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Abstract 

Currently, the building sector is accountable for approximately 40% of the world's total energy 
consumption and for 35% of all emissions (Pérez-lombart, et al., 2008). Associated, the energy 
efficiency impravement of buildings can be one of the markets with the highest saving potential 
(Hollands, et al., 2010). A residential building concept trying to reduce the energy consumption by 
utilizing passive solar energy is the greenhouse residence (GHR). A GHR is a dwelling covered by a 
transparent building envelope, which si ze is in the sa me order of magnitude of the dwelling and not 
in use for commercial horticultural activities. 

The building performance of GHRs is assessed in terms of annual heating energy demand, indoor 

elimate (weighted overheating hours; GTO) and usabie time of the greenhouse zone (on basis of 

Physiological Equivalent Temperature; PET). Case studies with computational simuiatien by means of 

a simplified calculation methad (EPN) and a dynamic building simuiatien tooi (lES) are performed in 

order to solve the formulated research problems. Afterwards, two Monte Carlo sensitivity and 

uncertainty analyses are performed on the GHR. One focuses on the (realistic) physical and scenario 

uncertainties where the other focuses on design options within the building regulations. 

The EPN case study illustrated that the EPN methad is not a suitable choice to evaluate the energy 

demand and thermal comfort of a GHR. As EPN does not give an indication on the thermal comfort 

of the greenhouse zone; only offers the possibility to preheat ventilation air within the greenhouse 

zone in the extended method; and prediets the annual heating energy demand to increase fora GHR 

whereas the overheating decreases. 

In contrast, the lES case study showed that lES is a suitable choice to evaluate the energy demand 

and thermal comfort of GHRs. However, an extra tooi (RayMan) is required to determine the 

therm al comfort of the greenhouse zone. lt turns out that the outdoor elimate has 214 usabie hours, 

whereas the base case has 288 usabie hours. The highest increase of usabie hours occurs during the 

summer. Regarding annual heating energy demand and peak power demand for heating, insuiatien 

measures are more effective than attaching a greenhouse to a residence. The GHR saves 25% on 

heating, whereas highly insulating saved approximately 75% on heating and about 50% on peak 

power. Furthermore, the thermal comfort of the considered GHR is acceptable. However, it needs to 

be addressed that in this research the GHR type is detached whereas the real GHR is built in a row. 

Furthermore, high values for ventilation and infiltration are adapted. These assumptions result in a 

high value for annual heating energy demand and a low number of overheating hours. In addition, 

nocast analysis is performed on the feasibility of a GHR in comparison toa highly insulated dwelling. 

The Monte Carlo 'design' analysis showed that it is possible to increase the usabie greenhouse time 

up to approximately 750 hours during 10 months per year and that the heating energy demand of a 

GHR can be reduced to approximately 46 kWh/m2
• In the 'realistic' Monte Carlo analysis, the 

physical and scenario uncertainty for annual heating energy demand amounts 16% of the mean 

value, 14% for peak heating power demand and 10 to 18% for weighted overheating hours. 

In conelusion, a GHR has benefits in termsof annual heating energy demand and usabie hours of the 
greenhouse zone; nonetheless, highly insulating is more effect regarding annual heating energy 
demand. lt is possible to reduce the annual heating energy demand accompanied by an acceptable 
thermal comfort and more usabie garden hours than the outdoor elimate by means of a GHR. 
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1 
Introduetion 

This thesis starts with a general introduction. The purpose of the background information in the 
general introduetion is to sketch a broader perspective of currently important issues in the built 
environment. Subsequently, the greenhouse residence will be introduced and discussed. This section 
continues with the problem definition, general aim and objectives of the research. The introduetion 
will be closed with a description of the further outline of the thesis. 

1.1 General introduetion 

1.1.1 Energy 

Since 1980, the world primary energy demand has almost doubled. Figure 1-1 illustrates that the 
primary energy demand will increase further by approximately 50% up to 2030, in case governments 
undertake no measures to reduce the energy consumption. 

u 

! 
18 000 Ot/Ier renewables 
16 000 • Biomass 
14 000 

• Hydro 
12 000 

Huclear 
10 000 

• Gas 
8 000 

• Oil 
6 000 

4 000 
• Coal 

2 000 
.... WE0-2008 tDtal 

1990 2000 2010 2020 2030 

Figure 1-1 World primary energy demand by fuel in the Referente Scenario (in case no 
actions are undertaken by governments). Adapted from (IEA, 2009) 

Currently, the building sector is accountable for approximately 40% of the total energy consumption 
and for 35% of all emissions (Pérez-Lombart, et al., 2008). According to the International Energy 
Agency (IEA) and the European Council, the energy efficiency impravement of buildings can be one 
of the markets with the highest energy saving potential. Therefore, the IEA recommended 25 energy 
efficiency polides to the G8 in 2008. Amongst these 25 recommendations, five were aimed at the 
built environment (Hollands, et al., 2010). 

The highest potentlal for energy savings within the built environment lies in the residentlal sector, 
which has a share of 26% of the overall world energy consumption. Moreover, considering that 
energy efficient buildings consume 30% less energy on average than conventional buildings 
(European Parlement; ITRE, 2010). Figure 1-2 on the next page supports the claim that the 
residentlal sector accounts for a bout a quarter of the total energy consumption. 
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Total final energy consumption: 285 EJ 

Figure 1-2: Shares of Global Final Energy Consumption by Sector, 2005. Adapted 
trom (IEA, 2008} 

1.1.2 Durability 

Sustainability within the built environment is not strictly limited to energy consumption. Other 
factors do play an important role as wel I. One of these factors is the durability of building materia Is, 
i.e. the environmental effects of building materials. A life cycle cost assessment gives the 
opportunity to assess the durability of building materia Is (Soronis, 1992). Another important factor is 
the effect of maintenance of building materials on the performance of buildings (Haapio, et al., 
2008). 

1.1.3 Health and productivity within buildings 

A healthy indoor environment is important, considering the fact that people in the US and European 
countries spend about 80 to 90% of their time indoors (Huynh, 2010). Research proved that the 
indoor environment has a direct effect on the health of building occupants. A range of building 
related illnesses caused by bad indoor environmental factors are known as Sick Building Syndrome 
(Seppänen, et al., 1999). 

The indoor environment is not only important for the wellbeing of occupants. Healthy indoor office 
conditions prevent occupants trom becoming ill. Moreover, a healthy indoor environment has a 
positive effect on the productivity of office work performance. Figure 1-3 below shows for example a 
measured relationship between ventilation and productivity. 

0 10 

,, ~~-------------
/,., ::.--------
/~ 

/ 
l 

l --Compoole-ighted 

----· Sa~le &lze Wlli1tllad 

-- Unweighlad 

20 30 40 50 60 

Ventnation rate (Us-person) 

Figure 1-3: Relation of ventilation and productivity in offices. Adapted from 
(Seppänen, et al., 2006} 
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1.2 Current status of greenhouse resldences 

Building concepts are constantly under development. In the previous section, the energy impact of 
buildings has been discussed. Due to the large environmental impact of buildings, a lot of attention 
is given to the sustainability of buildings and building concepts. The current challenge is to create 
sustainable buildings, which are also healthy and comfortable. Bougdah, et al. (2010) expressed it as 
follows: "A challenge for architects is to create climatically-responsive architecture that is in tune 
with its environment and context." An option to reach sustainability is to maximise the use of solar 
energy for heating during the cold season and to reduce its unwanted effects in the warm season 
(Bougdah, et al., 2010). 

1.2.1 Definition greenhouse residence 

The greenhouse residence (Dutch: Kaswoning) is a concept, which tries to harness the energy of the 
sun during the cold season. Before explaining the greenhouse residence into further detail, a 
definition is given of a greenhouse residence. In this thesis, a greenhouse residence is defined as: 

A greenhouse residence (GHR) is a dwelling covered by a transparent building envelope, 

which size is in the sa me order of magnitude of the dwelling and which is not in u se for 

commercial horticultural activities. 

1.2.2 Examples of built GHRs 

Several GHRs have been built in different countries. Some examples of GHRs are shown on the next 

page (Figure 1-4 to Figure 1-9). These examples will be used to illustrate the claimed advantages and 

possible disadvantages of GHRs later on. A more extended list with information on built GHRs can be 

found in Appendix A; Table_l. 
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Figure 1-5: Lataple house (Lacaton & Vassal Architects, 2010) 

Figure 1-6: Low-cost house (Lacaton & Vassal Archltects, 2010) 

Figure 1-7: Greenhouse residence, Culemborg (Henket, 2008) 

Figure 1-9: Wohnhaus im Knoblauchsland (Andres, et al.) 

L.F. van Ree, BSc 4/75 

Flgure 1-4: Latapie house (Lacaton & Vassal Architects, 
2010) 

Figure 1-5 to Figure 1-9 show, from top to 
bottom, different examples of greenhouse 
residences in France, the Netherlands and 
Germany. 

Figure 1-8: Wohnhaus im Knoblauchsland (Braun, 2001) 
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1.2.3 Claimed advantages and possible disadvantages of GHRs 

GHR have been built with different aims. Architects Lacaton and Vassal described the advantages of 

the low-cost residence in Coutras (Figure 1-6) as follows (Gill, 2006): " ... the greenhouse option has 

enabled us to construct bigger spaces at low cost, while offering numerous possibilities for their 

utilisation and adaptation, plus a va ried set of atmospheres and sensations.'' 

The following claimed advantages and possible disadvantages are therefore not applicable to all 

GHRs. 

Claimed advantages of GHR 

• GHRs reduce energy demand; 

• GHRs can be built with sustainable materials; 

• A GHR reduces maintenance; 

• The garden zone of a GHR can be used up to nine months a year; 

• GHRs can be used to create cheap housing; 

• GHRs proteet the building façades from weather influences; 

• Greenhouse residences are lightweight and transparent; 

The greenhouse acts as a thermal buffer between the indoor and outdoor climate. The pictures on 

the previous page illustrate that the greenhouse has little mass in relation to the dwelling. Due to 

the lightweight greenhouse construction, heat from the sun is easily captured inside the lightweight 

greenhouse zone during the cold season. Subsequently, this air can be used to preheat ventilation 

air for the dwelling. Simultaneously, the temperature inside the greenhouse reduces thermallosses 

from the dwelling to the outdoor environment. 

A cold winter day is illustrated in Figure 1-9. The picture shows that the dwelling is protected from 

weather influences by the greenhouse. The other illustrations on the previous page reflect the 

claims a bout the use of the greenhouse zone. 

