2·K/W] 

)�*+  (0°)    solar reflectance perpendicular to the glass 

)��   replacement costs of design variable � [€/ 30 years] 

01�� (2 − 4567�) solar heat gain coefficient [-] 

0�   shading coefficient [-] 

8    instantaneous time [s] 

9    temperature [°C]  

9�,;�<   running mean outdoor temperature [°C] 

9&   neutral comfort temperature [°C] 

9=*$> arithmetic average of today’s maximum and minimum external temperature 

[°C] 

9=*$>?& arithmetic average of the maximum and minimum external temperature of 

the day, n days before today [°C] 

9@���;   upper limit of the comfort region [°C] 

9+*A�;   lower limit of the comfort regrion [°C] 

9�*+  (0°)    solar transmittance perpendicular to the glass 

9��� (0°)     visible transmittance perpendicular to the glass 

B    heat transfer coefficient [W/m2·K] 

B�   overall average heat transmission of a gross area [W/K] 

4    air/water velocity [m/s] 

C   volume [m3]  

   air flow rate [dm3/s]  

D   width of the comfort region [°C] 
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Abbreviations 
 
2050    future climate scenario 

a.   annual 

ACH    air changes per hour 

ANSI    American National Standards Institute 

Appl.   appliances 

ASHRAE  American Society of Heating, Refrigerating and Air 

Conditioning Engineers  

ATL    adaptive temperature limit (Dutch: Adaptieve Temperatuur Grenswaarde) 

BESTTEST  Building Energy Simulation Test 

BPS   Building Performance Simulation 

BR   bedroom 

BSEN   British Standard European Norm 

Cap.   capacity 

Cat.   category 

CIBSE   Chartered Institution of Building Services Engineers 

CH4   methane 

CO2   carbon dioxide 

COP   Coefficient Of Performance 

DHW domestic hot water 

Elec. electricity 

EPS expanded polystyrene 

E-W east-west 

Exp    exponential function 

Fig. figure 

G climate scenario with a moderate increase of the global mean temperature 

excl. changes in the airflow over the Atlantic Ocean and Western Europe.  

G+ climate scenario with a moderate increase of the global mean temperature 

incl. changes in the airflow over the Atlantic Ocean and Western Europe. 

GHG(s)  greenhouse gas(es) 

Hor.   horizontal  

HR++   double glazing with reflective coating, argon filling and a wide cavity. 
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hr.   hour 

HX   heat exchange 

ISO   International Organization for Standardization 

ISSO Institute for Study and Promotion of Research in the field of building 

installations (Dutch: Instituut voor Studie en Stimulering van Onderzoek op 

het gebied van gebouwinstallaties) 

HVAC   heating, ventilation, and air conditioning 

IPCC   International Panel on Climate Change 

KNMI  Royal Dutch Meteorological Institute (Dutch: Koninklijk Nederlands 

Meteorologisch Instituut) 

Light. lighting 

LR   living room 

min.   minutes 

mo.   month 

N2O   nitrous oxide 

NEN Netherlands Standardization Institute (Dutch: Nederlands Normalisatie 

Instituut) 

N-S   north-south 

nZEB    nearly zero energy building 

NZEB   net zero energy building 

OEF    on-site energy fraction 

OEM    on-site energy matching 

Pc.   piece 

PHI    Passive House Institute 

PMV   predicted mean vote 

Pow.   power 

PPD   predicted percentage of dissatisfied 

PUR   polyurethane 

PV    photovoltaic  

Ref.   reference climate scenario 

RVO Netherlands Enterprise Agency (Dutch: Rijksdienst voor Ondernemend 

Nederland) 

SAP    Standard Assessment Procedure (for Energy Rating of Dwellings) 
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SEL   Solar Energy Laboratory 

Temp.   temperature 

TO temperature exceeding (Dutch: temperatuur overschrijding) 

TRV thermostatic valve 

TRNSYS TRaNsient Systems Simulation program  

UHI(s) urban heat island(s) 

UK   United Kingdom 

VAT   value-added tax 

W  climate scenario with a strong increase of the global mean temperature excl. 

changes in the airflow over the Atlantic Ocean and Western Europe. 

W+ climate scenario with a strong increase of the global mean temperature incl. 

changes in the airflow over the Atlantic Ocean and Western Europe. 

WinID   window identification number (TRNSYS) 

WTO weighted temperature exceeding (Dutch: gewogen temperatuur 

overschrijding) 

Y yes 

ZCH Zero Carbon Hub 

Σ total 
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1 Introduction 
 

1.1 Background information 

1.1.1 Global warming 

Among climate scientists, it is undisputed that the average global temperature has increased during 

the last decades of the 20th century (Fig. 1). The last reports of the Intergovernmental Panel on 

Climate Change (IPCC), which evaluated calculation models, predict that the temperature on Earth 

will rise with 2.4 to 4.3°C above pre-industrial levels in 2100 (IPCC, 2014). However, this rise in 

temperature can be limited to 1.6 °C, if an ambitious program is enforced to reduce the emissions of 

greenhouse gasses (GHGs). According to the IPCC, a temperature increase of more than 1.5°C will 

result in major changes for humans and the environment, including rising sea levels, periods of 

increased drought and extreme heat. 

The IPCC concluded that human activity is the major cause of global warming by stating that: 

“Human influence has been detected in warming of the atmosphere and the ocean, in changes in the global 

water cycle, in reductions in snow and ice, in global mean sea level rise, and in changes in some climate 

extremes […]. It is extremely likely that human influence has been the dominant cause of the observed 

warming since the mid-20th century” (IPCC, 2014). This warming is caused by the emission of GHGs, 

such as carbon dioxide (CO2), methane (CH4) and Nitrous Oxide (N2O). Recent research continues to 

show that there is a causality between additional GHG emissions by human activities and the 

temperature increase (Stips et al., 2016). 

Global warming also has its consequences for the climate in the Netherlands. Between 1901 and 

2013, the average temperature in De Bilt increased by 1.8°C (Fig. 2) (Hurk et al., 2014). The bulk of 

this increase, namely 1.4°C, took place between 1951 and 2013. Based on the IPCC research, the 

Royal Dutch Meteorological Institute (KNMI) concluded that the temperature will continue to rise, 

resulting in mild winters and hot summers. Compared to the current climate, the average 

temperature will rise about 1.0 to 2.3°C in 2050 and 1.3 to 3.7°C in 2085 (Tank et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1   Observed global average surface temperatures and 
deviation between 1850 and 2012 (IPCC, 2014). 

Fig. 2   Annual mean temperature at De Bilt. Hor. 
bars: 30-year average (Tank et al., 2015). 
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Furthermore, the climate in the Netherlands is very dependent on the distance to the sea, altitude 

and the differences between landscapes, particularly the difference between the landscape of urban 

and rural areas. An important phenomenon that can develop over urban areas is a so-called urban 

heat island (UHI). These islands emerge primarily because of the geometry of the city which ensures 

that the heat cannot radiate effectively into the space. In addition, a city can contain more heat during 

the day, due to its higher thermal mass. This phenomenon is especially noticeable during the night 

since the air cools down less rapidly in comparison with the surrounding rural areas. The strength of 

the UHI effect is mainly determined by the city size and the weather conditions (KNMI, 2009). 

Although the UHI effect is independent of climate change, several studies indicate that it increases 

the severity of climate change effects (Santamouris et al., 2015). 

1.1.2 Impact of climate change 
Research shows that global warming is likely to have a negative impact on the health of people, 

because of the increased frequency and intensity of heat waves (Haines et al., 2006). Severe health 

effects include mental health consequences, heat exhaustion and heat strokes. Ultimately resulting in 

the failure of the thermoregulatory system (Dengel & Swainson, 2012). Less severe heat-related 

health effects, but not less important, include dehydration, prickly heat, heat cramps, heat edema, 

heat syncope and heat rash (Dengel & Swainson, 2012). Also, a reduced productivity and mental 

concentration are related to excessive heat exposure and are particularly dangerous in combination 

with dehydration (e.g. when your body loses more fluid than you take in). Excessive heat exposure 

does not only have direct adverse health effects, it also comes with indirect health effects due to 

increased sleep fragmentation. Sleep fragmentation initially results in a reduction of the living 

comfort, due to the interruption of sleep (Aries & Bluyssen, 2009) (Bach et al., 2002). But will 

ultimately result in poor health, reduced work productivity, as well as directly impairing the ability to 

recover from daytime heat stress (Buysse et al., 2010) (Kovats & Hajat, 2008). The experienced heat 

stress, during the day and night, also appears to determine the risk of heat-related mortality 

(Abderrezak & P., 2002). The daily mean temperature can be used to determine this risk 

(Vardoulakis & Heaviside, 2012).  

The above-described health effects especially concern for those who are vulnerable to high 

temperatures. This group mainly consists of people which are more likely to spend a higher 

proportion of their time indoors, when compared with the general population. This is mainly due to 

a number of physiological, social and behavioral reasons (Ormandy & Ezratty, 2012) (Kovats & Hajat, 

2008) (Allen & Segal-Gidan, 2009) (Matthies et al., 2008). Examples of this group are infants, 

elderly people, socially isolated persons, urban dwellers, the obese and chronic disease sufferers. 

However, it should be remembered that even healthy individuals are at risk of negative health effects 

when subjected to excessive environmental heat exposure (Havenith, 2002). Furthermore, a 

relatively unknown phenomenon is that persons may feel comfortable at temperatures which are not 

healthy for them. Thus, a good thermal comfort does not necessarily guarantee a healthy living 

environment (J.N. Hacker et al., 2005) (Thomas et al., 1998) (Rouvel, 1997) (World Health 

Organization, 1991) (Ormandy & Ezratty, 2012). 

A practical example of the potential effects of climate change is the European heat wave of 2003, 

where more than 70,000 additional deaths occurred in Europe (Robine et al., 2008). The summer of 

2003 was one of the hottest recorded summers in Europe, and caused a health crisis, and had a 

considerable impact on the agriculture sector. In the Netherlands, the first two weeks of August were 
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exceptionally hot, with a maximum temperature of 37.8°C (only 0.8°C below the national record of 

1706) (KNMI, 2016). It is estimated that in the Netherlands between 1400 and 2000 people died as a 

consequence of the extreme heat. A monitoring study, conducted during the heat wave, observed 

indoor temperatures above 27°C in every room in almost all of the measured dwellings (Wright, A et 

al., 2005). A daily mean internal temperature of 29.9°C was recorded in one of the measured flats, 

with a peak of 39.2°C. A worrying development is that research indicates that a major heat wave, 

such as in 2003, will become more frequent in the future (Beniston, 2004) (Kovats & Hajat, 2008) 

and even a common event by 2040 (G. Jones et al., 2008). 

1.1.3 Overheating risk in residential buildings 
With the increased global concerns on climate change, housing developers are under an obligation to 

move towards more energy-efficient buildings to reduce the total amount of GHG emissions. As a 

result, there has been a significant change in the way houses are being designed and constructed. 

Across (most of) Europe, there has been a strong focus on reducing the thermal transmission losses, 

by adding more insulation to the building and making optimal use of passive solar gains (McLeod et 

al., 2013). However, energy-efficient houses with high insulation levels, are at risk of overheating, 

and therefore can result in adverse health effects for the occupants (Tabatabaei Sameni et al., 2015). 

In 2010 the Zero Carbon Hub (ZCH) cautioned that: “There is some anxiety that homes we are building 

today may be at risk of overheating even in the current climate. Given the prospect of significant warming, 

well within the expected lifetime of homes, this risk will increase with potentially serious consequences” (Zero 

Carbon Hub, 2010). In additions, dwellings designed according to existing standards may become 

increasingly costly to operate and maintain (Plokker et al., 2009). Despite this knowledge, very little 

attention has been given to the thermal comfort and occupant wellbeing for the long term, which 

means taking into account climate change, an aging population, and urbanization (McLeod et al., 

2013). 

Literature suggesting that better-insulated buildings increase overheating risks seems a contradiction 

but can be explained due to the fact that short-wave solar radiation can easily enter the room through 

the glazing. This short-wave radiation is then absorbed by the interior and then sent back into the 

room as long-wave radiation. Long-wave radiation cannot pass through glass, and therefore this 

thermal energy can only be transported to the outside by convection and conduction. Highly 

insulated buildings reduce this heat transfer to the outside, which means that the indoor space will 

overheat more easily during warmer periods. This suggests that highly insulated buildings may not 

be able to cope with the increasing amount of heat waves in the future. On the contrary, uninsulated 

buildings are much less prone to overheating (Dengel & Swainson, 2012).  

Solar radiation is an important factor in the occurrence of overheating, particularly for buildings with 

large glazing areas and/or low thermal mass. In addition, research suggests that zones directly 

underneath a roof, for example, the top floor of an apartment building, are more likely to overheat. 

This is a direct result of the greater impact of solar radiation on the roof (Orme & Palmer, 2003) (J.N. 

Hacker et al., 2005). This is also consistent with a study that concluded that reducing the external 

surface area, exposed to the climatic environment, leads to higher energy efficiency and improved 

thermal comfort during the summer (Taleghani et al., 2014). These findings indicate that some 

building typologies are more sensitive to the outdoor environment and thus less able to respond to 

global warming.  
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The previously described findings are consistent with several measurement studies, which have 

reported overheating issues in passive house buildings located in different European climates. A 

study, where the indoor climate of 10 certified passive houses was measured, shows that in July the 

predefined overheating criteria were exceeded 40% of the time in 2009 and 60% of the time in 2010 

(Larsen & Jensen, 2011). The results of one of the first large-scale national assessments of the 

thermal comfort in English dwellings show that well-insulated houses have a high risk of greatly 

increased indoor temperatures during the summer (Beizaee et al., 2013). In the same study, older 

houses were significantly cooler. In addition, a post-occupant evaluation stresses that respondents 

were less satisfied with the indoor temperatures in zero energy dwellings (Mlecnik et al., 2012). 

The increased overheating risks in well-insulated dwellings are worrying, because of the current 

trend towards highly insulated dwellings, due to stricter buildings regulations. The results from the 

measurement studies were also found in studies that performed computational simulations. Most of 

those studies investigated the impact of future climate change scenarios on the risk of overheating, 

and the primary energy requirement for space heating and cooling. For example, by examining a 

passive house in different climate zones, the future impact of climate change is investigated (McLeod 

et al., 2013). According to the results, the indoor temperature exceeds the predefined temperature 

threshold of 25°C between 5 to 10% of the time in 2050. By 2060 all dwellings exceed the 28°C 

threshold for more than 1% of the year. The study indicates that adaptations are necessary to prevent 

overheating in the future. In addition, the author states that active cooling systems may become 

necessary within the next 30 to 40 years. These findings are consistent with the results from other 

studies, which also state that highly insulated dwellings are more prone to overheating than less 

insulated dwellings. Furthermore, they show that because of climate change, the heating demand 

will decrease and the overheating risks will increase (Taleghani et al., 2014) (Pathan et al., 2008). 

Remarkably, few studies assess the performance of highly insulated houses in a Southern European 

context to investigate the effect of climate change in Western Europe. Despite the fact that these 

buildings will probably be exposed to such an environment in their lifetime. A comparable study 

shows that highly insulated homes are more sensitive to climate change, because of larger changes in 

the energy demand (Wang et al., 2010). 

In order to reduce overheating risk in buildings, studies have also used computational simulations to 

perform different adaptation studies. A study, which investigated different combinations of 

interventions for adapting dwellings to future heat waves, confirmed that energy-efficient retrofitting 

has the potential to increase overheating risks (Porritt et al., 2012). The authors state that the most 

effective interventions for reducing overheating are wall insulation, reducing solar heat gains by 

external blinds and the implementation of external walls with a lighter color. The same study also 

concluded that occupant behavior and the orientation has a very significant effect on overheating 

risks. This is consistent with other studies that also claim that overheating risks in passive house 

dwellings are highly dependent on the context, especially on occupant behavior (Larsen & Jensen, 

2011) (Wagner & Mauthner, 2008) (Wolfgang Feist, 2005) (Schnieders, 2009). Another study shows 

that the use of night purge ventilation and automated external blinds are not enough to prevent 

overheating (Wolfgang Feist, 2005). Future overheating problems are also investigated in the 

Netherlands. A study indicates that for modern and well-insulated homes, shading and ventilation 

are very important adaptation measures to prevent overheating in the future (Van Hooff et al., 2015).  
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1.1.4 Preventing overheating in residential buildings 
An ambiguity conclusion, from the literature review into overheating risks in residential buildings, is 

that the increasing overheating risks in newly built homes is a result of measures that are initially 

intended to make dwellings more energy-efficient and comfortable. Namely, through the use of 

higher insulation values and air-tight building envelopes. As a result, different studies indicate that 

the use of air conditioning systems is becoming more common in Europe (Rodrigues et al., 2013). 

This also includes inefficient mobile (plug-and-play) systems that have relatively low investment costs 

and are, therefore, at first sight, economically interesting solutions for homeowners. In the United 

Kingdom it is estimated that the use of such air conditioning systems is increasing by 8% per year 

(Littlefair, 2005), which could lead to an additional CO2 emission of six million tons by 2020 

(Rodrigues et al., 2013). A study on the cooling demand of office buildings in the Netherlands states 

that the peak cooling load of cooling systems will rise by 70% over the next 30 years, in order to reach 

a similar comfort level (Plokker et al., 2009). In the United States, 80% of the newly built homes are 

equipped with an air conditioning system to avoid high indoor temperatures (Santamouris et al., 

2007). These trends are highly undesirable and can be partly blamed to the increasing insulation 

requirements of current building regulations. 

In the Netherlands, little attention has been given to overheating risks during the design process of 

residential buildings. This resulted in buildings that mostly rely on natural ventilation to reduce 

overheating risks during the summer. This is a ventilative cooling strategy which is a strategy that 

uses free cooling by (increased) natural or mechanical ventilation (Fig. 3). A benefit of ventilative 

cooling is that the utilization of the cooling potential of the outdoor air is very energy-efficient. 

However, as the outdoor temperatures are likely to increase due to climate change, ventilative cooling 

may not provide a significant cooling benefit in the future. Therefore, mechanical cooling may 

become necessary to maintain the thermal comfort. Mechanical cooling makes use of refrigeration 

based systems that requires power to cool the indoor space (Fig. 3) (McLeod et al., 2013). Despite the 

additional energy consumption, the use of mechanical cooling may become interesting, since it can 

directly fulfill its energy demand by renewable energy from solar panels. In theory, this is a very good 

match since the energy demand for cooling and energy generation by photovoltaic (PV) panels are 

both related to solar radiation (Fahlén et al., 2014).  

  

 

  

Fig. 3   The two cooling strategies that are 
investigated in this study: ventilative cooling 
which is the use of free cooling by the 
opening of windows (left), and mechanical 
cooling which is the use of a mechanical 
system that comes with an additional 
electricity consumption (right). This comes 
with the possibility to directly use on-site 
generated renewable energy by PV panels. 
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1.1.5 Effect of on-site renewable energy sources on the electricity grid 
The move towards zero energy buildings does not only lead to dwellings that are more prone to 

overheating, it also leads to an increased utilization of on-site renewable energy sources. This results 

in an increased mismatch barrier between on-site renewable energy production and the energy 

consumption of buildings (Cao et al., 2013). On a yearly basis, a net zero energy building uses the 

same amount of energy as it produces from renewable energy sources. Nowadays, this is usually 

achieved by using PV panels. This means that large amounts of on-site generated electricity are 

exported back into the grid during the summer months, to compensate with the electricity import 

during the winter (Fig. 4). Thus, although net zero energy buildings are energy neutral on an annual 

basis, they are still very dependent on the electricity grid.  

The electricity grid in the Netherlands is designed in such a way that it ensures that the electricity 

production and consumption are in balance. This is done by varying electricity prices, which are 

determined by so-called “power exchanges”. If there is a lack of electricity, the prices will be higher 

and electricity plants will operate at a higher capacity. If there is too much electricity available, 

electricity is cheaper and is exported to large industrial plants to avoid that the grid becomes 

unstable. The increase in renewable energy systems, however, makes the matching of supply and 

demand of electricity even more complex. According to research, this mismatch significantly 

increases the probability to destabilize the voltage limitations of the grid and therefore has to be 

reduced in the future (Cao et al., 2014). A good example is a study where the PV panels are turned off 

remotely by the net operator in order to prevent that too much electricity comes into circulation 

resulting in an overloaded network (Koster, 2016). 

The use of mechanical cooling could reduce the mismatch between on-site renewable energy 

generation and consumption at the building level. This means that electricity which is normally 

exported back into the grid during the summer can now be used effectively for the increased 

electricity consumption for cooling. In theory, this match could also be optimized by shifting the 

energy loads from the winter to the summer through the use of higher insulation values (Fig. 5). 

Moreover, the increased overheating risk can be prevented with mechanical cooling. 

 

 

 

 

 

 

 

 

 

 

Fig. 4   The monthly imported and exported energy 
for an all-electric zero energy building with on-site 
energy generation by PV panels (Cao et al., 2013). 

Fig. 5   The energy generation (white bars) by PV panels 
and the effect of higher insulation values on the energy 
demand (grey bars) during the year. 
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1.2 Research objective and relevance 
From the literature study, it can be concluded that little research has been conducted into the future 

performance of ventilative and mechanical cooling in residential zero energy buildings. However, 

given the prospect of increased overheating risks in the future, it is important to assess these cooling 

strategies to avoid overheating risks and thus adverse health effects for the occupants. In the existing 

literature, there are some studies which focus on the effect of various passive measures, including 

the opening of windows. However, the use of mechanical cooling in Dutch residential buildings is 

usually ignored in such studies, as it comes with an additional energy consumption. In addition, no 

research has been found that, besides assessing overheating risks, also takes into account the match 

between energy generation and consumption. This would, in theory, make the use of mechanical 

cooling more attractive. Therefore, this study aims to fill this knowledge gap by answering the 

following research question: 

 

Is mechanical cooling the ultimate cooling strategy for residential zero energy buildings to 

avoid overheating risks in the future? 
 

In order to answer this question, a comparative assessment is performed assessing the thermal 

comfort, energy performance and cost of different design variants, with ventilative and mechanical 

cooling, for different climate and occupant scenarios. This must help decision makers in the design 

process of residential buildings in order to achieve more future-proof zero energy houses. The 

comparative assessment answers the research question by drawing up various objectives, namely: 

 

Review the existing literature concerning the effect of climate change on overheating risks in 

residential zero energy buildings and methods to prevent overheating; 
 

Assess the performance of residential zero energy buildings with ventilative and mechanical 

cooling strategies considering the future climate; 
 

Compare the performance of ventilative and mechanical cooling in residential zero energy 

buildings considering the future climate. 
   

For the first objective, a literature study is performed to identify the gap in the existing knowledge 

which will be fulfilled by this study. The most relevant studies are described extensively in this 

report. Since the research methodology requires different cooling strategies, design variants, 

scenarios and performance indicators, the literature study also included the gathering of information 

so that these could be defined. For the second objective, building performance simulations were 

performed to assess the performance of the design variants with ventilative or mechanical cooling for 

different climate and occupant scenarios. For the third objective, the performance of ventilative and 

mechanical cooling are compared for the different design variants considering different scenarios. 

The findings are then translated into practical implications based on the preferences of a single 

decision maker. 
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1.3 Thesis outline  
- Chapter 1 introduces the research topic. It contains a part of the literature study that is used to 

identify the gap in the existing knowledge that will be fulfilled by this study. 

 

- Chapter 2 describes the definition of overheating and methods to prevent overheating risks. It 

discusses various ventilative and mechanical cooling strategies, and describes, with the help of 

existing literature, how these strategies can be implemented in a building simulation model.  

 

- Chapter 3 describes the methodology of the comparative assessment of ventilative and 

mechanical cooling. Also, the simulation method is described. 

 

- Chapter 4 describes the case study on which the proposed methodology has been applied. This 

includes the description of the case study building, design variants, scenarios and performance 

indicators that are taken into account in this study. 

 

- Chapter 5 presents the results of the simulations, describing the performance of the design 

variants with ventilative and mechanical cooling for the different scenarios. 

 

- Chapter 6 gives the performance comparison of ventilative and mechanical cooling by discussing 

the results of the simulations and translating these into practical implications for a single 

decision maker, namely the house owner. The results are discussed to give an answer to the 

main research question. This chapter also contains the limitations of the research. 

 

- Chapter 7 concludes this study.  

 

- Chapter 8 identifies the directions for future research. 
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2 Defining and preventing overheating in residential buildings 
 

2.1 Overheating criteria in residential buildings 
Currently, there is no exact definition of overheating, but there are a number of different comfort 

models that can be used to assess the thermal sensation. The thermal comfort can be defined as: “A 

state of mind that expresses satisfaction with the thermal environment” and thus describes the 

psychological state of a person that indicates whether someone is hot or cold (Peeters et al., 2009). A 

thermal comfortable temperature is often seen as the ideal temperature at which everyone is more or 

less satisfied. However, field studies show that this is not the case since comfortable temperatures 

vary over a wide bandwidth. Therefore, most comfort models define temperature boundaries wherein 

it can be assumed to be comfortable for the occupants.  

The research on thermal comfort is currently carried out in climate chambers and field research. 

Initially, results based on climate chamber experiments were popular and were the basis of 

standards, models and guidelines. From around 1990 field research became more popular, when it 

was found that the results from climate chambers differed from actual conditions. Especially in 

recent years, it has become clear that the adaptability of people is very important, and therefore has to 

be taken into account. This can increase the thermal comfort and reduce the energy consumption 

(DeDear & Brager, 1998) (Nicol et al., 1999) (Michael A. Humphreys & Fergus Nicol, 2002). 

2.1.1 Static overheating criteria 
One of the first (heat balance) thermal comfort model was developed by Fanger, which stated that the 

conditions for thermal comfort are that the skin temperature and sweat secretion lies within narrow 

limits (Fanger, 1970). The comfort equations were based on data from climate chamber experiments, 

wherein sweat production and skin temperature of 1300 students were measured at the same time 

they were asked to evaluate their thermal sensation. For his climate model, he uses the air 

temperature, the mean radiant temperature, the partial pressure of water vapor in the ambient air, 

and the air velocity. In addition, Fanger has developed a method which can predict the thermal 

sensation in an arbitrary environment, in which the variables do not satisfy the comfort equation. 

The method, which calculated the predicted mean vote (PMV) allows predicting what would be the 

thermal sensation in a large group of people for a given set of environmental conditions, clothing 

insulation, and metabolic rate. This research resulted in a 7-point scale in order to describe the 

thermal comfort sensation. The scale ranges from -3 (cold) to +3 (hot), where zero indicates a neutral 

perception. 

Fig. 6   The relationship between the PMV 
(Predicted Mean Vote) and PPD (Predicted 
Percentage of Dissatisfied) (ISO 7730, 
2005). 
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The PMV-index can be used to get an idea about the number of dissatisfied people, which is 

expressed as the predicted percentage of dissatisfied (PPD). This is determined by Fanger using 

steady state experiments, resulting in a relationship between PPD and PMV. The relationship shows 

that it is impossible to satisfy all persons and that both sides of the neutral perception show the same 

amount of complaints (Fig. 6). The relationship is given by the following equation (Djongyang et al., 

2010):  

EEF = 100 − 95expN−(0.03353E�CQ + 0.2179E�CU)V                                                                             (1) 

The method of Fanger became popular and is the basis of many international standards and 

guidelines for the thermal comfort in buildings. The reason for its popularity was because of the 

relationship between the Fanger model and the percentage of dissatisfied. Also, the model was able 

to predict the thermal comfort by determining the metabolisms, clothing and physical conditions. 

The ISO 7730 uses the thermal model of Fanger for moderate thermal environments, where 

moderate deviations from the thermal comfort occur (steady state thermal comfort) and specify 

acceptable thermal comfort conditions (ISO 7730, 2005). The ISO standard uses an optimal comfort 

temperature and different comfort levels. These levels are based on different PPDs that vary the 

acceptable temperature range. In addition, local discomfort and drought are taken into account. It is 

also possible to use this standard for buildings in which occupants are more adaptable to the outdoor 

climate, namely by using a wider PMV range. Also, the ASHRAE standard 55 uses the PMV/PPD 

model, which increases the PPD by 10% to incorporate the effect of local thermal discomfort 

(ANSI/ASHRAE, 2010). In addition, it determines the acceptable temperature changes per time 

interval.  

In the Netherlands, different guidelines were developed, for the assessment of the indoor thermal 

climate, which uses the PMV-model. The temperature exceeding (TO) method defines a good 

thermal climate when the PMV lies between -0.5 and +0.5 (van derLinden et al., 2000). When this 

requirement has to be met at all times, disproportional large air-conditioning systems are necessary. 

Therefore, the guidelines allow this limit to be exceeded in 10% of the time of use. This results into 

the following guidelines: a temperature of 25°C must not be exceeded during 100 hours of the usage 

time and a temperature of 28°C must not be exceeded during 20 hours of the usage time. A 

disadvantage of the method is that buildings with the same number of TO-hours can have a very 

different quality of the thermal climate. As an example, the average temperature in a building with a 

small thermal mass can be much higher than a building with a lot of thermal mass, despite having 

the same number of exceeding hours. In order to eliminate this dependence on the type of building, 

the weighted temperature exceeded (GTO) method was developed (van derLinden et al., 2000). In 

the assessment of the thermal indoor climate, this method takes into account the degree of the 

temperature exceedance. It also includes a variable for the clothing behavior (above a certain indoor 

temperature, the clothing resistance is reduced) and a variable for the air velocity (above a certain 

indoor temperature the method takes into account a higher air speed to represent the opening of 

windows). 
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Other important international standards for overheating comes from the UK Chartered institution of 

Building Services Engineers (CIBSE) and The Passive House institute (PHI). CIBSE Guide A 

recommends operative summer temperatures between 23 and 25°C for living rooms (CIBSE, 2006). 

As an overheating criterion, the guide states that no more than 1% of the annual occupied hours 

should exceed an operative temperature of 28°C. For bedrooms, the guide notes that at temperatures 

above 24°C the quality of sleep may be adversely affected and that 26 °C should not be exceeded 

unless ceiling fans are available. Therefore, CIBSE defines overheating in bedrooms when more than 

1% of the annual occupied hours exceeds an operative temperature of 26°C. Other studies have 

adopted 5% of the annual occupied hours over 25°C and 1% over 28°C for living spaces, and 5% of 

annual occupied hours over 24°C and 1% over 26°C for bedrooms. The PHI speaks about 

overheating when the operative temperature exceeds 25°C for more than 10% of the year. Different 

studies define the occupied hours as the time period from 08:00 to 22:00 for the living room, and 

from 23:00 to 07:00 for the bedroom (Jacob N. Hacker et al., 2008) (Wright, A et al., 2005). 

2.1.2 Adaptive overheating criteria 

Accurate reanalysis of existing field studies, with a total of 66,600 observations, show that the PMV 

model overestimates the thermal comfort limit at higher temperatures (Fig. 7) (M A Humphreys et 

al., 1975). This is partly due to the fact that the PMV and PPD were derived from steady-state 

laboratory experiments. Several publications state that this is the wrong method to define a thermal 

comfort model, as the effect of adaptation is ignored (B. W. Jones, 2002) (Michael A. Humphreys & 

Fergus Nicol, 2002) (John, 2004) (Jokl & Kabele, 2007). The field studies show that the comfort 

temperatures are strongly related to the average outdoor temperature: the higher the outdoor 

temperature, the higher the indoor comfort temperature. Building residents can adapt to higher 

temperatures, especially in naturally ventilated, uncooled buildings. Although the PMV model is 

partly adaptive, since the values of the clothing resistance can be adjusted, it does not seem to give a 

realistic view of the thermal sensation of the people. This is because, in reality, the comfort 

temperature depends on the outdoor temperatures of the last days, which changes the people’s 

comfort expectations unconsciously (De Dear & Brager, 2002). 

 

Fig. 7   The PMV 
compared with the 
actual vote of eight 
different field studies 
consisting a total of 
66,600 different 
observations (M A 
Humphreys et al., 
1975). 
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Thus, it appears that the results of field research can be used to define a more realistic thermal 

comfort model. Models based on laboratory experiments only appear to be correct for situations 

which are very similar to climate chambers, such as buildings with air conditioning, with closed 

facades or with very large offices. Adaptive overheating criteria use the concept that human beings 

can adapt to the thermal conditions to which they have been recently exposed to. This results in 

operative temperature thresholds that depend on the recent ambient temperature. Three major 

standards exist, which offer adaptive thermal comfort criteria for free-running buildings: ASHRAE 

standard 55 (ANSI/ASHRAE, 2010), CIBSE Guide A (CIBSE, 2006) and the British and European 

Standard BSEN15251 (EN 15251, 2010). 

The American ASHRAE Standard 55 offers the adaptive model as an “optional” method, in addition 

to the PMV/PPD method, which can be only applied to naturally ventilated buildings or “mixed-

mode” buildings (which are very common in the Netherlands). In addition, the building must not be 

mechanically heated or cooled (ANSI/ASHRAE, 2010). In the ASHRAE standard, the indoor 

comfort thresholds increase with the mean monthly temperature, whereas in the other two standards 

the comfort threshold increases with the exponentially weighted running mean of the daily mean 

ambient temperature (Beizaee et al., 2013).  

The European BSEN15251 standard also has the ability to design based on the adaptive approach (EN 

15251, 2010). This standard indicates that, under similar conditions as ASHRAE, an adaptive 

temperature range can be used (Fig. 8). A condition is that building users may change their clothing 

behavior (no “dress code”) (EN 15251, 2010). The standard offers four different thresholds, which 

restricts the occurrence of warm or cold discomfort on different degrees. The Cat I thresholds 

represent a high level of thermal comfort expectation and are identical to the CIBSE standard’s 

thresholds. The Cat II thresholds are for a normal level of expectation. The Cat III thresholds 

represent a moderate level of expectation and are usually used for existing buildings. Cat IV 

thresholds are only acceptable for a limited part of the year. Five different methods are offered to 

define the level of thermal discomfort. The simplest is similar to the static overheating criteria of 

CIBSE, which calculates the percentage of occupied hours for which the indoor operative 

temperature lies outside the comfort thresholds. 

Fig. 8   Design values for indoor 
operative temperature for free-running 
buildings as a function of the running 
mean outdoor temperature (Dengel & 
Swainson, 2012). Based on BS EN 
15251:2007 (EN 15251, 2010). 
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In the Netherlands, the “Adaptive Temperature Limit” (ATL) method is a widely used adaptive 

thermal comfort model (A. C. van der Linden et al., 2006). The ATL method defines two different 

building types: buildings without mechanical cooling (type ALPHA) and with mechanical cooling 

(type BETA): 

- ALPHA buildings are buildings where adaptation to the outdoor climate plays an important 

role in the perception of the indoor thermal climate. Broadly speaking, these buildings are 

open to the outdoor environment by windows and have many options for the occupants to 

influence their local climate. The occupants can also adapt by different clothing. 

   

- BETA buildings are buildings where adaptation plays a less important role in the perception 

of the indoor thermal climate. Broadly speaking, these buildings have closed facades and 

have limited opportunities to influence the indoor thermal climate. The building users must 

also follow certain dress codes. 

The ATL method can be used to characterize the thermal comfort in a certain room or building and 

can assess the performance for a long period of time. The models for ALPHA and BETA buildings 

are based on the weighted average external temperature and defines three climate classes (A, B, C). 

In this way, the building can be easily classified in terms of thermal comfort. The limits for the 

indoor temperature depend on the outdoor temperature (Fig. 9). For this, the weighted average 

external temperature is used, which is based on the temperature of the present day, and the three 

preceding days. The impact of the previous day’s decreases as it is longer ago. The weighted average 

external temperature is found to correlate the most strongly with the amount of clothing a person 

wears, and to which degree a person has adapted to the current temperatures.  

Fig. 9   Operative 
indoor temperature 
limits for three 
different acceptance 
levels, as a function of 
the running mean 
outdoor temperature 
(Te,ref) (A. C. van der 
Linden et al., 2006). 
These adaptive 
comfort limits apply 
to type ALPHA 
buildings. 
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2.1.3 Thermal comfort in residential buildings 
Since the thermal comfort in residential buildings is highly dependent on the ability to adapt to the 

outdoor environment, the use of static overheating criteria is not suitable. Instead, an adaptive 

thermal comfort model has to be used. Since the previously described adaptive thermal comfort 

models are indented for office buildings, an adaptive thermal comfort model has been used which is 

specially designed for residential buildings (Peeters et al., 2009). This thermal model makes a 

distinction between the “neutral comfort temperatures” in the bathroom, bedroom and other rooms 

(e.g. living room), which are based on different measurement studies. The neutral comfort 

temperature is the temperature of the immediate environment in which a standard healthy adult is 

thermally neutral, or at which the largest proportion of a group of people are comfortable. 

For the bathroom, the model is based on a research into the comfort of wet naked and dry clothed 

persons with a limited metabolism (Tochihara,M Kimura et al., 1998). The thermal comfort in 

bedrooms is based on a theoretical study that applies the Fanger equation to sleeping and covered 

bodies (Maeyens et al., 2001), combined with measurement data of Belgian bedrooms. For the other 

rooms, the model assumes that the metabolism is close to that of offices and therefore uses the ATL 

method, which is based on measurement data of offices. The study translates its findings into 

equations which are implementable in any Building Performance Simulation (BPS) code. Since the 

used case study building in this study only includes a “living room zone” and a “bedroom zone”, the 

comfort conditions of a bathroom are not further included in this section. 

Since research shows that, in addition to today’s weather, also the weather of recent days have an 

effect on clothing and the perception of the comfort temperature (Morgan & de Dear, 2003), the 

comfort model takes adaptability into account by means of a running mean outdoor temperature 

(9�, (�W). This temperature is also used in the ATL method and defines the average temperature over 

a longer period (Peeters et al., 2009):  

9�,;�< = N9=*$> + 0.89=*$>? + 0.49=*$>?U + 0.29=*$>?ZV2.4                                                                      (2) 

Where 9�,;�< is the running mean outdoor temperature [°C], 9=*$> the arithmetic average of today’s 

maximum and minimum external temperature [°C] and 9=*$>?& the arithmetic average of the 

maximum and minimum external temperature of the day, n days before today [°C]. 

2.1.3.1 Neutral comfort temperatures 

For the bedroom and living room, the comfort models define the neutral comfort temperatures for 

different conditions. For bedrooms, a minimum temperature of 16°C is assumed, since lower 

temperature results in a decreasing resistance against respiratory infections (Collins, 1986). A 

maximum temperature of 26°C is assumed, which is based on a research that presents the quality of 

sleep as a function of the bedroom temperature (CIBSE, 2006). The function of the neutral comfort 

temperature in bedrooms, between the minimum and maximum temperature, is based on a 

monitoring campaign in 39 Belgian houses (Janssens & Vandepitte, 2006) (Vandepitte, 2006). The 

results of a related questionnaire during the summer shows that 50% of the respondents complained 

about uncomfortably warm temperatures (Maeyens et al., 2001). Therefore, the neutral comfort 

temperature for summer conditions is based on the average of the measurements below the 50th 

percentile curve (Fig. 10). The entire function shows a steeper slope at warmer outdoor temperatures 

since people adapt easier to heat than cold (Jokl & Kabele, 2007): 
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9&,[; = 16 °�   W](   9�,;�< < 0 °�                                                                                                                           (3) 

9&,[; = 0.23 · 9�,;�< + 16 °�   W](   0 °� ≤ 9�,;�< < 12.6 °�                                                                           (4) 

9&,[; = 0.77 · 9�,;�< + 9.18 °�   W](   12.6 °� ≤ 9�,;�< < 21.8 °�                                                                  (5)  

9&,[; = 26 °�   W](   9�,;�< ≥ 21.8 °�                                                                                                                     (6)  

  
The neutral comfort temperature for the living room is based on the same Belgian study. For 

summer situations, the 50-percentile curve is used since the measurements show that the 50-

percentile curve corresponds well with the 90% acceptable zone of the ATL method (Fig. 11) 

(Janssens & Vandepitte, 2006). Since the measured values do not match well with the ATL method 

during the winter, the comfort model uses results from another study to determine the neutral 

comfort temperatures during this period (Vandepitte, 2006): 

9&,+; = 0.06 · 9�,;�< + 20.4 °�   W](   9�,;�< < 12.5 °�                                                                                                            (7) 
9&,+; = 0.36 · 9�,;�< + 16.63 °�   W](   9�,;�< ≥ 12.5 °�                                                                                                         (8) 

 

Fig. 10   The daily average bedroom 
temperature measured in 39 Belgian houses 
as a function of Te,ref, with the minimum, 
maximum, 95-, 50-, and 5- percentiles 
(Janssens & Vandepitte, 2006). The orange 
lines indicate the neutral comfort 
temperature (Peeters et al., 2009). The black 
lines indicate the ATL 90-, 80- and 65- 
acceptability limits. 