Possible disadvantages of GHRs 

• GHRs can cause discomfort in termsof overheating and blinding; 

• GHRs might consume more energy than an identical dwelling without greenhouse if cooling 

is applied; 

Similar to the cold season, the greenhouse heats up during the hot season. lf this heat is not 

removed, the dwelling might overheat. This also might cause energy losses, if cooling is applied. 

Furthermore, the transparent properties of the dwelling might eau se blinding of the occupants. 

1.2.4 Lack of information on the energy performance of GHRs 

The preceding information introduced the GHR concept and illustrated the claimed benefits and 

possible disadvantageous of GHRs. The following section gives a short overview of available 

information on GHRs. 
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Temperatures lnslde GHRs 

According to eauberg (Henket, 2008) the air temperature inside the greenhouse zone (of a properly 

designed low-tech GHR) will be 2 to 5°C higher than the ambient air temperature during the winter 

season (Henket, 2008). The opposite can effect can occur during the summer period, when the 

temperature inside the greenhouse zone may lie 2 to 5°C lower than the ambient air temperature 

(Henket, 2008). Note that the above-mentioned temperature range is not applicable to all GHRs. 

Apart from that, the air temperatures in unheated sunspaces will become around 4 to 6°C higher 

than the ambient air temperature on cloudy days during the heating season (Milieu centraal, 2010; 

SenterNovem, 2008). 

Dynamic thermal simulations performed during the design phase of the GHR in Culemborg indicated 

that the temperature inside the greenhouse can reach values up to 3°C above the ambient air 

temperature (Vollebregt, 2003). 

In practice, temperatures inside the Culemborg greenhouse rise up to 4°C above the ambient air 

temperature during the winter season. In the upper part of the greenhouse, the temperature 

increase is 1 °( higher (Vries, et al., 2007; NI BE, 2007). Opening of doors and windows during spring 

and summertime keeps the temperature inside the greenhouse almast equal to the ambient air 

temperature (NIBE, 2007). A monitoring of the residences revealed that little overheating hours 

occurred indoars (NI BE, 2007). The accupants should however close the doors and windows of the 

dwelling during hot days, during the night cold air from the greenhouse can enter the dwelling 

trough open windows (NI BE, 2007). Furthermore, the thermal mass of the dwelling helps to prevent 

overheating (NIBE, 2007). 

For a larger housing project with sunspaces at the Delft University of Technology, simulations have 

been performed with computational fluid dynamics in order to identify airflows within the building 

volume. These simulations were used to design an acceptable comfort for the accupants with a 

minimum number of active measures (Wind, 2009). 

Energy consumption 

Different rating tools have been applied to the GHRs in Culemborg. Their results are not univocal. In 

addition, measurements on energy consumption are available for the GHRs in Culemborg. This 

information is presented in Appendix B. 

In 2008, studentsof the Hogeschool Rotterdam calculated that the GHRs in Culemborg could obtain 

a LEED gold label. This indicates that the dwellings are energy efficient and sustainable (KWSA 

Architecten VOF, 2010). 

The first row of Culemborg GHRs has a GreenCalc• rating, indicating the sustainability on basis of 

casts to the environment. The residences secred an A (on a scale from A to F) on the categories 

water and energy, and an F for materials (Stichting Sureac, 2010). The score for energy is based on 

the EPC score (Stichting Sureac, 2010). The considered residences can have an A rating for energy, 

because photovoltaic panels and solar collectors are applied. The water category has an A rating, 

because water saving measures are taken. 
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In the Netherlands, the energy performance of buildings is indicated by an energy performance 

coefficient (EPC). Different sourees are available on the EPC of the GHRs in Culemborg. The 

architects claim that the EPC score of the residences is 0.5 (KWSA Architecten VOF, 2010). Other 

publications in periadieals indicate that the EPC score of the residences lies between 0.51 (Vries, et 

al., 2007) and 0.55 (Bakkers, 2008). SenterNovem also determined the EPC of the Culemborg type 

GHRs for a publication on energy efficient housing. They found an EPC of 0.69 for the first row 

dwellings and 0.78 for the secend and third row. 

Conservatorles give an indication on the possible energy savings of a GHR. An unheated 

conservatory right over the width of a single-family dwelling can save up to 90 m3 natura! gas per 

year for heating (Milieu centraal, 2010; SenterNovem, 2008). lf the unheated conservatory is two 

storeys high, the energy savings can reach 180 m3 (Milieu centraal, 2010; SenterNovem, 2008). The 

highest energy savings will be obtained by a south oriented conservatory with a maximal deviation 

of 20° to the east or west (Milieu centraal, 2010; SenterNovem, 2008). The energy savings will 

decrease rapidly at higher deviations from the south (Milieu centraal, 2010; SenterNovem, 2008). 

Condusion 

Literature about GHRs in Germany, France and the Netherlands indicates that the thermal comfort 

inside GHRs is acceptable and that the energy consumption is low, however, except for the GHRs in 

Culemborg, no values are given. Unfortunately, little information is available on the actual building 

energy performance and thermal comfort of GHRs. 

1.3 Problem definition 

Simplified energy calculation tools and dynamic computational tools have been used during the 

design phase of current GHRs. Afterwards; rating tools have been applied on GHRs. Nevertheless, 

their applicability is not clear, because the results are not transparent: 

• Applicability of simu/ation methods (EPN, dynamic simulation) to evaluate the energy 

performance and therma/comfort of GHRs in the design stage is unknown; 

Different sourees mention that the indoor elimate of GHRS is comfortable and that the air 

temperature will become approximately 3 to 5°C higher than ambient. In addition, measurements at 

the residences revealed that little overheating hours occurred indoars (NIBE, 2007). Nonetheless, 

little information is available on the overheating risk and energy performance of GHRs: 

• The building energy performance and overheating risk of GHRs is unknown; 

According to the architects of the GHR in Culemborg, the greenhouse zone is usabie for 8 up to 9 

months a year (Debets, 2006). Other sourees give no indication on the useful period of the 

greenhouse zone: 

• The usability of the greenhouse zone is unknown; 

Little transparent facts and figures are available on GHRs. Therefore, it is hard to campare a GHR 

with other residentlal buildings: 

L.F. van Ree, BSc 7/75 September 20, 2010 



Building performance evaluation of newly built greenhouse residences 

in termsof energy and thermal comfort 

• lmpossibility to state when or whether a GHR is an appropriate choice in comparison with 

other residential building concepts; (see Figure 1-10) 

Figure 1-10: mustration of problem definition. 

1.4 General aims 

The following aims have been formulated, based on the preceding problem definitions on GHRs and 

the braader background of current issues in the built environment: 

• Evaluating the means to predict the energy performance and thermal comfort of GHRs in the 

design phase by using computational simulation; 

• Predicting the energy performance and therm al comfort of GHRs; 

• Predicting the usability of the greenhouse zone; 

• Understanding the ma in factors that affect the energy performance and thermal comfort of 

a newly built GHR. 

1.5 Objectives 

The statements given below are the objectives of this research. These objectives correspond to the 

aims of the research, i.e. the objectives express how the aims will be achieved: 

• To evaluate the energy demand and thermal comfort of a GHR design, using methods that 

are suitable for the design stage (such as EPN and a dynamic building simuiatien tooi); 

• To evaluate the usability of the greenhouse space (in terms of thermal comfort) in relation 

to the outdoor climate; 

• To campare the energy performance and thermal comfort of GHR in relation to residentlal 

building concepts; 

• To determine the main factors that affect the energy performance and thermal comfort of 

newly built GHR; 

• To evaluate how accurate the obtained results are. 

1.6 Methodology 

The research conducted started by identifying the problems and researching available literature for 

information on the subject. Until here, this chapter of the thesis displayed the results of the first part 

of the research. The remalnder of this methodology sectien focuses on the methad applied, in order 

to reach the objectives as formulated earlier in this chapter. 
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After identifying the problem and formulating the general aim and objectives for this research, the 

research continues with computational simulations. These simulations must provide the necessary 

information to solve the problems stated earlier. 

The simulations are performed by means of a simplified calculation methad and a dynamic building 

simulation tooi. Both are used, as it is not clear whether the simplified method is sufficient to assess 

GHRs. This methodology sectien describes the choice for a base case, simulation variants, 

performance indicators and the analysis of the results in generaL Figure 1-11 illustrates the general 

method, applied in this research. 

[---------~~~~~~: __ ~e:_tifi-'c~~·-n---~J 
Research available literature & intermation 

Simuiatiens with 
simplified energy 
calculation tooi -r---

[~e-;~~ 

dynamic building 
simuiatien tooi 

Discussion, Condusion & 
Recommendations 

Figure 1-11: Simplified methodology as applied in this research 

1.6.1 Simuiatien tools 

EPW 

In the Netherlands, the EPN (Energy Performance Standard) is the legislative methad to calculate the 
energy consumption of a building. The methad is the means to reduce the energy consumption in 
the built environment and to campare sustainable measures (VROM, 2010). The EPN methad gives 
an indication on how much energy a building consumes by expressing the energy performance in a 
single indicator, the EPC (Energy Performance Coefficient). The determination of the EPC is 
obligatory for newly built dwellings in the Netherlands. Furthermore, the EPC may not exceed the 
value of 0.8 (VROM, 2007). 

In the first part of this research, the EPN methad will be implemented by using the program EPW
NPR 5129 version 2.1. The NPR 5129 is the calculation program accompanying the Dutch standard 
for energy performance of residences and house buildings (DGMR, 2009). 

lES 

Several dynamic building simuiatien tools are available. In this research the program lES <Virtual 

Environment> 6.06 will be used to perfarm more advanced building simulations. lES is a validated 

building si mulation tooi, which was available for research. The designers of the software described it 

as fellows (lES, 2009): 'The JES <Virtual Environment> performance ana/ysis software suite a/lows 
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architects and engineers to facilitate a sustainable design process by offering quantitative feedback 
on the environmental performance of different design options." 

1.6.2 Base case 

A GHR design is chosen as base case, in order to research the properties of GHRs. Most information 

is available on the GHRs in Culemborg. Not only the design and layout of these dwellings is known. In 

addition, an indication of energy consumption and temperatures inside the greenhouse are 

available. A design from the second row of GHRs was chosen as base case, because the dimensions 

ofthe dwellings are indicated in the available building plans. The middle picture in Figure 1-12 below 

displays the chosen design. 

1.6.3 Reference cases 

Different options are available for the comparison on the performance of the GHRs. For the 

Netherlands, SenterNovem publishes theoretica! reference dwellings, which reflect the current 

average building standards (DGMR Bouw BV, 2006). From these reference dwellings, a detached 

type will be used as variant. 

Considering the energy consumption of the residential building sector, an energy efficient variant 

can give an impression how sustainable a GHR is. The passive house is an energy efficient 

construction standard applied in different European countries (Boonstra, et al., 2006; Passivhaus 

lnsitut, 2005). In this research, only the building envelope (insulation and air tightness) is improved 

up to passive house standards, in order to research the influence of the building envelope and to 

campare the different options. 

Figure 1-12: lllustration of base case and variants. 
From left to right: Passive house; Greenhouse residence Culemborg; Detached SenterNovem reference dwelling 

lllustrations adopted from: (Passivhaus lnsitut, 2005; KWSA Architecten VOF, 2010; DGMR Bouw BV, 2006) 

Further details on the use of the variants will be described in the chapters betonging to EPW 

(chapter 2) and lES (chapter 3). 

1.6.4 Performance indicators 

Energy 

In industrialised countries, the energy consumption for heating, cooling and ventilation, required to 
meet the quality standards, accounts for more than thirty percent of the total, primary energy 
demand. lf possible, the annual heating energy demand and the annual peak heating power are used 
as performance indicators. The annual heating demand is the largest energy consumer in the 
residential building sector (see Figure 1-13) whereas the latter indicates the capacity of the system, 
in order to achieve the predicted performance. 
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Flgure 1-13: Household energy use by end-use, IEA19. Adapted trom (IEA. 2008) 

Thermal comfort 

The introduetion of this thesis showed the relation between the indoor environment and 
health/comfort. In this thesis, thermal comfort is assessed on basis of overheating hours. 

EPW gives an indication of the risk on overheating tor the dwelling and expresses this in an energy 
component tor cooling to be installed in future. This is the performance indicator tor thermal 
comfort in EPW. 

lES gives more intermation on indoor environmental conditions. The operative temperature is 
calculated on basis of the indoor air and mean radiant temperature. Subsequently, weighted 
overheating hours are calculated on basis of NEN-EN 15251 (NNI, 2007). These weighted 
overheating hours are the performance indicator tor indoor thermal comfort in lES. 

The thermal comfort of the greenhouse zone is assessed by overheating hours calculated on basis of 
PET (physiological equivalent temperature). The PET is calculated in RayMan (Rutz, et al., 2000) on 
basis of the greenhouse air and mean radiant temperature and solar incident flux inside the 
greenhouse. 

1.6.5 Sensitivity & uncertainty 

Pertorming building simuiatien gives answers to the research questions. Nevertheless, sensitivities 

and uncertainties come along with building performance simulation. Befare drawing the 

conclusions, the obtained results areanalysedon sensitivity and uncertainty. 

Hopte (2009) defined sensitivity and uncertainty a na lysis as fellows: 

"Sensitivity analysis determines the contribution of individual input variabie to the uncertainty in the 

model prediction. Sensitivity a na lysis determines factors that are responsible for the variation in the 

outcome." 

"Uncertainty analysis specifies the uncertainty in model prediction due to the imprecise knowledge of 

input variables, i.e. it intends the range ofthe output the model output wil/ obtain." 
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1. 7 Structure of the thesis 
This first introductory chapter of the thesis sketched the background and stated the problem, 
general aims, objectives and methodology for the research conducted. 

The next chapter (2) treats the simulations with the EPN method. The chapter starts with a general 
introduetion and the applied method, including all cases and assumptions. Then the results are 
presented, foliowed by a discussion and conclusions. 

Chapter 3 deals with the lES <Virtual Environment> simulations. The structure of this chapter is 
almost similar to the structure of chapter 2. The main ditterenee is the Monte Carlo analysis which 
has been applied to an lES case. 

In Chapter 4, the overall conclusions and recommendations for future research are presented. 

The main body of this thesis ends with the reference section, foliowed up by the different 
appendices. 
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2 
Evaluation of Energy De mand and 

Therm al Comfort by Means of a 
Simplified Energy Calculation Tooi 

This chapter describes the simulations performed by means of a simplified energy calculation tooi. 

The information in this chapter is divided into several sections. The first introductory section (§2.1) 
shows the relevanee of this chapter by referring to the general objectives. Then, the methodology 
for the simulations by means of a simplified energy calculation is described in section §2.2 Section 
three (§2.3) presents the results of the simulations in terms of energy demand. Subsequently, 
section four (§2.4) discusses the results presented in the former section. Eventually, conclusions will 
be drawn in section five (§2.5) on basis of the presented information. 

2.1 Introduetion 

The general aims and objectives of this research are presented in the previous chapter. The EPW 
program is used to perfarm simulations according to the EPN method, as was described in the 
general method. The global methad in the previous chapter already indicated that a GHR design in 
Culemborg is chosen as base case to perfarm simulations. Subsequently, different reference cases 
are created by extending and removing the greenhouse from the base case. Furthermore, the 
building shell is improved with insuiatien and air tightness. All these variants serve as reference to 
investigate the influence of the green house. Furthermore, the sa me simulations are performed, but 
with a detached SenterNovem reference dwelling as base case. Then the results are presented and 
compared on basis of energy consumption and thermal comfort. Furthermore, the sensitivity of the 
results is analysed. Eventually, conclusions aredrawnon basis of the results. 

2.2 Method 

This sectien starts by introducing the tooi used for the simulations, foliowed up by the assumptions 

and inputs (variants) for the simulations. Finally, the analysis of the obtained results will be 

discussed. 

2.2.1 Calculation program 

"With 40% of our energy consumed in bui/dings, the EU hos introduced legis/ation to ensure that they 
consume /ess energy." (CA EPBD, 2009) All countries in the EU have to reduce the energy 
consumption in the built environment, according to international agreements. The EU introduced 
legislation, ensuring that member countries will meet the desired objectives. The Energy 
Performance of Buildings Directive (EPBD) plays a key-role in this legislation. One of the 
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requirements in the EPBD is that every member country is obliged to have a methad for calculating 
the energy performance of buildings. 

The Netherlands meets this requirement by the EPN methad (Energy Performance Standard) 
(VROM, 2010). The Dutch government started the EPN in 1995 (SenterNovem, 2008). This methad 
gives an indication on how much energy a bui lding consumes by expressing the energy performance 
in a single indicator, the EPC (Energy Performance Coefficient). The goal of the EPN is to reduce the 
energy consumption of residential buildings. Currently, residential buildings must have an EPC value 
of 0.8 or lower. Eventually, new residential buildings must be elimate neutral in 2020 (VROM, 2007), 
corresponding to an EPC of zero. 

EPW version 2.1 

As the EPN is the legislative standard in the Netherlands, it is relevant to understand how the EPN 
prediets the performance of GHRs. The basic idea in this chapter is to campare different building 
designs with the EPN method, by using the program EPW - NPR 5129 version 2.1 (DGMR, 2009). 
EPW - NPR 5129 is a calculation program accompanying the Dutch standard NEN5128:2004 including 
A1:2008(NNI, 2008). The EPN methad has a simple and an extended method; in this thesis, both 
calculation methods are adopted to assure comprehensiveness. The extended methad is more 
suitable tor GHRs as it grants the possibility to define cold bridges and utilize heat inside a 
conservatory (or greenhouse) to preheat ventilation air. This will further be addressed in §2.4.3, the 
discussion on the 'Limitations ofthe methad and resu/ts'. 

2.2.2 Case studies- GHR in Culemborg 

A reference dwelling serves as starting point tor case studies, in order to campare the different 
dwellings and building characteristics. Subsequently the building characteristics are altered, thereby 
shaping different cases to investigate the performance of the buildings. Afterwards, the data 
obtained by the energy performance calculations can be utilised to calculate the sensitivity of GHRs 
according to the EPN method. 

There are two types of GHRs built in Culemborg. First, the secend row GHRs in Culemborg (with 
extract ventilation) is used as reference dwelling. This is the 'type 1 base case' tor the ether variants. 
(See Appendix C tor building plans and cross sections of the 'base case'.) 

Then, the building characteristics of the first row GHRs (with balanced ventilation, solar panels and 
solar boiler) are applied on the model of the secend row GHRs. Th is situation is the starting point tor 
the 'type 2 base case'; furthermore, assuming the sa me cases as in the previous situation. See Figure 
2-1 tor a graphical representation of the different variants. 

Type 1- GHR Culemborg (extract ventllation)- Reference cases 

After determining the energy consumption of the GHR, the greenhouse zone is extended in such a 
manner that it completely encloses the dwelling. This is the 'extended greenhouse' variant. 
Subsequently, the greenhouse is removed trom the dwell ing, to determine the energy consumption 
of the 'co re dwelling' solely. Th is variant is denominated as 'no green house'. 

Finally, the insuiatien and air tightness of the dwelling will be improved up to the passive house 
standard (Boer, et al., 2009; Boonstra, et al., 2006). In this research, in contrast to the passive house 
standard, the ventilation type will remain unchanged to make the camparisen with the ether 
variants on basis of the building shell. This variant is denominated as 'highly insulated'. Figure 2-1 
below gives a graphical representation of the different cases. 
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Highly insulated .. No greenhous~ • Extended 

greenhouse 

Figure 2-1: mustration of the different Greenhouse residente variants. Picture 
adopted trom (KWSA Architecten VOF, 2010) 

In the following Table 2-1, the most important building (physical) characteristics are given for every 
variant. The starting point for this table is the base case (Culemborg GHR). 

Table 2-1· Bullding characterlstlcs of the different type 1 varlants 

Base Case Modifications 
GHR Extended No Highly 

greenhouse greenhouse insulated 
Rc-value façade m2K/W 4.0 4.0 4.0 7.0 

Rc-value roof m2K/W 4.5 4.5 4.5 7.0 

Rc-value ground floor m2K/W 3.5 3.5 3.5 7.0 

U-value windows W/m2K 1.8 1.8 1.8 0.8 

g-value windows 0.6 0.6 0.6 0.5 

lnfiltration dm3/s·m2 1.0 1.0 1.0 0.15 

Blinds No No No No 

Heating Low temp floor heating Idem Idem Idem 

Heating supply Collective heat pump Idem Idem Idem 
(Source: ground water) 

Ventilation Mechanica! extract Idem Idem Idem 
ventilation 

Heat recovery Preheating by greenhouse Idem x x 

DHW supply lndividual heat pump Idem Idem Idem 
(Source: outlet air) 

Greenhouse Yes Yes NoGH NoGH 

Orientation GH South Enclosing x x 
dwelling 

U-value windows GH 5.8 W/m2K 5.8 W/m2K x x 
g-value windows GH 0.8 0.8 x x 

Almast all values for the GHR variant are adopted from NIBE (2007) & SenterNovem (2007). The 
exceptions are the infiltration rate of the dwelling and glazing properties of the greenhouse. The 
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infiltration rate is determined on basis of recommendations by SenterNovem for performing EPN 
calculations (SenterNovem, 2008). The glazing properties of the greenhouse are adopted from 
Woltering (2007). The values for the highly insulated variant are based on Boer, et al. (2009) & 
Boonstra et al. (2009). 