Fig. 11   The daily average living room 
temperature measured in 39 Belgian houses 
as a function of Te,ref, with the minimum, 
maximum, 95-, 50-, and 5- percentiles 
(Janssens & Vandepitte, 2006). The orange 
lines indicate the neutral comfort 
temperature (Peeters et al., 2009). The black 
lines indicate the ATL 90-, 80- and 65- 
acceptability limits.  
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2.1.3.2 Temperature comfort regions 

Since the indoor climate is dynamic, due to the influence of different heat gains and losses, the 

indoor temperature will fluctuate around the neutral comfort temperature. These fluctuations must 

remain within certain limits to maintain the thermal comfort of the occupants. Therefore, lower and 

upper limits are defined by the comfort model in order to describe a certain comfort region. For the 

limits, fixed temperature widths are used around the neutral comfort temperatures (Peeters et al., 

2009). For the bedrooms, the absolute lower and upper limits of respectively 16°C and 26°C are 

taken into account. For the bedroom, the lower limit is set to 18°C, based on different studies 

(Parsons, 2002) (Healy & Clinch, 2002) (Ubbelohde et al., 2004): 

9@���;,[; = �b�(26 °�, 9& + D · �)                                                                                                                        (9) 

9+*A�;,[; = �5c(16 °�, 9& − (1 − D) · �)                                                                                                         (10) 

9@���;,+; = 9& + D · �                                                                                                                                              (11) 

9+*A�;,+; = �5cN18 °�, 9& − D · (1 − �)V                                                                                                          (12) 

Where 9@���;,… is the upper limit of the comfort region for the bedroom (br) and living room (lr) [°C], 9+*A�;,… the lower limit of the comfort region [°C], D the width of the comfort region [°C] and � a 

constant describing a possible asymmetrical split around the neutral comfort temperature [≤ 1]. The 

width of the comfort region is 5°C in case of a 90% acceptability and 7°C in case of an 80% 

acceptability. Because people adapt more easily to heat than to cold, the comfort region is 

asymmetrically split around the neutral temperature by 70-30%, and therefore an � of 0.7 is used. 

 

2.2 Ventilative cooling 
In order to prevent that the indoor temperature exceeds the predefined comfort limits, and thus 

prevent overheating, two main cooling strategies can be used, namely ventilative and mechanical 

cooling. Ventilative cooling is the utilization of cooler outdoor air in order to cool down the indoor 

space. This strategy uses an air driving force which can be done naturally, mechanically or by using 

some sort of combination of both. Ventilative cooling is, besides the use of solar shading and thermal 

mass, one of the most commonly known passive ways to prevent overheating risks in a residential 

building. In this study ventilative cooling is defined as: “The removal of heat through natural ventilation 

or by mechanical means (i.e. pumps or fans, to transport “heat” between a building and a heat sink)” based 

on the definition according to the Zero Carbon Hub (ZCH, 2016). An important aspect of ventilative 

cooling is that it has an effect on the thermal perception of the occupants. When using this strategy, 

the indoor climate is more dependent on the outdoor climate and provides individual possibilities to 

open windows, widening the thermal comfort region (Wouters et al., 2014). The use of ventilative 

cooling is a very straightforward method but needs relative high ventilation rates due to the low 

density and the low thermal capacity of air (Dengel & Swainson, 2012). The required ventilation rate 

for ventilative cooling is much higher than the required ventilation rate according to the Dutch 

building regulations. This means that ventilative cooling by mechanical means is, in most cases, not 

possible in residential buildings since significantly larger fans and duct sized are needed (Dengel & 

Swainson, 2012) (BRE, 2013). One of the main disadvantages of ventilative cooling is the reducing 

cooling potential due to the increasing outdoor temperatures. This is especially disadvantageous for 

the future climate considering climate change. The opening of external windows also has some side 
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effects, which have to be taken into account. For example, windows cannot always be opened when 

considering noise and air pollution, drought, rain, and the risk of burglary.  

Ventilative cooling is often not well covered in standards and regulations, which makes it complex to 

implement in simulation programs. Complicated air flow networks can be an option, which 

simulates airflows based on pressure differences. In this study, a simplified method is used which 

uses fixed ventilation rates and window opening temperature setpoints (Holmes & Hacker, 2007) 

(Emmerich, 2006). The achievable air circulation through windows is dependent on the occupant 

behavior (Yun et al., 2009), which means that different scenarios have to be taken into account. 

2.2.1 Window openings ventilation rates 
The air flow caused by natural ventilation is difficult to simulate because they are influenced by 

multiple variables such as wind speed, stack effects and the turbulent nature of the wind (Haghighat 

et al., 2000). The amount of air flow through opened windows also requires knowledge about the 

maximum openable area of each window (i.e. slightly or fully opened). To make the model not overly 

complex, a more simplified approach is used in this study, by using fixed values for the additional air 

changes when the windows are opened. Based on an extensive literature study, the values for the 

minimum and maximum amount of air circulation have been determined. Since the air flow rate, 

through the window openings, is very important for the performance of the ventilative cooling 

strategy (Nikolai Artmann et al., 2008), it is important to make good assumptions. 

The maximum achievable air circulation is mainly depended on natural forces, such as the ambient 

temperature and wind conditions (Nikolai Artmann et al., 2008), and therefore also on the location 

and geometry of the building. For example, a building that is very sheltered can achieve less high air 

circulations than a building in the open countryside. In addition to the maximum achievable air 

circulation, also the ability to utilize this ventilation is important. This ability depends on the location 

of the building, but also on the behavior of the occupants. For example, dwellings in the city center, 

along a busy road, will encounter difficulties with noise and air pollution. This means that the 

occupants will be less inclined to open their windows. This also applies to households that include 

elderly people, who are less active in the opening of windows. Both examples result in an increased 

overheating risk during warmer periods. In other words, despite the fact that a lot of air circulation 

can be achieved, that does not necessarily mean that this will be achieved in practice. 

According to the building regulation of England and Wales, there should be suitable openable 

windows to achieve 4 air changes per hour (ACH) (HM Government, 2010). It is stated that the 

natural ventilation through a window that cannot be opened more than 15º is not suitable for the 

prevention of overheating. In addition, research indicates that the use of fractionally opened windows 

in order to cool the indoor space should be seen as wishful thinking (Dengel & Swainson, 2012). The 

UK Standard Assessment Procedure (SAP) for the rating of the energy performance of dwellings 

provides details about the air circulation rates that can be assumed for various levels of window 

opening (BRE, 2013). For rooms in two-story dwellings where cross ventilation is possible (e.g. living 

rooms), the maximum effective air change rate, when windows are fully open, is 8 ACH. Rooms 

where cross ventilation is not possible (e.g. bedrooms and bathrooms), the maximum is set to 5 

ACH. These assumptions were also used in a study where different dwelling types are ranked in 

terms of overheating risk. An air change rate of 5 and 8 ACH were assumed for respectively the 

bedroom, and living room zone (Mohamed; Hamdy & Hensen, 2015). The SAP also states that 
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designers have to keep in mind that windows cannot always be fully utilized because of different 

reasons, such as security, unlawful entry, fire safety, cleaning windows, drought, and protection 

against falling (especially in high-rise buildings). Therefore, the SAP assumes strongly reduced 

circulation rates for windows that can only be partly opened, namely a ventilation rate of 1 ACH 

when cross ventilation is possible, and 0.6 ACH zones with single-sided ventilation (BRE, 2013). 

Also, CIBSE provides guidance on the potential of ventilative cooling through windows (CIBSE, 

2006), namely a maximum achievable air change rate of 10 ACH. 

Various scientific papers use computational simulations in order to investigate the performance of 

ventilative cooling by assuming different air flow rates. A study, in which the effect of the thermal 

mass on the risk of overheating was investigated, included three different air circulation rates, 

namely 1, 2 and 3 ACH (Maunsell, 2005). The paper assumes that windows are opened at a certain 

temperature threshold wherein the achieved circulation rate differs according to the degree at which 

the windows can be opened, namely from 10 to 50%. A study into the impact of the UK regulations 

on overheating in dwellings uses four window-opening scenarios, namely closed, slightly open, half 

open and fully open with respectively an additional circulation rate of 0, 1, 4 and 8 ACH (Mulville & 

Stravoravdis, 2016) (Fig. 54).  

2.2.2 Window opening threshold temperatures 
Another uncertainty regarding ventilative cooling is the time at which the windows are opened by the 

occupants. In existing literature, different assumptions are made regarding this uncertainty. CIBSE 

suggests that windows are partly opened when the indoor operative temperature reaches 22°C and 

will be fully opened at 28°C (J.N. Hacker et al., 2005). These suggestions correspond with 

observations from a field study regarding window opening temperatures threshold (Rijal et al., 

2008). Other scientific studies generally use temperature thresholds of around 24°C (Mulville & 

Stravoravdis, 2016) (Jenkins et al., 2011) (Mohamed; Hamdy & Hensen, 2015) (Porritt et al., 2012). 

Some of these studies use slightly different thresholds for zones with different functions. For 

example, a temperature threshold of 25°C in the living room and 23°C in the bedrooms (Mohamed; 

Hamdy & Hensen, 2015). This approach was also used in a study where different interventions were 

investigated to reduce overheating risks during heat waves (Porritt et al., 2012). 

2.2.3 Night-purge ventilation 
Ventilative cooling does not only include the opening of windows during the day, but also the use of 

night-purge ventilation. According to research, the use of night-purge ventilation can have a positive 

contribution to the thermal comfort during the summer (N. Artmann et al., 2008) (Finn et al., 

2007). Night-purge ventilation is the use of natural ventilation during the night to reduce the indoor 

temperature. This also cools down the building construction which results in a lower maximum 

daytime temperature, and therefore also in a lower cooling demand. This strategy mainly affects 

buildings with a high thermal mass since they can store a lot of heat. This is normally the case for 

residential buildings in the Netherlands since they are mainly made of stony materials. 
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In existing literature, different methods have been found for the implementation of night-purge 

ventilation in building simulation models. Some papers use complicated air flow networks (Ramponi 

et al., 2014), others fixed circulation rates (Roach et al., 2013) (Nikolai Artmann et al., 2008) (Amos-

Abanyie et al., 2013). In the studies that use night-purge ventilation, the windows are generally 

opened when the outdoor temperature is 2 - 3°C lower than the room temperature. Furthermore, 

studies often use an additional temperature threshold in order to minimize the necessity for 

reheating due to overcooling. This can be done by taking into account a setpoint for the minimum 

indoor temperature (e.g. 15°C), or the use of a minimum surface temperature of the indoor wall (e.g. 

22°C) (Hoes, 2014).  

2.2.4 Mechanical free cooling 

In addition to the use of natural ventilation through window openings, the use of mechanical 

ventilation also falls under ventilative cooling. This is called mechanical free cooling, despite the fact 

that mechanical ventilation comes with a small amount of electricity consumption. Free cooling 

systems generally involve moving relatively large amounts of tempered air or cool water. (CIBSE, 

2005). Some examples of mechanical free cooling systems are: 

- Evaporative cooling; 

- (Brine-based) ground loops for ventilation; 

- Linked thermal mass and ventilation systems; 

- Thermally active building systems. 

 

2.3 Mechanical cooling 
Fully mechanical cooling often involves, next to moving small amounts of air or water, actively 

cooling of air or water. By using a mechanical system, the building can be directly provided with 

cooling. In this study, mechanical cooling is defined by: “The use of refrigeration based systems” 

according to the Zero Carbon Hub (ZCH, 2016). A mechanical cooling system with enough capacity 

is a very effective solution for overheating problems since its effectiveness does not fully depend on 

the weather. However, mechanical cooling generally comes with additional investment, replacement, 

and operating costs as it comes with an additional energy consumption. Mechanical cooling consists 

of a generation and distribution system, whereby different combinations are possible (Mai, 2014) 

(Table 1). The popularity of a specific cooling system often depends on the region. In the 

Netherlands, residential buildings are often equipped with a water-based distribution system, while 

in many other countries, air-based systems are more popular. 

 

Distribution system 

Generation system 
Heat pump   Compression 

refrigeration 
machine 

Room air 
conditioning 
systems 

Ground Outdoor air Exhaust air   
Floor/ceiling cooling ✓ ✓  ✓  

Radiator ✓ ✓  ✓  
Fan coil ✓ ✓  ✓  
Ventilation system ✓  ✓ ✓  
(Multi-) split system     ✓ 

Table 1   An overview of mechanical cooling concepts according to DIN V 18599-6 (Mai, 2014). 
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2.3.1 Energy generation systems 
Most modern energy generation systems use a vapor compression refrigeration cycle, which can be 

compared to the process of a refrigerator. A refrigerator draws heat from the inside to the outside 

through evaporation and condensation. For heating, it works exactly the other way around, heat is 

extracted from a heat source and fed to the heating system inside the building. The refrigerant, a 

liquid which boils at a relatively low temperature, runs in a cycle where it is successively evaporated, 

compressed, condensed and expanded (Fig. 12).  

 
This cycle is often used in compression refrigeration machines (chillers) and heat pumps. 

Compression refrigeration machines are only used to cool spaces, whereby a heat pump can also be 

used to generate heat for space heating and the domestic hot water. Heat pumps can make use of 

different heat sources and sinks, which affects the applicability and efficiency. When a heat pump is 

in heating mode: an air to air heat pump extracts heat from the outdoor air and transfers this heat 

into the building by air blowers. An air to water heat pumps also extracts energy from the outdoor air 

but transfers this heat to a liquid. A water to water heat pump extracts the thermal energy from a 

water source, or from the soil, to a liquid. A separate category of generation systems is room air 

conditioning systems, which use so-called (multi-) split units. These units can be placed in each 

room, where the air is drawn through, cooled and ejected back into the room. Heat is rejected via a 

separate refrigerant circuit to the outdoor air (ZCH, 2016). 

2.3.2 Distribution systems 
There are many different heat distribution systems available, each with their (dis-)advantages. In the 

Netherlands, most distribution systems are water-based. For example, many buildings are equipped 

with radiators, which use water to distribute heat through the building. In theory, radiators can also 

be used in order to distribute a cooled liquid to extract heat from the indoor space. A more efficient 

method is the use of a radiant floor slab, which consists of metal or plastic tubes that are 

incorporated in the floor screed. This provides a much larger heating and cooling surface area in 

comparison with radiators, which means that the surface can be less hot or cold to respectively heat 

and cool the indoor space. However, in order to prevent complaints about warm or cold feet, the 

heating and cooling capacity of a radiant floor slab is limited. Also, air can be used as a medium 

which uses a refrigeration unit inside the ventilation system. However, this results in a larger plant 

and duct size. The use of (multi-) split units is also an option, whereby thermal energy is transferred 

to the units by water and then transferred into the air flow through the unit.  

Fig. 12   A schematic overview of a vapor 
compression refrigeration cycle. The 
refrigerant runs in a cycle where it is 
evaporated (1), compressed (2), condensed 
(3) and expanded (4) (Leysens, 2010). 
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3 Comparative performance assessment methodology 
 

3.1 Research methodology 
In this section, a methodology is proposed for the comparative assessment of ventilative and 

mechanical cooling that is conducted in this research study. This methodology is adopted from a 

study into the optimal balance between energy demand and on-site energy generation (Kotireddy et 

al., 2015). The methodology is generic which means that it can be applied to various residential 

buildings for different scenarios (Fig. 13). The methodology consists of the following steps: 

1. Based on a literature study: 

a. identify ventilative and mechanical cooling strategies; 
 

b. define design variants, to form a design space varying in different building 

parameters such as the typology, insulation level and energy system; 
 

c. define scenarios that include the (future) climate, household size and the occupant 

behavior; 
 

d. define performance indicators, which are required for the comparative assessment, 

depending on the decision maker's preferences. For example, a homeowner is mainly 

interested in the thermal comfort and global costs. 

 

2. Assess the performance of all designs variants for the identified cooling strategies across all 

considered scenarios with the defined performance indicators using computational building 

performance simulations.  

 

3. Compare the performance of ventilative and mechanical cooling strategies for all building 

designs, identify the most suitable cooling strategy based on the decision makers’ preferences 

and translate this into practical implications. 

 

Fig. 13   A schematic 
representation of the generic 
research methodology that is 
used in this comparative 
assessment of ventilative and 
mechanical cooling for 
residential zero energy 
buildings considering the 
future climate. 
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3.2 Computational building performance simulations 
In the proposed research methodology, computational building performance simulations are used 

which mimics a part of reality in a computer program. The simulations have a dynamic character, 

which means that changes in the system are calculated by using a discrete approach (the time is 

divided into smaller time steps). In such programs, it is possible to make predictions about the 

performance of various buildings and energy systems. Currently, there are many different programs 

available that are suitable for the prediction of the energy consumption and thermal climate. 

Therefore, a choice had to be made by taking into consideration the required performance indicators, 

the possibility to model a broad range of energy systems, and the possibility to implement various 

scenarios in a convenient way. A tool that meets these requirements is TRNSYS 17 (TRaNsient 

Systems Simulation program 17). This program is developed by the Solar Energy Laboratory (SEL) at 

the University of Wisconsin. Because of its modular structure, TRNSYS is very suitable for modeling 

multi-zone buildings and all kinds of energy systems. TRNSYS only makes a few assumptions which 

mean that the user must provide detailed information. 

When simulating multiple design variants, it can be decided to make use of an optimization method 

to find the best performing designs. The most straightforward optimization method is by means of a 

brute-force approach, making all the different combinations of all predefined design variables. Then 

the best performing designs can be selected based on their performance. This is particularly suitable 

for optimization problems with a limited number of variables and a realistic calculation time (Hoes, 

2014). The computational time of building performance simulations may vary between a few seconds 

to several hours, depending on the complexity of the model and the computational resources. When 

the model complexity is high, meaning that simulating all possible design solutions is unrealistic, 

the use of a genetic optimization algorithm is more appropriate. Genetic optimization algorithms use 

the principle of natural selection to evolve a set of solutions towards an optimum solution (Machairas 

et al., 2014). A disadvantage of this method is that not all possible designs are included in the 

optimization process, which means that it is possible that the most optimal solution will not be 

found. In addition, the result of an optimization algorithm is very dependent on various predefined 

parameters (e.g. initial number of designs and the different evolve probabilities). This means that a 

comprehensive study is necessary to determine the values of these parameters. For this study, it has 

been decided to use the brute-force approach, making all the different combinations of all predefined 

design variables. Therefore, the total computational time had to be taken into account while defining 

the different design variants and scenarios. In order to perform the brute-force approach, an external 

optimization program is used, called modeFrontier. This program includes different optimization 

algorithms and can change the source code of the TRNSYS model so that new design variants and 

scenarios can be automatically introduced into the simulation model. 
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4 Case study building, design variants, scenarios 
 

4.1 Case study building 
In this study, the proposed methodology has been applied on a case study building that represents an 

existing residential building that needs to be renovated into a net-zero energy building. The choice of 

the typology of the case study building has a great influence on the degree of overheating, especially 

in well-ventilated dwellings (Mohamed; Hamdy & Hensen, 2015). For the case study of this research 

study, a detached house is chosen, because research shows that detached houses are one of the most 

sensitive to global warming (Mohamed; Hamdy & Hensen, 2015) (Heijden et al., 2012). The 

geometry of the detached house is based on a set of Dutch residential reference buildings, which has 

a ground floor area of 61.5 m2, a transmission surface of 170 m2, three stories and a gable roof (Fig. 

14). A complete overview of the case study building can be found in the appendix, including building 

views, floor plans and construction characteristics (Appendix I) (Agentschap NL, 2013).  

For the thermal mass of the case study building, a heavy-weight construction is assumed since 

residential buildings in the Netherlands are in general made of stony materials (van Hooff et al., 

2016). One could argue that the thermal mass of an existing building can be significantly reduced by 

applying insulation on the inner surface. However, this option is not considered since the application 

of insulation on the inside reduces the usable floor area, especially for high insulation values. This is 

not acceptable in most cases. Insulation on the inside also entails some building physical problems 

(e.g. thermal bridges). In order to make the model as simple as possible, no individual rooms are 

modeled. The detached house is divided into three zones, namely the “living room zone” (ground 

floor), the “bedroom zone” (first floor) and the attic (no residential area). 

 

 

 

 

 

 

 

 

4.2 Design variants 
There are various possibilities in order to realize a net zero energy building, therefore, different 

design variants are assessed in this research study (Fig. 15) (Table 2). The design variants differ in 

their orientation, envelope quality, PV surface area, cooling strategy and heat pump capacity. The 

assumptions for these building parameters are based on an extensive literature review. In this 

section, the assumptions for every varying building parameter are discussed briefly. A more detailed 

description and substantiation of the parameter value choices can be found in the appendix 

(Appendix II). Since only a limited amount of building parameters are varied, some parameters are 

fixed, for example, the building typology, geometry, and thermal mass. 

Fig. 14   The front, rear and side of the used reference dwelling (RVO, 2015). 
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 Envelope qualities Unit 
 1992 2015 nZEB Passive  
Building geometry   
 Ground floor area 61.5 m2 
 Compactness of design  0.8 - 
 Glazing ratio (excl. roof) 19.9 % 
 Orientation of front and rear façade north-south | east-west - 
Building response time   
 Specific active mass Traditional medium/heavy - 
Heat transport through construction   
 Thermal resistance - floor 2.50 3.50 5.00 7.00 m2·K/W 
 Thermal resistance - wall 2.50 4.50 6.00 9.00 m2·K/W 
 Thermal resistance - roof 2.50 6.00 7.00 10.00 m2·K/W 
Heat transport through windows and doors 
 Solar heat gain (g-value) 0.695 0.586 0.501 0.501 - 
 Heat transfer coefficient - glass 3.02 1.06 0.70 0.70 W/m2·K 
 Heat transfer coefficient - frame 2.40 2.40 2.40 0.80 W/m2·K 
 Heat transfer coefficient- door 3.40 1.30 1.30 0.80 W/m2·K 
 Shading External (manual) solar blinds - 
Heat transport through ventilation   
 Infiltration rate (qv10;spec) 0.625 0.625 0.400 0.150 dm3/(s·m2) 
On-site renewable energy generation   
 Heat pump capacity - Heating 5.0 | 7.5 | 10.0 kW 
 Heat pump capacity - Cooling 4.5 | 6.6 | 9.1 kW 
 Photovoltaic surface area (panels) 6.52 (4) | 19.56 (12) | 39.12 (24) m2 (pc.) 
Cooling strategy 
 Mechanical cooling Yes | No - 

Table 2   The parameter values of the considered design variants, namely one building typology, two orientations, four 
envelope qualities, three PV surface areas, two cooling strategies and three heat pump capacities. All fixed and variable 
building parameters are shown. The input values of the variable design parameters are separated by a vertical line. The 
different envelope qualities have their separate column. 

  

Fig. 15   An overview of all considered design variants, namely one building typology, two orientations, four envelope 
qualities, three PV surface areas, two cooling strategies and three heat pump capacities. Every possible combination 
results in a total amount of 144 design variants. 
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For the (future) design variants, it is assumed that the gas boiler will be replaced with an air source 

heat pump since this type is more suitable for renovation projects than other heat pump types. A 

ground source heat pump is also possible, but technically and organizationally more complicated 

and, therefore, not widely used in existing buildings. All the design variants are “all-electric”, which 

means that they only consume electricity (no fossil fuels). Therefore, from now on, this report will 

mostly write about the electricity consumption instead of the energy consumption. Since heat pumps 

are much more efficient with a low-temperature distribution system, the radiators are replaced with a 

radiant floor slab on the ground and first floor. The combination between an air source heat pump 

with a radiant floor will be applied very often in the future, according to different studies in the 

Netherlands which outline future building concepts (RVO, 2015). For the purpose of the ventilation, 

a balanced mechanical ventilation system with heat recovery is installed. The heat recovery system 

includes a bypass to ensure that cooler outdoor air is not heated by the exhaust air during the 

summer. Finally, the design variants make use of external solar blinds. 

4.2.1 Orientation 
Two orientations are taken into account, namely a north-south and east-west orientation. These 

orientations were chosen to reflect potential extremes of solar gain. The orientation can have an 

impact on the overheating risk and electricity consumption of the building. However, for a detached 

house, it is expected that this impact is relatively small since all facades are quite similar and all 

exposed to solar radiation (Van Hooff et al., 2015). In contrast, the orientation of the gable roof, and 

thus the PV panels, has a large influence on the effectiveness of the on-site energy generation (W. 

Feist et al., 2012).  

4.2.2 Envelope quality 

Four envelope qualities are defined, in order to describe different insulation levels, which vary in the 

insulation value of the roof, wall, floor and the windows. The envelope qualities also differ in their 

infiltration rate. The four envelope qualities represent the insulation level of the existing case study 

building (1992), a house built according to the current building code (2015), a nearly zero energy 

building (nZEB), a passive house (Passive). The envelope properties of the nZEB and passive house 

are based on the study, commissioned by the Netherlands Enterprise Agency, which outlined future 

building concepts (RVO, 2015). Part of this study includes the support and preparation for future 

decisions on tightening energy requirements and therefore has a large impact on how energy-

efficient buildings are designed in the future. The envelope properties of the 1992 and 2015 envelope 

qualities are based on the 1992 and 2015 Dutch building codes (OnlineBouwbesluit.nl, 2015). The 

thermal bridge effect is not included in this research study.  

For every envelope quality, corresponding glazing and window types are defined based on a literature 

study. Residential buildings are well insulated from 1992, whereby the application of double glazing 

became more common (Agentschap NL, 2011). From 2015, the application of HR++ glazing became 

necessary in order to meet the Dutch building code requirements for energy efficiency. Future 

strategies, to achieve highly energy-efficient homes, suggest that the use of triple glazing is becoming 

more customary (RVO, 2015). The 1992, 2015 and nZEB envelope quality use a wooden window 

frame, while the passive envelope quality uses a passive window frame (includes an additional 

thermal break). The exterior doors are assumed to be solid wood and without glazing. From 2015, 

insulated exterior doors were necessary in order to meet the building regulations. The passive 

envelope quality uses a passive door. 
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The infiltration rates are derived from the 1992 and 2015 Dutch building code and the research study 

which describes the future building concepts (OnlineBouwbesluit.nl, 2015) (RVO, 2015). In the 

Netherlands, the air permeability is expressed by the qv;10 value which is the air volume flow 

through the cracks and seams of the building divided by the floor surface area (at an air pressure 

difference of 10 Pascal). Newly build houses have a similar airtightness as houses built in 1992, 

namely 0.625 dm3/(s·m2). The nZEB and passive envelope quality have to meet more stringent 

criteria of respectively 0.400 and 0.150 dm3/(s·m2). 

4.2.3 Photovoltaic panel surface area 
Different (effective) photovoltaic surface areas are taking into account, using one side of the gable 

roof which has a surface area of approximately 52 m2. Taking into account a panel surface area of 

about 1.63 m2, this results in a maximum effective surface area of 32.7 m2. Three different effective 

PV surface areas are examined, namely 4, 12 and 24 panels. For the north-south orientation, the 

panels will be directed to the south as it provides the highest electricity generation. When assessing 

an east-west orientation, the panels will be divided equally between both sides of the gable roof, since 

this theoretically results in a better energy matching. This is because most electricity will be 

generated during the morning and evening which corresponds well with the occupant's presence. 

4.2.4 Cooling strategy 
This study assesses the performance of ventilative and mechanical cooling which means that both 

cooling strategies have to be included as a building parameter. Ventilative cooling uses free cooling 

by natural ventilation through the window openings, which is simulated by an increased air change 

rate with the outdoor environment when the indoor and outdoor temperature exceeds certain 

temperature thresholds. Based on the previously described literature (section 2.2), this study research 

assumes that, during the day, the windows are opened by the occupants when the following criteria 

are met: 

9e[��&= < 9;**e                                                                                                                                                       (13) 

9;**e; +; > 25 °�                                                                                                                                                        (14) 

9;**e; [; > 23 °�                                                                                                                                                       (15) 

The external windows are opened when the indoor temperature exceeds 25°C and 23°C for 

respectively the living room and bedrooms. The windows will only be opened when the outdoor 

temperature is lower than the room temperature and will stay opened until the indoor temperature 

drops below 23°C and 21°C for respectively the living room and bedrooms. The difference between 

the open and closing thresholds makes sure that a deadband of 2°C is maintained, avoiding that the 

windows are opened and closed in a fast succession. For the implementation of night-purge 

ventilation, some additional criteria are used, also based on literature (section 2.2): 

0: 00 > 6: 00                                                                                                                                                               (16) 

9e[��&= < 9;**e                                                                                                                                                       (17) 

9h@;<#� > 22 °�                                                                                                                                                        (18) 

9e[��&= > 10 °�                                                                                                                                                       (19) 
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It is assumed that the night-purge ventilation is activated when the outdoor temperature is lower 

than the room temperature between 00:00 and 06:00. In order to prevent overcooling, additional 

criteria are implemented. Night-purge ventilation is only activated when the surface temperature is 

above 22°C, and when the outdoor temperature is higher than 10°C. The air circulation rates that are 

achieved by the opening of the windows is simulated by an increased air change rate with the 

outdoor environment. Based on the previously described research, the most suitable range for the 

circulation rate has been determined, namely between 1 and 5 ACH. The exact circulation rate 

depends on the maximum achievable air circulation rate and the ability to utilize this maximum 

circulation rate, and therefore, depends on the occupant behavior scenario. Mechanical cooling 

makes use of the heat pump system to provide the radiant slab floor with cold water. Design variants 

with mechanical cooling do not open their windows during the day, but instead, enable the cooling 

system when the indoor temperature exceeds a predefined cooling setpoint. This cooling setpoint 

depends on the occupant behavior scenario. The mechanical cooling strategy does use night-purge 

ventilation, which is the opening of the windows during the night. 

4.2.5 Heat pump capacity 
Designs with different envelope qualities will result in different peak loads for cooling and heating. 

This has consequences for the required capacity of the heating and cooling system, and therefore the 

investment cost, dimensioning, but also the electricity consumption. Because of the many design 

variants that are taken into account, it will be very time consuming to calculate the necessary heating 

and cooling capacity for each design. Therefore, a selection of different commonly used heat pump 

capacities is implemented as design variants. For the characteristics of the different heat pump 

systems, the outdoor units of the P series from Mitsubishi Electric are used (Mitsubishi Electric, 

2016). This immediately means that the availability of the system is taken into account. 

  

4.3 Scenarios 
In this research study, different scenarios are included in the simulations, namely for the household 

size, occupant behavior and the (future) climate. Different occupant scenarios are taken into account 

since it is known that the occupants can have a large influence on the performance of buildings (Fabi 

et al., 2013). By simulating various household sizes and variability in behavior, the impact of 

occupants on the building performance can be taken into account (Guerra-Santin & Silvester, 2016). 

Adding up all the scenarios that are considered in this research study results in a total of eight 

different occupant scenarios, which differ in their occupant behavior, household size and climate 

(Fig. 16). In this section, every varying scenario parameter is briefly discussed. 

Fig. 16   An overview of all scenarios that are taken into account, namely two behavior scenarios, two household sizes and 
two different climate scenarios. Every possible combination results in a total amount of 8 scenarios. 
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4.3.1 Household sizes 
The number of occupants can have an impact on the energy consumption of a building. This is 

especially true for the hot water consumption since this linear increases as the household consist of 

more people (Henk Foekema, 2011). In 2013, the average household in the Netherlands consists of 

2.2 persons (CBS, 2015b). Most households in the Netherlands consist of a single adult without 

children, which represents 34.8% of the total households (Table 3). Three other large groups are 

couples without children (26.5%), couples with one child (10.9%) and couples with two children 

(11.5%). Two different household sizes are taken into account in this research study, ranging from 1 

to 4 occupants. In the simulation, no distinction is made between children and adults. 

 Amount of households in the Netherlands 
 Single adult 

without 
children 

Couple 
without 
children 

Couple with 
children 

Single adult 
with children 

Others Total 

 x 1,000 % x 1,000 % x 1,000 % x 1,000 % x 1,000 % x 1,000 
1 person 2868 100 - - - - - - - - 2868 
2 persons - - 2185 98 328 13 328 60 32 76 2871 
3 persons - - 27 1 896 35 161 29 8 19 1092 
4 persons - - 9 0 952 37 43 8 1 3 1005 
≥ 5 persons  - - 4 0 397 15 14 3 1 2 416 
Total 2868 100 2225 100 2573 100 545 100 42 100 8253 

Table 3   The households in the Netherlands divided in the numbers of occupants and composition (CBR, 2015). All values 
are rounded to whole numbers. 

4.3.2 Behavior scenarios 
In building performance simulations, occupant behavior scenarios can be modeled by two different 

approaches (Hoes et al., 2011). A simplified approach defines the behavior scenarios by predefined 

values for different behavior input parameters. A more advanced approach generates stochastic 

behavior models or activity models (Hoes et al., 2011). In this study, the simplified approach is used 

which means that for each behavior scenario, values have to be defined for each input parameter. 

Two different behavior scenarios are considered, namely a low and high scenario (Table 4). The low 

behavior scenario represents a household with well-informed, active and energy concise occupants, 

and the high behavior scenario represents a household with poorly-informed, passive and energy 

wasting occupants. Each scenario assumes the two extreme values for different parameters, namely 

the presence, temperature and ventilation setpoints, heat gains, DHW usage and shading control. 

These extreme values are based on literature and sometimes derived from an average scenario. A 

detailed description of the behavior scenarios can be found in the appendix (Appendix III). 

The occupant profiles describe the presence of the occupants, based on a research which defined 

different typical occupancy patterns reflecting realistic occupant behavior in homes (Aerts et al., 

2014) (Appendix IV). Each occupant profile also comes with additional schedules for heating and 

cooling, based on a research into the heating, ventilation, bath and shower behavior of occupants and 

the usage of electrical appliances (Ministerie van VROM, 2009). The heating setpoint and setback 

are also based on this research. For the cooling setpoints, adaptive comfort limits are used according 

to a corrected version of the adaptive thermal comfort model (Peeters et al., 2009), and assume 

different PPD values. The mechanical ventilation rates are based the Dutch building regulation and a 

study which assumes ventilation rates for various behavior scenarios (Hoes, 2014) 

(OnlineBouwbesluit.nl, 2015). The natural ventilation rates, that can be achieved by ventilative 
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cooling, are based on a literature study (section 2.2.1). For the internal heat gains from lighting and 

appliances, the low and high scenario use a heat gain of respectively 1.4 and 3.4 W/m2. These gains 

are based on literature (Hoes et al., 2011) and represent different daily average internal heat gain 

rates. Since the internal heat gains are not evenly distributed throughout the building, the average 

heat gain rates are distributed depending on the room and time (Appendix V). This is done by 

schedules which are defined by the Institute for Study and Promotion of Research in the field of 

building installations (ISSO). A research of the Association of water companies in the Netherland is 

used for the DHW usage scenarios (Foekema & van Thiel, 2014). Finally, the blinds are lowered and 

raised depending on the behavior scenario, based on the incoming radiation (Hoes, 2014).  

 Behavior scenarios Unit 
 Low High  
Presence     
 Occupant profiles Mostly absent Mostly at home - 
Temperature setpoints    
 Heating setpoint 18.0 (16.0) 22.0 (20.0) °C 
 Temperature setback 14.0 18.0 °C 
 Cooling setpoint 20% 10% PPD 
Ventilation setpoints    
 Mechanical ventilation rate 0.9 1.5 ACH 
 Natural ventilation rate 5.0 1.0 ACH 
Heat gains    
 Lighting 0.3 0.7 W/m2 
 Appliances 1.1 2.7 W/m2 
DHW usage     
 Domestic hot water consumption 40 80 L/day/p 
Shading control    
 ON if radiation > … 250 350 W/m2 
 OFF if radiation < … 200 300 W/m2 

Table 4   The investigated behavior scenarios with corresponding parameter values. The behavior scenarios differ in their 
presence, temperature setpoints, ventilation setpoints, heat gains, DHW consumptions and shading control. 
 

4.3.3 Climate scenarios 

Climate change is caused by natural factors and human activities. According to a vast majority of 

climate scientist, human behavior has a large influence on the earth’s climate (IPCC, 2014). 

Uncertainty about the future climate is the result of uncertainties in the socio-economic 

development, which comes with increasing GHG emissions. The future climate is also uncertain 

because of the climate system itself, consisting of changes in air circulation patterns and a certain 

sensitivity to rising GHGs (KNMI, 2009). The fifth assessment report of the IPCC highlighted the 

relationship between increasing atmospheric concentration of GHGs and global warming (IPCC, 

2014), and defined future climate scenarios for different atmospheric GHGs concentrations. The 

IPCC scenarios are translated by the KNMI into four scenarios for the Netherlands in the near 

future, namely for the year 2050 (van den Hurk et al., 2006). These four scenarios can be divided 

into a matrix of two by two, consisting of a moderate and warm scenario with an average global 

temperature increase of respectively 1 °C and 2°C, versus an unchanged or changed air circulation 

pattern (Fig. 18). Climate scenario W and W+ are characterized by a large increase in the average 

global temperature, whereas the G and G+ are characterized by a moderate increase (Fig. 17). The 

W+ and G+ scenarios also include a change in the air circulation patterns above the Atlantic and 

Western Europe, causing moderate winters and hot summers (van den Hurk et al., 2006). 
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The future climate scenarios for the Netherlands, which take climate change into account, include 

more summery and tropical days with extreme rains during the summer. According to the scenarios, 

the average summer temperatures of 2050 are 0.9 to 2.8°C higher than in the reference year 1990. 

This is also true for the number of summer days (with a maximum temperature ≥ 25°C), which will 

increase by 5 to 15 compared to the current average of 21 days. Thus, heat waves will occur more 

frequently, and as a result, increases the number of heavy showers. Furthermore, during the 

summer, the amount of solar radiation will rise in the G+ and W+ scenarios. However, it is predicted 

that these changes will be small (KNMI, 2009). The KNMI indicates that some scenarios are more 

likely to happen than others. The current warming in the Netherlands can be best described by the W 

or W+ scenario. Furthermore, the location of the building has an effect on the climate, as the 

landscape also has its effects on the climate around a building. An example is a so-called urban heat 

island (AHUs), which may form in any urban area. In order to limit the number of scenarios, only a 

scenario for the current climate is considered, which is based on the NEN5060 (NEN, 2008) and 

used as a reference climate (Ref.), and a single future climate scenario, which assumes the most 

extreme climate scenario W+ (2050). 

 

  

Fig. 18   The four future 
climate scenarios for the 
Netherlands in 2050: a 
moderate (G) and warm (W) 
scenario versus unchanged or 
changed (+) air circulation 
patterns (van den Hurk et al., 
2006). 

Fig. 17   Observed temperatures during the winter and summer in the Netherlands (solid lines) and predictions according 
to the different climate scenarios (dashed lines). The background shading represents the annual variability derived from the 
observations over the entire 20th century (van den Hurk et al., 2006). 
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4.4 Performance indicators 
In this research study, the performance of the design variants is assessed in the field of thermal 

comfort, energy, and cost. For every field, different performance indicators are considered which are 

variables that are used to analyze the performance of the design variants (Table 5). For the 

assessment of the thermal comfort, the amount of weighted overheating hours is assessed using the 

previously described adaptive comfort model. For energy, the electricity consumption and two 

different matching indices are used. The matching indices describe the dependency of the building 

on the electricity grid. Since financial implications are important for most decision makers, also the 

cost are taken into account, including the additional investment and global costs. 

Thermal comfort  
- Weighted overheating     

hours [h/a] 
 

Energy  
- Elec. consumption [kWh/a] 
- On-site energy fraction [-] 
- On-site energy matching [-] 

Cost 
- Additional  

investment costs [€] 
- Global costs [€/30 years] 

Table 5   An overview of the considered performance indicators that will be assessed in this research study. 

 

4.4.1 Thermal comfort 

In order to assess the overheating risks, weighted overheating hours are summed up during the 

summer period, namely from May through September. Overheating hours are the total number of 

hours the upper-temperature limit is exceeded during the period the building is occupied. The upper 

comfort limits are derived from an adaptive comfort model (Peeters et al., 2009) by assuming a 

width around the neutral comfort temperatures (D) of 5°C, which corresponds with a 90% 

acceptability. For the asymmetrical split around the neutral temperature an � of 0.7 is assumed since 

people adapt more easily to heat than to cold. The occupied hours are based on the occupant profiles. 