Type 2 - GHR Culemborg (balanced ventllatlon) - Reference cases 

Here the variants are: 

• the 'greenhouse residence'; 
• the dwelling enclosed by an 'extended greenhouse'; 
• the core dwelling without the greenhouse ('no greenhouse'); 
• Furthermore, the building shell will be improved up to passive house standards ('highly 

insulated'). 

The following Table 2-2 gives the most important (physical) building characteristics for every variant. 

Table Z-2: Building characteristics of the different type Z varlants 

Base case Modifications 
GHR Extended No Highly 

greenhouse greenhouse insulated 
Rc-value façade m2K/W 4.3 4.3 4.3 7.0 

Rc-value roof m2K/W 4.7 4.7 4.7 7.0 

Rc-value ground floor m2K/ W 3.8 3.8 3.8 7.0 

U-value windows W/m
2
K 1.47 1.47 1.47 0.8 

g-value windows 0.6 0.6 0.6 0.5 

lnfiltration dm
3
/s·m 

2 0.625 0.625 0.625 0.15 

Blinds No No No No 

Heating Low temp floor heating Idem Idem Idem 

Heating supply HR-107 condensing boiler Idem Idem Idem 

Ventilation Balanced ventilation Idem Idem Idem 

Heat recovery 95% Idem Idem Idem 

DHWsupply Combination boiler HRww Idem Idem Idem 

Solar hot water system 5m2 collector Idem Idem Idem 

PV panels 500Wp Idem Idem Idem 

Greenhouse Yes No GH No GH 

Orientation GH South Enclosing x x 
dwelling 

U-value windows GH 5.8 W/m
2
K 5.8W/m

2
K x x 

g-value windows GH 0.8 0.8 x x 

The values for the building shell of the core dwelling are adopted from NIBE (2007) & 
SenterNovem (2007) except for the infiltration rate, which was based on recommendations by 
SenterNovem (SenterNovem, 2008). The heating and ventilation system are as well based on 
NIBE (2007) & SenterNovem (2007). The heat recovery efficiency and solar collector dimension are 
estimates on basis of DGMR Bouw BV (2006). The power of the PV panels is based on 
Vries, et al. (2007) and the glazing properties of the greenhouse are adopted from Woltering (2007). 
The values for the highly insulated variant are based on Boer, et al. (2009) & Boonstra, et al. (2006). 
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2.2.3 Case studies - detached SenterNovem reference dwelling 

SenterNovem issues theoretica! reference dwellings, representing current building standards. These 

reference dwellings can, for example, be used to examine the consequences of measures on building 

characteristics in the design phase. A reference dwelling serves as starting point for case studies, in 

order to campare the effect of a GHR to a standard dwelling. Subsequently the building 

charaderistics are altered, thereby shaping different building variants. Afterwards, the data 

gathered by the energy performance calculations is utilised to calculate the sensitivity of greenhouse 

GHRs according to the EPN method. 

A standard detached SenterNovem dwelling with extract ventilation (and self-regulating air leuvers) 
is used as reference point 'type 3- base case' to make a camparisen between GHRs, SenterNovem 
reference dwellings and highly insulated dwellings. (See Appendix D for building plans and cross 
sections of the 'base case'.) 

Then, the standard detached SenterNovem dwelling with balanced ventilation will be used as 
starting point 'type 4 base case'; furthermore, assuming the samevariantsas in the previous type. 

Type 3 - SenterNovem reference dwelling (extract ventllation) - Reference cases 

SenterNovem provides an example calculation for the energy performance of the 'base case'; 
therefore, this example calculation is used as reference point. Then the bui lding is retrofitted into a 
'greenhouse residence', camparabie to the GHRs in Culemborg. This means that the greenhouse 
covers the dwelling only partly. Subsequently, the greenhouse zone is extended in such a manner 
that it completely encloses the SenterNovem reference dwelling ('extended greenhouse') . Finally, 
the insuiatien and air t ightness of the reference dwelling will be improved up to the passive house 
standard ('highly insulated'). Here, again, the venti lation type will remain unchanged to make a 
comparison on basis of bu ilding shell. 

In this case, an extra variant is used, in order to investigate the potential quality of the Culemborg 
design. Therefore, the insuiatien and heating & ventilation system of the secend row GHRs (type 1, 
extract ventilation) is applied on the SenterNovem reference dwelling with greenhouse. This case 
will be denominated as 'greenhouse residence type 1'. 

The illustrations in Figure 2-2 below give a graphical representation of the different variants. 
Subsequently, Table 2-3 shows the most important (physical) bui lding characteristics for every 
variant. 
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Flgure 2-2: mustration of the different SenterNovem variants with extract ventilation. mustration adopted from (DGMR 
Bouw BV, 2006) 
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Table 2-3: Bulldln1 characterlstlcs of the different type 3 (SenterNovem) varlants wlth extract ventllatlon 

Base case Modiflcations 

SenterNovem Highly GHR Extended GHR type 1 

reference insulated greenhouse 

Rc-value façade 4.0 m2K/W 7.0 m2K/W 4.0 m2K/W 4.0 m2K/W 4.0 m2K/W 

Rc-value roof 4.0 m2K/W 7.0 m2K/W 4.0 m2K/W 4.0 m2K/W 4.5 m2K/W 

Rc-value ground floer 3.0 m2K/W 7.0 m2K/W 3.0m2K/W 3.0 m2K/W 3.5 m2K/W 

U-value windows 1.7 W/m2K 0.8W/m2K 1.7 W/m 2K 1.7W/m2K 1.8 W/m2K 

g-value windows 0.6 0.5 0.6 0.6 0.6 

lnfiltration 1.0 dm3/s·m2 0.15 1.0 1.0 1.0 dm3/s·m2 

dm3/ s·m2 dm3/s·m2 dm3/s·m2 

Blinds Yes Yes Yes Yes Yes 

Heating low temp floer and Idem Idem Idem Low temp floer 
radiator heating heating 

Heating supply HR-107 condensing Idem Idem Idem Collective heat 
boiler pump (Source: 

ground water) 
Ventilation Automatically Idem Idem Idem Mechanica! 

controlled air in let extract 
with mechanica! ventilation 

extract ventilation 
Heat recovery x x x x Preheating by 

greenhouse 
DHW supply Combination boiler Idem Idem Idem lndividual heat 

HRww pump (Source: 
outlet air) 

Solar hot water system 5.6 m2 solar Idem Idem Idem -
collector 

Greenhouse NoGH NoGH Yes Yes Yes 

Orientation GH x x South Enclosing South 
dwelling 

U-value x x 5.8 W/m2K 5.8 W/m2K 5.8 W/m2K 

windowsGH 
g-value x x 0.8 0.8 0.8 

w indowsGH 

The values of the SenterNovem referente dwelling are all taken trom DGMR Bouw BV (2006). The 
values tor the high ly insulated variant are basedon Boer, et al. (2009) & Boonstra, et al. (2006). The 
glazing properties of the greenhouse are adopted trom Woltering (2007). See the comments under 
Table 2-1 tor the assumptions of the greenhouse residence type 1. 

Type 4 - SenterNovem reference dwelllng (balanced ventilation) - Reference cases 

Here the variantsof the 'base case' are: 

• SenterNovem reference dwelling with an attached greenhouse (' greenhouse residence'); 

• SenterNovem reference dwelling enclosed by an 'extended greenhouse'; 

• 'Highly insulated' SenterNovem reference dwelling. 

See Figure 2-2 above tor a graphical representation of the different variants. Table 2-4 below gives 
the most important building (physical) characteristics tor every variant. 

L.F. van Ree, BSc 19/75 September 20, 2010 



Building performance evaluation of newly built greenhouse resldences 

in terms of energy and therm at comfort 

In order to investigate the potential quality of the Culemborg greenhouse residence design, an extra 
variant is introduced for the SenterNovem reference dwelling with balanced ventilation. Therefore, 
the insulation and heating & ventilation system of the first row Culemborg GHRs (type 2, balanced 
ventilation) is applied on the SenterNovem reference dwelling with greenhouse. This case will be 
denominated as 'greenhouse residence type 2'. 

Table 2-4: Bullding characterlstlcs of the different type 4 (SenterNovem)_ variants wlth balanced ventllatlon 

Base case Modlflcations 
SenterNovem Highly GHR I 

i 
Extended GHR type 2 

reference insulated j 
! greenhouse 

Rc-value façade 3.0 m2K/W 7.0 m'K/W 3.0 m2K/W 3.0 m2K/W 4.3 m'K/W 

Rc-value roof 4.0 m2K/W 7.0m2K/W 4.0 m2K/W 4.0m2K/W 4.7 m2K/W 

Rc-value ground 3.0 m2K/W 7.0 m2K/W 3.0 m2K/W 3.0 m2K/W 3.8 m2K/W 

floor I 
U-value WindOWS 1.8 W/m2K 0.8 W/m2K 1.8 W/m2K ! 1.8 W/m2K 1.47W/m2K 

g-value windows 0.6 0.5 0.6 I 0.6 0.6 

lnfiltration 0.625 dm3/s·m2 0.15 dm3/s·m2 0.625 0.625 dm3/s·m2 0.625 
dm3/s·m2 dm3/s·m2 

Blinds Yes Yes Yes Yes Yes 
-- ---- - · - --f-- - ·-·---·---

Heating High temp radiator Idem Idem Idem Lowtemp 
heating floor heating 

Heating supply HR-107 condensing Idem Idem Idem 
boiler 

I Ventilation Balanced Idem Idem Idem Idem 
ventilation 

Heat recovery 95% Idem Idem Idem Idem 

DHW supply Combination boiler Idem Idem Idem Idem 
HRww 

Solar hot water 5.6 m2 solar Idem Idem Idem 5 m2 solar 

system collector collector 

PV x x x x 500Wp 

Greenhouse NoGH Idem Yes Yes Yes 

Orientation GH x x South Enclosing South 
dwelling 

U-value x x 5.8 W/m2K 5.8 W/m2K 5.8 W/m2K 

w indowsGH 
g-value x x 0.8 0.8 0.8 

windowsGH 

The values of the SenterNovem reference dwelling are all taken from DGMR BOUW BV (2006). The 
values for the highly insulated variant are based on Boer, et al. (2009) & Boonstra, et al. (2006). The 
glazing properties of the greenhouse are adopted from Woltering (2007). See the comments under 
Tabte 2-2 for the assumptions of the greenhouse residence type 2. 

2.2.4 Results analysis 

Quality assurance 

The energy performance of the Culemborg 'base cases' is checked on total annual energy demand 
and annual heating energy demand. The models wilt be compared to the measured values presented 
in Appendix B & Appendix C. 
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Performance Indicators 

The energy performance of the dwelling is assessed by the EPC value (representing the total annual 
energy demand) and the annual heating energy demand. 

The thermal comfort of the dwelling is assessed by the annual energy demand for cooling to be 
installed in future (annual energy demand for summer comfort). This value is based on the 
overheating risk during the month July. This underlying number will be presented in Appendix M. 

Sensltlvity & uncertainty 

Building computationat simutation can be usefut to give answers on (energy) questions during the 
design phase of buildings. Nevertheless, sensitivities and uncertainties come along with building 
performance simulation. NEN 5128 is intended as a tooi to give an integral evaluation of the energy 
efficiency of buildings and building installations (DGMR, 2009). Literature is available that shows the 
influence of separate measures or complete concepts on the energy performance. For example 
(Hameetman, 2006; SenterNovem, 2008) indicate the effect of measures on the energy performance 
according to the EPN method. 

New in this research is the influence of the greenhouse, which is investigated in different cases. As it 
is not the objective to research the influence of separate measures on the EPC score, the sensitivity 
analysis is only performed globally on the effect of the greenhouse. This can be regarded as a 
sensitivity analysis of a single parameter (Saltelli, et al., 2008). Furthermore, the distribution in EPC 
score (which is based on the total annual energy demand) is reviewed. This can be regarded as a 
simpte uncertainty a na lysis, revealing the range of obtained results. 

The extra cases for the SenterNovem reference dwelling are not included in the simplified sensitivity 
and uncertainty analysis. In these two cases the building installations are changed, therefore it is not 
possible to assess the difference on basis of the building envelope. 

2.3 Results 

This section of the thesis describes the results of the EPW simulations. Firstly, the EPC score and 

annual energy demands wilt be assessed. Foliowed by the sensitivity and uncertainty of the result s. 

In Appendix M all results are presented in tables. 

2.3.1 EPC 

The following tables (Table 2-5 - Table 2-8) display the predicted energy performance of every case 
per type, calcu lated with the EPN method. Every case is performed both with the simpte method and 
as well with the extended method. 

According to current Dutch legislation, the EPC value must be equal or lower than 0.8 (SenterNovem, 
2008). 
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Type 1-Greenhouse resldence Culembors (extract ventllatlon) 

T bi 25 E a e - : nergype rf f ormance o type 1 I h 11 I (EPW I I & var ants w t extract vent at on ;smpe exten e met o d d h d) 

Greenhouse Extended No greenhouse Hlghly 
resldence greenhouse lnsulated 

EPC [-] Simple methad 0.9 1.0 1.0 0.9 
EPC [-] Extended methad 0.9 1.0 1.0 0.9 

As can be seen trom Table 2-5 (with the assumptions made tor these cases) no building camplies 
with the EPC rule. Furthermore, the table shows no ditterenee between the simple and extended 
calculation methad forthese cases. 

Type 2- Greenhouse residente Culemborg (balanced ventilation) 

Table 2-6: Energy performance of different type 2 variants with balanced ventilatlon, (EPW; simple & extended method) 

Greenhouse Extended No greenhouse Highly 
residente greenhouse insulated 

EPC [-] Simple methad 0.8 0.8 0.8 0.7 
EPC [-]Extended methad 0.8 0.8 0.8 0.7 

Table 2-6 (with the assumptions made tor these cases) shows that all buildings pass the requirement 
tor an EPC value of 0.8 or lower. Again, no ditterenee between the simple and extended calculation 
methad exists tor these cases. 

Type 3 - SenterNovem referente dwelling (extract ventilation) 

Table 2-7: Energy performance of type 3 variants with extract ventilation (EPW; simple & extended method) 

SenterNovem Highly Greenhouse Extended Greenhouse 
reference insulated residence greenhouse residence 

type 1 
EPC [-] Simple methad 0.8 0.7 0.8 0.9 0.8 
EPC [-]Extended methad 0.8 0.7 0.8 0.8 0.8 

Table 2-7 above, illustrates that according to the simple calculation methad (and with the 
assumptions made tor these cases) only the SenterNovem variant with an extended greenhouse 
doesnotmeet the EPC requirement fora value of 0.8 or lower. Furthermore, the table shows that 
there exists a ditterenee between the simple and extended calculation methad tor this case. The 
result of the extended calculation methad is 0.1 lower compared to the simple calculation method. 
The cause for this ditterenee can be found in the next sectien (§2.3.2) on the predicted total annual 
energy demand, which is used to calculate the EPC value. 

Type 4 - SenterNovem reference dwelling (balanced ventilation) 

Table 2-8: Energy performance of the type 4 variants with balanced ventilation (EPW; simple & extended method) 

SenterNovem Highly Greenhouse Extended Greenhouse 
Reference insulated residence greenhouse residence 

type 2 
EPC [-] Simple methad 0.8 0.6 0.8 0.9 0.7 
EPC [-] extended methad 0.8 0.6 0.8 0.8 0.6 

Table 2-8 above, indicates that according to the simple calculation methad (and with the 
assumptions made tor these cases) only the variant with an extended greenhouse does not meet the 
EPC requirement. Furthermore, the table illustrates a little ditterenee between the simple and 
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extended calculation method for two variants. The result of the extended method is for both 
variants 0.1 lower compared to the simple calculation method. The major ditterenee between the 
simple and extended calculation method is a more detailed incorporation of heat gains and/or 
losses. 

2.3.2 Annual energy demand 

The following graphs (Figure 2-3 - Figure 2-10) illustrate the annual energy demand for every case 
per type, calculated by EPW, according to the EPN method. The first graph represents the results of 
the simple method, whereas the latter represents the results of the extended method. The total 
annual energy demand is divided into different components. Constant energy component are not 
included in the graphs. 

In all graphs, the orange bar represents the total annual energy demand and the blue line represents 
the allowed yearly energy demand. The red bar represents the annual heating energy demand and 
the blue bar the annual energy demand for (future) summer comfort. In the four last graphs, the 
green bar represents the annual energy demand for dornestic hot water and the purple bar 
represents the annual energy generation by photovoltaic panels. 

Type 1-Culemborg GHR (extract ventilation) 

Toto/ annual energy demand 

Both figures on page 24 illustrate that all variants (with the assumptions made for these type 1 

cases) demand more energy than allowed. The dwelling without greenhouse has the highest energy 

demand whereas the highly insulated dwelling has the lowest annual energy demand. Furthermore, 

it can be observed that the dwelling, enclosed by the extended greenhouse has a higher annual 

energy demand than the partly enclosed GHR. This implicates that (according to the EPN method) 

there is an optimum point tor attaching a greenhouse where the dwelling has the lowest energy 

consumption. 

Annual energy de mand for heating 
The highly insulated dwelling has the lowest annual energy demand for heating whereas the 
dwellings with an attached greenhouse have the highest annual heating energy demand. This 
ditterenee is in contradiction to physical processes. The normal expectation would be that the 
heating demand would decrease, because the greenhouse will warm up by absorption of solar 
radiation. 

Annual energy demand for summer comfort 
The dwelling without a greenhouse and the highly insulated dwelling have the highest annual energy 
demand for summer comfort, whereas the GHR has the lowest energy demand for summer comfort. 
The energy demand tor the case with an extended greenhouse lies exactly in between. 

The energy demand for summer comfort (i.e. risk on overheating) decreases regarding the 
ditterenee between the dwelling solely and the dwelling with an attached greenhouse. In this case, 
the normal expectation would be that the energy demand would increase, because the greenhouse 
will warm up by absorption of solar radiation. In addition, the calculated energy demand of the 
dwelling enclosed by the extended greenhouse has a higher energy demand than the partly enclosed 
greenhouse residence. This implicates that (according to the EPN method) there is an optimum point 
tor the attached greenhouse, where the dwelling has the Jowest overheating hours. Apart trom that, 
the absolute va lues for the risk on overheating are included in Appendix M. 
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Flgure 2-3: Annual energy demand (GJ] of type 1 varlants with extract ventilation (EPW; slmple method) 
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Flgure 2-4: Annual energy demand (GJ] of type 1 variants with extract ventilation (EPW; extended method) 

Type 2 - Culemborg GHR (balanced ventilation) 

Toto/ annual energy demand 

Both graphs on page 25, illustrate that the dwelling without a greenhouse demands more energy 

than allowed. The GHR and the highly insulated dwelling both stay below the maximum allowed 

value. The 'extended greenhouse' variant exceeds the maximum value according to the extended 

method, whereas the simp Ie methad indicates the opposite. 

Overall, the highly insulated dwelling has a significant lower annual energy demand in comparison to 

the other variants. Similar to the situation with extract ventilation, the extended greenhouse variant 

has a higher annual energy demand than the GHR. 

Annual heating energy demand & annual energy demand for summer comfort 
The results for the type 2 variants show almast identical result as the type 1 variants. The highly 
insulated dwelling has the lowest annual heating energy demand whereas the dwellings covered 
under a greenhouse have the highest heating demand. Again, the annual heating energy demand 
increases, regarding the difference between the dwelling solely and the dwelling with an attached 
green house. In addition, the overheating risk is again the lowest for the greenhouse variants. 
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Flgure 2-5: Annual energy demand [GJ) of type 2 variants with balanced ventilation (EPW; slmple method) 
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Figure 2-6: Annual energy demand [GJ) of type 2 variants with balanced ventilation (EPW; extended method) 

Type 3 - SenterNovem referent e dwelling (extract ventilation) 

Toto/ annua/ energy demand 

Figure 2-7 illustrates that (according to the extended calculation method) all buildings pass the 

requirement for an EPC value of 0.8 or lower whereas Figure 2-8 shows that only the highly insulated 

dwelling and GHR type 1 variant pass the EPC requirement. Overall, the trend in energy demand is 

equal to the type 1 and 2 variants. The highly insulated dwelling has a significant lower energy 

demand in comparison to the other variants. 