In the living room for the “mostly absent” profile, the overheating hours are assessed from 16:00 to 

23:00, and for the “mostly at home” profile from 06:00 to 23:00. For the bedrooms, the time period 

from 23:00 to 07:00 is analyzed, regardless of the occupant profiles. The overheating risks will be 

only assessed during the summer, since overheating during the early spring and late autumn are 

mainly caused by system and control faults. The weighted overheating hours are calculated by 

multiplying the overheating hour with the degree of exceedance. 

In this research study, it is assumed that overheating can be completely prevented through the use of 

mechanical cooling. Therefore, when using mechanical cooling, there is no need to assess the 

thermal discomfort since it is assumed that when occupants use certain cooling setpoints they are 

content with the thermal climate. For the cooling setpoints of the different behavior scenarios, 

different PPD values are assumed based on the same adaptive comfort model. However, when using 

mechanical cooling, it is assumed that windows stay closed in order to avoid simultaneously opening 

windows and using mechanical cooling. Because of this, a BETA building should be assumed when 

assessing designs with mechanical cooling. This means that the neutral comfort temperatures are 

adjusted, removing the adaptive nature when summer temperatures prevail. The low scenario 

assumes a PPD of 20%, and the high scenario assumes a PPD of 10%. A more detailed explanation 

can be found in the appendix (Appendix III). 
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4.4.2 Energy  
The obligation towards zero energy buildings leads to an increased utilization of on-site renewable 

energy sources. This results in an increased mismatch barrier between on-site renewable energy 

production and the energy consumption (Cao et al., 2013). In order to describe the energy mismatch, 

two different mismatch indices are used, the “On-site Energy Fraction” (OEF) and “On-site Energy 

Matching” (OEM) (Fig. 19): 

��� = i �b�j�(8); �(8)k=l=m n8
i �(8)n8=U= ;    0 ≤ ��� ≤ 1                                                                                                (20) 

 

��� = i �b�j�(8); �(8)k=l=m n8
i �(8)n8=U= 

;    0 ≤ ��� ≤ 1                                                                                              (21) 

 
Where the variables 8  and 8U represent respectively the starting and ending points of the time span, �(8) the on-site generated power [kW], �(8) the load power [kW], 8 the time and n8 the time-step that 

is used in the simulation model. The OEF indicates the proportion of the total load covered by on-site 

generated energy, whereas OEM indicates the proportion of on-site generated energy that is directly 

used by the building rather than being dumped or exported to the grid (Cao et al., 2013). A better 

matching is indicated by high values of OEF and OEM, with a maximum of 1.00 which means that 

the building does not need to be connected to the grid. 

The time step n8 can have a large effect on the matching results. Each time step has an averaging 

effect on both the generation and consumption, which means that a large time step can overestimate 

the matching capabilities. Therefore, it important to use a small enough time step, so that peaks in 

the energy consumption and generation are taken into account. However, minimizing the time-step 

will simultaneously results in a longer computational time. In addition, a research into the impact of 

the time resolution on the matching between energy generation and consumption shows that a very 

small time step is not always the most suitable for energy matching analysis (Cao & Sirén, 2014). The 

results show that, in some situations, a resolution of 1 hour can still provide results with a relatively 

small error of around 4%, while a simulation with a 5 minute resolution can, in some situations, 

cause an error of more than 20%. In addition to the time resolution, also the variables 8  and 8U can 

be varied in order to analyze different periods, such as monthly, daily and hourly energy matching. 

In this study, the yearly match is analyzed by using a time step of 5 minutes which takes into account 

all peaks in the consumption and generation. 

Fig. 19   The main principle of the two matching indices. 
The OEF is equal to the ratio of the area of section III to 
the overall areas of sections I and III and indicates the 
proportion of the load covered by on-site generated energy. 
Whereas OEM is equal to the ratio of the area of section III 
to the overall areas of sections II and III and indicates the 
proportion of on-site generated energy that is used in the 
load rather than being dumped or exported to the grid (Cao 
et al., 2013). 
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4.4.3 Cost 
In addition to energy and comfort related performance indicators, also financial aspects will be taken 

into account when assessing the performance of ventilative and mechanical cooling. Generally, the 

(additional) investment costs are one of the most important indicators for decision makers, such as 

real estate developers, since houses need to be affordable to make a profit. Profit is often seen as 

something negative but is necessary for a sustainable business plan. Also, future expenses will be 

assessed by assessing the global costs which also includes the replacement, maintenance, and 

operating costs. A more detailed description of the determination of the additional investment and 

global costs can be found in the appendix (Appendix VI). 

4.4.3.1 Additional investment costs 

The additional investment costs between the design variants differ in cost for the envelope quality, 

PV surface area, cooling strategy and heat pump capacity. Only the additional investment costs are 

taken into account, which means that only the differences between design variants will be taken into 

account. For example, the heat recovery system will not be included in the additional investment 

costs since it is implemented in all design variants  

The investment costs of the different insulation levels are based on data from the RVO (RVO, 2014). 

The cost is based on an individual project, which means that no discounts are included. For the 

investment of the windows, an online database is used with a price level of July 2016 (Archidat 

Bouwinformatie, 2016). The publication of the RVO is also used to determine the investment costs 

of the different climate and PV systems (RVO, 2014). However, this publication does not make a 

distinction in the price differences between different heat pump capacities. Therefore, a price list 

from a heat pump distributor is used to determine these differences (comfortklimaat.nl, 2016). The 

prices for the heat pump systems includes the heat pump, thermal storage tank and installation 

costs. For the radiant floor slab, additional costs are taken into account when using it to mechanically 

cool during the summers. This includes the installation of a dew point control system which cost 

around 250.- euro (R. O. de Linden, 2016).  

4.4.3.2 Global costs 

Financial implications of design choices do not only depend on the additional investment costs, but 

also on the cost for the longer term. Therefore, it is also important to include the replacement, 

maintenance and operating costs in the comparative assessment. This is done by taking into account 

the global cost, which is the summation of the investment cost, replacement costs, maintenance 

costs and operating costs. This performance indicator is based on a research study into an 

optimization method for cost-optimal building solutions (Mohamed Hamdy et al., 2013). In this 

research study, the additional investment costs are used instead of the total investment costs.  

The global costs can indicate if specific measures are financially interesting which is the case if it 

saves a lot of operating costs, for low investment costs. The global costs are evaluated for a 30-year 

period, because beyond a 30-year timeframe assumptions on interest rates and forecasts for 

electricity prices become very uncertain (BPIE, 2010). The global costs are calculated by the following 

equation: 

�6]o56 �]p8 = q ���
&

�r + q )��
&

�r + �� + ��                                                                                                   (22) 
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Where �� is the (additional) investment costs of the different design variables [€], )� is the 

replacement costs [€/30 years], �� the maintenance costs [€/ 30 years] and �� is the operating costs 

[€/30 years]. The index � represents each individual design variable. 

When calculating cost that occurs in the future, such as the replacement costs, it is important to take 

the inflation and increasing electricity prices into account. For the cost analysis, a real interest rate (() of 2.8 % is used, which corresponds with the average real interest rate in the Netherlands for the 

period from 1992 to 2012 (Trading Economics, 2016). An energy price escalation rate (�) of 1.1 % is 

used, which is the average price of a kWh of electricity in the Netherlands for the period from 2007 

to 2016 (CBS, 2015a). No sensitivity analysis is performed by taking into account different economic 

assumptions.  

The replacement costs are determined by determining which components need to be replaced within 

the 30-year period. For the lifetime of the different systems, it is an option to assume the warranty 

period. However, this period is usually based on a pessimistic prediction of the lifetime. In this 

research study, the lifetimes are based on experiences in the field based on expert judgment. It is 

assumed that only some of the systems need to be replaced within the analyzed period of 30 years. 

The structural elements with the shortest lifespan are the window frames. However, a good 

hardwood frame lasts longer than 30 years, which means that no replacement has to be reserved for 

the windows and the other structural elements. For the heat pump system, it has been assumed that 

after 20 years the outdoor and the indoor unit, the heating control, the room thermostat and the 

water storage heater must be replaced. The investment costs of the indoor and outdoor units are 

derived from a price list from a heat pump distributor (comfortklimaat.nl, 2016). The other 

components are derived from the publication of the RVO (RVO, 2014). For the photovoltaic system, a 

distinction is made between the panels and the inverter which have a lifespan of respectively 25 and 

15 years. This means that the inverter is replaced twice within the analyzed 30-year period. The 

investment costs of the inverters are determined using the price list of single phase grid inverters of 

Omniksol, supplied by a distributor of solar system products (Sinnedak B.V., 2016). Furthermore, it 

has been assumed that the floor heating system does not have to be replaced. 

In this study, no maintenance costs are taken into account since the differences in maintenance costs 

between the different design variants will be negligible, and it is also quite unpredictable what the 

maintenance costs will be over a period of 30 years.  

The operating costs are determined by adding up the annual standard fees for the electrical 

connections and the annual electricity costs. For the delivery of the electricity 40.- euro is taken into 

account (standing charge), which is a fixed cost regardless of the quantity of electricity that is used. 

Also, 235 euro for the network management is taken into account which has to be paid for the 

maintenance of the electricity network. For the electricity cost, a single tariff rate of 0.159 euro per 

kWh is used to calculate the energy costs (CBS, 2016a). In this study, it is assumed that no cost are 

saved by the delivery of electricity back to the grid. The Netherlands has a regulation whereby the 

electricity which is exported back to the grid may be deducted from the electricity bill. However, it is 

very likely that this regulation will disappear in the near future since it is partly subsidized by the 

government and is relatively expensive. It also holds back the development of better energy-efficient 

systems (Tweede Kamer, 2014). This assumption has an impact on the profits that can be achieved 

with PV panels.  



  Master’s Thesis - Building Physics and Services 
 

J. (Jesse) Plas            35 

5 Performance assessment of ventilative or mechanical cooling 
 

5.1 General description of about the simulation results 
The simulation of 144 design variants for 8 different scenarios and numerous performance 

indicators resulted in a large amount of data. When exporting all the simulation results to a 

spreadsheet program, 145,152 individual data cells are filled. This means that not all data could be 

visualized and that there has been a strict selection in the usage of data. When the effect of a specific 

design variable is negligible, this is mentioned and not further analyzed. A design parameter which 

will be ignored is the heat pump capacity since it appears that it has little effect on the thermal 

comfort and electricity consumption (Appendix VII). 

In the visualization of the results, a distinction has been made between the two climate scenarios, 

four envelope qualities, two orientations and two cooling strategies. The behavior scenarios are 

visualized by means of boxplots, which show a graphical representation of a five-number statistical 

summary. A boxplot is a simplified representation of the data distribution, and therefore suitable for 

comparing different groups of designs. The five-number summary of the observed data consists of 

the minimum, the first quartile, median, third quartile and the maximum. These numbers divide the 

boxplot into four different areas, each with 25% of the data. The median is the "middle" value of the 

data set, and is, in comparison with the mean, not much, affected by outliers. The influence of the 

occupant behavior is displayed by a so-called “performance spread”, which is the total spread of a 

boxplot. In addition to boxplots, tables are used which can provide new insights. In order to make the 

tables clearer, only the most extreme occupant scenarios are displayed, namely “low”, which 

combines the low behavior scenario with a household of only one person, and “high”, which 

combines the high behavior scenario in combination with a household of four persons. 

No measurements were available to validate the simulation model, by comparing the simulation 

results with measurement results. Therefore, the simulation model of the existing case study 

building is compared with the results of a comparable model according to the NEN 7120 standard 

(Agentschap NL, 2011). In this way, it can be determined if the existing situation gives reasonable 

results (Appendix VIII). The use of simulation models will never be able to exactly predict the 

performance of a building. However, this is not necessary for the conclusions since this research 

study especially tries to find trends by comparing multiple designs. Furthermore, the used 

simulation program TRNSYS is successfully validated by the Building Energy Simulation Test 

(BESTEST). BESTEST is a method that was developed for systematically testing whole-building 

energy simulation programs (Judkoff & Neymark, 1995). The method is successful at exposing bugs, 

faulty algorithms, and input errors. Potential errors in the simulation model are therefore mainly 

dependent on the assumptions that have been made for the different input parameters. To prevent 

these errors, all assumptions are based on an extensive literature review including research, 

standards and surveys. A complete overview of the assumptions is shown in the appendices 

(Appendix IX) (Appendix X). 
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5.2 Thermal comfort 
This section analyses the thermal comfort of the different design variants for the considered 

scenarios. Before analyzing the total weighted overheating hours, the indoor temperature is analyzed 

for a typical summer week, namely from July 30 to August 6. This gives an insight into the effect of 

different building parameters and scenarios on the indoor temperature. This also provides a good 

overview of the assumptions that have been made for the simulation model. Since the case study 

buildings consist of different zones, it was decided to only analyze the living room zone. The indoor 

temperature of the other zones will be different as different assumptions were made for the internal 

heat gains and comfort limits. However, these differences are not that important for the conclusions, 

that they should be reported separately. The different parameters and scenarios are changed step by 

step, namely in the following sequence: 

- the occupants; 

- the insulation level; 

- climate change; 

- and mechanical cooling. 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.1 Indoor temperature during a typical summer week 
The indoor temperature in the case study building shows that when assuming the reference climate, 

the indoor temperature is generally higher than the outdoor temperature when applying ventilative 

cooling (Fig. 20). Even when assuming a low occupant scenario. This means that almost every day, 

the windows can be opened in order to bring cooler air inside the living room. This can be clearly 

seen on July 31 and August 1, where the windows are opened several times when cooling is needed. 

The windows are also opened during every night, for the benefit of night-purge ventilation. At the 

times when the windows are open, the indoor temperature drops sharply due to the relatively high 

temperature difference between the indoor and outdoor temperature. However, the windows cannot 

always be opened, namely on July 30, on which the outdoor temperature rises above 30°C. On that 

day, the temperature is much higher than the indoor temperature, which means that the indoor 

space cannot be cooled by means of natural ventilation and the windows have to remain closed. In 

Fig. 20   The air temperature of the living room (orange) and the outdoor environment (blue) during a typical 
summer week when assuming the reference climate scenario, low occupant scenario, and a 1992 envelope 
quality with ventilative cooling. The graph also shows the adaptive comfort limit (solid black line), window 
opening setpoint (dashed line) and the periods in which the windows are opened and closed (dotted black line). 
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addition, the outdoor temperature is also much warmer than the adaptive comfort limit. This means 

that a comfortable indoor temperature can never be reached with ventilative cooling. Although 

ventilative cooling may not be used on this hot day, the indoor temperature does not exceed the 

adaptive comfort limit and therefore does not indicate overheating in this case. The windows also 

remain closed during some shorter periods on July 31 and August 1. 

5.2.1.1 Impact of the occupants 

Two occupant scenarios were simulated that vary in behavior and household size which has an effect 

on the temperature inside the building. The main difference between both scenarios, which have a 

large influence on the indoor temperature, are the internal heat gains and the air circulation rates 

that are achieved when windows are opened. The high scenario describes the worst case scenario 

which assumes high internal heat gains and low air circulation rates which result in higher indoor 

temperatures (Fig. 21). 

 

 

 

 

 

 

 

 

 

 

 

When assuming the high occupant scenario, the indoor temperature is about 2°C higher in 

comparison with the low occupant scenario. In most situations, this does not lead to overheating 

issues, with the expectation of July 30 and August 1. On these days, the indoor temperature exceeds 

the comfort limit, which means the occupants will experience overheating. The temperature 

difference between the indoor and outdoor is low on these days, which means that the indoor space 

cannot be properly cooled by means of ventilative cooling. On July 30, the outdoor temperature is still 

much warmer than the indoor temperature, which means that the windows have to stay closed. The 

rest of the week, the windows are almost always open, since the indoor temperature remains above 

the window opening threshold. 

5.2.1.2 Impact of the insulation level 

In order to analyze the effect of increased insulation values on the indoor temperature, the effect of a 

passive envelope quality on the indoor temperature is displayed. In general, when increasing the 

insulation level to a passive house level, the indoor temperature will rise (Fig. 22). And as a result, 

when assuming the high occupant scenario, the indoor temperature exceed the comfort limit 

(almost) every day and the occupants will experience overheating. 

Fig. 21   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the reference climate scenario, high occupant scenario, and a 1992 envelope with ventilative cooling. 
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This temperature rise is due to the fact that it is more difficult for the heat gains to escape the 

building through the building envelope by convection and conduction. Also, the achieved air 

circulation through the windows openings is too low to prevent the indoor temperature from rising. 

However, during the times the outdoor air is warmer than the indoor air, the better-insulated 

dwelling will be cooler in comparison with the case study building. This can be explained by the 

warmer outdoor environment, which means that the heat will flow from the outside to the inside. 

Dwellings with more insulation will lower this heat flow, and thus will ensure a cooler indoor space. 

5.2.1.3 Impact of climate change  

When assuming the future climate scenario it can be seen that the outdoor temperature will be 

higher in comparison with the reference scenario. While in the reference climate a daytime 

temperature higher than 30°C is an exception, this will be a typical summer daytime temperature in 

the future climate scenario. The hottest day of the future scenario is around 38°C. Also, the night-

time temperatures rise, which reduces the effectiveness of night-purge ventilation. Because of these 

warmer weather conditions, the adaptive comfort model allows higher indoor temperatures 

 

 

 

 

 

 

 

 

 

 

Fig. 22   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the reference climate scenario, high occupant scenario, and a passive envelope with ventilative cooling. 

Fig. 23   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the 2050 climate scenario, low occupant scenario, and a 1992 envelope with ventilative cooling. 
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Due to climate change, the outdoor temperature during the typical summer week, in many cases, is 

much warmer than the indoor temperature. This means that the windows have to remain closed, 

making ventilative cooling an unusable cooling strategy. In the existing case study building, 

overheating occurs on August 3 and 4, when assuming the low occupant scenario (Fig. 23). On these 

days, the room cannot be cooled with ventilative cooling, since it is too hot outside. At the times 

when it is cold enough outside, the windows are always opened, which indicates that the building 

requires much cooling this summer week. On the other hand, the indoor temperatures are 

considerably lower for designs with a passive envelope quality, not only when it is warmer outside, 

but also during the nights (Fig. 24). The passive envelope quality even prevents overheating since, in 

this case, the indoor temperature does not exceed the comfort limit. This indicates that when 

applying higher insulation values the heat flow through the envelope, from the outside to the inside, 

is reduced. Furthermore, during the night, the air circulation rate is high enough in order to 

discharge the heat from the room by night purge ventilation. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the 2050 climate scenario, high occupant scenario, and a 1992 envelope with ventilative cooling. 

Fig. 24   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the 2050 climate scenario, low occupant scenario, and a passive envelope with ventilative cooling. 
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On the contrary, when comparing the indoor temperature for different envelope qualities in 

combination with the high occupant scenario at the moments it is colder outside, the indoor 

temperature will be higher in a passive house (Fig. 25) (Fig. 26). This is because when applying high 

insulation values, the higher internal heat gains cannot escape to the outside by convection and 

conduction. This is also because lower air circulation rates are included in the high occupant 

scenario. When it is warmer outside highly insulated dwellings will still be cooler. 

 

 

 

 

 

 

 

 

 

5.2.1.4 Impact of mechanical cooling 

When using mechanical cooling, a temperature setpoint is assumed based on a corrected adaptive 

comfort model, which means that the setpoints won’t have the strong adaptive character as when 

assuming ventilative cooling. In addition, the operation of mechanical cooling and setpoints are 

based on the behavior scenarios. It has to be noticed that the designs with mechanical cooling are 

still simulated with night purge ventilation to cool down the building during the night, and thus 

reducing the cooling demand.  

 

Fig. 26   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the 2050 climate scenario, high occupant scenario, and a passive envelope with ventilative cooling. 

Fig. 27   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the 2050 climate scenario, low occupant scenario, and a passive envelope with mechanical cooling. 
The gray areas are the time periods in which the climate control system is shut off. The bleu dotted line shows 
when the thermostat indicates cooling is needed and the floor is supplied with cold water. 
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When assuming the low occupant scenario, the living room will only be cooled during the evening 

(bedrooms also during the night) (Fig. 27). An hour before the arrival of the occupants, the system 

will start to cool the room resulting in a sharp temperature drop. In many cases, the cooling does not 

reach the temperature setpoint on time, which means that the system has to start earlier with 

cooling. Some additional simulations, with a modified start time, showed that this had little effect on 

the electricity consumption for cooling. Furthermore, the mechanical cooling system is able to keep 

the room temperature around the temperature setpoint. 

 

 

 

 

 

 

 

 

 

 

 

When assuming the high occupant scenario, the mechanical cooling strategy is, in most of the time, 

able to maintain the room temperature around the temperature setpoint. (Fig. 28). However, on 

August 4, the mechanical cooling system cannot maintain the indoor temperature around the 

temperature setpoint. This has nothing to do with the capacity of the heat pump, but with the fact 

that the radiant floor has a limited capacity. A minimum surface temperature has to be maintained 

in order to avoid condensation on the floor. This means that there is a maximum cooling load that 

can be reached. This is evident on extremely hot days like August 4. 

5.2.2 Weighted overheating hours 
The previous section describes the thermal comfort for the different designs variants and scenarios 

during a typical summer week. This has obtained many insights into how the indoor temperature 

can be influenced. In order to compare the designs with ventilative cooling on their overheating risk, 

the total number of weighted overheating hours are assessed (Fig. 29). The number of weighted 

overheating hours in the reference climate may vary from 0 to 87 hours, depending on the occupant 

scenario, orientation and envelope quality (Table 6). This corresponds with 0 - 2% of the summer 

period. This indicates that weighted overheating hours do not occur for all design variant and 

scenario combinations. Especially the low behavior scenarios result in relative low weighted 

overheating hours, namely between 0 - 35 hours. Only designs with a passive envelope quality show 

some significant overheating. On the contrary, when assuming the high behavior scenarios, a 

significant amount of overheating hours are counted, namely between 0 - 87 hours. It has to be 

noted that the overheating percentage of the summer period is quantified since weighted overheating 

hours are used (which takes the magnitude of overheating into account). 

Fig. 28   The air temperature of the living room and outdoor environment during a typical summer week when 
assuming the 2050 climate scenario, high occupant scenario, and a passive envelope with mechanical cooling. 
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Total weighted overheating hours [h/a] + percentage of the total summer period 
N-S  E-W  

Low High Low   High 
1 4 1 4 1 4 1 4 

Ref.                 

1992 0 0% 0 0% 5 0% 16 0% 0 0% 0 0% 6 0% 18 0% 

2015 0 0% 0 0% 5 0% 35 1% 0 0% 0 0% 7 0% 41 1% 

nZEB 0 0% 1 0% 0 0% 15 0% 0 0% 2 0% 2 0% 16 0% 

Passive 14 0% 35 1% 12 0% 73 2% 14 0% 35 1% 15 0% 87 2% 

2050                 

1992 4 0% 5 0% 415 11% 657 18% 3 0% 4 0% 340 9% 545 15% 

2015 0 0% 1 0% 709 19% 1229 34% 0 0% 1 0% 565 15% 1010 28% 

nZEB 0 0% 1 0% 451 12% 874 24% 0 0% 1 0% 353 10% 708 19% 

Passive 1 0% 3 0% 784 21% 1543 42% 1 0% 3 0% 598 16% 1238 34% 

Table 6   The annual weighted overheating hours [h/a] for different envelope qualities, climate scenarios, behavior 
scenarios and household sizes. The hours are also shown as a percentage of the total summer period. All values are 
rounded to whole numbers. 

The effect of climate change shows that the amount of weighted overheating hours will rise sharply 

in the future. Depending on the scenario, orientation and envelope quality, the amount of weighted 

overheating hours may vary from 0 to 1543 hours. This corresponds with 0 - 42% of the summer 

period. Here, too, it holds that especially the high occupant scenario results in a relatively large 

number of overheating hours.  

Dwellings with a better-insulated envelope have the highest amount of overheating hours. It can be 

seen that the amount of weighted overheating hours in the existing case study building can reach up 

to 18% of the summer time, while for the same design with a passive envelope quality this can reach 

up to 42% of the summer time. This does not apply for glazing types with better insulation values. 

While the nZEB envelope quality has higher simulation values than the 2015 envelope quality, it has 

less weighted overheating hours. Another worth mentioning result is that less weighted overheating 

hour are counted in the bedroom zone than in the living room zone which can be largely explained 

due to the fact that in both zones, overheating is counted during different time periods. Overheating 

in the bedroom is only counted during the night, which comes with much lower outdoor 

temperatures while overheating in the living room is counted during the day.  

Fig. 29   The annual weighted 
overheating hours for designs with 
differentt envelope qualities and 
climate scnearios when assuming 
the ventilative cooling strategy. For 
each design, a distinction is made 
between the amount of weighted 
overheating hours in the living 
room (LR), bedrooms (BR). Also the 
total amount of weighted 
overheating hours are displayed (Σ). 
Furthermore, two orientations are 
shown in the graph, the solid and 
colored boxplots represents an N-S 
orientation, the “dashed” boxplots 
represents designs with an E-W 
orientation. 
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5.3 Energy 
This section analyses the electricity consumption and generation of the different design variants for 

the different scenarios. First, the results of the heat pump electricity consumption are shown, where 

the consumption for heating and cooling are distinguished. This is then compared with the 

electricity consumption for other purposes (e.g. domestic hot water and lighting) to get a good 

understanding of the part of the total electricity consumption which can be influenced by the design 

variants and climate scenarios. Then, the total electricity consumption and generation are analyzed. 

This gives insights into the necessary measures for an all-electric zero energy building. This section 

will also zoom into the additional electricity consumption which is needed for mechanical cooling, 

and how much of the total electricity consumption can be directly fulfilled by the on-site generated 

electricity. Finally, the results of the two different energy matching indices are shown, namely the on-

site energy fraction (OEF) and the on-site energy matching (OEM). 

5.3.1 Electricity consumption for heating and cooling 

The simulation model assumes that climate change and the envelope quality will not have an effect 

on the electricity consumption of appliances, lighting, fans, pump and the domestic hot water 

consumption. As a result, the climate and envelope quality only has an influence on the electricity 

consumption of the heat pump. The heat pump electricity consumption for cooling is only taken into 

account for designs with mechanical cooling. Furthermore, only designs with a north-south 

orientation are analyzed in this section, since the orientation has a negligible effect on heat pump 

electricity consumption.  

 

Due to climate change, the electricity consumption for heating will decrease and, when mechanical 

cooling is present, the electricity consumption for cooling will increase in the future (Fig. 30). This 

also applies for higher insulation values. When adding more insulation to the case study building, 

less electricity is necessary for heating, but more for cooling. An exception is the nZEB envelope 

quality, this envelope quality does decrease the consumption for heating, but requires less for 

cooling, in comparison with the 2015 envelope quality. This can be explained by the use of triple 

glazing which lowers the SHGC and thus retaining more solar gains. Something similar was also 

seen when comparing the weighted overheating hours of the 2015 and nZEB envelope quality. 

Fig. 30   The yearly electricity 
consumption [kWh/a] for heating 
(orange) and cooling (bleu) for 
different envelope qualities and 
climate scenarios. Also the total 
heat pump electricity 
consumption is shown (white). 
The boxplots represent different 
occupant scenarios. These results 
do not include the electricity 
consumption for domestic hot 
water. 
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Change in heat pump electricity consumption between climate scenarios [kWh/a]  
  Heating Cooling Total 

Low High Low High Low High 
Ref. 1992 -  - -  -  - - - - - - - - 

 2015 - - - - - - - - - - - - 

 nZEB - - - - - - - - - - - - 

 Passive - - - - - - - - - - - - 

2050 1992 -1072 -36% -1433 -28% +77 +49% +489 +123% -944 -17% -955 -32% 

 2015 -578 -34% -810 -24% +70 +43% +451 +79% -359 -9% -508 -27% 

 nZEB -474 -31% -688 -23% +47 +29% +393 +75% -295 -8% -428 -26% 

 Passive -288 -26% -476 -19% +60 +35% +401 +57% -75 -2% -228 -18% 

Table 7   Absolute and relative change in the heat pump electricity consumption (heating, cooling and total) for the future 
climate scenario with respect to the reference climate scenario. All values are rounded to whole numbers. 

 
For the future climate scenario, the electricity consumption for heating of the case study building 

will decrease with 28 - 36% with respect to the reference climate (Table 7). In contrast, the electricity 

consumption for cooling will increase by 49 - 123%. For design variants with a passive envelope 

quality, the electricity consumption for heating and cooling will, in the future, respectively decrease 

by 19 - 26% and increase with 35 - 57%. This indicates that the impact of climate change on the heat 

pump electricity consumption is much greater for less insulated buildings. 

In the future, the need for cooling will become greater and the need for heating becomes lesser. 

Highly insulated houses will even consume more electricity for cooling than heating. However, it 

must be noted that the total consumption for heating will be considerably larger when including the 

electricity consumption by the heat pump for the domestic hot water consumption. This is a 

relatively large part of the total electricity consumption in well-insulated buildings. Assuming that 

the heat and cooling generation efficiencies will remain the same in the future, the total electricity 

consumption of all design variants will decrease in the future, despite the increased consumption for 

cooling. However, for the passive envelope quality, this decrease is very limited, since the heating 

demand is already relatively small, and therefore will not decrease much more in the future.  

Higher insulation values result in a great reduction of the electricity consumption for heating, and a 

relatively small increase in the consumption for cooling. This corresponds with the impact of climate 

change as both respectively decreases and increases the heating and cooling demand. In the 

reference climate, insulating the case study building to a passive level will decrease the electricity 

consumption for heating by 51 - 62%, and increase the electricity consumption for cooling by 8 - 78% 

(Table 8). In absolute terms, higher insulation values have much more effect on the electricity 

consumption for heating than for cooling. This can also be seen when comparing the monthly 

electricity consumption for heating and cooling of the existing case study building (Fig. 31) and a 

design variant with a passive envelope quality (Fig. 32). Furthermore, when comparing the electricity 

consumption for heating for different envelope qualities and climate scenarios, it can be seen that 

the heating consumption of a passive house is relatively low in the future. This is because the 

internal and solar heat gains are almost sufficient to reach a comfortable temperature. The heating 

system only has to be switched on at low outdoor temperatures. 
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Change in heat pump electricity consumption between envelope qualities [kWh/a] 
 Heating  Cooling Total 

Low High Low High Low High 
Ref. 1992 -  -  - - - - -  - - - - - 

 2015 -1226 -42% -1751 -34% +4 +3% +171 +43% -1222 -39% -1580 -29% 

 nZEB -1432 -49% -2089 -41% +3 +2% +126 +31% -1429 -46% -1963 -36% 

 Passive -1830 -62% -2612 -51% +13 +8% +310 +78% -1817 -59% -2303 -42% 

2050 1992 - - - - - - - - - - - - 

 2015 -732 -39% -1128 -31% -3 -1% +133 +15% -735 -35% -995 -22% 

 nZEB -835 -45% -1344 -37% -27 -11% +29 +3% -862 -41% -1315 -29% 

  Passive -1046 -56% -1655 -45% -3 -1% +222 +25% -1050 -50% -1433 -31% 

Table 8   The absolute and relative change in the heat pump electricity consumption (heating, cooling and total) for 
different envelope qualities with respect to the 1992 envelope quality. All values are rounded to whole numbers. 

    

 

 

 

 

 

 

 

 

 

Fig. 31   The monthly electricity consumption [kWh/mo] for heating and cooling when assuming a 1992 
envelope quality for the reference and 2050 climate scenario. The boxplots represent different occupant 
scenarios. 

Fig. 32   The monthly electricity consumption [kWh/mo] for heating and cooling when assuming a passive 
envelope quality for the reference and 2050 climate scenario. The boxplot represent different occupant 
scenarios. 
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The monthly electricity consumption shows that with increased insulation the electricity 

consumption for heating strongly declines, while the electricity consumption for cooling barely rises. 

This applies for both the reference and, to a lesser degree, for the future climate. A somewhat 

deviating result is that when assuming the low occupant scenario in combination with the future 

climate scenario, the electricity consumption for cooling will decline when adding more insulation to 

the building. However, this decrease is almost negligible. This corresponds with the analysis that in 

the future, more often, the outdoor temperature is higher than the indoor temperature, especially 

when assuming low internal heat gains. During these periods applying higher insulation values 

reduces the indoor temperatures, since the heat flow, through the envelope from the outside to the 

inside is reduced. This makes highly insulated dwellings much cooler. Furthermore, the air 

circulation rate is higher for the low behavior scenario, which means more heat is discharged from 

the room by night purge ventilation. 

It is important to recognize that the consumption for heating and cooling are associated with large 

uncertainties due to the occupants. This uncertainty can be expressed in an absolute performance 

spread (the total box plot length) which depends on the setpoints, internal heat gains, use of the solar 

blinds and ventilation rates. The performance spreads show that the uncertainty of the cooling 

consumption increases when more insulation is added, and when the climate gets warmer. On the 

other hand, the performance spread for heating will decline. For example, the future electricity 

consumption for cooling in a passive house is highly dependent on the occupant scenario, while the 

heating consumption is relatively unaffected by the occupant scenario. 

 

In order to get a clear idea of the electricity consumption for heating and cooling, a comparison is 

made with the electricity consumption for other purposes (Fig. 33). While the heat pump electricity 

consumption is the largest portion of the total consumption when assuming 1992 envelope quality, it 

is a much smaller portion when assuming higher insulation values or the future climate scenario. 

For example, a passive house in the year 2050, the electricity consumption for heating and cooling is 

even comparable to the electricity consumption of the mechanical ventilation system and the 

domestic hot water. This also means that in the future, the total electricity consumption is 

increasingly dependent on the lighting and appliances.  

Fig. 33   The electricity 
consumption [kWh/a] for 
appliances, lighting, fans, 
pumps, domestic hot water 
(DHW) and the heat pump for 
different envelope qualities and 
climate scenarios. The boxplots 
represent different occupant 
scenarios (low and high). 
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5.3.2 Total electricity consumption 
The occupant scenario has a lot of influence on the total electricity consumption since the 

performance spread of the consumption has a total range of about 6000 kWh/a (Fig. 34). However, 

in the future, but also when applying higher insulation values, this spread reduces. The orientation 

has little effect on the total electricity consumption. However, the orientation was not included, since 

large differences would be expected in the electricity consumption, but because differences were 

expected in the electricity generation by the photovoltaic panels. 

The designs with mechanical cooling consume more electricity. This increase in electricity 

consumption ranges between 3 - 15%, depending on the occupant and climate scenario. This increase 

corresponds with an absolute increase of 170 - 1229 kWh (Table 9). It has to be mentioned that the 

increase in electricity consumption for mechanical cooling also includes an increased heating 

consumption, which is about 8% of the additional electricity consumption. The only explanation for 

this has been found in the control settings of the heat pump. In the simulation model, the heat 

pump cannot be in heating and cooling mode simultaneously. During the summer months, when 

the cooling mode is enabled, the heat pump has to switch between domestic water heating and space 

cooling. This means that the heat pump sometimes heats at a different time, which means that other 

weather conditions prevail. This can have an influence on the total electricity consumption since the 

heat pump efficiency depends on the outdoor temperature. 

 
Change in total electricity consumption between cooling strategies [kWh/a] 
  Ventilative Mechanical 

Low High Low High 
Ref. 1992 0 - 0 - +170 +3% +438 +4% 

 2015 0 - 0 - +178 +4% +619 +6% 

 nZEB 0 - 0 - +177 +4% +576 +6% 

 Passive 0 - 0 - +184 +5% +796 +9% 

2050 1992 0 - 0 - +260 +6% +968 +10% 

 2015 0 - 0 - +253 +7% +1120 +12% 

 nZEB 0 - 0 - +223 +6% +1011 +12% 

 Passive 0   -   0 - +252 +8% +1225 +15% 

Table 9   Absolute and relative change in the total electricity consumption (heating, cooling and total) for mechanical 
cooling with respect to ventilative cooling. All values are rounded to whole numbers. 

  

Fig. 34   The annual electricity 
consumption [kWh/a] for 
different envelope qualities, 
climate scenarios and cooling 
strategies. The boxplots represent 
the different occupant scenarios 
(low and high). Designs with 
ventilative cooling (light blue) 
and with mechanical cooling 
(dark blue) are displayed 
separately. Furthermore, two 
orientations are shown in the 
graph, the solid and colored 
boxplots represent an N-S 
orientation, the “dashed” 
boxplots represent designs with 
an E-W orientation. 
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Change in total electricity consumption between climate scenarios [kWh/a] 

Ventilative Mechanical 
Low High Low High 

Ref. 1992 0 - 0 - 0 - 0 - 

 2015 0 - 0 - 0 - 0 - 

 nZEB 0 - 0 - 0 - 0 - 

 Passive 0 - 0 - 0 - 0 - 

2050 1992 -1085 -20% -1474 -13% -995 -18% -944 -8% 

 2015 -583 -14% -860 -9% -508 -12% -359 -3% 

 nZEB -474 -12% -730 -8% -428 -10% -295 -3% 

 Passive -296 -8% -504 -6% -228 -6% -75 -1% 

Table 10   Absolute and relative change in the total electricity consumption for the future climate scenario with respect to 
the reference climate scenario. All values are rounded to whole numbers. 

 

 
Change in total electricity consumption between envelope qualities [kWh/a] 
 Ventilative  Mechanical 

Low High Low  High 
Ref. 1992 0 - 0 - 0 - 0 - 

 2015 -1230 -23% -1761 -15% -1222 -17% -1580 -11% 

 nZEB -1436 -26% -2102 -18% -1429 -19% -1963 -13% 

 Passive -1831 -34% -2661 -23% -1817 -24% -2303 -17% 

2050 1992 0 - 0 - 0 - 0 - 

 2015 -728 -22% -1147 -13% -735 -16% -995 -9% 

 nZEB -825 -25% -1358 -16% -862 -19% -1315 -12% 

 Passive -1042 -32% -1691 -19% -1050 -23% -1433 -13% 

Table 11   Absolute and relative change in the total electricity consumption for different envelope qualities with respect to 
the 1992 envelope quality. All values are rounded to whole numbers. 

Climate change will decrease the total electricity consumption, mainly because it reduces the 

demand for heating. In contrast to heating, climate change will increase the electricity consumption 

for cooling but in a lesser extent. When no mechanical cooling system is present, the future climate 

decreases the total electricity consumption by 6 - 20%, depending on the envelope quality and 

occupant scenario (Table 10). For designs with mechanical cooling, the total electricity consumption 

decreases by 1 - 18%. For designs with mechanical cooling, the decrease is larger for the low occupant 

scenario because this scenario comes with a relatively small electricity consumption for cooling in 

comparison with the high occupant scenario. As a consequence, the electricity consumption does not 

rise very much in the future, resulting in a strong decrease of the total electricity consumption since 

a lot of electricity is saved for heating. For example, the total electricity consumption of a passive 

house in combination with a high occupant scenario only decreases by 2% due to climate change. 

This decrease is relatively small since the electricity saving for heating is almost equal to the 

increased consumption for cooling.  

A higher insulation level has somewhat the same effect as climate change. More insulation 

respectively decreases and increase the electricity consumption for heating and cooling. In 

comparison with the case study building, designs with higher insulation values and ventilative 

cooling decrease the total electricity consumption with 15 - 34% when assuming the reference 

climate, depending on the envelope quality and occupant scenario (Table 11). For designs with 

mechanical cooling, this decrease is 11 - 24%. When assuming the future climate, higher insulation 

values have a smaller effect on the total electricity consumption, in absolute and relative terms. 
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An important criterion that future houses must meet, is that they have to generate the same amount 

of electricity as they consume. Therefore, the electricity surplus is analyzed, which is the total yearly 

on-site generated electricity minus the total yearly electricity consumption. Since the electricity 

surplus is not a key performance indicator, it is not discussed in this chapter. A detailed overview of 

the electricity surplus for the different design variants and scenarios can be found in the appendix 

(Appendix XI).  

5.3.3 Additional imported electricity for mechanical cooling 
The additional electricity consumption for designs with mechanical cooling does not say anything 

about the amount of additional electricity that is imported from the grid. This is because a part of the 

electricity consumption for cooling can be directly fulfilled by the on-site generated electricity. The 

additional imported electricity decreases when more PV panels are added to the building (Fig. 35). 

For example, implementing 24 panels (39.12 m2) results in 112 - 565 kWh additional imported 

electricity, instead of the total electricity consumption of 170 - 1163 kWh. In this case, 21 - 64% of the 

additional electricity consumption is directly fulfilled by on-site generated electricity, depending on 

the scenario, envelope quality, and orientation. The additional imported electricity for designs with 

an east-west orientation is higher, since this results in an electricity generation during the morning 

and evening, while cooling is needed during the day. Furthermore, more electricity has to be 

imported when applying higher insulations values, only when assuming high occupant scenarios.  

  

 
The reduction of the additional imported electricity is partly dependent on the amount of electricity 

generated at the time that electricity is needed for cooling. However, the generated electricity is also 

used for other purposes, such as the appliances and lighting. This means that for occupant scenarios 

with a high electricity consumption, less electricity will be available for cooling. For example, for 

designs with 4 panels (6.52 m2), almost the same amount of additional electricity has to be imported 

in comparison with designs with PV system. A more detailed overview of the additional imported 

electricity for mechanical cooling for the different design variants and scenarios can be found in the 

appendix (Appendix XII). 

  

Fig. 35   The additional imported 
electricity when implementing 
the mechanical cooling system 
for different envelope qualities, 
climate scenarios and PV surface 
areas. The boxplots represent 
different occupant scenarios (low 
and high). Furthermore, two 
orientations are shown in the 
graph, the solid and colored 
boxplots represents an N-S 
orientation, the “dashed” 
boxplots represents designs with 
an E-W orientation. 
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5.3.4 Monthly on-site energy fraction and matching 
In order to describe the energy mismatch, this study uses two different indicators, namely the “on-

site energy fraction” (OEF) and the “on-site energy matching” (OEM). In this section, the monthly 

OEM and OEF of different design variants and scenarios are analyzed. The different parameters and 

scenarios are changed step by step, namely in the following sequence: 

- the PV surface area; 

- the insulation level; 

- the orientation; 

- and climate change. 

When assuming the reference climate and the smallest PV surface area, the OEF of the existing case 

study building is almost zero during the winter months. This means that, during the winter, a very 

small proportion of about 5% of the total electricity consumption is covered by on-site generated 

electricity. This increases during the summer to about 20%, since much less electricity is consumed, 

while much more electricity is generated (Fig. 36). The designs with mechanical cooling have a lower 

OEF, because of the additional electricity consumption. The OEF performance spread is wider 

during the summer months, mainly because of the much lower electricity consumption. This 

automatically increases the share of directly on-site electricity consumption. 

 

 

 

 

 

 

 

 

 

 

 

 

The monthly OEM of the case study building is around 0.80, which means that 80% of the on-site 

generated electricity is directly used by the building loads, instead of exported back into the electricity 

grid. The OEM during the winter months is slightly higher, namely around 0.90. This increase is 

because during this period more electricity is consumed, and therefore more electricity can be used 

which is generate by the PV panels. For a few scenarios, even all generated electricity is used during 

the winter months, since monthly OEM values of 1.00 are reached. During the whole year, no 

significant difference can be seen between the designs with ventilative and mechanical cooling. 

Furthermore, the OEM performance spread, due to the occupant scenario, is slightly wider during 

the summer months 

Fig. 36   The monthly OEM and OEF when assuming the reference climate scenario, and a 1992 envelope 
quality with 4 PV panels in a N-S orientation. The boxplots represent different occupant scenarios. Designs with 
ventilative cooling (light blue) and with mechanical cooling (dark blue) are displayed separately. 
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5.3.4.1 Impact of the PV surface area 

When implementing more PV panels to the building, in this case, a full roof side filled with PV, the 

OEF increases to about 0.10 - 0.20 during the winter months, and to about 0.50 during the summer 

months (Fig. 37). The increase in OEF during the summer is much larger than during the winter. 

During the winter, the dwelling consumes a lot of electricity, while relatively little electricity is 

generated. Because of this high electricity consumption, mainly due to the fact that a 1992 envelope 

quality is assumed which requires a lot of electricity for heating, the OEF remains relatively low, 

despite the larger amount of PV panels. 

When increasing the PV surface area, the OEM drops to around 0.30 to 0.45 during summer and 

winter months respectively. This drop is due to the fact that much more electricity is generated, 

which cannot be directly used by the building loads. The larger surface area also results in a clearer 

distinction between the OEM of designs with ventilative and mechanical cooling, most notably 

during the summer when mechanical cooling is used. Designs with mechanical cooling have a 

higher OEM during the summer months than designs with ventilative cooling. This indicates that a 

part of the generated electricity, which will normally be dumped into the electricity grid, is now used 

for mechanical cooling. Furthermore, the addition of more PV panels also results in a clearer 

distinction between the performance spread, but in this case between the winter and summer. 

During the winter months, the OEM performance spread is much wider than during the summer 

months. This is mainly because the spread of the electricity consumption for heating is much wider 

than the spread of the electricity consumption for cooling. Especially when assuming a less well-

insulated envelope, such as a 1992 envelope quality. The occupant scenario can have a large 

influence on the OEM. For example, when assuming a dwelling with a certain PV surface area, a 

household with a low electricity consumption will export much more electricity to the grid than a 

household which consumes a large amount of electricity. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 37   The monthly OEM and OEF when assuming the reference climate scenario, and a 1992 envelope with 
24 PV panels in a N-S orientation. The boxplots represent different occupant scenarios. Designs with ventilative 
cooling (light blue) and with mechanical cooling (dark blue) are displayed separately. 
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5.3.4.2 Impact of the insulation value 

The monthly OEF is not much affected by the insulation level of the building since the difference 

between the OEF of a design with a passive envelope quality and a design with a 1992 envelope 

quality is negligibly small (Fig. 38). This indicates that the OEF cannot be raised with higher 

insulation values. It also means that for the case study building, with a 1992 envelope quality, the 

electricity demands are already met at the times electricity is generated by the PV panels. However, 

there is a change in the OEM, especially during the winter months. High insulation values reduce 

the electricity consumption for heating, resulting in a larger part of the on-site generated electricity 

which cannot be directly used by the building. During the summer months, the higher insulation 

levels only have an effect on the OEM of designs with mechanical cooling. This is because the 

building is not heated during these months, which means that adding insulation to the building only 

increases the electricity consumption for cooling. As previously stated, this increase is relatively 

small. Because of this, the OEM will rise during these months as a lot of electricity is generated 

during the summer, which would be normally exported back into the electricity grid but now used 

effectively for the increased consumption for cooling. This ensures for a clearer distinction between 

the OEM of designs with ventilative and mechanical cooling. 

 

 

 

 

 

 

 

 

5.3.4.3 Impact of the orientation 

Despite the fact that the orientation of an existing building cannot be changed, it is interesting to see 

its effect on the OEM and OEF. When orientating the roof to the east-west and the PV panels are 

divided over the two roof sides, this will lower the efficiency, and thus a lower amount of generated 

electricity in comparison with a south orientation. The east-west orientation also changes the time at 

which the electricity is generated, namely during the morning and evening instead of the mid-day. 

This results in higher OEM values since the electricity generation during the morning and evening 

corresponds well with the usage of lighting and plug loads (Fig. 39). On the other hand, the values 

for the monthly OEF slightly declines, since the east-west orientation results in a much lower 

electricity generation. Thus, the east-west orientation results in on a lower electricity generation but 

increases the percentage of the generated electricity that is effectively used. 

Fig. 38   The monthly OEM and OEF when assuming the reference climate scenario, a passive envelope with 24 
PV panels in a N-S orientation. The boxplots represent different occupant scenarios. Designs with ventilative 
cooling (light blue) and with mechanical cooling (dark blue) are displayed separately. 
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5.3.4.4 Impact of climate change 

The future climate scenario results in a lower total electricity consumption and, due to increases 

radiation, in a higher electricity generation. This also affects the OEF and OEM. Besides the smaller 

OEF performance spread, this does not have a lot of effect on the monthly OEF. This small effect is 

due to the fact that the OEF cannot be raised anymore since 24 panels (39.12 m2) already meet the 

electricity demand of the case study building at the times electricity is generated. For the OEM, a 

decrease of the monthly values can be noticed during the winter months, since much less electricity 

will be consumed for heating (Fig. 40). During the summer, the difference of the OEM values 

between designs with ventilative and mechanical cooling becomes greater. This is because the 

warmer climate results in a higher electricity generation and higher cooling consumption which 

increases the OEM of designs with mechanical cooling. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 39   The monthly OEM and OEF when assuming the reference climate scenario, a passive envelope with 24 
PV panels in an E-W orientation. The boxplots represent different occupant scenarios. Designs with ventilative 
cooling (light blue) and with mechanical cooling (dark blue) are displayed separately. 

Fig. 40   The monthly OEM and OEF when assuming the reference climate scenario, a passive envelope with 24 
PV panels in an E-W orientation. The boxplots represent different occupant scenarios. Designs with ventilative 
cooling (light blue) and with mechanical cooling (dark blue) are displayed separately. 
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5.3.5 Yearly energy fraction and matching 
In the previous section, the monthly energy fraction and matching is analyzed, which gives an 

insight into the effect of different design characteristics and scenarios on the energy fraction and 

matching. However, for the comparative assessment of ventilative and mechanical cooling for 

different design variants, the yearly energy fraction and matching are used (Fig. 41). In this section, 

only the designs with 4 and 24 panels (39.12 m2) are analyzed, since the design variants with 12 

panels (19.56 m2) are not needed in order to provide new insights. 

 

5.3.5.1 On-site Energy Fraction 

For all simulated designs, the yearly on-site energy fraction lies between 0.06 and 0.35, depending 

on the design variant and scenario (Table 12). This means that in the most favorable situation, 35% of 

the total electricity consumption is directly fulfilled by the on-site generation of electricity. In this 

case, namely for a design with a passive envelope quality, 24 panels (39.12 m2) and when assuming 

the future climate and a low occupant scenario, 65% is still being imported from the electricity grid. 

In the least favorable situation, only 6% of the total electricity consumption is fulfilled with on-site 

electricity generation. This is the case for the existing case study building, with 4 panels (6.52 m2) 

and when assuming the reference climate and high occupant scenario. 

The OEF increases when more panels are added to the building, however, this increase becomes less 

as more panels are added. This implicates that for a certain number of panels generates enough 

electricity to meet the electricity demand at that time. Producing more electricity at these moments is 

not necessary. Thus by adding more PV panels will not be beneficial, since a higher OEF can hardly 

be achieved in this way. This applies to all occupant scenarios, since the performance spread of the 

OEF is relatively small, especially for designs with 24 panels (39.12 m2).  

  

Fig. 41   The yearly OEF and 
OEM [-] for different envelope 
qualities, climate scenarios and 
cooling strategies. A single 
boxplots represent the different 
occupant scenarios (low and 
high). Designs with ventilative 
cooling (light blue) and with 
mechanical cooling (dark blue) 
are displayed separately. 
Furthermore, two orientations 
are shown in the graph, the 
solid and colored boxplots 
represent an N-S orientation, 
the “dashed” boxplots 
represents designs with an E-
W orientation. 
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   On-site Energy Fraction (OEF) [-] 

 Ventilative Mechanical 
   Low High Low High 

     4 12 24 4 12 24 4 12 24 4 12 24 

N-S Ref. 1992 12 18 23 8 17 23 12 18 23 8 17 24 
  2015 16 24 29 10 19 25 15 23 29 9 19 26 
  nZEB 16 25 30 10 20 26 16 25 30 10 19 26 
  Passive 18 27 33 11 21 27 17 27 33 10 20 28 
 2050 1992 16 23 27 11 20 26 16 23 27 10 21 29 
  2015 19 28 33 12 22 28 18 27 32 11 23 32 
  nZEB 20 29 34 13 23 28 19 28 34 12 24 32 
  Passive 21 31 36 13 23 29 20 30 35 12 25 34 

E-W Ref. 1992 11 18 22 7 15 22 11 18 22 6 15 22 
  2015 15 23 28 8 18 25 14 23 29 7 17 25 
  nZEB 15 24 30 8 18 25 15 24 30 8 18 25 
  Passive 17 27 33 8 20 27 16 26 33 8 19 27 
 2050 1992 15 23 27 9 19 25 15 22 27 8 19 27 
  2015 19 27 32 10 21 27 18 26 32 9 21 30 
  nZEB 19 28 33 10 22 28 18 27 33 9 21 30 
  Passive 20 30 35 11 23 29 19 29 35 9 22 32 

Table 12   The On-site Energy Fraction of the design variants with different orientations, envelope qualities, PV surface 
areas and cooling strategies for considered climate and occupant scenarios. All values are rounded to whole numbers. 

The OEF increases slightly when increasing the insulation value of the building, and when assuming 

the future climate scenario. This can be explained by the decrease of the total electricity consumption 

resulting in an increased share of on-site generated energy. For example, design variants with a 1992 

envelope quality with 24 panels (39.12 m2) will have an OEF of between 0.22 and 0.24, when 

assuming the reference climate. Isolating this building to a passive envelope quality increases the 

OEF to between 0.27 - 0.33. When assuming the future climate this increases to an OEF of 

respectively 0.25 - 0.29, and 0.29 - 0.36 for the reference and future climate. The differences of the 

OEF between designs with ventilative and mechanical cooling is relatively small when only using 4 

panels (6.52 m2), namely a different of 0.01 - 0.02. This is because the difference in the total 

electricity consumption between designs with ventilative and mechanical cooling is relatively small. 

In addition, a part of the additional electricity consumption that is used for mechanical cooling will 

be fulfilled by the on-site generated electricity. The orientation only shows a significant difference for 

designs with low PV surface areas, since this amount does not meet the electricity demand at the 

specific times, which means that the efficiency loss due to a different orientation is visible. When the 

roof is covered with 24 panels (39.12 m2), the difference between both orientations will become 

negligible. Way too much electricity is generated at the necessary times, making the efficiency loss 

due to the orientation no longer important for the OEF. 

5.3.5.2 On-site Energy Matching 

While the OEF reaches a maximum value of 0.35, the on-site energy matching may adopt a wider 

variety of values. The yearly OEM of all the design variants lies between 0.16 and 1.00 (Table 13). 

This means that it may occur that 100% of the on-site generated energy is directly consumed by the 

building. This mainly occurs when implementing a small PV surface area, which is oriented to the 

east-west. The small PV surface area will not produce a lot of electricity, and therefore can often be 

directly used. The east-west orientation makes sure that the electricity is generated at times when 

much electricity is needed, namely during the morning and evening. On the other hand, there are 
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also situations in which only 16% is directly used by the building. Low OEM values primarily occur 

when a large PV surface area is implemented, oriented to the south. In these cases, a lot of electricity 

is generated in the middle of the day when not a lot of electricity is consumed. For designs with 

mechanical cooling, there is some electricity consumption for cooling during the day. This results in 

a decrease of the additional imported electricity when more PV panels are added. However, the 

electricity consumption for cooling is much smaller than the electricity consumption for other 

purposes, such as lighting and appliances. Therefore, the east-west orientation increases the OEM. 

When using a small amount of PV oriented to the south in the reference climate, between 65 - 97% 

of the generated energy is directly used instead of exported back into the electricity grid. In the 

future, this reduces to between 58 - 93%, mainly because more electricity is generated due to the 

increased solar radiation. Also, less electricity is consumed in the future. For the occupant scenarios 

with a low electricity consumption, it can be seen that this reduces the OEM a lot since the generated 

electricity cannot be directly used. Furthermore, no significant difference can be seen between 

ventilative and mechanical cooling, when only implementing 4 panels (6.52 m2). This can be 

explained by the fact that, for most of the times, the generated electricity can be used to fulfill the 

electricity demands of other purposes than mechanical cooling. This means that little on-site 

generated electricity is remaining which can be used for mechanical cooling. When using 24 panels 

(39.12 m2) oriented to the south, the OEM sharply drops to between 16 - 47%, and between 22 - 58% 

when the panels are oriented to the east-west. This is because much more electricity is generated by 

the PV panels, which cannot be directly used. This is also a part of the reason that, when more 

electricity is generated, a better difference can be noticed between designs with ventilative cooling 

and mechanical cooling. This is very clear for designs with 24 panels (39.12 m2) when assuming the 

future climate scenario, whereby designs with ventilative cooling have an OEM which ranges 

between 16 and 47%, while the OEM of designs with mechanical cooling ranges between 17 and 

57%. Especially, the upper limit of this range increases when mechanical cooling is implemented. 

This is because the electricity consumption for mechanical cooling strongly increases when 

assuming the high occupant scenario. Part of this increase in electricity consumption can be directly 

fulfilled with on-site generated electricity, improving the on-site energy match. 
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   On-site Energy Matching (OEM) [-]  
   Ventilative  Mechanical 

   Low   High Low High 
     4 12 24 4 12 24 4 12 24 4 12 24 

N-S Ref. 1992 65 33 20 97 64 44 66 34 21 97 66 47 
   2015 65 33 20 96 62 41 66 34 21 97 65 45 
  nZEB 65 33 20 96 62 40 66 34 21 97 64 44 
  Passive 65 33 20 96 61 40 66 34 21 97 66 45 
 2050 1992 58 28 16 91 54 36 59 29 17 93 63 44 
  2015 58 28 16 91 54 34 59 29 17 93 63 44 
  nZEB 58 28 16 91 54 34 59 29 17 92 63 43 
  Passive 58 28 16 91 54 34 59 29 17 93 65 45 
E-W Ref. 1992 81 43 27 100 78 55 81 44 28 100 79 58 
  2015 81 43 26 100 77 53 81 44 28 100 79 57 
  nZEB 81 43 26 100 77 53 81 44 27 100 79 56 
  Passive 81 43 26 100 77 52 81 44 27 100 79 57 
 2050 1992 75 37 22 99 71 47 76 38 23 100 77 56 
  2015 75 37 22 99 71 46 76 38 23 99 77 56 
  nZEB 75 37 22 99 71 46 76 38 23 99 76 54 
  Passive 75 37 22 99 71 46 76 38 23 100 77 57 

Table 13   The On-site Energy Matching of the design variants with different orientations, envelope qualities, PV surface 
areas and cooling strategies for considered climate and occupant scenarios. All values are rounded to whole numbers. 

 

5.4 Cost 
The last performance indicators that are analyzed in this chapter are the investment and global costs. 

In addition to the global cost, the savings and yield are analyzed which can be achieved when 

implementing a specific PV surface area. 

5.4.1 Investment cost 
The additional investment costs of the different design variants clearly show that investing in the 

envelope is the most expensive, followed by the PV surface area, the heat pump capacity and finally 

the implementation of the mechanical cooling system (Fig. 42). The additional investment costs 

range between 25,860 and 95,300 euro, where a design with a passive envelope quality with a 

complete roof side filled with PV is the most expensive. The cheapest design variant, which does not 

include any additional insulation, comes with additional investment costs of 25,860 euro. The most 

noticeable about the investment costs is that the difference between the cost of the 2015 and nZEB 

envelope quality is relatively small. The additional investment costs of mechanical cooling are even 

negligible when comparing it with the other measures since it only includes the installation of an 

additional dew point control system. The cost differences between the different heat pump capacities 

are also negligible when comparing it with the total additional investments. A complete overview of 

the additional investment costs can be found in the appendix (Appendix XIII). 

5.4.2 Global cost 
Design choices do not only have financial implications for the investment cost but also for the cost in 

the longer term, namely the global costs. The global costs are the summation of the investment cost, 

replacement costs and operating costs over a period of 30 years. To better understand the results for 

the global costs of the different design variants, the replacement costs and the operating costs are 

analyzed separately in the appendix (Appendix XIV) (Appendix XV). Also, a complete overview of the 

global costs can be found in the appendix (Appendix XVI). 
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The global costs of the different designs indicate that it is not financially attractive to invest in higher 

insulation values since it increases when applying envelope qualities with higher insulation values 

(Fig. 43). It is worth noting that the difference in global costs between the 2015 and nZEB envelope 

quality lies relatively close to each other. A passive envelope quality is a very costly measure since the 

global costs are much higher than the other investigated envelope qualities. In addition, it is not 

interesting to invest in a larger PV surface area, when comparing the global costs of designs with 4 

(6.52 m2) and 24 panels (39.12 m2). For instance, when assuming the reference climate a design 

variant with a passive envelope quality and 24 panels will save up to 10,239 euro in 30 years, while 

the investment and replacement costs during this period sum up to 12,450 euro. 

 

 

The global costs show that it is not interesting to invest in a larger PV surface area. However, the 

savings and yields that can be achieved with specific PV surface areas, in comparison with no PV 

system, indicates that in some situations it can be profitable to invest in a PV system (Appendix 

XVII). When assuming the low occupant scenario, not enough electricity is consumed to make the 

use of a PV system financial profitable. However, when assuming the high occupant scenario, which 

comes with a higher electricity consumption, it can sometimes be cost-effective.  

Fig. 43   The global costs of the 
design variants which differ in 
their envelope quality, PV surface 
area, cooling strategy and 
orientation for different occupant 
and climate scenarios. A single 
boxplots represents the different 
occupant scenarios (low and 
high). Designs with ventilative 
cooling (light blue) and with 
mechanical cooling (dark blue) 
are displayed separately. 
Furthermore, two orientations 
are shown in the graph, the solid 
and colored boxplots represents 
an N-S orientation, the “dashed” 
boxplots represents designs with 
an E-W orientation. 

Fig. 42   The additional 
investment costs of the different 
design variants which differ in 
their envelope quality, PV surface 
area, heat pump capacity and 
cooling strategy. The bubble 
colors indicate different PV 
surface areas, namely 4 (grey), 12 
(light blue) and 24 panels (dark 
blue). Bubbles with a “Y” include 
mechanical ventilation. The 
numbers above two bubbles 
indicate the heat pump capacity. 
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A 24-panel system is clearly too large, as all design and scenario combinations show that the system 

will cost much more than it saves on the operating costs. The use of a 12-panel system is always cost-

effective, especially for designs with mechanical cooling. However, when using ventilative cooling, a 

4-panel system will be more profitable. Furthermore, most systems will become more profitable 

when assuming the future climate scenario. Though, the loss-making PV systems, which are 

included in this study, will still be loss-making. The different orientations show that, despite the 

improved energy match, an east-west orientation is less profitable. This is mainly because this 

orientation generates much less electricity, which means that the operation costs is reduced more 

strongly. 
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6 Comparative assessment of ventilative and mechanical cooling 
  

6.1 Recap of the main research question 
Given the prospect of increased overheating risks in the future, this study assessed the performance 

of different cooling strategies to avoid overheating risks and thus avoiding adverse health effects for 

the occupants. Existing literature mainly focuses on passive measures to prevent overheating, such as 

shading, an increased thermal mass and the use of cooling through natural ventilation. The use of 

mechanical cooling in residential buildings is often ignored in scientific literature mainly because it 

comes with an additional energy consumption. Despite the energy consumption, the use of 

mechanical cooling may become interesting since it may be possible to directly fulfill its energy 

demand by the on-site energy generation through solar panels. In addition, since the outdoor 

temperatures are likely to increase due to climate change, natural ventilation may not provide a 

significant cooling benefit in the future. Therefore, mechanical cooling may become necessary to 

maintain the thermal comfort. This study aims to fill this knowledge gap by answering the following 

research question:  

   

Is mechanical cooling the ultimate cooling strategy for residential zero energy buildings to 

avoid overheating risks in the future? 
 

6.2 Overheating risks when using ventilative cooling 
Residential zero energy buildings without mechanical cooling are at risk of overheating during the 

summer, despite applying several passive cooling strategies such as solar blinds, a high thermal 

mass and night purge ventilation. In the reference climate, the overheating risks are relatively low 

which indicates that ventilative cooling can keep most design variants comfortable during a typical 

Dutch summer (Fig. 29) (Table 6). Only design variants with a passive envelope quality show 

significant overheating since the overheating risk generally increases for designs with higher 

insulation values. This is consistent with current research studies which describe overheating 

complaints from residents of highly insulated homes during the summers (section 1.1.3). The 

increased overheating risks with higher insulation values are due to the reduction of the outward 

heat flow through the building envelope. This does not apply for highly insulated glazing, with low 

solar heat gain coefficients, which reduces the incoming radiation and thus reduces overheating 

risks. 

Overheating is mainly caused by high internal heat gains which cannot be discharged due to too low 

air circulation through window openings (Fig. 22). This is reflected by the fact that most overheating 

occurs at a moderate outdoor temperature whereby the prevention of overheating, by ventilative 

cooling, is mainly dependent on the occupant behavior scenario. Overheating also occurs on 

extremely hot days in which the outdoor temperature is (much) higher than the indoor temperature, 

or even higher than the allowable indoor temperature. This means that the occupants cannot make 

use of ventilative cooling to prevent overheating. The opening of the external windows could even 

have a negative effect since it can cause further warming of the indoor space.  
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A worrying development is that these extremely hot days are becoming more common in the future, 

resulting in more overheating problems which cannot be prevented by ventilative cooling, regardless 

of the behavior scenario. Partly because of this, the overheating risks strongly increase for the future 

climate scenario (Fig. 29) (Table 6). In these cases, the use of night purge ventilation cannot always 

prevent the overheating by lowering the maximum daytime temperature and cooling down the 

building construction. During extremely hot periods, highly insulated buildings remain cooler since 

the additional insulation reduces the inward heat flow. Higher insulation values can even avoid 

overheating during these periods, which is a somewhat counter-intuitive finding (Fig. 24). However, 

during the year, an increasing number of weighted overheating hours are observed for buildings 

with higher insulation values. This indicates that overheating during more moderate summer days is 

more decisive for the total amount of weighted overheating hours. The number of days wherein the 

outdoor temperature is much higher than the indoor temperature is fairly limited. 

The prevention of overheating by ventilative cooling is very dependent on the occupant behavior 

since it influences the internal heat gains, and air circulation rates that are achieved by the opening 

of the external windows. The low behavior scenarios, which assumes low internal heat gains and 

high window air circulation rates, results in almost zero weighted overheating hours. However, this 

is partly because the low behavior scenario assumes that the occupants are not present for a large 

part of the day. This means no weighted overheating hours are counted during periods high outdoor 

temperatures prevail. During these periods of absence, there is still a risk of overheating (Fig. 23). 

When assuming the high behavior scenario, which assumes high internal heat gains and low 

window air circulation rates, relatively high amounts of weighted overheating hours are observed in 

all investigated designs regardless of the insulation level of the envelope. 

It has to be noticed that ventilative cooling requires manual interventions which means that the 

occupants have to be very active in the opening and closing of the external windows to achieve 

similar performances as reported in this study. Occupants who are likely to be less active in the use 

of ventilative cooling strategies are, for example, the occupants in nursing homes and retirement 

homes. These houses are often populated with occupants who have limited mobility and are very 

dependent on others. In addition, residents have to be well informed about the use of the external 

windows in order to prevent overheating. For example, through Google Trends it can be seen that 

this is not always the case since a rise can be noticed in the use of search terms such as “windows 

open or closed” during warmer periods (Google Trends, 2017). Also in residential buildings where 

residents only live temporarily such as holiday homes or hotels, and therefore may not be well 

informed about the window operation, it has to be expected that they will be less active in preventing 

overheating. Thus, occupants have to be well informed about the operation windows and other 

preventive measures. The use of automatic control could also be an option.  

 

6.3 Increasing the thermal comfort and energy match by mechanical cooling 
It can be concluded that ventilative cooling does not provide the required comfort conditions in many 

cases, especially for the future climate in combination with certain behavior scenarios (Fig. 29) 

(Table 6). Mechanical cooling can be used to entirely avoid the overheating problems. The advantage 

of this strategy is that, when installed correctly, the occupants do not have to be actively engaged in 

preventing overheating during the summer since a mechanical system will automatically provide 

cooling when this is needed. 
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A disadvantage is that mechanical cooling comes with an increased electricity consumption of about 

3 - 15% (Table 9) (Fig. 34). This increase corresponds with an absolute increase of 170 - 1225 kWh and 

depends on the design and scenario. Higher insulation values result in a great reduction of the 

electricity consumption for heating but increase the electricity consumption for cooling (Fig. 30) 

(Table 8). This raises the question whether we should focus on buildings with low or moderately 

insulated envelopes in the future when mechanical cooling is used. However, although the electricity 

consumption for cooling rises with higher insulation values, this is very limited in comparison with 

the decreased electricity consumption for heating. Thus, it is beneficial for the energy savings of 

designs with mechanical cooling to implement highly insulated envelopes (Fig. 34) (Table 11). 

However, the effect of high insulation values on the total electricity consumption will decrease in the 

future mainly because of the decreasing heating demand. Instead, the electricity consumption of 

other purposes such as the lighting, appliances and domestic hot water consumption will take a 

larger percentage of the total electricity consumption (Fig. 33). 

In order to reduce the additional imported electricity for mechanical cooling, on-site generated 

electricity from photovoltaic panels can be used which would normally be exported into the electricity 

grid (Fig. 35). In this way, the on-site generated electricity during the summer is used much more 

effectively than when using ventilative cooling. This is confirmed by an increased on-site energy 

match (OEM) when implementing mechanical cooling (Fig. 41) (Table 13). The implementation of 

more panels generally reduces the additional imported electricity for mechanical cooling and 

therefore increases the difference between the OEM of designs with ventilative and mechanical 

cooling. However, this also significantly reduces the OEM of all design variants. This is because the 

additional electricity generation can be used effectively at times when mechanical cooling is needed 

but is often useless for the rest of the time. Furthermore, existing literature indicates that a large part 

of the mismatch between the energy generation and energy consumption is because a lot of energy is 

required in the winter months, while most of the energy generation takes place during the summer 

(Fig. 4). Therefore it was expected that the OEM could be improved by moving the electricity 

consumption from the winter to the summer through the use of highly insulated building envelopes 

(Fig. 5). In theory, this increases the OEM since the additional electricity consumption for 

mechanical cooling could be directly fulfilled with on-site generated electricity. However, the effect of 

insulation value on the OEM is negligible. This can be explained because higher insulation values do 

save a lot of electricity during the winter, but only comes with a relatively small increase in the 

electricity consumption during the summer (Table 8). Thus, increased insulation values do not result 

in a significant improvement of the effective use of on-site generated energy. 

In contrast to the OEM, the implementation of more PV panels does increase the on-site energy 

fraction (OEF) which describes the part of electricity consumption which is directly fulfilled by on-

site generated electricity (Fig. 41) (Table 12). This increasement reduces with furthermore addition of 

panels which implicates that there is an optimal PV surface area that generated enough electricity to 

meet the demand at the times the system generates electricity. Producing more electricity at these 

moments is not necessary which means that there is a certain maximum achievable OEF that can be 

reached with the use of a PV system. Hence, adding more panels will increase the OEF, but only up 

to a certain limit, but decreased the OEM significantly. This limit of the OEF indicates that all design 

variants remain very dependent on the electricity grid.  
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The OEM and OEF can be further improved by shifting the electricity consumption or/and 

generation to other time periods, or by the use of an energy storage device. In this study, only on-site 

energy generation by solar power is taken into account which is only available during the day. 

Another form of renewable energy is wind power which can even be available at night. By combining 

multiple forms of renewable energy sources the OEM and OEF could be improved. The use of energy 

storage devices ensures that excess generated electricity can be stored for times when little or no 

electricity is generated. Energy storage can even make a dwelling independent of the electricity grid. 

The decrease of the OEM by adding more PV panels also has implications for the financial 

attractiveness of the PV system. By assuming that households do not receive a feed-in tariff, each 

generated kWh electricity that is exported back into the grid can be seen as wasted energy from the 

house owners’ perspective. This makes the match between electricity generation and consumption 

very important, reflected by the yields that can be achieved by implementing certain PV system sizes 

(Table 86). First of all, a PV system is only financially attractive for households which consume 

enough electricity so that there is a satisfactory utilization of on-site generated electricity. Based on 

the PV surface areas that are taken into account in this study it can be concluded that for designs 

with ventilative cooling, a small PV system of 4 panels (6.52 m2) is the most profitable. A larger PV 

system of 12 panels (19.56 m2) is more profitable when using mechanical cooling. In this case study, 

very large PV systems of 24 panels (39.12 m2) are not cost optimal because of the bad match between 

generation and consumption. In order to determine the most optimal PV system size, more PV 

surface areas should be examined. 

The orientation of the design variant hardly affects the electricity consumption of the building but 

does affect the amount of generated electricity and the time of this electricity generation (Fig. 34). 

Therefore, the orientation can have a large effect on the OEF and OEM. Changing a north-south 

orientation to an east-west orientation increases the OEM without having a large influence on the 

OEF (Fig. 41). This is because designs variants with this orientation generate the most electricity at 

the times it is needed, namely during the morning and evening. An east-west orientation will 

increase the additional imported electricity for mechanical cooling in comparison with a south 

orientation since cooling mainly takes place during the day (Fig. 35). The better match is probably not 

only achieved because of the time shift but also because in this orientation less electricity is 

generated. This automatically raises the OEM since a lesser amount of generated electricity can be 

easier used directly. This can also be noticed for designs with a minimum number of PV panels, 

wherein the OEM is very high. It should be noted that a reduction of the total generated electricity 

means that more panels will be needed to achieve a zero energy building (Fig. 84). 

 

6.4 Practical implications: ventilative or mechanical cooling? 
In this study, a comparative assessment is performed between ventilative and mechanical cooling by 

assessing the performance of different design variants for different scenarios. This must help 

decision makers in the design process of residential buildings to achieve more future-proof zero 

energy houses. There are many different decision makers, each with their own preferences with 

regards to the performance of the building, and thus, focus on different performance indicators. For 

example, the government wants to minimize the amount of CO2 emissions and therefore wants to 

minimize the amount of imported electricity from the grid, while the network operator is interested 
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in a maximum on-site energy match to reduce the risk of an overloaded electricity grid. This makes it 

difficult to pick the most suitable cooling strategy.  

In this section, the most suitable cooling strategy is picked based on a single decision makers 

preferences, namely the homeowner which is particularly interested in the thermal comfort and the 

global costs of the building. In addition to the preferences of the decision maker, the choice of a 

particular strategy also depends on the occupant scenario. In this study, two behavior scenarios were 

used which give an idea about situations in which one cooling strategy performs better than the 

other. For example, the high behavior scenario could represent a scenario in which the case study 

building is located in an urban environment, which means the effective utilization of ventilative 

cooling is limited, and where the household comes with high internal heat gains. 

6.4.1 Ventilative cooling 
When the case study building is located in a rural area, ventilative cooling can provide enough 

cooling since the external windows can be often fully utilized. This is because rural environments 

suffer less from air and noise pollution, and no UHI effects occur in rural areas. In this case, the 

occupants have to be active enough in the opening and closing of windows. This saves on the 

electricity consumption, and therefore on the global costs. From a house owner’s perspective, it is 

recommended to minimize the amount of insulation when relying on ventilative cooling since this 

prevents increased overheating risks. It is also not economically profitable to invest in the envelope 

quality, despite the fact that it is beneficial to maximize the insulation level from the perspective of 

energy savings. However, it is advisable to invest in highly insulated glazing as this improves the 

insulation value and reduces overheating risks due to increased solar protective properties. However, 

this is a trade-off that needs to make the occupant since this comes with some additional investment 

costs. Without mechanical cooling, it is advisable to limit the use of PV panels as the homeowner's 

yields deteriorate when increasing the PV surface area. When assuming a high behavior scenario in 

combination with ventilative cooling, a small PV system, consisting of 4 panels (6.52 m2), is the most 

beneficial of the three different PV surface areas that were taken into account. 

It is not always recommended to completely rely on ventilative cooling in rural environments. When 

windows can be fully utilized for ventilative cooling, but occupants are simply not (able to) actively 

using them, overheating risks will remain very high. In addition, certain people are often very 

vulnerable to high temperatures or are more likely to spend a higher proportion of their time indoors 

making it advisable to implement a mechanical cooling system. In the current climate, this only 

applies to designs with a passive envelope quality, while in the future this applies for all designs. The 

additional investment costs associated with mechanical cooling are negligible, therefore it is always 

recommended to always implement provisions for mechanical cooling when using a heat pump 

system. The cost incur for designs with mechanical cooling is mainly due to additional imported 

electricity, and therefore the operating cost. 

6.4.2 Mechanical cooling 
When the case study building is located in an urbanized environment it recommended to implement 

a mechanical cooling system since it is often not possible to completely open the windows due to 

various reasons such as noise and air pollution. An urban area also increases the occurrence of UHIs 

which increases the average temperature. This significantly reduced the cooling effective utilization 

of ventilative cooling resulting in high overheating risks, especially in the future. When using 
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mechanical cooling, higher insulation values do not increase the overheating risks, however, from a 

house owner’s perspective, it is still recommended to minimize the amount of insulation since it is 

economically not profitable to invest in the envelope quality. Furthermore, the household should 

have a sufficient electricity consumption before PV panels become economically beneficial. When 

assuming a high behavior scenario in combination with mechanical cooling, an average PV system, 

consisting of 12 panels (19.56 m2), is the most beneficial. 

 

6.5 Limitations of the research 
This study consists of some limitations which may influence the results. These limitations are 

discussed in this section and are also used for some of the recommendations for future research. 

Despite the fact that it is attempted to be as complete as possible, it is impossible to call into question 

every individual assumption. The individual assumptions are described in this report and in the 

appendices which, if necessary, discusses the justification. 

An assumption that is worth discussing is about the amount of air circulation that can be achieved by 

the opening of the external windows. This assumption largely determines the performance of the 

ventilative cooling strategy since a higher air circulation rate is better able to discharge heat from the 

building. For the simulation model, crude assumptions were made describing fixed air change rates 

that are achieved by the ventilative cooling strategy. Based on an extensive literature review, the 

values for the minimum and maximum amount of air circulation has been determined. However, 

this is a very simplified method since air flow rates are influenced by multiple variables. 

A more general limitation of the simulation model that there were no measurements available which 

could be used to validate the model by comparing the simulation results with the measurement 

results. Therefore, the simulation model is validated by comparing the results of the existing 

situation with the simulation results of a comparable model according to the NEN 7120, and by 

basing the underlying assumptions on references such as scientific research, standards and surveys. 

Despite that these assumptions are based on an extensive literature review, they may be faulty and 

have a negative influence on the results of the simulations.  

The last limitation which has to be discussed is the limited number of (occupant) behavior scenarios 

that have been taken into account. Largely because of the relatively long computation time of a single 

simulation. Only the two most extreme scenarios have been taken into account which gave 

limitations during the analysis of the building performances. The use of the extreme scenarios only 

tells something about the total performance spread of the performance indicators but does not tell 

anything about the effect of individual behavior parameters. In addition, this study did not include an 

extended sensitivity study to show the effects of these individual behavior parameters. Furthermore, 

the scenarios do not say anything about the probability of occurrence which means that it could be 

that the worst-case behavior scenario rarely happens.  
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7 Conclusions 
 
This study compromises a computational analysis of two cooling strategies for residential zero 

energy buildings, namely ventilative and mechanical cooling. The main aim of this study is to assess 

the performance of both cooling strategies on their energy performance, thermal comfort and cost, 

considering the future climate. A methodology is proposed and applied on a case study building to 

compare the performance of both cooling strategies, and to find the most suitable strategies 

considering the future climate and various occupant scenarios. From this study the following 

conclusions can be made: 

o Overheating risks cannot always be eliminated completely by the use of ventilative cooling. For 

design variants with ventilative cooling, the number of weighted overheating hours can reach up 

to 87 for the reference climate scenario which corresponds to 2% of the summer period. For the 

future climate scenario that assumes the most extreme warming, the number of weighted 

overheating hours can reach up to 1543 which corresponds to 42% of the summer period. It may 

occur that (almost) zero weighted overheating hours are observed in all design variants for both 

climate scenarios which mainly depends on the occupant behavior scenario. 
 

o Overheating is mainly caused by high internal heat gains which cannot be discharged due to too 

low air circulation rates through window openings. Therefore, the prevention of overheating by 

ventilative cooling is very dependent on the occupant scenario. Occupants have to be active and 

informed to properly use ventilative cooling since manual interventions are required. 