Annua/ heating energy demand 

The results for the SenterNovem type 3 variants also show the same trend in annual heating energy 
demand as the type 1 and 2 variants. The highly insulated dwelling has the lowest annual heating 
energy demand for the 'normal' SenterNovem variants. Different is the annual heating energy 
demand for the extra greenhouse type 1 variant. This extra variant contains low temperature floor 
heating instead of a high temperature radiator heating system and the insuiatien quality is 
increased. 
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Annual energy de mand for summer comfort 
The results for the SenterNovem type 3 variants show the same trend in annual energy demand for 
summer comfort as the type 1 and 2 variants. Nevertheless, the risk on overheating is lower, which 
is expressed in a lower annual energy demand for summer comfort. 

Annual energy demand for damestic hot water 
In comparison to the 'standard' SenterNovem variants, the energy demand for dornestic hot water 

of the extra greenhouse variant has more than doubled. Th is is caused by the fact that the 'standard' 

SenterNovem variants have a 5.6m2 solar collector, whereas the extra greenhouse variant has none. 
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Figure 2-7: Annual energy demand (GJ] of type 3 variants wlth extract ventilation (EPW; slmple method) 

80 

70 

60 

50 

a 4o 
30 

20 

10 

0 

SenterNovem Highly 
reference insulated 

Greenhouse Extended GHR type 1 
residence greenhouse 

- Qheating 

- Qsummer; 
comfort 

- Qtotal 

- Qdhw 

- Qallowed 

Figure 2-8: Annual energy demand (GJ] of type 3 variants with extract ventilation (EPW; extended method) 

Type 4 - SenterNovem reference dwelling (balanced ventllation) 

Toto/ annua/ energy demand 

Figure 2-9 illustrates that (according to the extended calculation method) all buildings pass the 

requirement for an EPC value of 0.8 or lower, whereas Figure 2-9, reflecting the simple calculation 

methad that two variants exceed the maximum allowed energy consumption. 
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Overall trends in total annual energy demand are similar to the type 1, 2 and 3 variants. Again, the 

highly insulated dwelling has the lowest energy demand in comparison to the other variants. The 

extra variant, containing Culemborg type 2 characteristics, has an energy demand similar to that of 

the highly insulated SenterNovem dwelling. 

Annual heating energy demand 
The highly insulated dwelling has the lowest annual heating energy demand. According to the simple 
method, the extended greenhouse variant has the highest annual heating energy demand. Whereas 
the extended calculation method indicates that the SenterNovem reference dwelling has the highest 
annual heating energy demand. 

Annual energy de mand for summer comfort 
The highly insulated dwelling has the largest risk on overheating, i.e. the highest energy demand for 
summer comfort. Both methods indicate that the extended greenhouse variant has almost no risk 
on overheating. 
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Figure 2-9: Annual energy demand of type 4 variants with balanced ventilation (EPW; simple method) 
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Figure 2-10: Annual energy demand of type 4 variants with balanced ventilation (EPW; extended method) 
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2.3.3 Sensitivity & uncertainty 

Figure 2-3 to Figure 2-10 and the tables in Appendix M give an indication of the sensitivity for the 
greenhouse according to the EPN method. The results show that the annual heating energy demand 
and annual energy demand for summer comfort are sensitive to the greenhouse zone. The annual 
heating energy demand increases due to the greenhouse zone, whereas the annual energy demand 
for summer comfort (i.e. the risk on overheating) decreases. 

The following graph displays the distribution of the results for the different case study types. The 
results are further subdivided into the simple and extended calculation method. The extra cases of 
type 3 and 4 are not included in the graph. 
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Figure 2-11: Dlstrlbution of the results plotted per case study and calculation method 

The distribution of the results is relative constant, as can be seen in Figure 2-11 above. The type 1 

variants have a distribution of approximately 0.1 EPC-points, which is the smallest. The type 2 and 3 

variants have a distribution around 0.15 EPC-points. The type 4 variants have a distribution of 

approximately 0.2 EPC-points, which is the largest. 

Most values are quite close toeach other. The lowest values occur with the highly insulated variant. 

The larger distribut ion is mainly cause by a lower value for the highly insulated variant. Th is indicates 

the sensitivity of the EPN methad forthermal insulation and infiltration. The other distri bution in the 

results shows the sensitivity for the greenhouse zone. 

2.4 Discussion 

2.4.1 Explanation of the resu lts 

• Annual heatlng energy demand (GHRs) increases 

Overall, the annual heating energy demand of the GHRs increases compared to identical residences 

without greenhouse, whereas physical processes should cause a decrease in annual heating energy 

demand. Normally, the energy losses will decrease, because the greenhouse zone will warm up by 

the absorption of solar radiation. Furthermore, the greenhouse zone offers extra thermal insulation 

between the dwelling and the outdoor environment (SenterNovem, 2008). 
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• Annual energy demand for summer comfort (GHRs) decreases 

n 

The EPN program also indicates that the annual energy demand for summer cooling decreases 

compared to identical residences without greenhouse. This energy demand is based on the risk of 

overheating during the month July (DGMR, 2009). In genera!, one would expect an increasing annual 

cooling energy demand, because the greenhouse will warm up by the absorption of solar radiation. 

Furthermore, extra thermal insulation is applied to the dwelling that prevents heat to be released to 

the outdoor environment. 

The factors mentioned above illustrate that less solar energy is penetrating the dwelling. The 

possible reasons for this effect will be addressed in §2.4.3 Limitation of method and results. 

2.4.2 Results in relation to literature and other sourees 

• EPC-score GHRs Culemborg is high in relatlon to literature 

The EPC-score of the type 1 GHR (second & third row) is approximately 0.9 and the EPC-score the 
second type (first row) measures about 0.8. 

According to the architects of the GHRs in Culemborg, the EPC-score of the dwellings is about 0.5 
(KWSA Architecten VOF, 2010). 

SenterNovem issued a publication on example projectsof Dutch low-energy houses (NIBE, 2007). 
The GHRs in Culemborg are considered in this publication. SenterNovem recalculated the EPC-score 
tor both type GHRs. Type 1 (second & third row, with extract ventilation) has an EPC-score of 0.78 
and the second type (first row, balanced ventilation) scores 0.69. 

There is a lot of varianee between the different results. lt seems that the claim of the architects is 
rather low. The results of the performed simulations are about 0.1 EPC-point higher than the 
numbers in the SenterNovem publication. The exact souree tor this differente is not clear, because 
only the most important assumptions tor the SenterNovem calculations are given. 

The charaderistics of the Culemborg type 1 and 2 GHR are applied on a SenterNovem reference 
dwelling. The EPC score of this type 1 residence is 0.8 and the type 2 residence has an EPC of 0.7. 
These values are in accordance with the va lues presented in the SenterNovem publication. 

• Total annual energy demand GHRs Culemborg corresponds to measurements; 

The energy consumption of the first row greenhouse residences was monitored. The average yearly 

energy consumption lies roughly between 60 and 80 gigajoules. According to EPW calculations, the 

total annual energy demand of the first row GHRs amounts approximately 60 gigajoules. The total 

annual energy demand of the second and third row accounts a bout 80 gigajoules. He nee, the results 

of the case studies are in the sa me order of magnitude regarding the monitoring of the real GHRs. 

• EPC underrates 'passive house' measures 

Passive houses normally have an EPC-score between 0.3 and 0.5 (Boonstra, et al., 2006). The highly 
insulated type 4 variant almost meets passive house standards. In this case, only the building shell, 
i.e. insulation and air tightness are improved to make a fair comparison between the different 
concepts. The EPC-score of this variant is 0.6. The highly insulated type 2 variant with 'passive house' 
measures and with balanced ventilation scores 0.7. 
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The Dutch energy research centre (ECN) did research on the EPC rating of passive house, compared 

to the PHPP method. One of the conclusions of their research is that the EPN methad underrates the 

passive house measures (Boer, et al., 2009). The possible reasans for this effect will be addressed in 

"§2.4.3 Limitation of methad and results". 

2.4.3 limitat ion of methad and results 

The following points describe the influence of the EPN calculation methad on the results. The most 
points concern the influence on the calculation of GHRs. 

• Minimal inflltratlon in the EPN method affects the performance of the highly insulated 

varlants 

One important point of passive houses is the high air tightness of the concept. Nevertheless, the 
minimal infiltration in the EPN methad has been limited toa value of 0.4 dm3/s·m2 for dwellings with 
balanced ventilation. The minimal value for residences with mechanica! extract ventilation are 
limited to a minimal value of 1.0 dm3/ s·m2 (SenterNovem, 2008). As a result, the effect of air 
tightness is limited. 

• Calculation of solar irradlatlon In the EPN method Is slmpiltled 

The calculation of solar irradiation is based on the g-value of the windows. In case of a GHR the 

g-value of the normal windows has to be multiplied by the g-value of the greenhouse glazing, 

resulting in a decrease of sunlight penetratien into the bui lding volume (DGMR, 2009). This is one of 

the possible reasans for the low risk of overheating and increase of heating energy demand in case 

ofGHRs. 

• Unreasonable temperature assumption for greenhouse zone in the EPN methad 

In the EPN method, building users are assumed to maintain the temperature within conservatories 

below 24°C (NNI, 2008). This value is used for the calculations. Normally, the ambient temperature 

can reach values of 35°C during summertime. Furthermore, it seems not reasanabie to assume that 

the temperature within a greenhouse will not exceed 24°C. Literature indicates an air temperature 

of 2 to 6°C above the ambient air temperature within greenhouses and conservatories 

(SenterNovem, 2008; Vries, et al., 2007). This is one of the reasons for the low risk on excess 

temperatures in case of greenhouse residences. 

• The greenhouse is not included in the energy calculation of the EPN method 

The greenhouse zone is not included in the energy calculation. The greenhouse zone reduces the 

incident solar flux and exchanges heat with the living zones. In practice, the greenhouse zone can be 

utilised to preheat ventilation air in the extended EPN method. A one-storey conservatory can 

preheat 20% of the ventilation air with an efficiency of 21%. In addition, a two-storey greenhouse 

zone can preheat 45% of the ventilation air with an efficiency of 21% in the extended methad 

(DGMR, 2009). 
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• No 30 layout In the EPN method 

residences 

The energy effect of the solar energy, penetrating the building volume has an effect on the energy 

demand for heating and cooling. A 30 layout of greenhouse residences can be important to account 

for the solar gains in the zone. The EPN program uses a 20 building model, therefore determining 

this effect less accurate in re lationtoa program using a 30 building model. 