Overheating also occurs on extremely hot days, in which the outdoor temperature is higher than 

the indoor temperature, which is becoming more common in the future. This results in 

overheating which cannot be prevented by ventilative cooling regardless of occupants’ behavior. 
 

o Overheating risk increases with higher insulation values due to a reduced outward heat flow 

through the envelope. This does not apply for highly insulated glazing types since they generally 

come with increased solar protective properties. During extremely hot periods, highly insulated 

buildings remain cooler because it reduces the inward heat flow and can even avoid overheating 

during these periods. However, since these extremely hot periods are relatively uncommon in the 

Netherlands, a higher insulation level still increases the yearly weighted overheating hours.  
 

o Mechanical cooling can be used to avoid the overheating problems entirely which comes with an 

increased electricity consumption of about 3 - 15%, depending on the design variant, climate and 

occupant scenario. This corresponds with an increase of 170 - 1225 kWh. The electricity 

consumption for cooling increases with additional insulation, except for better-insulated glazing 

types due to the solar protective properties. However, this increase is very limited in comparison 

with the resulting decrease in the electricity consumption for space heating. This means that it is 

always beneficial for the energy savings to implement highly insulated building envelopes. 

Furthermore, in the future, highly insulated dwellings will consume more electricity for space 

cooling than space heating due to climate change. 
 

o Through the use of PV panels, up to 64% of the electricity consumption for mechanical cooling 

can be directly fulfilled by on-site generated electricity. This electricity would normally be 

exported into the grid which means that the use of mechanical cooling improves the on-site 
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energy match (OEM). However, large PV systems reduce the yearly match since the additionally 

generated electricity is often useless when no cooling is needed. Between 58 - 100% of the 

generated electricity by 4 panels can be directly used. For 24 panels, this reduces to 16 - 58%.  
 

o Between 6 - 35% of the total electricity consumption can be directly fulfilled by on-site generated 

electricity which indicates that all design variants remain very dependent on the electricity grid. 

This on-site energy fraction (OEF) increases when more panels are added to the building. This 

increasement reduces when enough electricity is generated to meet the demand at that time. 

This indicates that, with the use of a PV system, there is a maximum achievable OEF. 
 

o Shifting the electricity consumption from the winter to the summer through the use of highly 

insulated envelopes has a negligible effect on the OEM. More insulation results in a relatively 

small increase in the electricity consumption during the summer, while greatly reducing the 

consumption during the winter. A better-insulated envelope does have a noticeable effect on the 

OEF as it significantly reduces the total electricity consumption. On the contrary, the orientation 

can have an effect on the OEF and OEM. Changing a north-south orientation to an east-west 

orientation increases the OEM while having a negligible effect on the OEF. This is because the 

electricity generation is shifted to times it is needed. 
 

o The most optimal design variant depends on the decision maker’s preferences. Practical 

implications are given for homeowners which are particularly interested in the thermal comfort 

and the global costs: 

 

 

- Ventilative cooling is recommended when the case study building is located in a rural 

environment in which the external windows can be fully utilized. Then, ventilative cooling 

can provide enough cooling to prevent most overheating risks in the future. This saves on the 

operating cost. However, it is not always recommended to completely rely on ventilative 

cooling in rural environments. This applies for households with high internal heat gains, and 

for occupants who less actively utilize the external windows. Since the investment costs of 

mechanical cooling are negligible, it is recommended to always implement provisions for 

this strategy. 
 

- Mechanical cooling is recommended in urbanized environments since it is often not possible 

to completely utilize the external windows for ventilative cooling due to various reasons (e.g. 

noise). Urban areas also increase the occurrence of UHIs. 
 

- From a house owner’s perspective, it is recommended to minimize the amount of insulation 

since it is economically not profitable to invest in the building envelope, despite the fact that 

this is beneficial for the energy savings. This also reduces the overheating risks when using 

ventilative cooling. However, it is advisable to invest in insulated glazing with increased solar 

protective properties. This is a trade-off decision that has to be made by the homeowner since 

this reduces the overheating risks but comes with additional investment costs. The 

household should have a sufficient electricity consumption before PV systems become 

profitable. When assuming a high behavior scenario and using mechanical cooling, an 

average system, consisting of 12 panels (19.56 m2), is the most beneficial of the examined 

sizes. Without mechanical cooling, a small system, consisting of 4 panels (6.52 m2), is the 

most beneficial. 
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8 Further research 
 
This study assessed the performance of ventilative and mechanical cooling for various design 

variants, considering different occupant and climate scenarios. By analyzing the results, but also due 

to the limitations of this research, a number of issues are highlighted in this chapter on which 

further research would be beneficial. 

The study can be extended to include other residential buildings (apartment, terraced house, etc.), 

which all have their own specific characteristics and heat balances and require an additional analysis. 

A choice is made to perform simulations for a detached building, while literature indicates that the 

risks of overheating vary greatly from building typology. In addition, the building typology influences 

other performance indicators, such as the electricity consumption, and influences the investment 

costs of different building elements, such as the amount façade that has to be insulated and the 

amount of available space for PV panels. This means that the conclusions can be different for other 

building typologies. For the cooling strategy, other systems can be included such as evaporative 

cooling, ground loops for ventilation, thermally active building systems. Also, more building 

parameters can be varied, such as the effect of different glass percentages, the thermal mass and 

other shading devices. These building parameters were kept constant in this study in order to limit 

the number of simulations, while this can have a significant effect on the results. This also applies to 

the number of scenarios that can be included in the methodology. In this study, only the two most 

extreme scenarios were included. For example, it can be concluded that the degree of overheating, 

especially in the future, will be highly dependent on the occupant scenario. This means that there 

will be some situation where the use of ventilative cooling is sufficient and that there will be no need 

to invest in a mechanical cooling system and no extra electricity needs to be consumed. In order to 

investigate the potential of ventilative cooling, it is advised to focus primarily on the effect of the 

internal heat gains and the air change rates which can be achieved by using ventilative cooling. In 

this study, crude assumptions were made describing the air circulation that can be achieved by 

opening the external windows. But since this has a large influence on the results it is advised to do 

more research into the potential of ventilative cooling in various situations (e.g. location and building 

typologies). Perhaps using air flow networks, which simulate the airflows between the zones of the 

building based on the wind or forced air distribution system. 

Another suggestion is to do further research on the effect of the controls of the heat pump system 

and schedules for the lighting, appliances and hot water usage on the results. In this study, it is 

assumed that the heat pump cools the thermal storage tank when the temperature falls below a 

certain set point. The energy match may be improved by only turning on the heat pump system 

when electricity is generated by the PV panels. Or perhaps it the performance of the building can be 

affected when the building is extra cooled at times when much electricity is generated so that the 

building has to be less cooled when no on-site generated electricity is available. Another interesting 

measure, which is not included in this study, is the use of electrical storage batteries. The surface 

area of a single roof side is sufficient in order to generate enough electricity to fulfill the electricity 

demand of the building on yearly basis. But since there is a bad match, the building often needs to 

import electricity from the grid. With the use of batteries, electricity can be stored in order to 

improve the match and making the use of mechanical cooling more interesting. 
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10 Appendix 
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Appendix I - Case study building 
 

General description 
For the case study building used in this research, a detached house is chosen as the building 

typology, because research shows that detached houses are one of the most sensitive to global 

warming in the future climate (Mohamed; Hamdy & Hensen, 2015) (Heijden et al., 2012). The 

geometry of the detached house is based on a set of residential reference buildings, which has a 

ground floor area of 61.5 m2, a transmission surface of 170 m2, three stories and a gable roof 

(Agentschap NL, 2013).  

The government, corporations, developers, architects, research institutes and consultancies use these 

reference houses in order to analyze the impact of different measures on residential buildings in the 

Netherlands. The reference houses are a good reflection of the current building production, which 

includes the latest information on the development of supply, marketing and production of new 

homes in the Netherlands. A modified reference house is used, which means that it is adjusted based 

on experiences in highly energy-efficient homes. For example, in the modified detached house, the 

dormer is removed to increase the compactness of the building. 

By using a dataset of the existing housing stock, a decision can be made to use a certain construction 

year representing the largest part of the current housing stock. This ensures that the research results 

are more universal. Since the number of built detached houses is fairly constant over the years (Table 

14) (Agentschap NL, 2011), an overview is used that shows the average energy performance of 

different typologies. This indicates that the average energy performance of detached houses in the 

Netherlands corresponds with an energy label D (Marwijk & Vranken, 2013). This roughly 

corresponds with a construction year of 1992 (Agentschap NL, 2011). 

 

Table 14   The amount of dwellings in the Netherlands divided into different building typologies and construction periods 
(Agentschap NL, 2011). 

   
Buildings that were built in 1992 generally have a central heating system with a high-efficiency gas 

boiler, for space heating and the domestic hot water consumption. This assumption is made since a 

large proportion of the dwellings in the Netherlands use such boilers (80%) (Agentschap NL, 2011). 

The major part of the existing dwellings built in 1992 consist of mechanical ventilation (48%). Also, 

natural ventilation is still widely used in these buildings but results in a more complex simulation 

model, and therefore a mechanical ventilation system is assumed. No heat recovery system is used 

for the existing building since only a very small proportion of these dwellings use such systems 

(16%). In addition, the existing dwelling makes use of external solar blinds. 

 Amount of dwellings in the Netherlands 
< 1945 1946 - 1964 1965 - 1974 1975 - 1991 1992 - 2011 Total 

Detached  216,000 225,000 199,000 221,000 256,000 1,037,000 
Semi-detached  140,000 145,000 142,000 224,000 249,000 900,000 
Terraced 523,000 478,000 606,000 879,000 507,000 2,993,000 
Maisonette 113,000 113,000 22,000 94,000 57,000 399,000 
Deck Access 5,000 64,000 174,000 109,000 162,000 519,000 
Flat 256,000 269,000 112,000 142,000 101,000 878,000 
Apartment  49,000 50,000 125,000 125,000 196,000 545,000 
Total 1,302,000 1,342,000 1,300,000 1,794,000 1,528,000 7,266,000 
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Building views, floor plans and characteristics 

  

 

 

 
 

 

Table 15   Characteristics of the case study building (RVO, 2015).  

 Value Unit 
Width 6.0 m1 
Depth 10.2 m1 
Floor Height 2.6 m1 
Total use surface 169.5 m2 
Transmission surface 358.4 m2 
Volume 455.8 m3 
Form factor 0.8 - 
Total façade surface 330.5 m2 
Open façade surface 40.7 m2 
Total façade surface (excl. roof) 181.5 m2 
Open façade surface (excl. roof) 36.1 m2 
Glass percentage 12.3 % 
Glass percentage 19.9 % 

Fig. 44   The front, rear and side view of the case study building (RVO, 2015). 

Fig. 45   The ground floor, first floor and attic floor of the case study building (RVO, 2015). 
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Building views with window reference numbers 
 

 

Fig. 46   Front view of the case study building with height dimensions and window reference numbers (RVO, 2015). 

Fig. 47   Rear view of the case study building with height dimensions and window reference numbers (RVO, 2015). 
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Fig. 48   Side view (left) of the case study building with window reference numbers (RVO, 2015). 

 

Fig. 49   Side view (right) of the case study building with window reference numbers (RVO, 2015). 
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Dimensions of the different surface areas 
 

Ground Floor (living room zone) 

 
Ground Floor Length Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
 Hollow-core floor 10.2 6.0    
Linear thermal bridges      
1 Floor - window frame 5.3 m1    
2 Floor - front façade 8.3 m1    
3 Floor - side façade 18.9 m1    

Table 16   Dimensions of surface areas, blinds and obstructions of the ground floor (RVO, 2015). 

 
Side façade (left) Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
5 Window 1.5 1.0 1.5 Yes No 
6 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.7 6.0 13.4   
 A; total   16.4   
 A; total; window   3.0   
Linear thermal bridges Length     
4 Window frame under 2.0 m1    
5 Window framed side 6.0 m1    
8 Window frame - Floor 2.0 m1    

Table 17   Dimensions of surface areas, blinds and obstructions of the left side façade on ground floor level (RVO, 2015). 

 
Side façade (right) Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
10 Window 2.4 3.8 9.1 Yes No 
 Cavity wall 2.7 6.0 7.3   
 A; total   16.4   
Linear thermal bridges Length     
5 Window frame side 4.8 m1    
8 Window frame under 3.8 m1    

Table 18   Dimensions of surface areas, blinds and obstructions of the right side façade on ground floor level (RVO, 2015). 

 
Front façade  Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
1 Window 1.5 1.0 1.5 Yes No 
2 Window 2.4 0.5 1.1 Yes No 
3 Window 1.5 1.0 1.5 Yes No 
4 Window 1.5 1.0 1.5 Yes No 
 Front door 2.4 1.0 2.4   
 Cavity wall 2.7 10.2 19.9   
 A; total   27.9   
 A; total; window   5.6   
Linear thermal bridges Length     
4 Window frame under 3.0 m1    
5 Window frame side 13.7 m1    
8 Window frame – Floor 4.5 m1    
7 Corner façade 5.5 m1    

Table 19   Dimensions of surface areas, blinds and obstructions of the front façade on ground floor level (RVO, 2015). 
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Rear façade Height Width Area Blinds Obstruction 
[m1] [m1] [m2] [-] [-] 

7 Window 1.5 1.0 1.5 Yes No 
8 Window 1.5 1.0 1.5 Yes No 
9 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.7 10.2 23.4   
 A; total   27.9   
 A; total; window   4.5   
Linear thermal bridges Length     
4 Window frame under 3.0 m1    
5 Window frame side 9.0 m1    
8 Window frame – Floor 3.0 m1    
7 Corner façade 5.5 m1    

Table 20   Dimensions of surface areas, blinds and obstructions of the rear façade on ground floor level (RVO, 2015). 

 

First Floor (bedroom zone) 

 
Side façade (left) Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
15 Window 1.5 1.0 1.5 Yes No 
16 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.9 6.0 14.2   
 A; total   17.2   
 A; total; window   3.0   
Linear thermal bridges Length     
4 Window frame under 2.0 m1    
5 Window frame side 6.0 m1    
8 Window frame upper 2.0 m1    
15 Floor – façade 6.0 m1    

Table 21   Dimensions of surface areas, blinds, and obstructions of the left side façade on first-floor level (RVO, 2015). 

  
Side façade (right) Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
18 Window 1.5 1.0 1.5 Yes No 
19 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.9 6.0 14.2   
 A; total   17.2   
 A; total; window   3.0   
Linear thermal bridges Length     
4 Window frame under 2.0 m1    
5 Window frame side 6.0 m1    
8 Window frame upper 2.0 m1    
15 Floor - façade 6.0 m1    

Table 22   Dimensions of surface areas, blinds, and obstructions of the right side façade on first-floor level (RVO, 2015). 
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Front façade Height Width Area Blinds Obstruction 
[m1] [m1] [m2] [-] [-] 

11 Window 1.5 1.0 1.5 Yes No 
12 Window 1.5 1.0 1.5 Yes No 
13 Window 1.5 1.0 1.5 Yes No 
14 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.9 10.2 23.2   
 A; total   29.2   
 A; total; window   6.0   
Linear thermal bridges Length     
4 Window frame under 4.0 m1    
5 Window frame side 12.0 m1    
6 Window frame upper 4.0 m1    
7 Corner façade 5.7 m1    
15 Floor - façade 10.2 m1    

Table 23   Dimensions of surface areas, blinds, and obstructions of the front façade on first-floor level (RVO, 2015). 

 
Rear façade Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
17 Window 1.5 1.0 1.5 Yes No 
17a Window 1.0 0.4 0.4 Yes No 
 Cavity wall 2.9 10.2 27.3   
 A; total   29.2   
Linear thermal bridges Length     
4 Window frame under 1.4 m1    
5 Window frame side 5.0 m1    
6 Window frame upper 1.4 m1    
7 Corner façade 5.7 m1    
15 Floor - façade 10.2 m1    

Table 24   Dimensions of surface areas, blinds, and obstructions of the rear façade on first-floor level (RVO, 2015). 

 

Attic Floor (attic zone) 

 
Side façade (left) Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
22 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.8 6.0 12.4   
 A; total   14.4   
Linear thermal bridges Length     
4 Window frame under 1.0 m1    
5 Window frame side 3.0 m1    
6 Window frame upper 1.0 m1    
15 Floor - façade 6.0 m1    

Table 25   Dimensions of surface areas, blinds and obstructions of the left side façade on attic floor level (RVO, 2015). 
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Side façade (right) Height Width Area Blinds Obstruction 
[m1] [m1] [m2] [-] [-] 

23 Window 1.5 1.0 1.5 Yes No 
 Cavity wall 2.8 6.0 12.4   
 A; total   14.4   
Linear thermal bridges Length     
4 Window frame under 1.0 m1    
5 Window frame side 3.0 m1    
6 Window frame upper 1.0 m1    
15 Floor - façade 6.0 m1    

Table 26   Dimensions of surface areas, blinds and obstructions of the right side façade on attic floor level (RVO, 2015). 

 
Front façade  Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
 Cavity wall 0.9 10.2 9.3   
 Roof 4.1 10.2 42.1   
 A; total   51.4   
Linear thermal bridges Length     
7 Corner façade 1.8 m1    
9 Roof - front façade 10.2 m1    
11 Roof - side facade 8.2 m1    
12 Roof ridge 10.2 m1    

Table 27   Dimensions of surface areas, blinds and obstructions of the front façade on attic floor level (RVO, 2015). 

 
Rear façade Height Width Area Blinds Obstruction 

[m1] [m1] [m2] [-] [-] 
20 Window 1.4 1.2 1.68 Yes No 
 Cavity wall 0.9 10.2 9.32   
 Roof 4.1 10.2 38.40   
 A; total   50.40   
Linear thermal bridges Length     
7 Corner façade 1.8 m1    
9 Roof - front façade 10.2 m1    
11 Roof - side facade 8.2 m1    
25 Skylight - side 2.8 m1    
26 Skylight - under 1.2 m1    
27 Skylight - upper 1.2 m1    

Table 28   Dimensions of surface areas, blinds and obstructions of the rear façade on attic floor level (RVO, 2015). 
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Building construction characteristics 
The case study building is assumed to be a detached house built in 1992. The building construction 

is assumed to be built according to the construction method of that time, which means that it 

consists of concrete floors, brickwork and a wooden roof (Agentschap NL, 2011). Different materials 

and surface characteristics were defined, which are used for the structure of the different 

construction parts (Table 29) (Table 30) (Young et al., 2013) (Co & Kyoto, n.d.). 

 Thermal 
conductivity 

Density Specific heat 

[W/m1·K] [kg/m3] [KJ/kg·K] 
Insulation materials    

Expanded polystyrene (EPS)  0.027 30 1.47 
Polyurethane (PUR) 0.026 30 1.47 

Mineral wool 0.035 35 0.84 
Stony materials     

Hollow-core slab floor 0.85 1800 0.84 
Wide slab floor  1.90 2500 0.84 
Masonry, brick 0.70 1800 0.84 

Masonry, limestone 1.00 2000 0.84 
Floor screed 0.95 1900 0.84 

Roof tiling 30.84 1900 0.84 
Massless layers    

Air cavity - - 0.05 
Carpet - -  

Wooden materials    
Roof deck 0.17 700 1.88 

Hardwood 0.18 800 1.88 
Plastering    

Gypsum plastering 0.52 1300 0.84 
Gypsum plasterboard 0.23 800 0.84 

Table 29   The characteristics of the different construction materials 

  Color Absorptance Emission 
[-] [-] 

Ceiling White / beige 0.2 0.9 
Wall (internal) White / beige 0.3 0.9 
Wall (external) Dark red 0.7 0.9 
Floor Dark brown 0.7 0.9 
Door Dark brown 0.8 0.9 

Table 30   The absorptance and emission coefficients of the different surface areas. 

The case study building has a heavy-weight construction since it mainly consists of stony materials. 

The building consists a 150 mm hollow-core slab floor and an 180 mm wide slab floor for 

respectively the ground floor and internal floors (Table 31) (Table 32) (Table 33). The floors are 

finished with a concrete floor slab of 50 mm. The ground floor insulation is located on the underside 

of the floor, which is composed of mineral wool. The external walls consist of a masonry cavity wall 

with an outer blade of 100 mm brickwork, an inner blade of 120 mm limestone and an air cavity of 

40 mm. The additional insulation is applied on the outside of the external walls using timber frame 

elements filled with mineral wool, finished with 5 mm brick slips (Table 34). The wooden roof 

structure consists of EPS elements, which are finished with ceramic roof tiles and 12.5 mm gypsum 

plasterboards on the inside (Table 35). The external door is made of hardwood or a hardwood 

sandwich panel with PUR (Table 36). The cavity has a resistance of 0.18 (m2
·K)/W). 
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Internal Floor (first floor) Thickness R-value    
  1992 2015 nZEB Passive 
 [mm] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] 
Re - 0.04 0.04 0.04 0.04 
Wide slab floor 180 0.09 0.09 0.09 0.09 
Floor screed 50 0.05 0.05 0.05 0.05 
Ri - 0.13 0.13 0.13 0.13 
Total 230 0.32 0.32 0.32 0.32 

Table 31   The thickness and R-value of the different construction layers of the first-floor construction for the different 
envelope qualities which are used for the construction of the case study building. 

  

Internal Floor (attic) Thickness R-value    
  1992 2015 nZEB Passive 
 [mm] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] 
Re - 0.04 0.04 0.04 0.04 
Wide slab floor 180 0.09 0.09 0.09 0.09 
Attic floor insulation 70 2.59 2.59 2.59 2.59 
Floor screed 50 0.05 0.05 0.05 0.05 
Ri - 0.13 0.13 0.13 0.13 
Total 300 2.91 2.91 2.91 2.91 

Table 32   The thickness and R-value of the different construction layers of the attic floor construction for the different 
envelope qualities which are used for the construction of the case study building. 

 

Ground Floor Thickness R-value    
  1992 2015 nZEB Passive 
 [mm] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] 
Re - 0.04 0.04 0.04 0.04 
Mineral wool 74 2.11 - - - 
 108 - 3.09 - - 
 160 - - 4.57 - 
 230 - - - 6.57 
Hollow-core slab floor 150 0.18 0.18 0.18 0.18 
Floor screed 50 0.05 0.05 0.05 0.05 
Ri - 0.13 0.17 0.17 0.17 
Total - 2.50 3.50 5.00 7.00 

Table 33   The thickness and R-value of the different construction layers of the ground floor construction for the different 
envelope qualities which are used for the construction of the case study building. 
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External Wall Thickness R-value    
  1992 2015 nZEB Passive 
 [mm] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] 
Re - 0.04 0.04 0.04 0.04 
Masonry, brick 5 0.01 0.01 0.01 0.01 
Mineral wool 66 1.89 - - - 
 16 - 3.89 - - 
 188 - - 5.37 - 
 293 - - - 8.37 
Masonry, brick 100 0.14 0.14 0.14 0.14 
Air cavity 40 0.18 0.18 0.18 0.18 
Masonry, limestone 120 0.12 0.12 0.12 0.12 
Gypsum plastering 5 0.01 0.01 0.01 0.01 
Ri - 0.13 0.13 0.13 0.13 
Total - 2.50 4.50 6.00 9.00 

Table 34   The thickness and R-value of the different construction layers of the external wall construction for the different 
envelope qualities which are used for the construction of the case study building. 

  

Roof Thickness R-value    
  1992 2015 nZEB Passive 
 [mm] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] 
Re - 0.04 0.04 0.04 0.04 
Roof tiling 15 0.02 0.02 0.02 0.02 
Expanded polystyrene (EPS)  59 2.19 - - - 
 153 - 5.67 - - 
 180 - - 6.67 - 
 261 - - - 9.67 
Roof deck 18 0.11 0.11 0.11 0.11 
Gypsum plasterboard 12.5 0.05 0.05 0.05 0.05 
Ri - 0.13 0.13 0.13 0.13 
Total - 2.50 6.00 7.00 10.00 

Table 35   The thickness and R-value of the different construction layers of the roof construction for the different envelope 
qualities which are used for the construction of the case study building. 

  

Door Thickness R-value    
  1992 2015 nZEB Passive 
 [mm] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] [(m2·K)/W] 
Re - 0.04 0.04 0.04 0.04 
Polyurethane (PUR) 0 0.00 - - - 
 16 - 0.62 - - 
 16 - - 0.62 - 
 29 - - - 1.12 
Hardwood 23 0.13 - - - 
Ri - 0.13 0.13 0.13 0.13 
Total - 0.30 0.80 0.80 1.30 

Table 36   The thickness and R-value of the different construction layers of the external door construction for the different 
envelope qualities which are used for the construction of the case study building. 
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Appendix II - Design variants 
 

 Envelope qualities Unit 
 1992 2015 nZEB Passive  
Building geometry   
1.  Ground floor area 61.5 m2 
2. Compactness of design  0.8 - 
3. Glazing ratio (excl. roof) 19.9 % 
4. Orientation of front and rear façade north-south | east-west - 
Building response time   
5. Specific active mass Traditional medium/heavy - 
Heat transport through construction   
6. Thermal resistance - floor 2.50 3.50 5.00 7.00 m2·K/W 
 Thermal resistance - wall 2.50 4.50 6.00 9.00 m2·K/W 
 Thermal resistance - roof 2.50 6.00 7.00 10.00 m2·K/W 
Heat transport through windows and doors 
7. Solar heat gain (g-value) 0.695 0.586 0.501 0.501 - 
 Heat transfer coefficient - glass 3.02 1.06 0.70 0.70 W/m2·K 
8. Heat transfer coefficient - frame 2.40 2.40 2.40 0.80 W/m2·K 
9. Heat transfer coefficient- door 3.40 1.30 1.30 0.80 W/m2·K 
10. Shading External (manual) solar blinds - 
Heat transport through ventilation   
11. Infiltration rate (qv10;spec) 0.625 0.625 0.400 0.150 dm3/(s·m2) 
On-site renewable energy generation   
12. Heat pump capacity - Heating 5.0 | 7.5 | 10.0 kW 
 Heat pump capacity - Cooling 4.5 | 6.6 | 9.1 kW 
13. Photovoltaic surface area (panels) 6.52 (4) | 19.56 (12) | 39.12 (24) m2 (pc.) 
Cooling strategy 
14. Mechanical cooling Yes | No - 

Table 37   The investigated design variants with corresponding parameter values. The different design variants differ in 
orientation, envelope quality, PV surface area, cooling strategy and heat pump capacity. All fixed and variable design 
parameters are shown with their input values. The input values of the variable design parameters are separated by a vertical 
line. The different envelope qualities have their separate column. 
 

Notes:  

1. A detached house was chosen for the case study building since this building typology is the 

most sensitive to global warming (Mohamed; Hamdy & Hensen, 2015). The geometry of the 

detached house is based on one of the Dutch reference buildings, which describes the 

dimensions of typical Dutch building typologies (Agentschap NL, 2013). 

 

2. The compactness of a design is the ratio of the total external surface area to the total volume. 

The case study building has a surface to volume ratio of 0.8, which corresponds with the 

compactness of a typical Dutch detached house (Agentschap NL, 2013). The compactness has 

an influence on the heat gains/losses. A compact design, which has a low surface to volume 

ratio, results in relatively lower heat gains/losses. 

 

3. The glazing ratio off a design is the total surface area of the facades divided by the total 

window surface area (excl. roof). The windows of the case study building are fairly distributed 

among all facades. 
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4. In this study, two orientations were considered, namely a north-south and east-west 

orientation, since it has an impact on the overheating risk and energy performance. These 

orientations were chosen to reflect the potential extremes of the solar gains. For a detached 

house, it is expected that the orientations have a smaller influence in comparison to terraced 

houses or flats (Van Hooff et al., 2015). This is because the latter two relatively have a much 

smaller surface area that is exposed to the ambient conditions. In addition, the orientation of 

the sloped roof will also have an influence on the effectiveness of on-site energy generation 

through PV panels (W. Feist et al., 2012).  

 

5. Residential buildings in the Netherlands are in general heavy-weight buildings, due to the 

use of heavy building materials like concrete and bricks (van Hooff et al., 2016). Therefore, a 

fixed value is assumed for the thermal mass of the case study building. One could argue that 

the thermal mass of an existing building can be significantly reduced by applying insulation 

on the inner surface. However, this option is not considered since the application of 

insulation on the inside reduces the usable floor surface of the dwelling. This is not 

acceptable in most cases. Insulation on the inside also entails a number of building physical 

problems, such as thermal bridges. 

 

6. Four fixed envelope qualities are defined in order to describe different insulation levels, 

representing the existing situation (1992), a house built according to the current building 

code (2015), a nearly zero energy building (nZEB) and a passive house (Passive). The 1992 

and 2015 envelope qualities use insulation values according to the 1992 and 2015 Dutch 

building codes (OnlineBouwbesluit.nl, 2015). The properties of the nZEB and passive 

envelope quality are derived from a report that is commissioned by the Netherlands 

Enterprise Agency This report outlined future strategies to achieve highly energy-efficient 

homes (RVO, 2015). Part of this report includes the support and preparation of future 

decisions on tightening energy requirements and therefore has a large impact on how 

energy-efficient buildings are designed in the Netherlands.  

 

7. For every envelope quality, a corresponding glazing type is chosen based on a literature study 

on commonly used insulation strategies. Homes are well insulated from 1992, whereby the 

application of double glazing became more common (Agentschap NL, 2011). From 2015, the 

application of HR++ glazing became necessary to fulfill the Dutch building code 

requirements on energy efficiency. Future strategies, in order to achieve highly energy-

efficient homes, suggest that the use of triple glazing is becoming more customary (RVO, 

2015). Each glazing type has its own thermal and solar resistant characteristics (Table 38). 
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  Table 38   Glazing properties of the different envelope qualities. 

8. The 1992, 2015 and nZEB envelope quality use a wooden window frame with a total U-value 

of 2.4 W/m2·K (Table 39). The passive envelope quality uses a window frame which has an 

additional thermal break. This thermal break results in a total U-value of 0.8 W/m2·K. A 

frame/window ratio with a percentage of 25% is used for the windows frame width, except 

for the large sliding window on the ground floor which has a frame/window ratio of 15%. 

 

Table 39   Window frame properties of the different envelope qualities 

9. The exterior doors are assumed to be of solid wood (without glazing) with a corresponding 

total U-value of 3.4 W/m2·K (Table 40). From 2015, insulated exterior doors were necessary 

to meet the Dutch building regulations. The passive envelope quality uses a passive door with 

a corresponding total U-value of 0.8 W/m2·K. 

 

 

Table 40   External door properties of the different envelope qualities 

10. The case study building uses manual outdoor blinds, which will be commonly used in the 

future according to different design strategies (RVO, 2015). A shading factor of 0.4 is 

assumed, which is a dimensionless ratio and indicates how much heat is blocked by the 

shading device. A typical shading factor for external devices ranges between 0.2 and 0.4 

(IMAP, 2015). 

   

  

 Envelope qualities Unit 
 1992 2015 nZEB Passive  
Type Double  HR++ Triple - 
WinID 7083 12003 12007 - 
Thickness 5.7/6.4/5.7 4.0/16.0/4.0 4.0/16.0/4.0/16.0/4.0 mm 
U-value 3.02 1.06 0.70 W/m2·k 
g-value 0.695 0.586 0.501 - 
SC 0.67 0.58 0.500 - 
T-sol (0°) 0.596 0.485 0.387 - 
R-sol (0°) 0.112 0.269 0.270 - 
T-vis (0°) 0.786 0.769 0.643 - 

 Envelope qualities Unit 
 1992 2015 nZEB Passive  
Type Wood Wood Wood Passive frame - 
Frame/window  25 (15) 25 (15) 25 (15) 25 (15) % 
U-value 2.4 2.4 2.4 0.8 W/m2·K 
Absorptance  0.6 0.6 0.6 0.6 - 
Emissivity 0.9 0.9 0.9 0.9 - 

 Envelope qualities Unit 
 1992 2015 nZEB Passive  
Type Non-insulated Insulated Insulated Passive door - 
U-value 3.40 1.30 1.30 0.80 W/m2·k 
Absorptance 0.6 0.6 0.6 0.6 - 
Emissivity 0.9 0.9 0.9 0.9 - 
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11. The infiltration rates are derived from the 1992 and 2015 Dutch building codes 

(OnlineBouwbesluit.nl, 2015), and the research commissioned by the Netherlands Enterprise 

Agency (RVO, 2015). In the Netherlands, the infiltration rate is expressed by the qv;10 value. 

This value describes the air volume flow through the cracks and seams, divided by the floor 

area at an air pressure difference of 10 Pascal. Newly build houses have a similar airtightness 

as houses build in 1992, namely 0.625 dm3/(s·m2). Very energy-efficient houses, with an 

nZEB or passive envelope quality, have more stringent criteria of respectively 0.400 and 

0.150 dm3/(s·m2). With the qv;10 value, the total air flow rate can be calculated by assuming a 

usable floor area of 169.5 m2 (RVO, 2015).  

For the purpose of the simulation model, the air flow rate had to be converted to the number 

of air changes per hour under natural conditions (ACH). This can be calculated when the 

amount of air changes per hour under a pressure difference of 50 Pascal (ACH;50) is known. 

A generally accepted equation for converting infiltration rates at various pressure differences 

is (Landstra & Lenting, 2012): 

C = CU/ tEUUZ
E UZu                                                                                                                                          (23) 

For example, if we apply this equation for the 1992 envelope quality, corresponding with a 

qv;10 of 0.625 dm3/(s·m2) (= 106 dm3/s), it will result in an infiltration rate at 50 Pascal of: 

C = 106/ t10UZ
50UZu = 311 n�Z p⁄                                                                                                           (24) 

The ACH;50 can then be calculated by assuming a volume of 450 m3 (RVO, 2015). The ACH 

can then be approximated by using a rule of thumb. This rule states that the ACH can be 

approximated by dividing the ACH;50 by 20. This rule is crude and based on empirical 

results, not physical results. It predicts only a single infiltration rate for each house, 

independent of weather conditions (Trechsel, 1986). The calculated air changes per hour, in 

the example 0.12, can then be used for every floor in order to achieve an overall air change 

rate. In reality, the infiltration will be different for every floor. For example, a roof is more 

prone to air leakages than the first floor. However, for the simulations, a fixed air change rate 

is assumed for all floors. All calculation results of the above intermediate steps are listed in 

the table below (Table 41). 

 

 

 

 

 Table 41   The infiltration values of the different envelope qualities for different units. 

 

  Envelope qualities  
  1992 2015 nZEB Passive 
Qv;10;spec [dm3/(s·m2)] 0.625 0.625 0.400 0.150 
V10 [dm3/s] 106 106 68 26 
V50 [dm3/s] 311 311 199 75 
ACH;50 [1/h] 2.5 2.5 1.6 0.6 
ACH [1/h] 0.12 0.12 0.08 0.03 
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12. Since this study makes various combinations of design variants and scenarios, it is very time-

consuming to calculate the necessary heating and cooling capacity for each simulation. 

Therefore, a selection of different commonly used capacities is chosen and implemented as 

design variants. For the characteristics of the different heat pumps, the outdoor units of the P 

series from Mitsubishi Electric were used (Mitsubishi Electric, 2016). In this way, the 

availability of certain capacities is also taken into account. 

  

13. For the photovoltaic (PV) system different surface areas are taking into account. It is assumed 

that only one roof side is available, which is approximately 52 m2. When assuming a panel 

surface area of about 1.63 m2 (most commonly used dimension: 1650 x 991 mm), it means 

that a maximum effective surface area of 39.12 m2 can be used. This corresponds with 24 PV 

panels. Three different panel amounts have been examined, namely 4, 12 and 24 panels (Fig. 

50). For the north-south orientation, the panels will be directed to the south, as it provides the 

highest energy yield. When assessing an east-west orientation, the panels are divided equally 

between both sides of the sloped roof. This probably results in a better energy matching, 

since most energy will be generated during the morning and evening, which corresponds 

with the use of lighting and appliances. 

 

 

 

 

 

 

 
14. Two different cooling strategies are compared in this study, namely ventilative and 

mechanical cooling. Ventilative cooling uses free cooling by natural ventilation through 

window openings, which is simulated by assuming an increased air change rate when the 

indoor temperature exceeds a certain temperature threshold. Mechanical cooling makes use 

of a heat pump to provide the radiant floor with chilled water. Mechanical cooling is enabled 

when the indoor temperature exceeds a predefined setpoint. Both strategies make use of 

night purge ventilation, which opens the windows during the night to cool down the 

construction. This reduces the maximum indoor temperature or, with the use of mechanical 

cooling, the cooling demand for the next day. 

  

  

Fig. 50   Three different PV surface areas are taken into account, namely the minimum of 4 
panels (6.52 m2), an average of 12 panels (19.56 m2), and maximum of 24 panels (39.12 m2). 

Fig. 51   The thee energy systems that are taken into account, namely the existing situation (left), 
a retrofit with ventilative cooling (middle) and a retrofit with mechanical cooling (right). 
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Appendix III - Behavior scenarios 
  

 Behavior scenarios Unit 
 Low High  
Presence     
1. Occupant profiles Mostly absent Mostly at home - 
Temperature setpoints    
2. Heating setpoint 18.0 (16.0) 22.0 (20.0) °C 
 Temperature setback 14.0 18.0 °C 
3. Cooling setpoint 20% 10% PPD 
Ventilation setpoints    
4. Mechanical ventilation rate 0.9 1.5 ACH 
5 Natural ventilation rate 5.0 1.0 ACH 
Heat gains    
6. Lighting 0.3 0.7 W/m2 
 Appliances 1.1 2.7 W/m2 
DHW usage     
7. Domestic hot water consumption 40 80 L/day/p 
Shading control    
8. ON if radiation > … 250 350 W/m2 
 OFF if radiation < … 200 300 W/m2 

Table 42   The investigated behavior scenarios with corresponding parameter values. The different behavior scenarios differ 
in their presence, temperature setpoints, ventilation setpoints, heat gains, DHW consumptions and shading control. 

Notes: 

1. The occupant profiles are based on a research which conducted a time-use survey in Belgian. 

Using hierarchical clustering, different typical occupancy patterns were identified that reflect 

realistic occupancy schedules in residential buildings (Aerts et al., 2014). The schedules use 

cumulative percentages of individuals describing three different states: At home and awake, 

sleeping, and absent. See the appendix for a detailed description of the profiles (Appendix 

IV). 

By combining the occupancy schedules with heat gain rates from persons, the total hourly 

internal heat gain by persons can be determined. The internal heat gains caused by people 

depends on the activities they carry out. For example, running releases more heat than 

studying. This phenomenon is called metabolism. Metabolism is a process in which food is 

converted into heat (and labor), described by the amount of energy released per m2 of skin 

per unit of time (W/m2). Another common unit is the met (1 met ≈ 58 W/m2). The mean 

body surface of a person is around 1.7 m2. For a seated person at rest (≈ 1.0 met) this means 

that the released heat is around 120 W. For each zone of the case study building an activity is 

defined according to ISO 7730 (ISO 7730, 2005) (Table 43). 

 

 

 

  Table 43   Activities with associated heat loads of persons per room (ISO 7730, 2005). 

  

Degree of activity Zone Metabolism Total 
heat 

Sensible 
Heat 

Latent 
Heat 

  [W/m2] [met] [W] [W] [W] 
Seated, light work Living room 70 1.2 120 65 55 
Seated, at rest Bedroom 58 1.0 100 60 40 
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Because the used profiles only describe the additional internal heat gains due to the presence 

of people, additional schedules are defined describing the operation of the heating and 

cooling system (Fig. 52). These heating and cooling schedules are based on a research into 

the heating, ventilation, bath and shower behavior of occupants and the usage of electrical 

appliances. The research includes 5000 Dutch households that have been questioned 

through telephone interviews and written questionnaires (Ministerie van VROM, 2009). 

When assuming the “mostly absent” profile the building is heated from 17:00 to 23:00, and 

when assuming the “mostly at home” profile the building is heated from 06:00 to 23:00. For 

the rest of the time, the setback temperature is assumed. The cooling schedules are exactly 

the same as the heating schedules, except for the bedroom. For the bedroom zone, the 

“mostly absent” profile cools the rooms from 17:00 to 07:00, and the “mostly at home” 

profile cools during the whole day. No weekends and holidays are taken into account, which 

means that all simulation days will use the same profiles. 

 

 

 

 

 

 

 

 

  

 

2. The heating setpoint and setback temperatures are also based on the research into the 

behavior of occupants in the Netherlands (Ministerie van VROM, 2009). Two heating 

setpoints are chosen, namely 18.0 and 22.0°C for respectively the low and high behavior 

scenarios. The bedroom zone uses a temperature setpoint which is 2°C lower than the living 

room. For the setback temperatures, the setpoint is reduced by 4°C.  

  

3. When using mechanical cooling in order to prevent overheating, the different behavior 

scenarios use different setpoints, which are based on the adaptive comfort model (Peeters et 

al., 2009). The cooling setpoints assume different PPD, wherein the low behavior scenarios 

cools until 80% of the residents are satisfied, and the high scenario cools until 90% are 

satisfied. The adaptive comfort model is partly based on the ATL method, which makes a 

distinction between ALPHA and BETA buildings. When ventilative cooling is assumed, 

overheating is assessed by using the comfort model based on the ALPHA building, since 

then the adaptation to the outdoor climate plays an import role in the perception of the 

thermal climate. This means that when using ventilative cooling, the allowable temperature 

will rise faster with increasing outdoor temperature in contrast to the BETA building (Fig. 9) 

(Fig. 53). During the winter, both building types use the same allowable temperatures. 

Fig. 52   ON - OFF schedule of the heating (orange) and cooling (blue) system of the living room zone (left) and 
bedrooms zone (right). De solid line and dashed line represents respectively the high and low occupant scenario. 
The grey color indicates when people are present and the thermal climate is assessed. 
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However, when using mechanical cooling, it is assumed that windows stay closed in order to 

avoid simultaneously opening windows and using mechanical cooling. Because of this, it can 

be discussed whether it is justified to assume the same amount of adaptation and therefore 

use the same ALPHA-based thermal comfort model to define the cooling setpoints. Instead, 

a BETA building should be assumed when assessing designs with mechanical cooling. This 

means that the neutral comfort temperatures should be adjusted, removing the adaptive 

nature when summer temperatures prevail: 

9&,+; = 0.06 · 9�,;�< + 20.4 °�                                                                                                                                          (25) 

9&,[; = 16 °�   W](   9�,;�< < 0 °�                                                                                                          (26) 
9&,[; = 0.23 · 9�,;�< + 16 °�   W](   0 °� ≤ 9�,;�< < 43.5 °�                                                          (27) 
9&,[; = 26 °�   W](   9�,;�< ≥ 43.5 °                                                                                                                             (28) 

 

The comfort regions that are used for the cooling setpoints use an additional deadband of 2°C 

between the heating and cooling setpoint. This is done in order to avoid overlap of controls 

since simultaneously heating and cooling is very undesirable. The minimum cooling setpoint 

is always 2°C above the heating setpoint. The lower limit is also adjusted to ensure that the 

occupants only experience “underheating” when the temperature is at least 2°C below the 

heating setpoint. In order to determine the minimum lower limit of the bedroom, the 

temperature setback is used instead of the heating setpoint, since the occupants are only 

present during the night: 

9@���;,[; = �5c(9��=�*�&= + 2, �b�(26 °�, 9& + D · �))                                                                (29) 

9+*A�;,[; = �b�(9��=[#w − 2, �5c(16 °�, 9& − (1 − D) · �)                                                        (30) 

9@���;,+; = �5c (9��=�*�&= + 2, 9& + D · �)                                                                                        (31) 

9+*A�;,+; = �b�(9��=�*�&= − 2, �5cN18 °�, 9& − D · (1 − �)V                                                       (32) 

Fig. 53   The Operative 
indoor temperature limits 
for three different 
acceptance levels, as a 
function of the running 
mean outdoor 
temperature (Te,ref) (A. 
C. van der Linden et al., 
2006). These adaptive 
comfort limits apply to 
type BETA office 
buildings. 

 



Master’s Thesis - Building Physics and Services 

104   J. (Jesse) Plas 

For the low behavior scenario, a width of 7°C is used, which corresponds with an 80% 

acceptability. The high scenario uses a bandwidth of 5°C, which corresponds with a 90% 

acceptability. For mechanical cooling, the comfort region is also asymmetrically split around 

the neutral comfort temperature, namely by 70 - 30%. Therefore an � of 0.7 is used.  

 

4. The mechanical ventilation rates for the two scenarios are based on the Dutch building 

regulation, which demands a minimum ventilation rate of 0.9 dm3/s per m2 

(OnlineBouwbesluit.nl, 2015). This value can be used as the lowest ventilation rate. For the 

high behavior scenario, a ventilation rate of 1.5 dm3/s per m2 is assumed, which is based on 

research (Hoes, 2014). When the building is not occupied, the ventilation setpoint is set to 

the lowest ventilation rate. 

 

5. For the behavior scenarios, different ventilation rates are assumed based on different 

building locations and behavior. The ventilation rate that can be achieved by the opening of 

windows depends on the maximum ventilation rate that can be achieved, and the ability to 

utilize this maximum ventilation rate (Fig. 54). A literature study into ventilative cooling is 

conducted to determine the most realistic range of ventilation rates that can be achieved by 

the opening of windows (section 2.2.1). From this study, it can be concluded that the 

ventilation rate lies between 1 and 5 ACH. 

The scenario with the highest ventilation rate, namely 5 ACH, represents a situation where 

the building is located on a site which is exposed to sufficient natural forces (e.g. open 

countryside), resulting in a high ventilation rate. In addition, this scenario assumes that the 

occupants are also able to utilize the ventilation rate (e.g. no noise and air pollution). The 

scenario with lowest ventilation rate, namely 1 ACH, represents a situation where the 

building is located in a more secluded area (e.g. urban environment), and wherein the 

occupants have a limited ability to achieve the maximum ventilation rate. The used air 

change rates are an addition to the mechanical ventilation rates. This means that when the 

windows are open, the mechanical ventilation system still supplies fresh air to the zones.  

  Fig. 54   A graphic representation 
of the occupant scenarios, where a 
distinction is made between the 
maximum ventilation potential 
[ACH] and the utilized ventilation 
rate [%]. The percentages are not 
based on research but are shown in 
order to give an impression on how 
the scenarios are translated into 
practice.  
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6. The internal heat gains for lighting and appliances for the low and high behavior scenario are 

respectively 1.4 and 3.4 W/m2. These gains represent different daily average internal heat 

gain rates and are divided between lighting (20%) and appliances (80%). The electricity 

consumption, resulting in these heat gains, is highly dependent on the number of occupants 

and their behavior. Therefore, a relatively large range is used for the electricity consumption. 

The average scenario has an internal heat gain which represents an average electricity 

consumption. According to Statistics Netherlands (CBS), a detached dwelling has a yearly 

average electricity consumption of 4220 kWh (CBS, 2016b). Since this is the total electricity 

consumption, the electricity consumption of the systems other than lighting and appliances 

should be subtracted from this value. When assuming an annual consumption of 400 kWh 

for the circulation pump, and 350 kWh for mechanical ventilation, this leads to a yearly 

average electricity consumption of 3550 kWh for lighting and appliances. This corresponds to 

an average internal heat gain of 2.4 W/m2. The low scenario assumes an electricity 

consumption of 2080 kWh and the high scenario of 5050 kWh, which are both based on the 

average value and data from an independent energy comparator (Energievergelijken.nl, 

2016). 

Since the use of lighting and appliances is not evenly distributed through the building, the 

average heat gain rates are distributed depending on the room and time. For example, the 

internal heat gains will decrease when no occupants are present, while higher internal gains 

are expected in the morning and evening. The distribution of the gains throughout the day 

for each room are based on schedules defined by the Institute for Study and Promotion of 

Research in the field of building installations (ISSO) which are commonly used in the 

Netherlands for building simulations (ISSO 32, 2010). Thus, each scenario is based on the 

same schedule but uses different daily averages for the internal heat gain rates. See the 

appendix for a detailed description of the profiles (Appendix V). 

The internal heat gains are divided into sensible and latent heat. This is done with a 

convection factor, which indicates which part of the heat is transferred by convection. 

Convection factors for the persons, appliances and lighting are used of respectively 0.5, 0.5 

and 0.6. The remainder is transmitted through long-wave radiation, which is absorbed by the 

walls and then gradually released. This means that it is a time-delayed heat gain. 

 
7. A research, of the Association of water companies in the Netherland, is used for the different 

hot water consumption scenarios (Foekema & van Thiel, 2014). A total of 1349 persons 

participated in the fieldwork of this national representative survey. As the hot water 

consumption per person is very dependent on various sociodemographic characteristics (e.g. 

age, sex, social class, region and ethnicity), it is very difficult to determine a low and high 

usage scenario. However, as the hot water consumption is influenced a lot by the age of a 

person (Foekema & van Thiel, 2014), different age classes are used to define the low and high 

scenario. A breakdown of the domestic hot water consumption by age shows that the age 

group 25-34 consumes the most water and that the age group up to 12 uses the least amount 

of water (Table 44) (Foekema & van Thiel, 2014). The hot water consumption for washing 

clothes and dishes does not include the use of a machine since it is assumed that the 

dishwasher and washing machine heats the water. 
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 Domestic hot water consumption per person [L/day] at 45°C 
 Bath Shower Sink Clothing  Dishes Total 
12-min (low) 4.3 31.9 5.2 0.4 0.9 42.7 
13-17 1.1 58.8 4.8 0.6 1.3 66.6 
18-24 0.2 74.0 6.5 1.0 2.4 84.1 
25-34 (high) 0.7 91.3 6.1 0.9 4.5 103.5 
35-44 2.9 59.2 4.5 1.7 2.9 71.2 
45-54 1.7 48.2 4.4 2.0 3.3 59.6 
55-64 1.3 38.1 5.4 1.8 4.8 51.4 
65-plus 1.1 35.0 5.2 2.4 7.4 51.1 
Average 1.8 51.4 5.2 1.4 3.6 63.4 

Table 44   Domestic hot water consumption by age group (Foekema & van Thiel, 2014). 

For the low and high scenarios, the age group 12-min and 18-24 will be used in order to 

define the amount of daily hot water consumption per person (Table 45). The age group of 

25-34 has the highest consumption, but will be ignored since the average use of this age 

group is significantly deviating from the overall average (in comparison with the 12-min 

group). The 18-24 group also ensures that the steps between the scenarios values are equal. 

 Domestic hot water consumption per person [L/day] at 45°C 
 Low Average High 
Bath 4.3 1.8 0.2 
Shower 31.9 51.4 74.0 
Sink 5.2 5.2 6.5 
Clothing, wash hand 0.4 1.4 1.0 
Dish wash, hand 0.9 3.6 2.4 
Total 42.7 (≈ 40.0) 63.4 (≈ 60.0) 84.1 (≈ 80.0) 

Table 45   Domestic hot water consumption 2013 in the Netherlands (Foekema & van Thiel, 2014). 

The daily hot water consumption per person is spread over the day using a distribution 

according to NEN 7120, Appendix A - “Bepaling opwekkingsrendement 

warmtapwatertoestellen” (NEN 7120, 2012) (Appendix V). This standard includes different 

patterns which are used in the Netherlands in order to determine the generation efficiency of 

domestic hot water devices. The standard provides four different patterns wherein different 

amount of water consumptions are distributed in various ways over a time frame of a day. An 

average percentage per hour is calculated from these four patterns. For example, from 7 to 8 

AM, 35% of the daily water consumption is consumed. The four patterns are: 

- Pattern 1: pattern with a low consumption rate, including one shower a day; 

- Pattern 2: pattern with a moderate consumption rate, including two showers a day; 

- Pattern 3: pattern with a large consumption rate; 

- Pattern 4: pattern with a very large consumption rate. 

 

8. Exterior solar shading is applied on all windows. The solar shading is lowered and raised 

depending on the solar radiation on the façade. An average scenario assumes that the screens 

are lowered when the solar radiation on the window surface is at least 300 W/m2 and 

retracted when the radiation falls under 250 W/m2 (Hoes, 2014). 
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Appendix IV - Occupancy patterns 
 

 “Mostly absent” “Mostly at home” 
 Living Room Bed 

Room 
Absent Living Room Bed 

Room 
Absent 

 [%] [%] [%] [%] [%] [%] 
00 - 01 5 50 45 20 80 0 
01 - 02 5 55 40 10 90 0 
02 - 03 0 60 40 5 95 0 
03 - 04 0 60 40 5 95 0 
04 - 05 5 60 35 0 100 0 
05 - 06 10 50 40 5 95 0 
06 - 07 15 35 50 15 85 0 
07 - 08 20 15 65 40 60 0 
08 - 09 15 5 80 70 25 5 
09 - 10 5 0 95 80 10 10 
10 - 11 5 0 95 85 5 10 
11 - 12 5 0 95 90 0 10 
12 - 13 5 0 95 95 0 5 
13 - 14 5 0 95 90 5 5 
14 - 15 5 0 95 90 0 10 
15 - 16 5 0 95 90 0 10 
16 - 17 15 0 85 90 0 10 
17 - 18 20 0 80 95 0 5 
18 - 19 25 0 75 95 0 5 
19 - 20 25 0 75 100 0 0 
20 - 21 30 0 70 100 0 0 
21 - 22 30 5 65 95 5 0 
22 - 23 25 15 60 80 20 0 
23 - 24 15 35 50 40 60 0 

Table 46   The hourly average occupant profiles, which indicates the probability that individuals are in the living room, 
bedroom or absent for the two different occupant profiles. Based on (Aerts et al., 2014). 
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Fig. 55   A graphic 
representation of the 
“mostly absent” 
occupant profile, 
which indicates the 
probability that 
individuals are in the 
living room, bedroom 
or absent. Based on 
(Aerts et al., 2014). 

Fig. 56   A graphic 
representation of the 
“mostly at home” 
occupant profile, 
which indicates the 
probability that 
individuals are in the 
living room, bedroom 
or absent. Based on 
(Aerts et al., 2014). 



  Master’s Thesis - Building Physics and Services 
 

J. (Jesse) Plas            109 

Appendix V - Heat gain schedules for lighting, appliances and DHW usage 
 

Schedules for lighting 
 

 Living Room Bedroom + Bathroom 
  Low High  Low High 
 [%] [W] [W] [%] [W] [W] 
00 – 01 0 0 0 0 + 0 0 0 
01 – 02 0 0 0 0 + 0 0 0 
02 – 03 0 0 0 0 + 0 0 0 
03 – 04 0 0 0 0 + 0 0 0 
04 – 05 0 0 0 0 + 0 0 0 
05 – 06 0 0 0 0 + 0 0 0 
06 – 07 0 0 0 25 + 0 27 62 
07 – 08 100 108 252 25 + 80 112 262 
08 – 09 15 16 38 10 + 50 64 150 
09 – 10 15 16 38 10 + 50 64 150 
10 – 11 0 0 0 0 + 0 0 0 
11 – 12 0 0 0 0 + 0 0 0 
12 – 13 0 0 0 0 + 50 53 125 
13 – 14 0 0 0 0 + 50 53 125 
14 – 15 0 0 0 0 + 0 0 0 
15 – 16 0 0 0 0 + 0 0 0 
16 – 17 0 0 0 0 + 0 0 0 
17 – 18 0 0 0 0 + 0 0 0 
18 – 19 35 38 88 25 + 80 112 262 
19 – 20 35 38 88 25 + 80 112 262 
20 – 21 100 108 252 0 + 0 0 0 
21 – 22 100 108 252 0 + 0 0 0 
22 – 23 100 108 252 0 + 50 53 125 
23 – 24 0 0 0 25 + 0 27 62 

Table 47   The schedules for the internal heat gain rates of the lighting for the three different scenarios per zone. Based on 
(ISSO 32, 2010). 
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Fig. 58   A graphic 
representation of the 
schedules for the 
internal heat gain 
rates due to lighting 
for the high scenario 
per zone. 

Fig. 57   A graphic 
representation of the 
schedules for the 
internal heat gain 
rates due to lighting 
for the low scenario 
per zone. 
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Schedules for appliances 
 

 Living Room Bedroom + Bathroom 
  Low High  Low High 
 [%] [W] [W] [%] [W] [W] 
00 - 01 20 51 124 10 + 10 51 124 
01 - 02 20 51 124 10 + 10 51 124 
02 - 03 20 51 124 10 + 10 51 124 
03 - 04 20 51 124 10 + 10 51 124 
04 - 05 20 51 124 10 + 10 51 124 
05 - 06 20 51 124 10 + 10 51 124 
06 - 07 20 51 124 45 + 10 139 342 
07 - 08 45 114 280 45 + 55 254 622 
08 - 09 45 114 280 45 + 20 165 404 
09 - 10 45 114 280 45 +20 165 404 
10 - 11 35 89 218 10+10 51 124 
11 - 12 35 89 218 10+10 51 124 
12 - 13 55 139 342 10+20 76 187 
13 - 14 55 139 342 10+20 76 187 
14 - 15 35 89 218 10+10 51 124 
15 - 16 35 89 218 10+10 51 124 
16 - 17 55 139 342 10+10 51 124 
17 - 18 55 139 342 10+10 51 124 
18 - 19 35 89 218 45+55 254 622 
19 - 20 35 89 218 45+55 254 622 
20 - 21 55 139 342 10+10 51 124 
21 - 22 55 139 342 10+10 51 124 
22 - 23 55 139 342 10+20 76 187 
23 - 24 20 51 124 10+10 51 124 

 Table 48   The schedules for the internal heat gain rates due to appliances for the three different scenarios per zone. Based 
on (CBS, 2016b) (Energievergelijken.nl, 2016) (ISSO 32, 2010). 
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Fig. 60   A graphic 
representation of the 
schedules for the 
internal heat gain 
rates due to 
appliances for the 
high scenario per 
zone. 

Fig. 59   A graphic 
representation of the 
schedules for the 
internal heat gain 
rates due to 
appliances for the low 
scenario per zone. 
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Schedules for DHW usage 
 

  Low High     
 [%] [L/day/p] [L/day/p]     
00 - 01 0 0.0 0.0     
01 - 02 0 0.0 0.0     
02 - 03 0 0.0 0.0     
03 - 04 0 0.0 0.0     
04 - 05 0 0.0 0.0     
05 - 06 0 0.0 0.0     
06 - 07 0 0.0 0.0     
07 - 08 35 14.4 28.8     
08 - 09 0 0.0 0.0     
09 - 10 1 0.4 0.8     
10 - 11 2 0.8 1.6     
11 - 12 2 0.8 1.6     
12 - 13 0 0.0 0.0     
13 - 14 7 2.8 5.6     
14 - 15 2 0.8 1.6     
15 - 16 1 0.4 0.8     
16 - 17 1 0.4 0.8     
17 - 18 0 0.0 0.0     
18 - 19 7 2.8 5.6     
19 - 20 2 0.8 1.6     
20 - 21 1 0.8 1.6     
21 - 22 0 0.0 0.0     
22 - 23 1 0.4 0.8     
23 - 24 36 14.4 28.8     
Total 100 40.0 80.0     

Table 49   The schedules for the domestic hot water consumption for the three different behavior scenarios. Based on 

(Foekema & van Thiel, 2014) (NEN 7120, 2012). 
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Fig. 61   A graphic 
representation of the 
schedules for the 
domestic hot water 
consumption for the 
three different 
behavior scenarios. 
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Appendix VI - Additional investment and global costs 
 

Additional investment costs 
The investment costs of the different envelope qualities are based on data from the Netherlands 

Enterprise Agency, which is specially developed to determine the investment costs of different 

energy saving measures (RVO, 2014). The used cost assume an individual project, which means that 

no supplier discounts are included. For the use of 100 mm mineral wool, the publication assumes an 

indicative price of 23.- and 138.- euro per m2 for respectively the floor and the external walls (Table 

50). For an EPS renovation roof with a thermal resistance of 3.11 m2·K/W, an indicative price of 108.- 

euro per m2 is assumed. All described cost include delivery costs, materials and labor. The cost does 

not include a value-added tax (VAT). 

 Unit Investment costs 
  Average Min. Max. 
  [€] [€] [€] 
Floor insulation: 100 mm mineral wool m2 23.- 22.- 23.- 
Pitched roof insulation: roofing elements (3.0 m2·K)/W) m2 108.- 98.- 114.- 
Wall insulation: 100 mm mineral wool  m2 81.- 75.- 85.- 

Table 50   The investment costs of different renovation measures according to (RVO, 2014). 

The publication only gives indicative prices for a single insulation thickness. In order to determine 

the cost of all different envelope qualities, the additional costs for different insulation thicknesses 

had to be determined, by using gross price lists from insulation manufacturers (Saint-Gobain Isover, 

2016) (Isobouw, 2016). By adding these additional costs to the indicative prices, the investment costs 

for the different envelope qualities could be determined (Table 51). 

  R-value Gross price Additional cost 
  [(m2·K)/W] [€/m2] [(€/m2] 
Ground Floor     

1992 Isover Rollisol Plus (80 mm) 2.5 5.65 - 1.35 
 Isover Rollisol Plus (100 mm)1 3.0 7,00 - 

2015 Isover Systemroll 1000 (100 mm) 3.5 7.70 + 0.70 
nZEB Isover Systemroll 1000 (140 mm) 5.0 10,95 + 3.95 

Passive Isover Systemroll 1000 (200 mm) 6.5 16.35 + 9,35 
Wall     

1992 Isover Rollisol Plus (80 mm) 2.5 5.65 - 1.35 
 Isover Rollisol Plus (100 mm)1 3.0 7,00 - 

2015 Isover Systemroll 1000 (120 mm) 4.5 9,30 + 2.30 
nZEB Isover Systemroll 1000 (170 mm) 6.0 13,95 + 6.95 

Passive Isover Systemroll 1000 (270 mm) 9.0 21.80 + 14.80 
Roof     

1992 Slimfix® 2.5 3/3 2.5 29.10 -4.00 
 Slimfix® 3.0 3/31 3.0 33.10 - 

2015 Slimfix® 6.0 3/3 6.0 54.15 + 21.05 
nZEB Slimfix® 7.0 3/3 7.0 60.15 + 27.05 

Passive SlimfixXT® Passief 10.0 10.0 117,30 + 84.20 
Table 51   The additional investment costs for different insulation thicknesses according to prices lists from different 
insulation manufacturers in the Netherlands (Saint-Gobain Isover, 2016) (Isobouw, 2016). 1 Indicative price according to 
(RVO, 2014) which is used to determine the investment costs of the other insulation thicknesses.  
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For the investment costs of the external windows, an online database is used with a price level of July 

2016 (Table 54) (Archidat Bouwinformatie, 2016). The price of the window depends on the type, size, 

glass and frame. The database does not give prices for all different frame-glass combinations that are 

investigated in this study. Therefore, the investment costs for the remaining windows are calculated 

by determining the additional costs for different types of glass (Table 52). It is assumed that double 

glazing is as expensive as HR++ glazing. The same database is also used to determine the investment 

costs for the external doors with different insulation values.  

 U-value Gross price Additional cost 
 [W/(m2·K)] [€/m2] [€/m2] 
Double glazing - 113,85 - 
HR++ glazing 6-6, gas filled [HR coating] 1.100 113,85 + 0.00 
Triple glazing 4-4-4, gas filled [HR coating]  0.712 160.00 + 46.15 

Table 52   Additional costs for different types of glass according to (Archidat Bouwinformatie, 2016). 

Additional investment costs for structural measures that have to be applied when implementing 

thicker insulation or heavier windows are not taken into account. The total additional investment 

costs are determined by assuming an external surface of 101.7 m2, 199.4 m2 and 62.2 m2 for 

respectively the roof, wall and floor (Table 53). 

Insulation value Investment cost Envelope quality Investment cost 
 [€/m2] [m2] [€]  [€] 
Ground Floor    1992  

1992 21.65 62.2 1346.63 Ground Floor 1346.63 
 23.00    Wall 8100.41 

2015 23.70 62.2 1474.14 Roof 10576.80 
nZEB 26.95 62.2 1676.29 Total 20,024 

Passive 32.35 62.2 2012.17 2015  
Wall    Ground Floor 1474.14 

1992 79.65 199.4 8100.41 Wall 8471.61 
 81.00   Roof 13124.39 

2015 83.30 199.4 8471.61 Total 23,070 
nZEB 87.95 199.4 8944.52 nZEB  

Passive 95.80 199.4 19102.52 Ground Floor 1676.29 
Roof    Wall 8944.52 

1992 104.00 101.7 10576.80 Roof 13734.59 
 108.00   Total 24,355 

2015 129.05 101.7 13124.39 Passive  
nZEB 135.05 101.7 13734.59 Ground Floor 2012.17 

Passive 192.20 101.7 19546.74 Wall 19102.52 
    Roof 19546.74 
    Total 40,661 

Table 53   The investment costs for the different elements of envelope qualities. 

Also, the investment costs for the different airtightness levels are taken into account. Since the 1992 

and 2015 Dutch building code demands the same air tightness, there will only be some additional 

costs for the nZEB and passive envelope quality. According to cost calculators, the following 

indicative prices can be assumed for the airtightness level of the nZEB envelope quality (Jagroep, 

2016) (van der Velden, 2016): 
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- Sealing of the electricity meter and roof connections:   € 200.- 

- Taping around the window frames:     € 9.- per m1 

- Taping of floor-wall connections:     € 16.50 per m1 

- Taping of wall-wall connections:     € 16.50 per m1 

When these prices are applied to the thermal bridges of the case study building it results in an 

additional investment cost of 2939.- euro. The additional cost for the air tightness of a passive 

envelope quality was not known to the construction companies. They indicate that an assumption of 

around 25% additional costs is reasonable, resulting in additional investment costs of 3674.- euro. 

The additional costs for airtight buildings are also requested from an insulation manufacturer, which 

stated that they assume additional investment costs of around 1500.- to 2000.- euro (Stoker, 2016). 

In this study, the cost of the construction companies is assumed which means that the additional 

costs for the airtightness of the different envelope qualities 1992, 2015, nZEB and passive are 

respectively 0.-, 0.-, 2939.- and 3674.- euro. 

When summing up the investment costs of the insulation, windows and air tightness, the total 

investment for the different envelope qualities can be calculated (Table 55). All cost are updated to the 

current price level by taking into account inflation. Because the case study building has a 1992 

envelope quality, this envelope quality has no additional investment costs. 

Window type Investment cost  Envelope quality Investment cost 
 [€/pc.] [pc.] [€]   [€] 
Small window    1992  

1992 326.69 1 326.69 Small window 326.69 
2015 326.69 1 326.69 Standard window 10176.78 

nZEB 340.54 1 340.54 Front door 1586.19 
Passive 352.44 1 352.44 Terrace door 2990.48 

     Roof window 592.47 
Standard window      Total 15,673 (+ 325.-) 

1992 535.62 19 10176.78 2015  
2015 535.62 19 10176.78 Small window 326.69 

nZEB 581.77 19 11053.63 Standard window 10176.78 
Passive 586.06 19 11135.14 Front door 1586.19 

     Terrace door 2990.48 
Front door    Roof window 592.47 

1992 1586.19 1 1586.19 Total 15,673 (+ 325.-) 
2015 1586.19 1 1586.19 nZEB  

nZEB 1627.73 1 1627.73 Small window 340.54 
Passive 1782.64 1 1782.64 Standard window 11053.63 

     Front door 1627.73 
Terrace door    Terrace door 3341.22 

1992 2990.48 1 2990.48 Roof window 641.97 
2015 2990.48 1 2990.48 Total 17,005 (+ 325.-) 

nZEB 3341.22 1 3341.22 Passive  
Passive 3377.04 1 3377.04 Small window 352.44 

     Standard window 11135.14 
Roof window    Front door 1782.64 

1992 592.47 1 592.47 Terrace door 3377.04 
2015 592.47 1 592.47 Roof window 648.80 

nZEB 641.97 1 641.97 Total 17,296 (+ 325.-) 
Passive 648.80 1 648.80   

Table 54   The investment costs of the windows according to the different window types and envelope qualities. 
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 Investment cost  
 Insulation Windows Infiltration Total Renovation 
 [€] [€] [€] [€] [€] 
1992 20,028.- 16,001.- 0.- 36,029.- 0.- 
2015 23,075.- 16,001.- 0.- 39,076.- 39,076.- 
nZEB 24,360.- 17,333.- 2,939.- 44,632.- 44,632.- 
Passive 40,669.- 17,624.- 3,674.- 61,967.- 61,967.- 

Table 55   The additional investment costs for the different envelope qualities divided into insulation, windows and 
infiltration. All prices have been indexed to the current price level. 

The publication of the RVO is also used to determine the investment costs of the different climate 

systems (RVO, 2014). However, this source does not make a distinction in the price differences 

between different heat pump capacities. Therefore, price lists from heat pump distributors are used 

to determine these differences, which ranges from 12,895.- to 14,845.-euro (comfortklimaat.nl, 2016). 

The price for the different heat pump systems includes the heat pump, thermal storage tank and 

installation costs. The installation of a low-temperature radiant floor cost 10,958.- euro according to 

the publication of the RVO. The additional costs in order to use the radiant floor for cooling are 

negligibly small since it only includes the installation of a dew point control system which cost 

around 250.- euro (R. O. de Linden, 2016).  

The price of the PV system is also determined by means of the publication of the RVO. According to 

this publication a PV system of 6 m2 and 15 m2 respectively cost 1818.- and 3525.- euro. From this cost 

a linear relationship can be made between the investment costs and PV surface area:  

��xy = 185� + 700                                                                                                                                                  (33) 

Where ��xy is the investment costs of the PV system [€] and � the total effective surface area of the 

PV panels [m2]. With this linear equation, the investment costs have been determined for the 

different PV surface areas. 

When using the above investment costs for insulation, windows, infiltration and systems, renovating 

an existing building into a passive house will cost about 91,000.- euro when implementing an air 

source heat pump, a radiant floor slab, 12 PV panels and taking into account that a mechanical 

ventilation system with heat recovery has to be installed, which cost 3,328.- euro. This additional 

investment cost corresponds well with the cost of various passive renovation projects (Cobouw, 

2010). 

Global cost 
Financial implications of design choices do not only depend on the investment costs, but also on the 

cost for the longer term. Therefore, it is also important to include the replacement and operating 

costs in the comparative assessment. This is done by taking into account the global cost, which is the 

summation of the investment cost, replacement costs and operating costs (Mohamed Hamdy et al., 

2013). The global costs are evaluated for a 30-year period because as beyond a 30-year timeframe, 

assumptions on interest rates and forecasts for electricity prices become very uncertain (BPIE, 2010). 

The global costs are calculated by the following equation: 

�6]o56 �]p8 = q ���
&

�r + q )��
&

�r + �� + ��                                                                                                   (22) 
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Where �� is the investment costs of the different design variables [€], )� is the replacement costs 

[€/30 years], �� the maintenance costs of the climate systems [€/ 30 years] and �� is the operating 

costs [€/30 years]. The index � represents the design variable. 

When calculating future costs, such as replacement, maintenance and operating costs, it is important 

to take the inflation and an increase in electricity prices into account. Therefore, a real interest rate (() of 2.8 % is used, which corresponds with the average real interest rate in the Netherlands for the 

period from 1992 to 2012 (Trading Economics, 2016). An energy price escalation rate (�) of 1.1 % is 

used, which is the average price of a kWh of electricity in the Netherlands for the period from 2007 

to 2016 (CBS, 2015a). No sensitivity analysis is performed by taken into account different economic 

assumptions. 

The replacement costs are determined by determining which components need to be replaced within 

the 30-year period. For the lifetime of the different systems it is an option to assume the warranty 

period, however, this period is usually based on a pessimistic prediction of the lifetime. Therefore, 

the lifetimes are based on experiences in the field based on expert judgment. It is assumed that only 

some of the systems need to be replaced within the analyzed period of 30 years. The structural 

element with the shortest lifespan are the window frames. However, a good hardwood frame lasts 

longer than 30 years, which means that no replacement have to be reserved for the windows and the 

other structural elements. For the heat pump system it has been assumed that after 20 years, the 

outdoor and the indoor unit, the heating control, the room thermostat and the water storage heater 

must be replaced. The investment costs of the indoor and outdoor units are derived from a price list 

from a heat pump distributor (comfortklimaat.nl, 2016). The other components are derived from the 

publication of the RVO (RVO, 2014). As an example, it will cost 5,607.- euro in order to replace the 

PUHZ-SW50VKA system. For the photovoltaic system, a distinction is made between the panels and 

the inverter which have a lifespan of respectively 25 and 15 years. This means that the inverter is 

replaced twice within the analyzed 30-year period. The investment costs of the inverters are 

determined using the price list of single phase grid inverters of Omniksol, supplied by a distributor 

of solar system products (Sinnedak B.V., 2016). Furthermore, it has been assumed that the floor 

heating system does not have to be replaced. The replacement costs which has to be invested during 

the analyzed period are discounted by the following equation: 

RC{ = RC{,| · (1 + r)?~                                                                                                                                              (34) 

Where RC{ is the replacement costs [€], RC{;| the initial replacement costs [€], r the real interest rate 

[%] and n the lifetime belonging to the respective element [years]. As an example, for the 5.0 kW air-

water heat pump, this means that the future replacement costs will be 3,228.- euro. The index j 
represents the design variable. 

In this study, no maintenance costs are taken into account since it is quite unpredictable what the 

maintenance costs will be over a period of 30 years. Also, the differences in maintenance costs 

between the design variants will be negligible. For example, there will be a small difference between 

the maintenance costs of PV systems with different surface areas since it generally does not matter 

whether one carries out cleaning work on 2 or 10 panels.  
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 ��� ��;  )� � 
 [€] [€] [€] [years] 

Generation system     
Air-water heat pump - 5.0 kW 12,995.- 5,607.- 3,228.- 

20 Air-water heat pump - 7.5 kW 13,545.- 6,157.- 3,544.- 
Air-water heat pump - 10.0 kW 14,195.- 6,807.- 3,918.- 
     
Distribution system     
Floor heating 10,958.- - - - 
Floor heating + cooling 11,208.- - - - 
      
Photovoltaic system     
4 panels (6.52 m2) 1,906.- 1521.- 763.- 25 
Omniksol-1.0k-TL (1.1 kW) - 385.- 423.- 153 
     
12 panels (19.56 m2) 4,319.- 3644.- 1827.- 25 
Omniksol-3.0k-TL (3.3 kW) - 675.- 741.- 153 
     
24 panels (39.12 m2) 7,937.- 7042.- 3531.- 25 
Omniksol-5.0k-TL (4.8 kW) - 895.- 982.- 153 

Table 56   The investment costs for different HVAC components. 1 In combination with an ERSD-VM2C indoor unit. 2 In 
combination with an ERSC-VM2C indoor unit. All prices have been indexed to the current price level. 

 
The operating costs are determined by adding up the annual fees of the electrical connections and 

the annual electricity costs. For the delivery of the electricity 40.- euro is taken into account (standing 

charge) which is a fixed cost regardless of the quantity of electricity that is used. Also, 235 euro for the 

network management is taken into account. This has to be paid for the maintenance of the electricity 

network. The annual connection fees are discounted by: 

a = 1 − (1 + r)?~r                                                                                                                                                      (35) 

Where a is the discount factor [-], r the real interest rate [%] and n the calculation period [years]. Also, 

the electricity costs are discounted. A single tariff rate of 0.159 euro per kWh is used to calculate the 

electricity costs (CBS, 2016a). In this study, it is assumed that there is no change in the imported 

electricity over the calculation period. Also, the electricity costs are discounted: 

OC = a� · P · EC                                                                                                                                                          (36) 

Where OC is the operating costs [€], a� is the discount factor a in combination with the escalation rate 

of the electricity price [-], P is the electricity price [€/kWh] and EC is the imported electricity [kWh]. 

The corrected discount factor a� is calculated by: 

a� = 1 − (1 + r�)?~r�                                                                                                                                                  (37) 

Where r� is the real interest rate r including the effect of the escalation rate of the electricity price: 

r� = r − e1 + e                                                                                                                                                                   (38) 
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In this study, it is assumed that no cost are saved on the operating cost by exporting on-site generated 

electricity back to the grid. Currently, the Netherlands has a regulation whereby the exported 

electricity may be deducted from the electricity bill. This subtraction is called net metering, which 

has a limit, namely the amount of electricity that has been imported from the energy supplier. Thus, 

a household can never deduct more electricity from the electricity bill than the amount that has been 

imported. This means that the limit can be different for everyone. However, it is very likely that this 

regulation will disappear in the future since it is partly subsidized by the government and is relatively 

expensive. It also holds back the development of better energy-efficient systems (Tweede Kamer, 

2014). Furthermore, this regulation was initially designed to make PV panels more attractive for 

individual households. Currently, more and more people have PV panels installed on their roofs 

which result in a large surplus of electricity on sunny days. More frequently, this results in an 

overloaded network (Koster, 2016).  
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Appendix VII - Weighted underheating hours 
 
In the simulation results of all design variants with different heat pump capacities, only a maximum 

of 18 weighted underheating hours have been found (Table 57). Therefore, it is decided to only focus 

on the design variants with a heat pump capacity of 7.5 kW, which results in zero underheating 

hours and, when assuming the use of mechanical cooling, in zero overheating hours. 

 

 
Weighted underheating hours [h/a] 

N-S E-W 
Low High Low High 

  5.0 7.5 10.0 5.0 7.5 10.0 5.0 7.5 10.0 5.0 7.5 10.0 
Ref. 1992 15/19 2 1 1/2 1 1 10/13 1/2 0 2/4 1 1 
 2015 0 0 0 0 0 0 0 0 0 0 0 0 
 nZEB 0 0 0 0 0 0 0 0 0 0 0 0 
 Passive 0 0 0 0 0 0 0 0 0 0 0 0 
2050 1992 1 0 0 1 1 0 1 0 0 1 1 0 
 2015 0 0 0 0 0 0 0 0 0 0 0 0 
 nZEB 0 0 0 0 0 0 0 0 0 0 0 0 
 Passive 0 0 0 0 0 0 0 0 0 0 0 0 

Table 57   The annual weighted underheating hours [h/a] for different envelope qualities and different occupant climate 
scenarios. All values are rounded to whole numbers. 
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Appendix VIII - Results of the existing case study building 
  
No measurements were available to validate the simulation model by comparing the simulation 

results with measurement results. Therefore, the simulation model of the existing case study model 

is compared with the results of a comparable model according to the NEN 7120 standard 

(Agentschap NL, 2011). In this way, it can be determined if the existing situation gives reasonable 

results). Also, some results from other literature are described in this appendix. 

The simulation results, of the same case study building with comparable characteristics, from 

another calculation method, indicates that the building will have yearly gas consumption of 1882 m3 

when assuming a household size of 3.2 occupants (Agentschap NL, 2011). According to Milieu 

Centraal, a public information organization about energy conservation for households, the average 

annual gas consumption for detached houses, with a surface area over 150 m2 and built between 

1989 - 2000, lies around 1750 m3 (MilieuCentraal, 2016). Also, Nibud, which is an independent 

institute for the awareness of household finances, provides data on the average gas consumption for 

detached houses, namely 2440 m3. However, this is the average of all detached houses in the 

Netherlands, including all the older dwellings. This means that the consumption of the reference 

case will be lower (Nibud, 2016). In order to calculate the gas consumption from the energy 

consumption, in TRNSYS, a certain amount of energy is assumed per m3 gas. This depends on the 

type of gas: high calorific or low calorific gas. It is assumed that low calorific gas is used which 

produces approximately 9.77 kWh of energy during incineration for each cubic meter low calorific 

gas (NVON-commissie, 2004). The electricity consumption for the appliances, lighting, fans and 

pumps are all based on references which means that these results have been validated already (Fig. 

62). The gas consumption according to the calculation results of the NEN 7120 is well within the 

performance range of the gas consumption according to the TRNSYS model (Fig. 63). From this is 

was decided that the simulation model gives reliable results. This assumption is strengthened by the 

fact that all assumptions are based on an extensive literature review including research, standards 

and surveys. 

Fig. 63   The gas consumption [m3/a] of the existing case 
study building for different orientations and climate 
scenarios. The dashed line represents the average gas 
consumption according to (Agentschap NL, 2011). The 
boxplots represents different occupant scenarios. 

Fig. 62   The (total) electricity consumption [kWh/a] of the 
existing case study for different purposes. The boxplots 
represents different occupant scenarios. 
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Appendix IX - Detailed description of the TRNSYS simulation model 
 

Computational settings 
The simulation program TRNSYS uses algorithms in order to solve complex differential equations of 

the different components. All different components are solved simultaneously at each time step by a 

successive substitution method until the solution is converged. For the simulations, certain 

computational settings are chosen to get a good balance between accuracy and the computational 

time. A simulation time step of 5 minutes is used, which is generally necessary to simulate a 

building model with hydronic systems (e.g. radiators). According to various investigations, a time 

step of 5 minutes or less is also required in order to get reliable results regarding the on-site energy 

fraction and matching (Cao & Sirén, 2014). A whole year will be simulated since this is necessary for 

the matching indicators. For the solver characteristics, such as the solution method, the default 

values are assumed. 