2.5 Conclusions 

2.5.1 Applicability of EPN for GHRs 

• EPN is not suitable to assess the energy performance of GHRs 

In general, the heating energy demand increases according to the EPN when attaching a greenhouse 
onto a dwelling. In contrast, the annual energy demand for (future) summer comfort decreases 
according to the EPN methad in case of GHRs. These results are against physical processes, as the 
annual heating energy demand should decrease and the energy demand for summer comfort should 
increase. 

2.5.2 Highly insulated dwellings 

• Decreasing heating energy demand for highly insulated dwellings 

• lncreasing annual energy demand for summer comfort of highly insulated dwellings 
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3 
Evaluation of Heating Energy Demand 

and Thermal Comfort by Means of a 
Dynamic Building Simulation Tooi 

This chapter of the thesis describes the simulations performed by means of a dynamic building 
simuiatien tooi. 

The information in this chapter is divided into several sections. The first introductory sectien (§3.1) 
shows the relevanee of this chapter by referring to the general objectives and the previous chapter 
on calculations with a simplified energy calculation tooi. Then, the methodology for the simulations 
by means of the dynamic building simuiatien tooi is described in sectien §0. Sectien three (§3.3) 
presents the results of the simulations in terms of heating energy demand, peak heating loads and 
thermal comfort. Furthermore, the sensitivity and uncertainty of the results is analysed in sectien 
three. Subsequently, sectien four (§3.4) discusses the results presented in the former section. 
Conclusions will be drawn in sectien five (§3.5) on basis ofthe presented information. 

3.1 Introduetion 

The general aims of this research are presented in the first chapter. In short, the aims are evaluating 
the usability of computational simuiatien for GHRs in the design phase, predicting the energy 
performance and thermal comfort of GHRs, and understanding the main factors that affect the 
energy performance and thermal comfort of newly built GHRs. The accompanying objectives to 
meet the aims arealso introduced in the first chapter. 

lES <Virtual Environment> is chosen to perferm simulations on energy demand and thermal comfort 
as was described in the general method. Similar to the previous chapter, a GHR design in Culemborg 
is chosen as base case to perferm simulations. Subsequently, different reference cases are created 
by removing the greenhouse from the base case. Furthermore, the insuiatien and air tightness of the 
building shell are improved up to passive house requirements. These variants serve as referentes to 
investigate the influence of the greenhouse. Furthermore, a Monte Carlo analysis is performed on 
the base case to investigate the sensitivity and uncertainty of the GHR concept. Then the results are 
presented and compared on basis of energy demand and thermal comfort. In addition, the 
sensitivity and uncertainty of the results is presented. Finally, conclusions are drawn on basis of the 
results. 
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3.2 Method 

This section starts by introducing the tools used for the simulations, foliowed up by the assumptions 

and inputs (variants) for the simulations. To conclude, the analysis of the obtained results will be 

discussed. 

3.2.1 Dynamic building simulation program 

lES <Virtual Environment> version 6.0.6 

Hopte, et al. (2007) described the functions and use of lES <Virtual Environment> (lES) as follows: lES 
is a detailed integrated building performance simulation tooi, which is used by professionals all over 
the world. The structure is modular, integrating the features to predict building energy demand and 
peak loads. The modules cover different domains like lighting simulation, shadow cast, value 
engineering, life cycle costing, evacuation, component sizing and environmental computational fluid 
dynamics. The program is suited for detailed design evaluation of buildings and systems and 
provides an environment that enables users to address a multitude of performance indicators, i.e. 
energy demand, thermal comfort, heat gains, day lighting, etcetera. The output is visualised using a 
graphical interface suited for data representation and interpretation (Hopfe, et al., 2007). 

3.2.2 Casestudy- reference cases for GHR in Culemborg 

A reference GHR serves as starting pointfora casestudy, in order to compare the different dwellings 
and building characteristics. Then the greenhouse is removed, subsequently the insulation and air 
tightness of the building shell are improved up to passive house requirements. Afterwards, the data 
gained by the building performance simulations are utilised to compare the building concepts. A 
Monte Carlo analysis is performed on the sensitivity and uncertainty of the GHR design. Then the 
base case can acts reference point to check if the changes were profitable. 

Apart from that, passive measures are applied to regulate the summer comfort. Only heating and 
ventilation are applied and no cooling is installed in the building. lf necessary shading devices are 
used and windows opened. The reason is to check the basic performance of the concept. In future, 
active measures can be applied to optimise the performance. 

Base case- GHR Culemborg (extract ventilation) 

First, one design stemming from the second row GHRs in Culemborg (with extract ventilation) is 
used as reference dwelling. This is the 'base case' for the other variants (see Appendix C for building 
plans and cross sections of the 'base case' ). 

Reference cases 

Subsequently, removing the greenhouse from the base case (GHR), in order to determine the 
performance ofthe core dwelling solely. This variant is denominated as 'residence'. 

Finally, improving the insulation and air tightness of the dwelling up to the passive house standard 
(Boer, et al., 2009; Boonstra, et al., 2006). In this research, in contrast to the passive house standard, 
the ventilation type will remain unchanged to make the comparison with the other variants on basis 
of the building shell. This variant is denominated as 'highly insulated'. 

Figure 3-1 on the next page gives a graphical representation of the different variants. 
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Greenhouse residence 

Residence Highly insulated 

Figure 3-1: mustration of the variants. Picture adopted from (KWSA Architecten 
VOF, 2010) 

In the following Table 3-1, the most important building (physical) characteristics are given for every 
variant. The starting point for this table is the base case (Culemborg GHR). Appendix E to Appendix G 
give more detailed information on the construction properties and control strategies of the variants. 

Table 3-1: Building characteristics of the different cases 

Base Case Modifications 
Greenhouse residence Residence Highly insulated 

Rc-value façade 4.0 m'K/W 4.0 m'K/W 10.0 m'K/W 

Rc-value roof 4.5 m2K/W 4.5 m2K/W 10.0 m2K/W 

Rc-value ground floor 3.5 m2K/W 3.5 m2K/W 10.0 m2K/W 

U-value windows 1.8 m2K/W 1.8 m2K/W 0.7 W/m2K 

g-value windows 0.6 0.6 0.4 

Ventilation 0.9 dm3/s·m 2 0.9 dm3/s·m 2 0.9 dm3/s·m 2 

lnfiltration 1.0 dm3/s·m2 1.0 dm3/s·m 2 0.15 dm3/s·m2 

Blinds yes yes yes 

Heating Low temperature floor heating idem idem 

Heating supply Collective heat pump (Source: ground idem idem 
water) 

Ventilation Natura! supply Mechanica! extract idem idem 
ventilation 

Heat recovery Preheating by greenhouse x x 

Greenhouse Yes NoGH NoGH 

Orientation GH South x x 
U-value windows GH 5.6W/m2K x x 
g-value windows GH 0.8 x x 
lnfiltration 1.0 dm3/s·m2 x x 
Blinds yes x x 

Almost all values for the GHR base case are adopted from NIBE (2007) & SenterNovem (2007). The 
exceptions are the infiltration rate of the dwelling and glazing properties of the greenhouse. The 
infiltration rate is determined on basis of recommendations by SenterNovem for performing EPN 
calculations (SenterNovem, 2008). The glazing properties of the greenhouse are adopted from 
Woltering (2007). The va lues for the highly insulated variant are basedon Boer, et al. (2009). 
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Explanatlon of properties 

The variants are implemented with passive measures to regulate the comfort. Only heating and 
ventilation are applied, no active cooling is installed in the building. lf necessary, shading devices are 
used and windows opened to regulate the temperature. The reason is to check the basic 
performance of the concept. In future, active measures can be applied to optimise the performance. 

elimate file 

A standard elimate file in lES for 'De Bilt, the Netherlands' is used to perfarm the simulation. This is 
similar to the EPN methad (NNI, 2008). 

Heating type & profile 

No heating is applied in the greenhouse zone. The heating profile tor the residence is adopted from 

NEN5128 (NNI, 2008). This is the heating profile that is implemented in the EPN methad and was 

used to calculate the EPC in the previous chapter. The profi le is presented in Appendix l. The profile 

consists of two zones. One 'living zone' and one 'sleeping zone'. The living zone profile is applied to 

the ground floor of the dwelling, whereas the sleeping zone profi le is applied to the second floor. 

A value of 0.50 is chosen for the heat ing plant radiant fraction. Th is corresponds to low temperature 

floor heating (lES, 2010). 

Internol gains 

No internal gains are imposed to the greenhouse zone. The gains profile for the residence is adopted 

trom NEN5128 (NNI, 2008). This is the same profile as implemented in the EPN method and was 

used to calculate the EPC in the previous chapter. The profile is presented in Appendix l. The profile 

consistsof two zones. One 'living zone' and one 'sleeping zone'. The living zone profile is applied to 

the ground floor ofthe dwelling, whereas the sleeping zone profile is applied to the second floor. 

Shading 

Shading has been applied on the external glazing of the dwelling and greenhouse. Simuiatiens 

showed that the period were shading is needed lasts trom April - September. The shading device 

type for the dwelling is leuvers. They are lowered and raised at an incident radiation of 250 W/m2 

(ISSO, 1994). Only the highly insulated variant has no shading devices. The glazing properties are 

preventing heat trom the sun to penetrate the volume. 

Blinds are chosen as shading device type for the greenhouse. They are lowered and raised at an 

incident radiation of 250 W/m2 (ISSO, 1994). Furthermore, the shading coefficient is set to 0.4 and 

the short wave radiant fraction to 0.3 (lES, 2010). 

lnfiltration 

The inf iltration rate tor the dwelling of the 'greenhouse residence' variant and 'residence' variant is 

set to 1.0 dm3/ s·m2 based on NEN5128 (NNI, 2008) and the Dutch building regulations (VROM, 

2010). The infiltration rate of the highly insulated variant is 0.15 dm3/ s·m2 (Boonstra, et al., 2006). 

The infiltration rate of the greenhouse has been set to 1.0 dm3/s·m2 (Bakker, et al., 1995). 
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Venti/ation 

No mechanica! ventilation is applied in the greenhouse zone. According to the Dutch building 

regulations, a minimal air supply of 0.9 dm3/s·m2 is used for the dwellings to ensure a healthy indoor 

climate(VROM, 2010). 

Window opening strategy 

Natura! ventilation and cooling is provided to the greenhouse by means of operabie windows. The 

windows are located on the greenhouse roof and on the west front façade. The location and size is 

based on pictures of the actual Culemborg greenhouse residence. The windows are opened in case 

that the air temperature inside the greenhouse rises above 24°C and the air temperature inside the 

greenhouse is higher than the ambient air temperature. More details about the windows are given 

in Appendix E. 