  Value Unit 
Simulation time 
 Simulation start time 5 h 
 Simulation stop time 2 h 
 Simulation time step 5 min 
Solver characteristics 
 Solution method Successive substitution - 
 The minimum relaxation factor 1 - 
 The maximum relaxation factor 1 - 
 Equation solver 0 - 
 Relative integration tolerance 0.001 - 
 Relative convergence tolerance 0.001 - 
 Differential equation algorithm Modified-Euler method - 

Table 58   An overview of the parameters and the input values in the building simulation program TRNSYS. 

 

Overview of model on macro level 
The simulation model in TRNSYS consists of several macros which represent different (installation-) 

systems in the building (Fig. 64) (Table 59). The most important component of the simulation model 

is Type 56, which is the “multi-zone building model”. Type 56 includes the zone geometries, 

constructions, and most of the other design characteristics which can be defined by using the 

program TRNBuild, a program with its own interface. Type 56 interacts with the different 

components through energy and mass exchanges, control signals and data flows. Many more 

components are used to simulate the heat loads, ventilation, shading and climate systems. 

Weather file 

For the climate scenarios, available climate data from the KNMI weather station at de Bilt (52.10, -

5.18) is used. The different climate scenarios are implemented by using an external text file, which 

includes the following weather parameters:  

- Diffuse and direct solar radiation on the horizontal plane [W/m2]; 

- Prevailing wind speed [m/s] and direction [°]; 

- External dry bulb temperature [°C]; 

- Relative humidity [-]. 
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The weather file is imported by a Type 99 data reader, which is connected to a Type 33 

Psychrometrics and Type 69 Effective sky temperature model. The output from the weather macro is 

connected to all different components which depend on the outdoor environment, namely the 

shading devices, the ventilation system, the heat pump, radiant slabs, the photovoltaic system and 

the thermal zones. The macro is also connected to some controllers, for example, the heating curves. 

  

 
 

Thermal comfort and setpoints 

The thermal comfort model is modeled by using user-defined equations along with some TRNSYS 

components. A data reader is used to import the running mean outdoor temperature (9�, (�W) 

associated with the different climate scenarios. Dependent forcing functions are used to calculate the 

weighted overheating hours by taking into account the summer period and the occupancy presence. 

Shading control 

The manual control of the shading devices is modeled using a variety of Type 2 differential 

controllers for each individual orientation. These are connected to the weather macro to use the 

incoming radiation as an input. When the amount of radiation exceeds a certain threshold, the 

shading devices will be closed by increasing the shadow factor of the windows located in that 

orientation. 

 TRNSYS Type 
Multi-zone building 56 
Investment and global costs 
Weather file 
 Psychrometrics 33 
 Effective sky temperature 69 
 Data Reader and Radiation Processor 99 
Thermal comfort model and setpoints 
 Data Reader For Generic Data Files 9a 
 Time Dependent Forcing Function 14a 
Shading control 
 ON/OFF Differential Controller 2d 
Occupant, lighting and appliances 
 Time Dependent Forcing Function 14h 
Mechanical and natural ventilation 
 ON/OFF Differential Controller 2d 
 Time Dependent Forcing Function 14a 
 Air to Air Heat Recovery 667 
Photovoltaic system 
 Simple Photovoltaic System 562 
Climate system (+ DHW) 
 Single speed Pump 3d 
 Tempering valve 11b 
 Controlled Flow diverters and Tee Pieces 11f/h 
 Time Dependent Forcing Function  14b 
 Five-stage Room Thermostat 108 
 Cylindrical Storage Tank 534 
 Radiant Slab Model 653 
 Boiler 700 
 Air to Water Heat Pump    941 

Table 59   A list of all TRNSYS 
component types that were used 
in the simulation model. This 
overview does not include all 
user-defined equations that were 
used for the climate control, 
thermal comfort model and 
other processes. 
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Occupant, lighting and appliances 

All profiles for the presence of the occupants and the different loads for the lighting and appliances 

are modeled by using Type 14 time dependent forcing functions. Multiple forcing functions are used 

for the different scenarios and zones. The forcing functions for the internal heat gains are connected 

with the building model and also used for the calculation of the electricity consumption. 

Mechanical and natural ventilation 

The mechanical ventilation system is a relatively simple model since it only consists of a Type 14 

forcing function for the presence of the occupants, and a user-defined equation including the 

constant ventilation rate for different occupant scenarios. A more complicated component of the 

mechanical ventilation system is the heat recovery unit, which is modeled using a Type 667 air to air 

heat recovery device. This device is operated by three different Type 2 differential controller, which 

all take into account predefined activation criteria. 

The natural ventilation for the purpose of ventilative cooling is modeled by using different Type 2 

differential controllers for each pre-defined window opening criteria. In addition, Type 14 time 

dependent forcing functions are used for the night-purge ventilation. These functions ensure that 

this strategy is only used in a specific time range during the summer, and only when the predefined 

activation criteria are met. 

Photovoltaic system 

The PV system is modeled using a Type 562 simple photovoltaic system, which is connected to the 

weather macro for the input of the solar radiation on each panel. Also, the outdoor temperature is 

needed in order to calculate the efficiency of the solar panels.  

Climate system (+ DHW) 

See next section. 

 
Fig. 64   A schematic representation of the simulation model in TRNSYS on a macro level. 
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Description of the climate and domestic hot water systems 
The implemented climate and domestic hot water systems are described separately with the help of 

two schematic diagrams (Fig. 65) (Fig. 66). These diagrams show the relationship between the 

various components. Three different systems are applied in this study, namely one for the existing 

case study building with a conventional gas boiler in combinations with radiators, and two for the 

future design with an air source heat pump in combination with a radiant floor slab. The two 

systems make a distinction between a system with ventilative and mechanical cooling. 

Conventional gas boiler with radiators 

The natural gas fired boiler provides the hot water and is simulated by using Type 700, which is 

operated by a Type 2 aquastat. This aquastat monitors the water temperature in the upper part of 

Type 534 thermal storage tank and turns the boiler on if this temperature is below a certain 

temperature setpoint. The aquastat also sends a control signal to a Type 3 single speed pump, which 

ensures a sufficient water flow between the boiler and the thermal storage tank. The tank provides 

hot water for space heating and the domestic hot water consumption. Since the temperature setpoint 

of the water inside thermal storage tank is far above 60°C, no additional measures are taken 

regarding legionella prevention. Three different circuits are connected to the tank, namely from and 

to the gas boiler, space heating distribution system and DHW load. The use of a thermal storage tank 

for space heating is recommended since it provides the system with some thermal inertia. This 

avoids that the boiler quickly alternates between the on and off mode. 

  
Fig. 65   A schematic representation of the climate and domestic hot water system with a conventional gas boiler in 
combination with high-temperature radiators. 
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The Type 1231 radiators provide heat to the living room and bedroom zone, which are connected to 

Type 3 single speed pumps that deliver a sufficient water flow whenever they receive a control signal 

from a Type 108 five-stage room thermostat. Each zone has its own thermostat since lower 

temperature setpoint are used for the bedroom zone. In reality, residential building in the 

Netherlands generally use one thermostat in the living room, however, there is always a possibility to 

adjust individual room temperatures by a thermostatic valve (TRV) on the radiator itself. To make the 

model not overly complex, two separate room thermostats were used to mimic these different 

temperature setpoints. 

The water flow from the tank is divided between the two zones through a Type 11f diverter and a 

Type 11 mixer. The water circuit also includes a tempering valve, which is placed between the return 

flow and the thermal storage tank. This valve mixes the return flow from the radiators with a certain 

amount of heated water from the tank so that the flow stream to the loads corresponds with a 

predefined temperature setpoint. The same amount of water that is extracted from the tank is also 

added to the tank from the return water flow. The temperature setpoint of the tempering valve 

determines the inlet water temperature of the radiators, which is determined by a heating curve. 

With the input parameters of the radiators, the surface temperatures and the air temperatures of the 

room, the amount of heat transfer can be calculated for each room. The calculated heat transfer is 

then used as an input for the multi-zone building (Type 56). The radiators supply water from the 

upper part of the thermal storage tank and receive the return flow at the lower part the thermal 

storage tank. In this model, thermal and hydraulic pressure losses through the transportation pipes 

are ignored. Thermal losses through the wall of the tank are included in the simulations. 

Air source heat pump with radiant floor heating (and cooling) 

The air source heat pump system, in combination with a radiant floor slab, is largely the same as the 

system with a gas boiler and radiators. The main difference is that the model uses two thermal 

storage tanks, namely for hot and cold water. When applying mechanical cooling, an additional 

thermal water storage is needed in order to simultaneously provide domestic hot water and cool the 

indoor space. The heat pump heats up the hot water tank when it is in heating mode and cools the 

cold water tank when it is in cooling mode. Since this system is based on low-temperature heating, a 

legionella prevention mode is implemented. This mode regularly increases the temperature of the 

stored water to 65°C in order to prevent legionella bacteria. 

The air source heat pump is modeled by Type 941, which is operated by two Type 2 aquastats, 

namely one for the hot tank and one for the cold tank. The aquastats are not directly connected to the 

heat pump, but indirect via a user-defined controller. This is done to ensure that the aquastats do 

turn on the heating and cooling mode at the same time since the heat pump cannot be in heating 

and cooling mode simultaneously. The following equations are used in this controller: 

1E; 1�� = ��75p858; 1��                                                                                                                                     (39) 

1E; ��� = �'�(��75p858; ��� − ��75p858; 1��, 1) · ����*&                                                                  (40) 

Where 1E; ��� is the heating (1) or cooling (�) mode of the heat pump [0/1], ��75p858; ��� is the 

control signal from the aquastat in the hot or cold tank [0/1] and ����*& is only enabled during the 

cooling period [0/1]. The equations ensures that heating is prioritized above cooling. 
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Fig. 66   A schematic representation of the climate and domestic hot water system with an air source heat pump in 
combination with low-temperature radiant floor slabs. This diagram includes the cold water tank. 

 
By connecting an additional tank to the heat pump system, a number of additional hydronic 

components were required to redirect the water flow to either the hot or cold tank. This is done by 

using a Type 11d mixer and a Type 11f diverter, which switch between the heating and cooling circuit, 

depending on the heat pump mode. An additional mixer and diverter are used to ensure that the 

supply and return water flow can switch between the hot and cold tank.  

The distribution system to the different zones is also different in comparison to the system with a 

conventional gas boiler. The heat transfer rate from the Type 653 radiant floor slab to the zones is not 

defined by an additional internal heat gain, as with the radiators, but by using the average slab 

temperature as an input for the boundary conditions of the floor constructions. The radiant floor slab 

model calculates the average slab temperature, which is then connected to the corresponding floor 

element in Type 56 multi-zone building. The radiant floor slab model takes the total convective and 

incoming wave radiation, at the outside surface, as an input from the zones. 
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Detailed description of the input values by component 
The input values of each component are based on assumptions which are mostly supported by 

literature such as research, standards or surveys. The descriptions below also partly explains the 

mathematical method of the components, in order to get a better understanding of certain 

assumptions. Missing information can be found in the mathematical reference of TRNSYS (volume 

4) (Klein, 2010). The description of each component contains a table with an overview of the 

parameters and corresponding input values. The tables also indicate when a component receives 

input from another component, or if the input value is dependent on the design variant or scenario. 

Type 3b - Single Speed Pump 

The water flow rates are assumed to be fixed, and therefore a single speed pump is used. When the 

pump is in operation, a fixed water flow circulates between the thermal storage tank(s) and the heat 

exchangers (e.g. radiators, radiant slabs), or the thermal storage tank and the generation system. The 

pumps are connected to aquastats or thermostats which give an on/off control signal. 

  Value Unit 
  Generation circuit Distribution circuit  
Pump characteristics 
1. Maximum flow rate design variant (800) 200 Kg/h 
2. Maximum power - - kJ/h 
 Conversion coefficient - - - 
Fluid characteristics 
 Fluid specific heat 4.190 4.190 kJ/kg·K 
Inputs 
 Inlet water temperature Heat pump Storage tank °C 
 Inlet water flow rate Heat pump Storage tank kg/h 
 On/Off Control Signal Aquastat Thermostat - 

Table 60   Input summary for component Type 3b - Single Speed Pump. 

Notes:  

1. For the generation and distribution circuit, different flow rates are assumed. For the 

generation circuit of the gas boiler, a flow rate of 800 kg/h is assumed, which is the default 

value. When using an air source heat pump, the flow rate depends on the heat pump capacity 

which is derived from the manufacturer catalog (Mitsubishi Electric, 2015). A flow rate of 

200 kg/h is assumed for the distribution circuit of each floor. This results in a total flow rate 

of 400 kg/h when the pumps of both floors are on. This is the maximum allowed flow rate in 

circulation pipes since higher flow rates will result in noise disturbance. This is calculated by 

assuming a maximum speed of 0.7 m/s, and a pipe diameter of 0.014 m1. 

 

2. Normally, the electricity consumption of a pump is determined by the power of the pump 

and the time that it is in operation. However, this means the electricity consumption of the 

pumps are very dependent on the control, and therefore requires a very precise model. To 

make the model not overly complex, an assumption is made for the yearly consumption of 

the circulation pump. This means that the pumps do not have an influence on the electricity 

consumption, but are only used to create a flow within the water circuits. The existing 

building uses a pump with a label D, which has a yearly electricity consumption of 400 kWh 

(Grundfos, 2014). The future design variants make use of an A-label pump with a yearly 

electricity consumption of 100 kWh (Grundfos, 2014).  
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Type 108 - Five-stage Room thermostat 

For the control of the heating and cooling distribution system, a five-stage room thermostat is used. 

Type 108 is designed to control up to three stages of heating equipment and two stages of cooling 

equipment. However, in this study, only one stage is used for the heating and one stage for cooling. 

The thermostat also includes hysteresis in order to prevent the system from turning on and off in a 

fast succession. 

  Value Unit 
Thermostat characteristics 
1. No of oscillations permitted 5 - 
2. Temperature deadband 1 °C 
Inputs 
 Monitoring temperature Building zone °C 
 1st stage heating setpoint Behavior scenario °C 
 1st stage cooling setpoint Behavior scenario °C 

Table 61   Input summary for component Type 108 - Five-stage Room Thermostat. 

Notes: 

1. In reality, a heating device does not add thermal energy evenly to the space, which results in a 

time lag between the addition of energy to the zone and the temperature increase of the air 

near the thermostat. Simulating this effect adds complexity to the simulation model which is 

often not necessary for the purposes of a building energy simulations. Therefore, the model 

slows down the reaction time by adding a certain “stickiness”. This is done by the number of 

permitted oscillations, within a time step, before the thermostat gets “stuck”. The thermostat 

will be “unstuck” once a new time step has started. An odd number of 5 permitted 

oscillations is chosen so that the controller makes altering decisions. 

 

2. A temperature deadband of 1 °C is maintained to prevent the system from turning on and off 

in a fast succession when the monitoring temperature and temperature setpoint are close to 

each other. A deadband will ensure that no actions are performed within a certain range 

around the temperature setpoint (Fig. 67). For example, when the temperature drops below 

the lower deadband temperature, the thermostat switches the heating system on. When the 

temperature rises the thermostat only switches the heating system off when the upper 

deadband temperature is reached. Between these two deadband limits the heating system can 

be on or off, depending on the preliminary stage.  

 

 

 

 

 

 

  

Fig. 67   A graphical 
representatin of the dead 
band temperature difference 
around the temperature 
setpoint (Klein, 2010). 
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Type 534 - Vertical Cylindrical Storage Tank 

The heating and cooling system makes use of (a/several) storage tank(s) in order to give the system 

some thermal inertia. This type models a water-filled vertical cylindrical tank with a constant volume. 

The same type is used for both thermal storage tanks, namely for hot and cold water. The water in 

the tank loses its heat through thermal losses to the environment, through a flue gas passing through 

the tank, and through the various incoming colder water flows. The hot thermal storage tank will be 

maintained at a certain temperature for the whole year since this tank always needs to be used for the 

domestic hot water consumption. The cooling tank is only used during the summer period, namely 

from May through September. 

  Value Unit 

General tank characteristics 
1. Tank volume 0.3 m3 
 Tank height 1.8 m1 
 Edge loss coefficient 1.39 W/m2K 
 Flue loss coefficient 0.83 W/m2K 
 Number of immersed heat exchangers 0 - 
Fluid characteristics 
 Fluid specific heat 4.190 kJ/kg·K 
 Fluid density 1000 kg/m3 
 Fluid thermal conductivity 2.14 kJ/h·m1

·K 
 Fluid viscosity 3.21 kg/m1

·h 
 Inversion mixing flow rate -100 kg/h 
 Fluid thermal expansion coefficient 0.00026 K-1 
Hot tank characteristics 
2. Number of tank nodes 5 - 
 Number of ports 3 - 
 Entry/exit node - port 1 5/1 - 
 Entry/exit node - port 2 1/5 - 
 Entry/exit node - port 3   5/1 - 
Hot tank inputs 
 Inlet water temperature / flow rate - port 1 Distribution system °C - kg/h 
 Inlet water temperature / flow rate - port 2 Generation system °C - kg/h 
 Inlet water temperature / flow rate - port 3 DHW profile °C - kg/h 
 Top / edge / bottom loss temperature Building zone °C 
 Gas flue temperature Building zone °C 
Cold tank characteristics 
3. Number of tank nodes 5 - 
 Number of ports 2 - 
 Entry/exit node - port 1 5/1 - 
 Entry/exit node - port 2 1/5 - 
Cold tank inputs 
 Inlet water temperature / flow rate - port 1 Generation system °C - kg/h 
 Inlet water temperature / flow rate - port 2 Distribution system °C - kg/h 
 Top / edge / bottom loss temperature Building zone °C 
 Gas flue temperature Building zone °C 

Table 62   Input summary for component Type 534 - Vertical Cylindrical Storage Tank. 
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Notes: 

1. A 300-liter storage tank has been chosen in order to ensure that there is enough hot water 

available, especially for the behavior scenario with a high domestic hot water consumption (= 

80 liters per day per person). For the input parameters of the storage tank, characteristics are 

used of the 300 liters indirect fired boiler of Itho Daalderop (Itho Daalderop, 2014). It is 

assumed that the storage tank has a casing of 53 mm EPS insulation (λ = 0.038 W/(m1·K)), 

which corresponds to an R-value of 1.39 W/m2K. The gas flue loss coefficient is unknown and 

is therefore set to the default value of 0.84 W/m2K. No heat exchangers are implemented in 

the tank. 

 

2. The tank model consists of five isothermal temperature stratification nodes. Each constant-

volume node is assumed to be isothermal and interacts thermally with the nodes above and 

below through several mechanisms, namely the fluid conduction between nodes, and 

through fluid movement. For the hot tank, three different ports are used, all consisting of a 

paired inlet and outlet flow. Port 1, 2 and 3 are respectively connected with the distribution 

system, generation system and the domestic hot water system. The ports are paired, which 

means that the outlet flow rate will always be the same as the corresponding inlet flow rate 

(Fig. 68).  

 

The inlet and outlet flows are connected to one of the five storage tank nodes. Since the 

hottest water is located at the top of the tank, the outlet ports to the loads are connected to 

node 1. The inlet ports from the loads are connected to node 5, the bottom of the tank. For the 

heat generation system, it is the other way around, the colder water from the bottom of the 

tank is transported to the generation system and comes back at the top of the tank. 

 

3. For the cold tank, two different ports are used where port 1 and 2 are respectively connected 

with the generation and distribution system. These are connected in exactly the opposite way 

in comparison with the hot water tank since the water to the loads flows out from the bottom 

of the tank. 

  

Fig. 68  Example of a thermal storage tank 
model with fixed inlets and outlets (Klein, 
2010). Two streams are attached to the tank, 
namely streams 1 with a flow of 200 kg/h, 
and stream 2 with a flow rate of 75 kg/h. 
Stream 1 has its inlet connected to node 4 
and outlet connected to node 1. Stream 2 has 
its inlet connected to node 1 and its outlet 
connected to node 3 (Klein, 2010). 
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Type 562 - Simple Photovoltaic System 

This type models an unglazed photovoltaic array, based on user provided efficiency arrays. The 

efficiencies of the panels depend on the surrounding temperatures and the incident radiation. By 

using the performance of a reference condition and linear modifiers, the model determines the 

efficiency for different conditions. For the input parameters of the photovoltaic system, data is used 

of the JAM6(L) 60-295/PR solar panel produced by JA SOLAR (JA SOLAR, 2016). 

  Value Unit 
Modus 
1. PV efficiency mode Linear modifiers - 
2. Cover mode Covered - 
Photovoltaic module 
3. Back resistance 3.6 m2

·K/W 
4. Top/back emissivity 0.9 - 
 Absorptance 0.9 - 
5. Reference PV efficiency 0.1804 - 
 Reference temperature 25   °C 
 Reference radiation 3600 kJ/h·m2 
 Efficiency modifier - temperature -0.0039 1/°C 
 Efficiency modifier - radiation 0.000016 h·m2/kJ 
Glazing cover 
6. Refractive index 1.526 - 
 Cover conductivity 1.40 W/m·K 
 Cover thickness 0.00635 m1 
 Extinction coefficient 4 m-1 
Inputs 
7. Ambient temperature Weather data °C 
 Sky temperature Weather data °C 
 Zone temperature Weather data °C 
 Back radiant temperature Building surface °C 
 Incident solar radiation Weather data kJ/h·m2 

Table 63   Input summary for Type component 562 - Simple Photovoltaic System. 

Notes: 

1. The efficiency of the PV system is determined by using the performance of a reference 

condition in combination with linear modifiers for a specific cell temperature and incident 

radiation. 

  

2. Most commercial PV modules have a glass cover to protect the cells from the outdoor climate 

and in order to provide rigidity. The efficiency of glazing-covered modules will be less than 

that of uncovered modules, however, this will only be significant if the cover has more than 

one glazing layer (Harvey, 2006). 

 

3. The back resistance is determined by the heat resistance between the bottom of the absorber 

and the back of the module. It is affected by the mounting conditions of the module (i.e. 

directly mounted on the roof or with an air gap) and has an influence on the heat transfer at 

the back of the model, and therefore the efficiency of the panel. The default value is assumed, 

namely 0.28 W/(m2·K). 
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4. The emissivity of the outer surfaces, for long-wave radiation exchange with the sky, is 

assumed to be 0.9. Also, the absorptance of the PV surface for solar radiation is assumed to 

be around 0.9. Both values correspond with the default value. 

 

5. The reference efficiency of the PV panel is 18.04%, measured at an irradiance of 1000 W/m2 

and a module temperature of 25°C (JA SOLAR, 2016). The PV panel has an efficiency 

modifier for the temperature and radiation of respectively -0.0039/°C and 0.000016 

h·m2/kJ. 

 

6. The thickness of the transparent cover is 6 mm with a thermal conductivity of 1.4 W/m·K. 

The refractive index for glazing-covered modules is 1.526. The extinction coefficient for the 

transparent glazing material is 4 m-1. 

 

7. The amount of electricity that is generated by the PV system is calculated by the amount of 

incident solar radiation on the panels, which is one of the input parameters of the 

component. The efficiency of the panels is, inter alia, dependent on the outdoor temperature 

in which the panels are located. This means that the PV panel receives input values from the 

weather macro, but also from the building model since the back of the PV panels is exposed 

to the radiant temperatures from the building outer roof surface.  
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Type 653 - Simple Floor Heating System 

This type models a simplified radiant floor which assumes that the slabs can be treated as a single 

lump of isothermal mass. The heat transfer from the radiant floor piping to the slab is determined by 

an effectiveness approach. It is possible to heat and cool the indoor space by means of this 

component. In the winter, the inlet temperature of the water is automatically adjusted to the outdoor 

temperature by using heating curves: when the outdoor temperature decreases, the water inlet 

temperature, which is being pumped through the radiant floor slabs, increases. In the summer, 

chilled water flows through the floor so that it takes up heat from the indoor space. 

  Value Unit 
Floor slab characteristics 
1. Length of slab 10.22 m1 
 Width of slab 6.02 m1 
2. Thickness of slab 0.07 m1 
 Slab density 1400 kg/m3 
 Slab specific heat 0.70 kJ/kg·K 
 Initial slab temperature 25 °C 
 R-value for top surface 0.001 m2·K/W 
 R-value for edge Design variant m2·K/W 
 R-value for bottom Design variant m2·K/W 
 Emissivity of bottom/top/edge 0.0/0.9/0.9 - 
 Absorptance of bottom/top/edge 0.4 - 
Pipework characteristics 
3. Total pipe length 300 m1 
 Pipe inside diameter  0.014 m1 
 Pipe outside diameter 0.016 m1 
 Number of identical circuits 1 - 
 Nodes along the pipe  10 - 
4. HX effectiveness 0.9 - 
Fluid characteristics 
 Fluid specific heat 4.18 kJ/kg·K 
 Fluid density  1000 kg/m3 
Inputs 
5. Room temperature Building zone °C 
 Room air pressure 1 atm 
 Inlet water temperature Storage tank °C 
 Inlet water flow rate Pump kg/h 

Table 64   Input summary for component Type 653 - Simple Floor Heating System. 

Notes: 

1. The dimensions of the radiant slab floor correspond with the entire usable area of the ground 

floor, first floor, and attic floor. This means that the length and width of the slab are 

respectively 10.22 and 6.02 m1. 

 

2. The radiant floor slab is based on a so-called floating floor which consists of a laminate cover 

(0.001 m2
·K/W) and a screed of 0.07 m1 thick. The ground floor has a higher insulation 

value since the ground floor insulation is included. The insulation value varies depending on 

the envelope quality. The screed is composed of a cement sand layer with a density of 1400 

kg/m3 and a specific heat of 0.70 kJ/kg·K (WTH Vloerverwarming en -koeling, 2008). The 

edge insulation corresponds with the simulation value of the external wall which is 

dependent on the envelope quality.  
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3. The pipes in the radiant floor slab have an outside diameter of 16 mm with a thickness of 2 

mm. The total pipe length is determined by so-called selection tables from floor heating 

suppliers, These recommend that for floor heating as the main heating system, 300 m1 pipes 

are necessary for each floor (Warmteservice, n.d.). 

 

4. The heat exchange effectiveness of the radiant floor slab is a simplified approach to 

determine the heat transfer between the fluid-filled pipes, embedded within the slab, and the 

slab material itself. A heat exchange efficiency of 1 would mean that the outlet fluid will have 

the same temperature as the slab. This means that the effectiveness is partly dependent on 

the capacitance of the floor slab wherein a very low capacitance would undergo a very high 

energy transfer. In this study, the effectiveness is assumed to be 0.9. 

   

5. Simple heating curves are used for the setpoint of the inlet water temperature (Fig. 69). The 

heating curve defines the relation between the inlet water temperature and the outdoor 

temperature. Without using a heat curve, rise (overshoot) of the indoor temperature can 

occur, due to the fact that the heating device is always operating at full capacity (even though 

it is not necessary). The heating curves are defined by means of two points: the base point, 

which is the desired inlet temperature at an outdoor temperature of 20°C, and the end point, 

which is the desired inlet temperature at an outdoor temperature of -10°C. The heating 

curves are defined by taking into account that the average temperature of the radiant floor 

must stay below 30°C, to prevent the floor from becoming too warm. The incoming water, 

with a 200 kg/h flow rate, comes from a single speed pump. Design variants with a 1992 

envelope quality use a flow rate of 300 kg/h since this insulation level requires a higher 

heating capacity. A flow rate of 300 kg/h is the maximum flow rate since the circulation 

pipes in residential buildings can only be subjected to a maximum speed of 0.7 m/s to avoid 

noise disturbance.  

When the radiant floor slab is used for cooling no temperature curves are used, but a fixed 

inlet temperature of 7°C. This inlet temperature has been chosen since this results in an 

average slab temperature of 18°C. An even colder slab temperature can cause condensation 

on the floor surface. 

  

Fig. 69   Heating curves for the 
different design envelope qualities 
which indicate the relationship 
between the inlet temperature and 
the outdoor temperature. The solid 
line is used for the 1992 envelope 
quality, the dashed line for the 2015 
envelope quality and the dotted line 
for the nZEB and Passive envelope 
quality.  
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Type 667 - Air to Air Heat Recovery Device 

The air to air heat recovery device is simulated by assuming a constant heat exchange effectiveness 

between the incoming outdoor air and the incoming return air. The heat recovery device can be 

disabled to simulate a bypass system during warmer periods. This component is used twice, namely 

for the living room zone and the bedroom zone. 

  Value Unit 
Device characteristics 
1. Rated power 0.00 kJ/h 
2. Sensible effectiveness Behavior scenario - 
 Latent effectiveness 0.70 - 
Inputs 
3. Air flow rate Behavior scenario kg/h 
 Air pressure 1.0 atm 
 Air pressure drop 0.0 atm 
4. On/Off Control Signal Differential controller - 

Table 65   Input summary for component Type 667 - Air to Air Heat Recovery Device. 

Notes: 

1. The air flow rate is dependent on the behavior scenarios which assume different ventilation 

capacities, namely 0.9 and 1.5 dm3/s per m2. The required air change rate (ACH) is 

determined by using the living area and the volume of the respective living areas ( Table 66). 

The living area is the part of the total usable surface area which is intended for the 

accommodation of the occupants (other than a traffic room, bathroom, toilets, utility room 

and the attic floor). Furthermore, an air density of 1205 kg/m3 is assumed.  

  Table 66   The ventilation rate through the air to air heat recovery device for different behavior scenarios. 

2. The default heat recovery device model takes a certain power into account when the 

ventilation fan is in operation. This value is set to zero since it is assumed that when the heat 

recovery device is turned off (bypass mode), the ventilation system is still running and 

consuming electricity. Therefore, a separate Type 3c fan is added with an electricity 

consumption that depends on the used ventilation rate (  Table 67). The relationship between 

the ventilation rate and the power is based on the Zehnder ComfoAir Q heat recovery unit 

(Zehnder Group Nederland, n.d.).  

 

 

  Table 67   The power and efficiency of the heat recovery unit for different ventilation capacities. 

  

 Area Ventilation rate 
 [m2] [m3/h] [kg/h] [ACH] 
  Low High Low High Low High 
Ground floor 44 143 238 170 283 0.88 1.47 
First floor 44 143 238 170 283 0.88 1.47 

 Ventilation rate Ventilation capacity Power Efficiency (η) 
 [dm3/s m2] [m3/h] [W] [%] 
Low 0.9 285 40 90 
High 1.5 475 160 80 



Master’s Thesis - Building Physics and Services 

142   J. (Jesse) Plas 

3. The efficiency of the heat recovery describes the effectiveness of the device in transferring 

latent energy from one flow stream to another. For the model, this effectiveness is also based 

on the Zehnder ComfoAir Q heat recovery unit. This unit has a thermal efficiency that 

dependents on the ventilation rate of the unit (  Table 67).  It is assumed that the latent 

efficiency is 0.7. 

 

4. Since heat recovery is undesirable on warmer days, the system will be switched off by using a 

bypass circuit. The bypass is activated when the following conditions are met: 

               9�*&� > 9��=�&% ��=�*�&=                                                                                                                           (41) 

               9e[��&= > 9�*&�                                                                                                                                        (42) 

              9e[��&= > 10°�                                                                                                                                        (43) 
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Type 700 - Simple Boiler with Efficiency Inputs 

The performance of the gas boiler is defined by the boiler efficiency and the combustion efficiency. 

The boiler also makes use of a minimum turn-down ratio which describes the difference between the 

maximum and the minimum capacity of the device. It is assumed that the efficiency is not a function 

of inlet conditions. When the boiler is in operation the required energy, to elevate the inlet water to 

the temperature setpoint is calculated by: 

'�&��$ = �� <+@�$ · ��.<+@�$· (9��= − 9�&)                                                                                                             (44)  

Where '�&��$ is the required energy input [kJ/h], �� <+@�$ the mass flow rate of the water [kg/h], �� the 

specific heat of the water [kJ/kg·K], 9��= the boiler temperature setpoint [°C] and 9�& the inlet 

temperature of the water [°C]. 

  Value Unit 
Boiler characteristics 
1. Rated capacity 35 kW 
2. Minimum turn-down ratio 0.15 - 
3. Boiler efficiency 0.95 - 
 Combustion efficiency 1.00 - 
4. Set point temperature 85 °C 
Fluid characteristics 
 Fluid specific heat 4.190 KJ/kg·K 
Inputs 
 Inlet fluid temperature Storage tank °C 
 Inlet fluid flow rate Storage tank kg/h 
 Input control signal Aquastat - 

Table 68   Input summary for component Type 700 - Simple Boiler With Efficiency Inputs. 

Notes: 

1. A gas boiler has been implemented with a thermal capacity of 35 kW which is one of the 

highest capacities that is available for domestic purposes. This capacity has been chosen to 

ensure that sufficient capacity is available for space heating and domestic hot water. 

 

2. A modern gas boiler generally has a ratio of 5 between the minimum and maximum power it 

can supply. This corresponds with a turndown ratio of 15%. 

 

3. A boiler and combustion efficiency of respectively 95% and 100% is used. The boiler 

efficiency indicates the overall efficiency of the boiler. The combustion efficiency indicates 

the burner’s ability to burn fuel, measured by unburned fuel and excess air in the exhaust 

outlet. Most modern boilers can have an efficiency around 100% since they recycle the 

exhaust heat from the combustion. 

 

4. The boiler is controlled by a Type 2b aquastat that switches the boiler off when a temperature 

setpoint of 85°C is reached. This is the default setpoint of most conventional boilers. A 

hysteresis of ±0.5°C is included to guarantee a smoother operation. The aquastat also controls 

a Type 3d single speed pump which ensures a water flow between the tank and boiler, 

namely of 800 kg/h. 
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Type 941 - Air to Water Heat Pump 

The single-stage air to water heat pump provides heated or cooled water depending on the incoming 

control signal. The heat pump conditions an inlet water stream by rejecting energy to the air stream 

(cooling mode) or absorbing energy from the air stream (heating mode). The model uses user-

supplied data files containing catalog data for the capacity and power of the heat pump. By data 

interpolation, the model determines the capacity and power draw of the heat pump as a function of 

the outdoor air and the inlet liquid temperature. Changes in humidity across the air side of the 

device are ignored in this model. The model does not include the optional desuperheater feature that 

allows for the heating or cooling of a secondary stream. 

  Value Unit 
Heat pump characteristics 
1. Blower power Design variant kW 
 Total air flow rate Design variant l/s 
 Capacity of auxiliary 0.0 kW 
 Compressor loss fraction 0.1 - 
 Rated cooling capacity Design variant kW 
 Rated cooling power Design variant kW 
 Rated heating capacity Design variant kW 
 Rated heating power Design variant kW 
Fluid characteristics 
 Fluid specific heat - liquid 4.190 kJ/kg·K 
 Fluid specific heat - DHW 4.190 kJ/kg·K 
Inputs 
2. Inlet liquid temperature Storage tank °C 
 Inlet liquid flow rate Storage tank Kg/hr. 
 Inlet air temperature Weather data °C 
 Inlet air relative humidity Weather data - 
 Air pressure 1.0 atm 
 Air pressure rise 0.0 atm 
 Heat pump control signal Aquastat - 
 Auxiliary signal - - 
 Inlet DHW temperature - °C 
 DHW flow rate 0.0 Kg/hr. 
 Desuperheater temperature - °C 
 Desuperheater UA - kJ/hr.·K 

Table 69   Input summary for component Type 941 - Air To Water Heat Pump. 

Notes: 

1. For the characteristics of the different heat pumps, the outdoor units of the P series from 

Mitsubishi Electric are used as a reference (Mitsubishi Electric, 2016). Different heat pump 

capacities are implemented as design variants, namely with a rated heating capacity of 5.0, 

7.5 and 10.0 kW. The performances of the heat pumps are rated under the condition of a 

water outlet temperature of 35°C and an ambient temperature of 2°C (A2/W35) (Mitsubishi 

Electric, 2016). The corresponding cooling capacities are 4.5, 6.6 and 9.1 kW (A35/W7). The 

heat pumps are split systems in which the energy is transported from the outdoor unit to an 

indoor unit through a refrigerant. The heat pump systems consist of a reversible heating 

circuit which means that the system can also be used for cooling. 
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  Table 70   Characteristics of the heat pumps according to the manufacturer catalog (Mitsubishi Electric, 2015). 

The heat pump capacity, fan power, airflow rate of the blower, and water flow rate of the 

pump are derived from the manufacturer catalog (  Table 70) (Mitsubishi Electric, 2015). The 

blower power is used in order to calculate the compressor power since the heat pump power 

from catalog data includes the compressor and blower power. For the compression loss 

factor, the default value of 0.1 is used. The air flow rate is not used in the component since 

air humidity effects are neglected. 

The efficiency of the air heat pumps is obtained from the catalog performance data which is 

also provided by the heat pump manufacturer Mitsubishi (Mitsubishi Electric, 2015). The 

model uses two data files, namely for the cooling and heating performance. The data files 

contain normalized values for the capacity and power for a certain rated condition for heating 

(A2/W35) and cooling (A35/W7), both at a temperature difference of 5°C (∆T=5°C). This 

means that the capacity and power for different conditions are divided by the capacity and 

power of the device at the rated condition. The rated power of the device contains the 

compressor power, the outdoor unit blower fan power, and the controller power. The model 

linearly interpolates between the cooling and heating performance data points in order to 

determine the performance of the heat pump at various conditions. 

 

2. On the load side of the heat pump system, a Type 11f diverter is used to redirect the flow to 

either the hot or cold tank, depending on which heat pump mode is on. This is controlled by 

two aquastats, which monitor the temperatures of the water in the hot and cold thermal 

storage tanks. The hot thermal storage tank is maintained at a temperature of 50°C, which is 

the default setting according to the manufacturer (Mitsubishi Electric, n.d.). Since the water 

temperature has to be above 60°C to eliminate bacteria’s, additional measures are applied 

regarding legionella prevention. This is done by a legionella prevention mode which 

increases the temperature of the stored water to 65°C for a time period from 03:00 to 04:00 

at intervals of 15 days (Mitsubishi Electric, n.d.). 

 

  

 
Design variants 

PUHZ-SW50VKA PUHZ-SW75VHA PUHZ-SW100VHA 
ERSD-VM2C   ERSC-VM2C 

Rated heat capacity - A2/W35 
Capacity [kW] 5.00 7.50 10.00 

Efficiency [COP] 2.97 3.40 3.32 
Power [kW] 1.68 2.21 3.01 

Rated cool capacity - A35/W7 
Capacity [kW] 4.50 6.60 9.10 

Efficiency [EER] 2.76 2.82 2.75 
Power [kW] 1.63 2.34 3.31 

Fan 
Power [kW] 0.046 0.074 0.148 

Flow rate [m3/h] 2700 3300 6000 
Pump 

Pump power [kW] - - - 
Flow rate [kg/h] 800 1100 1600 
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When mechanical cooling is enabled a separate aquastat monitors the temperature in the 

cold thermal storage tank. The temperature setpoint of the cold water tank is set to 7°C which 

results in an average slab temperature of 18°C. Since the heat pump cannot run in heating 

and cooling mode simultaneously, the heating mode is prioritized above cooling. A hysteresis 

of ±0.5°C is included to guarantee a smoother operation. The aquastats also control a Type 3d 

single speed pump which ensures a sufficient water flow between the tanks and the heat 

pump. The water flow varies between the different heat pump capacities according to catalog 

data (Mitsubishi Electric, 2015).  
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Type 1231 - Hydronic Heat-Distributing Unit 

This type models hydronic heat-distribution units, such as high-temperature radiators based on 

information in the ASHRAE Handbook - HVAC Systems and Equipment (ASHRAE, 2004). The 

model uses the following equation to describe the heat transfer of the radiator: 

' = � · (9� − 9)&                                                                                                                                                   (45) 

Where ' is the heat transfer [kJ/h], � is the capacity constant of the radiator [-], 9� is the surface 

temperature [°C], 9 the room temperature [°C] and exponent � the capacity exponent of the radiator 

[-]. By means of two correction factors for the altitude of the installation (�) and the water velocity (��) the total heat transfer to the room is calculated with the following equation: 

��; = ����(9� − 9)&                                                                                                                                         (46) 

The heat release of the radiator system is modeled so that 30% is released by radiation and 70% is 

released by convection (Danfoss, 2010). The flow into the radiators is supposed to be uniformly 

distributed into the radiators with a total flow rate of 200 kg/h.  

   Value Unit 
Design characteristics 
1. Design capacity (living room / bedrooms) 10.0 / 8.0 kW 
 Design surface temperature 70 °C 
 Design air temperature 20 °C 
Radiator characteristics 
2. Design exponent 1.3 - 
3. Number of pipes 10 Pc./kW 
 Pipe inside diameter 0.032 m1 
4. Air pressure exponent 1.0 - 
Inputs 
5. Room temperature Building zone °C 
 Room air pressure 1.0 atm 
 Inlet water temperature Storage tank °C 
 Water flow rate Pump kg/h 

Table 71   Input summary for component Type 1231 - Hydronic Heat-Distributing Unit. 

Notes: 

1. The design capacity (�$���%&) of the radiators are determined by using the required heating 

power of the different zones subjected to idealized heating control. For the calculation of the 

required capacity, the most unfavorable occupant scenario is used. This resulted in a required 

capacity of 10.0 and 8.0 kW for respectively the ground floor and first floor. 

  

The radiators have an inlet (9A=�;,�&) and return temperature (9A=�;,*@=) of respectively 75 

and 65°C, according to ISSO publication 32 (ISSO 32, 2010). The design surface temperature 9�,$���%& is calculated by:  

9�,$���%& = 9A=�;,�& + 9A=�;,*@=2                                                                                                           (47) 

In combination with an exponent for the temperature difference between the surface and the 

air (�), and the design air temperature (9,$���%&), the correction factor (�) is calculated 

which is used to determine the power for different surface temperatures: 
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� = �$���%&(9�,$���%& − 9,$���%&)&                                                                                                                      (48) 

2. Different types of hydronic heat-distributing units have different temperature exponents (�). 

A typical value for a radiator is 1.3. 

 

3. The radiators have an unknown number of vertical flow channels (tubes) of unknown 

dimensions. Therefore the input values from a similar research are used, that also makes use 

of radiators in TRNSYS (Deng et al., 2016). This study uses 18 tubes with a diameter of 0.032 

mm for a 1.9 kW radiator. Therefore in this study 10 pipes are assumed for every kW power. 

These properties have an influence on the water velocity (C) inside the radiator: 

C =
�� ���������                                                                                                                                                    (49) 

Where ��  is the water flow through the unit [kg/h], � the density of the water [kg/m3], � the 

internal area of the pipes in the unit [m2] and ������ the number of pipes in the unit [-]. This 

velocity is then used in order to calculate the correction for the water velocity: 

�� = ( C0.9)!.!Q                                                                                                                                               (50) 

4. An air pressure exponent (�) of 1 is used in order to calculate the correction factor for the air 

pressure (�). But since the model is a low-rise building, this exponent will not have much 

influence on the correction factor: 

� = ( ���=$)&                                                                                                                                                 (51) 

5. As with the radiant floor slab, a heating curve is used to achieve more stable indoor 

temperatures (Fig. 70). The heating curve shows the relation between the inlet temperature 

of the radiators and the outdoor temperature. The heating curve is defined by means of two 

points: the base point, which is the desired inlet temperature at an outdoor temperature of 

20°C, and the end point, which is the desired inlet temperature at an outdoor temperature of 

-10°C. A flow rate of 100 kg/h for each floor is assumed for the inlet flow rate.  

 

 

 

 

 

 

 

Fig. 70   Heating curve, for the 
existing case study building, which 
indicate the relationship between the 
inlet temperature and the ambient 
temperature. 
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Appendix X - Performance data of heat pump systems 
 

Heating performance catalog data 
 

Inlet  
temp. [°C]1 

20 30 35 40 45 

Ambient  
temp. [°C] 

Cap. COP Cap. COP Cap. COP Cap. COP Cap. COP 
[kW] [-] [kW] [-] [kW] [-] [kW] [-] [kW] [-] 

P
U

H
Z

-S
W

50
V

K
A

 -15 4.55 2.57 3.80 2.04 3.42 1.76 3.04 1.48 2.66 1.20 
-10 5.60 2.97 4.86 2.42 4.49 2.14 4.13 1.87 4.00 1.69 
-7 6.22 3.20 5.50 2.65 5.14 2.38 4.78 2.10 4.63 1.990 
2 5.00 3.47 5.00 2.97 5.00 2.72 5.00 2.47 5.00 2.22 
7 5.50 5.52 5.50 4.42 5.50 3.87 5.50 3.32 5.50 2.77 
12 6.42 6.46 6.41 5.18 6.41 4.53 6.41 3.89 6.41 3.24 
15 6.96 7.03 6.96 5.63 6.96 4.93 6.96 4.23 6.96 3.53 
20 7.87 7.98 7.87 6.39 7.87 5.59 7.87 4.80 7.87 4.00 

P
U

H
Z

-S
W

75
V

H
A

 -15 5.47 2.71 5.40 2.32 5.33 2.09 5.25 1.87 3.97 1.28 
-10 7.00 2.91 7.00 2.47 7.00 2.20 7.00 1.92 6.82 1.72 
-7 7.00 3.51 7.00 2.90 7.00 2.55 7.00 2.20 7.00 1.96 
2 7.50 3.97 7.50 3.40 7.50 3.11 7.50 2.83 7.50 2.37 
7 8.00 5.24 8.00 4.40 8.00 3.90 8.00 3.40 8.00 3.10 
12 9.00 6.16 9.00 5.26 9.00 4.54 9.00 3.83 9.00 3.42 
15 9.65 6.63 9.65 5.70 9.65 4.87 9.65 4.04 9.65 3.59 
20 10.15 7.03 10.15 6.03 10.15 5.14 10.15 4.25 10.15 3.76 

P
U

H
Z

-S
W

10
0

V
H

A
 -15 8.27 2.65 8.17 2.16 8.07 1.93 7.96 1.69 7.87 1.52 

-10 8.50 3.02 8.50 2.52 8.50 2.27 8.50 2.02 8.50 1.78 
-7 8.50 3.45 8.50 2.89 8.50 2.55 8.50 2.22 8.50 1.94 
2 10.00 3.86 10.00 3.32 10.00 2.99 10.00 2.66 10.00 2.28 
7 11.20 4.89 11.20 4.45 11.20 3.94 11.20 3.42 11.20 3.02 
12 12.85 5.60 12.85 5.16 12.85 4.54 12.85 3.92 12.85 3.48 
15 13.62 6.00 13.62 5.49 13.62 4.83 13.62 4.18 13.62 3.71 
20 14.67 6.62 14.67 5.96 14.67 5.27 14.67 4.57 14.67 4.06 

Table 72   The heating performance data of the heat pump systems at different conditions according to the manufacturer's 
catalog (Mitsubishi Electric, 2015). The rated conditions are displayed in a box. 

 

  

                                                      
1 For the water inlet and outlet a temperature different of 5°C is assumed. TRNSYS requires the inlet 
temperature, which means that 5°C had to be subtracted from the water outlet temperature. 
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Normalized heating performance data 
 

Inlet  
temp. [°C]2 

20 30 35 40 45 

Ambient 
 temp. [°C] 

Cap. Pow. Cap. Pow. Cap. Pow. Cap. Pow. Cap. Pow. 
[-] [-] [-] [-] [-] [-] [-] [-] [-] [-] 

            

P
U

H
Z

-S
W

50
V

K
A

 -15 0.91 1.05 0.76 1.11 0.68 1.15 0.61 1.22 0.53 1.32 
-10 1.12 1.12 0.97 1.19 0.90 1.25 0.83 1.31 0.80 1.41 
-7 1.24 1.15 1.10 1.23 1.03 1.28 0.96 1.35 0.93 1.45 
2 1.00 0.86 1.00 1.00 1.00 1.09 1.00 1.20 1.00 1.34 
7 1.10 0.59 1.10 0.74 1.10 0.84 1.10 0.98 1.10 1.18 
12 1.28 0.59 1.28 0.74 1.28 0.84 1.28 0.98 1.28 1.18 
15 1.39 0.59 1.39 0.73 1.39 0.84 1.39 0.98 1.39 1.17 
20 1.57 0.59 1.57 0.73 1.57 0.84 1.57 0.97 1.57 1.17 

P
U

H
Z

-S
W

75
V

H
A

 -15 0.73 0.92 0.72 1.06 0.71 1.16 0.70 1.27 0.53 1.41 
-10 0.93 1.09 0.93 1.28 0.93 1.44 0.93 1.65 0.91 1.80 
-7 0.93 0.90 0.93 1.09 0.93 1.24 0.93 1.44 0.93 1.62 
2 1.00 0.86 1.00 1.00 1.00 1.09 1.00 1.20 1.00 1.43 
7 1.07 0.69 1.07 0.82 1.07 0.93 1.07 1.07 1.07 1.17 
12 1.20 0.66 1.20 0.78 1.20 0.90 1.20 1.07 1.20 1.19 
15 1.29 0.66 1.29 0.77 1.29 0.90 1.29 1.08 1.29 1.22 
20 1.35 0.65 1.35 0.76 1.35 0.90 1.35 1.08 1.35 1.22 

P
U

H
Z

-S
W

10
0

V
H

A
 -15 0.83 1.04 0.82 1.26 0.81 1.39 0.80 1.56 0.79 1.72 

-10 0.85 0.93 0.85 1.12 0.85 1.24 0.85 1.40 0.85 1.59 
-7 0.85 0.82 0.85 0.98 0.85 1.11 0.85 1.27 0.85 1.45 
2 1.00 0.86 1.00 1.00 1.00 1.11 1.00 1.25 1.00 1.46 
7 1.12 0.76 1.12 0.84 1.12 0.94 1.12 1.09 1.12 1.23 
12 1.29 0.76 1.29 0.83 1.29 0.94 1.29 1.09 1.29 1.22 
15 1.36 0.75 1.36 0.82 1.36 0.94 1.36 1.08 1.36 1.22 
20 1.47 0.74 1.47 0.82 1.47 0.92 1.47 1.07 1.47 1.20 

Table 73   The normalized heating performance data of the heat pump systems at different conditions according to the 
manufacturer's catalog (Mitsubishi Electric, 2015). The rated conditions are displayed in a box. 

 

  

                                                      
2 Between the water inlet and outlet, a temperature different of 5°C is assumed. TRNSYS requires the inlet 
temperature, which means that 5°C had to be subtracted from the water outlet temperature. 
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Heating performance curves 
 
PUHZ-SW50VKA 

 

PUHZ-SW75VHA 
 

 

PUHZ-SW100VHA 

 

Fig. 71   The COP at different ambient temperatures of the 
PUHZ-SW50VKA heat pump during heating mode. 

Fig. 72   The COP at different capacities of the PUHZ-
SW50VKA heat pump during heating mode. 

Fig. 73   The COP at different ambient temperatures of the 
PUHZ-SW75VHA heat pump during heating mode. 

Fig. 74   The COP at different capacities of the PUHZ-
SW75VHA heat pump during heating mode. 

Fig. 75   The COP at different ambient temperatures of the 
PUHZ-SW100VHA heat pump during heating mode. 

Fig. 76   The COP at different capacities of the PUHZ-
SW100VHA heat pump during heating mode. 
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Normalized cooling performance data 
 

Inlet  
temp. [°C] 

12 16 20 24 28 32 

Ambient 
temp. [°C] 

Cap. Pow. Cap. Pow. Cap. Pow. Cap. Pow. Cap. Pow. Cap. Pow. 

 [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] 

D
ef

au
lt

 
T

R
N

S
Y

S
 

15.6 1.07 0.76 1.19 0.78 1.31 0.79 1.43 0.80 1.55 0.82 1.67 0.85 
25 1.07 0.83 1.19 0.85 1.31 0.87 1.43 0.88 1.55 0.90 1.67 0.92 
30 1.05 0.91 1.16 0.93 1.27 0.95 1.38 0.96 1.49 0.98 1.59 1.01 
35 1.00 1.00 1.10 1.02 1.20 1.04 1.30 1.05 1.39 1.07 1.49 1.10 
40 0.90 0.96 0.99 0.98 1.07 0.99 1.16 1.01 1.24 1.02 1.33 1.05 
45 0.82 1.06 0.86 1.07 0.90 1.09 0.95 1.06 0.99 0.98 1.03 0.88 

Table 74   The normalized cooling performance data of the heat pump systems at different conditions according to the 
manufacturer's catalog (Mitsubishi Electric, 2015). The rated conditions are displayed in a box. 

 

Cooling performance in TRNSYS 
 

Inlet  
temp. [°C] 

12.0 16.0 20.0 24.0 28.0 32.0 

Ambient 
temp. [°C] 

Cap. COP Cap. COP Cap. COP Cap. COP Cap. COP Cap. COP 

 [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] 

P
U

H
Z

-
S

W
50

V
K

A
 15.6 4.82 3.87 5.36 4.22 5.89 4.55 6.44 4.92 6.98 5.21 7.52 5.44 

25.0 4.82 3.55 5.36 3.87 5.89 4.18 6.44 4.50 6.98 4.78 7.52 5.00 
30.0 4.71 3.17 5.21 3.44 5.70 3.69 6.19 3.96 6.69 4.20 7.18 4.38 
35.0 4.50 2.76 4.94 2.98 5.39 3.19 5.83 3.41 6.27 3.60 6.72 3.75 
40.0 4.07 2.60 4.45 2.80 4.84 2.99 5.22 3.18 5.60 3.36 5.98 3.50 
45.0 3.68 2.14 3.88 2.21 4.07 2.29 4.27 2.46 4.46 2.78 4.65 3.25 

P
U

H
Z

-
S

W
75

V
H

A
 15.6 7.06 3.95 7.86 4.31 8.65 4.65 9.44 5.02 10.23 5.32 11.03 5.56 

25.0 7.06 3.63 7.86 3.96 8.65 4.27 9.44 4.60 10.23 4.88 11.03 5.11 
30.0 6.91 3.24 7.64 3.52 8.36 3.77 9.08 4.04 9.81 4.29 10.53 4.47 
35.0 6.60 2.82 7.25 3.04 7.90 3.26 8.56 3.48 9.20 3.68 9.85 3.83 
40.0 5.97 2.66 6.53 2.86 7.09 3.05 7.65 3.25 8.21 3.43 8.77 3.57 
45.0 5.40 2.18 5.69 2.26 5.97 2.34 6.26 2.51 6.54 2.84 6.82 3.32 

P
U

H
Z

-
S

W
10

0
V

H
A

 15.6 9.74 3.85 10.84 4.20 11.92 4.54 13.01 4.90 14.11 5.19 15.20 5.42 
25.0 9.74 3.53 10.84 3.86 11.92 4.16 13.01 4.48 14.11 4.76 15.20 4.98 
30.0 9.53 3.16 10.54 3.43 11.53 3.68 12.52 3.94 13.52 4.18 14.51 4.36 
35.0 9.10 2.75 10.00 2.96 10.90 3.17 11.80 3.39 12.68 3.58 13.58 3.74 
40.0 8.23 2.59 9.01 2.79 9.78 2.98 10.55 3.17 11.32 3.35 12.10 3.48 
45.0 7.45 2.13 7.84 2.21 8.23 2.28 8.62 2.45 9.02 2.77 9.41 3.24 

Table 75   The cooling performance data of the heat pump systems at different conditions derived from the normalized 
cooling performance data from TRNSYS (Mitsubishi Electric, 2015). The rated conditions are displayed in a box. 
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Cooling performance curves 
 
PUHZ-SW50VKA 

 

PUHZ-SW75VHA 

 

PUHZ-SW100VHA 

 

Fig. 77   The COP at different ambient temperatures of the 
PUHZ-SW50VKA heat pump during cooling mode. 

Fig. 78   The COP at different capacities of the PUHZ-
SW50VKA heat pump during cooling mode. 

Fig. 79   The COP at different ambient temperatures of the 
PUHZ-SW75VHA heat pump during cooling mode. 

Fig. 80   The COP at different capacities of the PUHZ-
SW75VHA heat pump during cooling mode. 

Fig. 81   The COP at different ambient temperatures of the 
PUHZ-SW100VHA heat pump during cooling mode. 

Fig. 82   The COP at different capacities of the PUHZ-
SW100VHA heat pump during cooling mode. 
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Appendix XI - Electricity surplus 
 
An important criterion that future houses must meet, is that they have to generate the same amount 

of electricity as they consume. Therefore, the electricity surplus is analyzed, which is the total yearly 

on-site generated electricity minus the total yearly electricity consumption. Since the amount of 

generated electricity by PV panels is dependent on the radiation, the effect of the orientation will be 

included in this section. For example, when using 12 panels it can be seen that designs with an east-

west orientation have a lower electricity surplus in comparison with a north-south orientation. Since 

the orientation has a negligible effect on the electricity consumption, this is mainly due to the fact 

that the panels generate less electricity when oriented to the east-west. 

  
In the reference climate, energy neutrality will not be met when using 12 panels, since all design and 

scenario combinations result in a negative electricity surplus (Fig. 83). In the future, designs with an 

nZEB or passive envelope quality can reach a positive electricity surplus, however, this is only the 

case for a household with a very energy concise occupant. When an entire side of the gable roof is 

filled with PV, designs will be energy neutral for a growing number of occupant scenarios (Fig. 84). 

Especially, for the future scenario, many designs will produce more electricity than they consume, 

over the course of a year. These houses can be called “energy-plus houses”. 

Fig. 84   The annual electricity 
surplus [kWh/a] for different 
envelope qualities and climate 
scenarios when using 24 PV 
panels. The boxplots represent 
different occupant scenarios (low 
and high). The electricity surplus 
represents the total amount of 
electricity, generation by the PV 
panels, minus the total electricity 
consumption. Dotted line is 
other orientation. 

 

Fig. 83   The annual electricity 
surplus [kWh/a] for different 
envelope qualities, climate 
scenarios and cooling strategies 
when using 12 PV panels. The 
boxplots represent the different 
occupant scenarios (low and 
high). Designs with ventilative 
cooling (light blue) and with 
mechanical cooling (dark blue) 
are displayed separately. 
Furthermore, two orientations 
are shown in the graph, the solid 
boxplots represent an N-S 
orientation, the “dashed” 
boxplots represent designs with 
an E-W orientation. 
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Furthermore, the effect of the orientation shows that designs with an east-west orientation have a 

lower electricity lowers the electricity surplus, especially when implementing a large number of PV 

panels. Many combinations of designs and scenarios with such an orientation have an electricity 

surplus below the zero line. This indicates that the orientation partly determines if it is possible to 

achieve a net-zero energy house. 

It appears that a large number of PV panels are necessary to generate the same amount of electricity 

as the building consumes, especially in the reference climate. In the Netherlands, all newly built 

houses have to be “energy neutral” in 2020, which can only be hardly achieved with a passive 

envelope quality and a large amount of PV. However, the Dutch government uses a somewhat 

distorted definition for a net zero energy building. The Dutch building regulations only take into 

account the building-related consumption instead of the total energy consumption, which means that 

appliances are not included (Zaken & Energieneutraal, 2014). When excluding the electricity 

consumption for the appliances, all designs variants will meet the criteria when implementing a full 

roof side are filled with PV panels (Fig. 85). Even designs with an east-west orientation will meet the 

criteria. Furthermore, it can be seen that the performance spread becomes much smaller when 

excluding the electricity consumption for appliances, indicating that appliances are an important part 

of the uncertainty due to occupant scenario. 

  

Fig. 85   The annual electricity 
surplus [kWh/a] for different 
envelope qualities and climate 
scenarios when using 24 PV 
panels. The boxplots represent 
different occupant scenarios (low 
and high). The electricity surplus 
represents the total amount of 
electricity, generation by the PV 
panels, minus the total electricity 
consumption. The dotted line 
represents the E-W orientation. 
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Appendix XII - Additional imported electricity for mechanical cooling 
 

  Additional imported electricity for mechanical cooling [kWh/a] 
  N-S E-W 
  Low High Low High 

Ref. 1992 0 170 100% 438 100% 172 100% 454 100% 
  4 165 97% 436 100% 170 99% 454 100% 
  12 139 82% 368 84% 153 89% 421 93% 
  24 112 66% 266 61% 124 72% 326 77% 
 2015 0 178 100% 619 100% 181 100% 624 100% 
  4 172 97% 616 100% 178 98% 624 100% 
  12 141 79% 516 83% 154 85% 575 92% 
  24 109 61% 368 59% 117 65% 441 77% 
 nZEB 0 176 100% 576 100% 172 100% 575 100% 
  4 168 95% 574 100% 169 99% 575 100% 
  12 128 73% 496 86% 151 88% 535 93% 
  24 90 51% 375 65% 117 68% 420 79% 
 Passive 0 184 100% 796 100% 188 100% 771 100% 
  4 179 97% 792 100% 185 99% 771 100% 
  12 150 82% 658 83% 163 87% 712 92% 
  24 114 62% 470 59% 125 67% 542 76% 
2050 1992 0 260 100% 968 100% 247 100% 938 100% 
  4 251 97% 949 98% 244 99% 937 100% 
  12 208 80% 651 67% 216 88% 787 84% 
  24 176 68% 360 37% 177 71% 455 58% 
 2015 0 253 100% 1120 100% 243 100% 1076 100% 
  4 245 97% 1100 98% 238 98% 1076 100% 
  12 206 81% 761 68% 207 85% 907 84% 
  24 175 69% 415 37% 164 67% 524 58% 
 nZEB 0 223 100% 1011 100% 218 100% 961 100% 
  4 215 96% 993 98% 215 98% 960 100% 
  12 171 77% 686 68% 189 86% 817 85% 
  24 143 64% 399 39% 146 67% 490 60% 
 Passive 0 252 100% 1225 100% 237 100% 1163 100% 
  4 244 96% 1199 98% 233 98% 1162 100% 
  12 205 81% 791 65% 203 86% 981 84% 
  24 171 68% 438 36% 162 69% 565 58% 

Table 76   The additional imported electricity [kWh/a] when implementing mechanical cooling for different occupant 
scenarios, climate scenarios, orientations, envelope qualities and PV surface areas. In addition, the percentages indicate the 
part of the total electricity consumption for mechanical cooling that has to be imported. 
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Appendix XIII - Additional investment cost 
 

Envelope quality PV surface area Heat pump 
capacity 

Mechanical 
cooling 

Investment cost 

[-] [pc.] [kW] [-] [€] 
1992 4 5.0 No 25,859 
1992 4 5.0 Yes 26,109 
1992 4 7.5 No 26,409 
1992 4 7.5 Yes 26,659 
1992 4 10.0 No 27,059 
1992 4 10.0 Yes 27,309 
1992 12 5.0 No 28,272 
1992 12 5.0 Yes 28,522 
1992 12 7.5 No 28,822 
1992 12 7.5 Yes 29,072 
1992 12 10.0 No 29,472 
1992 12 10.0 Yes 29,722 
1992 24 5.0 No 31,890 
1992 24 5.0 Yes 32,140 
1992 24 7.5 No 32,440 
1992 24 7.5 Yes 32,690 
1992 24 10.0 No 33,090 
1992 24 10.0 Yes 33,340 
2015 4 5.0 No 64,935 
2015 4 5.0 Yes 65,185 
2015 4 7.5 No 65,485 
2015 4 7.5 Yes 65,735 
2015 4 10.0 No 66,135 
2015 4 10.0 Yes 66,385 
2015 12 5.0 No 67,348 
2015 12 5.0 Yes 67,598 
2015 12 7.5 No 67,898 
2015 12 7.5 Yes 68,148 
2015 12 10.0 No 68,548 
2015 12 10.0 Yes 68,798 
2015 24 5.0 No 70,966 
2015 24 5.0 Yes 71,216 
2015 24 7.5 No 71,516 
2015 24 7.5 Yes 71,766 
2015 24 10.0 No 72,166 

Table 77   The replacement costs of the different design variants with a 1992 or 2015 envelope quality which differs in their 
PV surface area (4, 12 and 24 panels) and heat pump capacity (5.0, 7.5 and 10.0 kW). 
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Envelope quality PV surface area Heat pump 
capacity 

Mechanical 
cooling 

Investment cost 

[-] [pc.] [kW] [-] [€] 
nZEB 4 5.0 No 70,491 
nZEB 4 5.0 Yes 70,741 
nZEB 4 7.5 No 71,041 
nZEB 4 7.5 Yes 71,291 
nZEB 4 10.0 No 71,691 
nZEB 4 10.0 Yes 71,941 
nZEB 12 5.0 No 72,904 
nZEB 12 5.0 Yes 73,154 
nZEB 12 7.5 No 73,454 
nZEB 12 7.5 Yes 73,704 
nZEB 12 10.0 No 74,104 
nZEB 12 10.0 Yes 74,354 
nZEB 24 5.0 No 76,522 
nZEB 24 5.0 Yes 76,772 
nZEB 24 7.5 No 77,072 
nZEB 24 7.5 Yes 77,322 
nZEB 24 10.0 No 77,722 
nZEB 24 10.0 Yes 77,972 

Passive 4 5.0 No 87,826 
Passive 4 5.0 Yes 88,076 
Passive 4 7.5 No 88,376 
Passive 4 7.5 Yes 88,626 
Passive 4 10.0 No 89,026 
Passive 4 10.0 Yes 89,276 
Passive 12 5.0 No 90,239 
Passive 12 5.0 Yes 90,489 
Passive 12 7.5 No 90,789 
Passive 12 7.5 Yes 91,039 
Passive 12 10.0 No 91,439 
Passive 12 10.0 Yes 91,689 
Passive 24 5.0 No 93,857 
Passive 24 5.0 Yes 94,107 
Passive 24 7.5 No 94,407 
Passive 24 7.5 Yes 94,657 
Passive 24 10.0 No 95,057 
Passive 24 10.0 Yes 95,307 

Table 78   The replacement costs of the different design variants with an nZEB or passive envelope quality which differ in 
their PV surface area (4, 12 and 24 panels) and heat pump capacity (5.0, 7.5 and 10.0 kW). 
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Appendix XIV - Replacement costs 
 
The replacement costs are determined by taking into account the replacement costs of the different 

components, and the corresponding lifetime. In this study, only the PV surface area and the heat 

pump capacity have an effect on the replacement costs (Fig. 86) (Table 79). The PV surface area has 

the greatest influence on the replacement costs. The panels have to be replaced once during the 30 

years period. The inverter has to be replaced even twice. The most expensive design, regarding the 

replacement cost, is the design with the highest heat pump capacity and the largest PV surface area, 

which is approximately 8,430 in a period of 30 years. 

 
PV surface area Heat pump capacity Replacement cost 

[pc.] [kW] [€/30 years] 
4 5.0 4414 
12 7.5 4730 
24 10.0 5104 
4 5.0 5796 
12 7.5 6112 
24 10.0 6486 
4 5.0 7741 
12 7.5 8057 
24 10.0 8431 

Table 79   The replacement costs of the different design variants which differ in their PV surface area (4, 12 and 24 panels) 
and heat pump capacity (5.0, 7.5 and 10.0 kW). 

  

Fig. 86   The replacement costs 
of the different design variants 
which differ in their PV surface 
area and heat pump capacity. The 
bubble colors indicate different 
PV surface areas, namely 4 
(grey), 12 (light blue) and 24 
panels (dark blue). The numbers 
above two bubbles indicate the 
heat pump capacity. 
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Appendix XV - Operating costs  
 
The 30-year operating costs for the different design variants lies between 14,513.- and 46,749.- euro, 

when assuming the reference climate (Fig. 87). When the operating costs in the reference climate are 

compared with the future climate, it can be seen that the cost will decrease by 6 - 18% (Table 83). In 

poorly insulated homes this decrease will be larger than for highly insulated homes. When adding 

more insulation to the building, the operating costs will decrease by 13 - 32%, depending on the 

design and occupant scenario (Table 81). In the future, this decline will be lower, namely by 9 - 22%, 

since the energy demand is much lower. When using mechanical cooling, the operating costs will 

increase by 2 - 8% in the reference climate, and with 4 - 14% in the future climate (Table 

82).Furthermore, the orientation has a small impact on the operating costs, as the orientation does 

not have much influence on the total imported electricity. 

  

 
Change in the operating costs between climate scenarios [€/30 years] 

Ventilative Mechanical 
Low High Low High 

  4 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 0 - 0 - 0 - 0 - 
  nZEB 0 - 0 - 0 - 0 - 
  Passive 0 - 0 - 0 - 0 - 
 2050 1992 -4224 -18% -6012 -13% -3903 -16% -4102 -9% 
  2015 -2354 -13% -3727 -10% -2084 -11% -1924 -5% 
  nZEB -1949 -11% -3244 -9% -1789 -10% -1685 -4% 
  Passive -1288 -8% -2404 -7% -1046 -6% -892 -2% 

24 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 0 - 0 - 0 - 0 - 
  nZEB 0 - 0 - 0 - 0 - 
  Passive 0 - 0 - 0 - 0 - 
 2050 1992 -3915 -18% -5285 -14% -3643 -17% -4937 -12% 
  2015 -2088 -12% -3208 -10% -1844 -11% -3036 -9% 
  nZEB -1665 -10% -2889 -9% -1544 -9% -2914 -9% 
  Passive -1017 -7% -2087 -7% -833 -6% -2382 -8% 

Table 80   Absolute and relative change in the operating costs for the future climate scenario with respect to the reference 
climate scenario. All values are rounded to whole numbers. 

Fig. 87   The operating costs of 
the different design variants 
which differ in their envelope 
quality, PV surface area, cooling 
strategy and orientation for 
different occupant and climate 
scenarios. A single boxplots 
represents the different occupant 
scenarios (low and high). 
Designs with ventilative cooling 
(light blue) and with mechanical 
cooling (dark blue) are displayed 
separately. Furthermore, two 
orientations are shown in the 
graph, the solid and colored 
boxplots represents an N-S 
orientation, the “dashed” 
boxplots represents designs with 
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Change in the operating costs between envelope qualities [€/30 years] 

Ventilative Mechanical 
Low High Low High 

  4 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 -4573 -20% -6549 -15% -4548 -19% -5878 -13% 
  nZEB -5344 -23% -7818 -17% -5320 -22% -7304 -16% 
  Passive -6809 -29% -9895 -22% -6759 -28% -8569 -18% 
 2050 1992 0 - 0 - 0 - 0 - 
  2015 -2703 -14% -4264 -13% -2729 -14% -3701 -9% 
  nZEB -3070 -16% -5050 -16% -3206 -16% -4888 -11% 
  Passive -3873 -20% -6287 -18% -3903 -19% -5359 -13% 

24 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 -4538 -21% -5885 -15% -4523 -21% -5504 -14% 
  nZEB -5326 -25% -6973 -18% -5294 -24% -6568 -17% 
  Passive -6750 -32% -8957 -23% -6712 -31% -8199 -21% 
 2050 1992 0 - 0 - 0 - 0 - 
  2015 -2711 -16% -3808 -11% -2724 -15% -3603 -10% 
  nZEB -3075 -18% -4577 -14% -3194 -18% -4545 -13% 
  Passive -3851 -22% -5759 -17% -3901 -22% -5644 -16% 

Table 81   Absolute and relative change in the operating costs for different envelope qualities with respect to the 1992 
envelope quality. All values are rounded to whole numbers. 

 

 
Change in the operating costs between cooling strategies [€/30 years] 

Ventilative Mechanical 
Low High Low High 

  4 Ref.  1992 0 - 0 - +615 +3% +1623 +4% 
  2015 0 - 0 - +640 +3% +2293 +6% 
  nZEB 0 - 0 - +639 +4% +2137 +6% 
  Passive 0 - 0 - +665 +4% +2949 +8% 
 2050 1992 0 - 0 - +936 +5% +3533 +9% 
  2015 0 - 0 - +910 +6% +4096 +12% 
  nZEB 0 - 0 - +800 +5% +3695 +11% 
  Passive 0 - 0 - +907 +6% +4461 +14% 

24 Ref. 1992 0 - 0 - +417 +2% +990 +3% 
  2015 0 - 0 - +432 +3% +1371 +4% 
  nZEB 0 - 0 - +449 +3% +1396 +4% 
  Passive 0 - 0 - +455 +3% +1748 +6% 
 2050 1992 0 - 0 - +689 +4% +1339 +4% 
  2015 0 - 0 - +675 +5% +1543 +5% 
  nZEB 0 - 0 - +570 +4% +1371 +5% 
  Passive 0 - 0 - +639 +5% +1453 +5% 

Table 82   Absolute and relative change in the operating costs for mechanical cooling with respect to ventilative cooling. All 
values are rounded to whole numbers. 
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Appendix XVI - Global cost 
 

 
Change in the global costs between climate scenarios [€/30 years] 

Ventilative Mechanical 
Low High   Low High 

  4 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 0 - 0 - 0 - 0 - 
  nZEB 0 - 0 - 0 - 0 - 
  Passive 0 - 0 - 0 - 0 - 
 2050 1992 -4224 -8% -6012 -8% -3903 -7% -4102 -5% 
  2015 -2354 -3% -3727 -3% -2084 -2% -1924 -2% 
  nZEB -1949 -2% -3244 -3% -1789 -2% -1685 -1% 
  Passive -1288 -1% -2404 -2% -1046 -1% -892 -1% 

24 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 0 - 0 - 0 - 0 - 
  nZEB 0 - 0 - 0 - 0 - 
  Passive 0 - 0 - 0 - 0 - 
 2050 1992 -3915 -6% -5285 -7% -3643 -6% -4937 -6% 
  2015 -2088 -2% -3208 -3% -1844 -2% -3036 -3% 
  nZEB -1665 -2% -2889 -2% -1544 -2% -2914 -2% 
  Passive -1017 -1% -2087 -2% -833 -1% -2382 -2% 

Table 83   Absolute and relative change in the global costs for the future climate scenario with respect to the reference 
climate scenario. All values are rounded to whole numbers. 

  

 
Change in the global costs between envelope qualities [€/30 years] 
 Ventilative    Mechanical 

Low High Low High 
4 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 +34503 +63% +32527 +43% +34528 +62% +33198 +42% 
  nZEB +39288 +72% +36814 +48% +39312 +71% +37328 +48% 
  Passive +55158 +101% +52072 +68% +55208 +100% +53398 +68% 
 2050 1992 0 - 0 - 0 - 0 - 
  2015 +36373 +72% +34812 +50% +36347 +71% +35375 +48% 
  nZEB +41562 +83% +39582 +56% +41426 +80% +39744 +54% 
  Passive +58094 +115% +55680 +79% +58064 +113% +56608 +76% 
24 Ref. 1992 0 - 0 - 0 - 0 - 
  2015 +34538 +56% +33191 +42% +34553 +55% +33572 +42% 
  nZEB +39306 +64% +37659 +47% +39338 +63% +38064 +47% 
  Passive +55217 +89% +53010 +67% +55255 +88% +53768 +67% 
 2050 1992 0 - 0 - 0 - 0 - 
  2015 +36365 +63% +35268 +48% +36352 +62% +35473 +47% 
  nZEB +41557 +72% +40055 +54% +41438 +70% +40087 +53% 
  Passive +58116 +100% +56208 +76% +58066 +99% +56323 +75% 

Table 84   Absolute and relative change in the global costs for different envelope qualities with respect to the 1992 envelope 
quality. All values are rounded to whole numbers. 
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Change in the global costs between cooling strategies [€/30 years] 

Ventilative Mechanical 
Low High Low High 

  4 Ref.  1992 0 - 0 - +865 +2% +1873 +2% 
  2015 0 - 0 - +890 +1% +2543 +2% 
  nZEB 0 - 0 - +889 +1% +2387 +2% 
  Passive 0 - 0 - +915 +1% +3199 +2% 
 2050 1992 0 - 0 - +1186 +2% +3783 +5% 
   2015 0 - 0 - +1160 +1% +4346 +4% 
  nZEB 0 - 0 - +1050 +1% +3945 +4% 
  Passive 0 - 0 - +1157 +1% +4711 +4% 

24 Ref. 1992 0 - 0 - +667 +1% +1240 +2% 
  2015 0 - 0 - +682 +1% +1621 +1% 
  nZEB 0 - 0 - +699 +1% +1646 +1% 
  Passive 0 - 0 - +705 +1% +1998 +2% 
 2050 1992 0 - 0 - +939 +2% +1589 +2% 
  2015 0 - 0 - +925 +1% +1793 +2% 
  nZEB 0 - 0 - +820 +1% +1621 +1% 
  Passive 0 - 0 - +889 +1% +1703 +1% 

Table 85   Absolute and relative change in the global costs for mechanical cooling with respect to ventilative cooling. All 
values are rounded to whole numbers. 
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Appendix XVII - Savings and yields for different PV surface areas 
 

 
Savings and yield for different PV surface areas [€/30 years] 

Ventilative Mechanical 
Low High  Low   High 

 Savings Yield Savings Yield Savings Yield Savings  Yield 
N-S         

4 Ref. 1992 2463 -629 3635 543 2481 -611 3642 550 
  2015 2459 -633 3630 538 2482 -610 3640 548 
  nZEB 2463 -629 3629 537 2482 -610 3638 546 
  Passive 2458 -634 3627 535 2479 -613 3640 548 
 2050 1992 2650 -442 4160 1068 2681 -411 4229 1137 
  2015 2643 -449 4155 1063 2674 -418 4229 1137 
  nZEB 2648 -444 4155 1063 2679 -413 4224 1132 
  Passive 2643 -449 4154 1062 2677 -415 4254 1162 

12 Ref. 1992 3727 -3160 7205 318 3841 -3046 7465 578 
  2015 3705 -3182 7014 127 3837 -3050 7399 512 
  nZEB 3720 -3167 6961 74 3835 -3052 7260 373 
  Passive 3696 -3191 6923 36 3821 -3066 7435 548 
 2050 1992 3815 -3072 7469 582 3978 -2909 8647 1760 
  2015 3797 -3090 7351 464 3960 -2927 8689 1802 
  nZEB 3809 -3078 7360 473 3971 -2916 8571 1684 
  Passive 3788 -3099 7338 451 3964 -2923 8956 2069 

24 Ref. 1992 4574 -7876 9971 -2479 4789 -7661 10610 -1840 
  2015 4535 -7915 9301 -3149 4765 -7685 10235 -2215 
  nZEB 4555 -7895 9120 -3330 4764 -7686 9870 -2580 
  Passive 4510 -7940 9024 -3426 4739 -7711 10239 -2211 
 2050 1992 4452 -7998 9769 -2681 4729 -7721 12033 -417 
  2015 4451 -7999 9309 -3141 4718 -7732 11934 -516 
  nZEB 4456 -7994 9292 -3158 4716 -7734 11685 -765 
  Passive 4424 -8026 9235 -3215 4724 -7726 12343 -107 

E-W         
4 Ref. 1992 2294 -798 2829 -263 2301 -791 2829 -263 

  2015 2290 -802 2829 -263 2302 -790 2829 -263 
  nZEB 2291 -801 2829 -263 2300 -792 2829 -263 
  Passive 2292 -800 2829 -263 2301 -791 2829 -263 
 2050 1992 2535 -557 3338 246 2547 -545 3341 249 
  2015 2531 -561 3338 246 2550 -542 3341 249 
  nZEB 2534 -558 3338 246 2547 -545 3340 248 
  Passive 2531 -561 3338 246 2546 -546 3341 249 

12 Ref. 1992 3670 -3217 6608 -279 3742 -3145 6729 -158 
  2015 3651 -3236 6562 -325 3741 -3146 6744 -143 
  nZEB 3655 -3232 6541 -346 3732 -3155 6692 -195 
  Passive 3649 -3238 6530 -357 3735 -3152 6747 -140 
 2050 1992 3724 -3163 7169 282 3839 -3048 7729 842 
  2015 3715 -3172 7127 240 3845 -3042 7758 871 
  nZEB 3723 -3164 7117 230 3833 -3054 7653 766 
  Passive 3703 -3184 7122 235 3828 -3059 7800 913 

24 Ref. 1992 4515 -7935 9346 -3104 4690 -7760 9822 -2628 
  2015 4474 -7976 9030 -3420 4679 -7771 9713 -2737 
  nZEB 4477 -7973 8924 -3526 4660 -7790 9502 -2948 
  Passive 4460 -7990 8868 -3582 4665 -7785 9720 -2730 
 2050 1992 4406 -8044 9521 -2929 4653 -7797 11319 -1131 
  2015 4384 -8066 9211 -3239 4661 -7789 11266 -1184 
  nZEB 4400 -8050 9198 -3252 4637 -7813 10948 -1502 
  Passive 4354 -8096 9184 -3266 4631 -7819 11412 -1038 

Table 86   Savings and yield for different PV surface areas in combination with different design variants and scenarios 
[€/30 years]. 

 