In addition, the windows of the dwelling can a lso be opened for natura I ventilation and cool ing. Two 

different situations are distinguished. One situation for the windows inside the greenhouse (in case 

of the 'greenhouse residence' variant). The other situation is the external windows for all three 

variants. 

The outside windows are opened if the room temperature exceeds 25.5°C, the air temperature 

inside the room is higher than the ambient air temperature, and the ambient air temperature is 

higher than 12°C (ISSO, 1994). The windows inside the greenhouse are opened on basis of the sa me 

va lues; only the reference temperature will be the air temperature inside the green house, insteadof 

the ambient air temperature. 

Simu/ation settings 

The simulations period is set from 1 January to 31 December with a time step of 1 minute. This is the 

smallest time step available in lES and is used concerning the window controls. The preconditioning 

period is set to 30 days. Furthermore, the reporting interval is set to 60 minutes reducing the size of 

the results file. 

3.2.3 Results analysis 

The following tools are used fora na lysis purposes: 

• RayMan 1.2 (Rutz, et al., 2000) is used to calculate PET values; 
• The calculation method presented in NEN-EN 15251 (NNI, 2007) is used to calculate 

weighted overheating hours (GTO). 

Quality assurance 

The GHR variant is checked on temperatures inside the greenhouse zone. The model is accepted if 
the air temperature is 2 to 6°C higher than the ambient air temperature as was indicated by several 
sources(SenterNovem, 2008; NIBE, 2007; Beek, et al., 2009). Furthermore, the window controts are 
checked, whether the windows are opened at the desired conditions. 
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Performance Indicators 

The energy performance of the dwelling is assessed by the annual heating energy de mand and peak 
heating power demand. 

The usabie hours of the greenhouse are assessed on basis of the physiological equivalent 
temperature (PET) and compared to the outdoor elimate. PET values are calculated by means of 
RayMan (See Appendix 1}. The boundary limits for PET are set on basis of NEN-EN 15251 (NNI, 2007). 
The lower limit is set to 20°C and the upper limit to 26°C. 

"PET is defined as the physiological equivalent temperature at any given place (outdoors or indoors) 

and is equivalent to the air temperature at which, in a typical indoor setting, the heat bolanee of the 

human body (work metabolism 80 W of light activity, added to basic metabolism; heat resistance of 

dothing 0.9 c/o) is maintained with core and skin temperatures equal to those under the conditions 

being assessed." (Höppe, 1999) 

The indoor elimate of the dwellings is assessed on weighted overheating hours (GTO). For the 
dwellings, the operative temperature is calculated on basis of the air and mean radiant temperature. 
Subsequently, the GTO is determined on basis of the operative temperature. The limits for indoor 
temperature are set on basis of NEN-EN 15251 (NNI, 2007). The lower limit is fixed on 20°C and the 
upper limit on 26°C. No underheating hours are calculated, because the heating capacity is set 
unlimited. 

3.2.4 Monte Carlo sensitivity & uncertainty analysis on GHR in Culemborg 

After performing the casestudy, a Monte Carlo sensitivity and uncertainty analysis was conducted in 
order to get an indication which parameters have the highest influence on the indoor elimate and 
heating energy demand. Moreover, to get an indication how accurate the results are. The definitions 
of sensitivity and uncertainty are presented in the first chapter. 

Several sourees for sensitivity and uncertainty exist and have been identified (See Appendix J). In this 
research both the sensitivity and uncertainty, due to design options and the sensitivity and 
uncertainty due to physical and scenario parameters are distinguished and researched. Therefore 
two Monte Carlo variants are performed: 'Realistic' and 'Design'. The earlier created model of the 
greenhouse residence will serve as starting point for the simulations. 

Monte Carlo analysis 

This subsectien on Monte Carlo analysis is based on work of (Hopfe, 2009). Monte Carlo analysis for 
filtering, regression and correlation is a sampling based method. Monte Carlo analysis is an external 
global analysis method, which objective is identifying regions in the input that correspond to the 
output. The method is used to analyze the approximate distribution of possible results on basis of 
probabilistic inputs. All uncertain parameters are varied simultaneously with a fully probability 
distribution, in order to review the total sensitivity caused by the uncertainties in the entire input. 

The advantage of the Monte Carlo method is that it is able to handle non-linear input and output 
relations. This is practical for building performance simulation, as individual parameters do not 
behave linear in relation to the output. On the other hand, the method gives only total uncertainties, 
because the inputs are varied simultaneously. However, regression analysis and multivariate 
sampling can be used to quantify the sensitivity. 
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Programs & tools used for Input 

• MATLAB 2010a is used to create a stratified Latin Hypercube sample for the normally 

distributed parameters. MATLAB wilt also be used to randomly assign numbers to discrete 

parameters; 

• RoboTask 4.0 is used to batch the processof creating the modelsin lES. 

'Design' case- GHR Culemborg 

As mentioned, the earlier created model of the GHR serves as starting point for the simulations. See 
Figure 3-1 for an illustration of the base case. Several parameters are identified which can cause 
uncertainty and sensitivity in the results (See Appendix J). Table 3-2 shows the varianee in the 
parameters, i.e. possible chokes a designer can make within the margins of Dutch building 
regulations. The sourees where the information is taken from are included. These parameters are 
used to create a Latin Hypercube sample for 90 simulations. This value is chosen to equally divide 
the varianee in discrete parameters. 
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Design parameters 

Table 3-2 Values for sensltlvlty & uncertalnty analysls (design parameters) 

Design parameter Mlnvalue Meanvalue Maxvalue 

Control temperatures ["Cl -0.25 l1t +0.25 

Rc-value facade [m2·K/W) 2.5 [2) 10 [4,5) 

Rc-value roof [m2·K/W) 2.5 [2) 10 [4,5) 

Rc-value ground floor [m2·K/W) 2.5 [2) 10 [4,5) 

U-glazing [W/m' ·K] 4.2 [2] 2.5 1.8 [3) 

G-value [-) 0.8[6] 0.7 0.6[3] 

lnside solar absorptivity roof[-] 0.45 0.55 0.65 

lnside solar absorptivity floor (-] 0.45 0.55 0.65 

lnside solar absorptivity walls [-) 0.45 0.55 0.65 

lnside solar absorptivity glass [-) 0.45 0.55 0.65 

Outside solar absorptivity roof[-) 0.6 0.7 0.8 

Outside solar absorptivity floor [-) 0.6 0.7 0.8 

Outside solar absorptivity walls (-] 0.6 0.7 0.8 

Outside solar absorptivity glass [-) 0.6 0.7 0.8 

lnside emissivity roof[-) 0.8 0.9 1.0 

lnside emissivity floor [-] 0.8 0.9 1.0 

lnside emissivity walls [-] 0.8 0.9 1.0 

lnside emissivity glass (-] 0.8 0.9 1.0 

Outside emissivity roof[-) 0.8 0.9 1.0 

Outside emissivity floor [-) 0.8 0.9 1.0 

Outside emissivity walls [-) 0.8 0.9 1.0 

Outside emissivity glass [-) 0.8 0.9 1.0 

Orientation ["trom north] 0 180 360 

lnfiltration [h"'] 0.22 [4,5] 0.83 1.44 (7] 

Ventilation BG [dmj/s·m' ] 0.2075 [8](; 0.9 [8) 1.4 [9) 

Ventilation 2ND [dm3/s·m
2

) 0.2536 [8] 0 0.9 [8) 1.4 [9) 

Sun Jouvers lowered at sun incident 100 650 1200" 

[W/m
2

] 

lnternal gains [W/m'] 10% [lOt 190% 

Opening area windows [%) 0 50 100 

Exposure type[-] sheltered Semi exposed Exposed 

Indoor temperature set point for Ta,i>22.5 Ta,i>24 [15] Ta,i>25.5 [15) 

opening windows ("C) 

Outdoor temperature set point for Ta,o>5 [14] Ta,o>10 Ta,o>15 [14] 

opening windows ["C] 

lnfiltration greenhouse [h.'] 0.5 [11] 2.25 4.0 [12) 

G-value greenhouse 0.87 [6) 0.84 0.74 

U-glazing greenhouse [W/m2·K) 5.6 [13] 5.5 0.8[4,5) 

Sun Jouvers greenhouse lowered at sun 100 650 1200" 

incident [W/m2
] 

Opening area windows [%) 0 50 100 

Exposure type(-] sheltered Semi exposed Exposed 

Set point for opening windows ("Cl T>20 T>25 T>30 

All values are estimates, unless a reference is included tor the particular parameter. 

Remarks 

A:See Appendix L 

Changing ~ 

ofthe 

lnsulation 

Coupled 

Coupled 

C: 21 dm
3
/s 

0:7 dm'/s 

E: max lES 

F: See Appendix L 

& tor all: Ta,i>Ta,o 

& for all: Ta,i>Ta,o 

Coupled 

Coupled 

E: max lES 
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Notes: 

The glass surface of the dwelling is not taken into account. lt is only possible to add, remove or 
change the outside glazing surfaces by percentage in lES. Most of the glazing is placed inside the 
greenhouse ('internal'). Therefore, it is impossible to change this parameter by percentage in lES. 
Nonetheless, the set point for lowering shading devices is varied. This could also be considered as a 
variation of the glazing percentage. Despite the lowering of the shading devices, lES does not give a 
simpte output when shading devices are lowered. 

The specific active mass is not taken into account. Hoes, et al. (2009), identified this as sensitive 
parameter. lt is possible to change the specific active mass by altering the density (p) of the 
insulation. However, this has a direct effect on the Rc-values of the construction, which are already 
va ried by changing the conductivity (A). The U- and G-value of the glazing are coupled in the a na lysis, 
because both factors are dependent on each other in the chosen simulat ion tooi. 

[1] (NNI, 2008) §E.4- Table E.1 

[2] (VROM, 2010) §5.1 Minimal va lues forthermal insulation. 

(3] (NIBE, 2007) GHR in Culemborg, 'type 2' in this pubikation 

[4) (Boonstra, et al., 2006) 

[5] (Passiv Haus lnstitut, 2010) 

(6] {ISSO, 2002) Table 2.5-1 (single glazing) 

(7] (NNI, 2005) §5.3 

[8] (VROM, 2010) §5.2 (200 dm3/s per500m3 building volume) 

[9] (VROM, 2010) §3.10.1 Minimal vent ilation requirements 

[10](NNI, 2007) Annex B, Ventilation type I 

[ll]{NNI, 2008) §E.7- Table E.2 

[12](Bakker, et al., 1995) Table 4.4.1 (plastic construction) 

[13](Bakker, et al., 1995) Table 4.4.1 (old construction, glass, poor maintenance) 

[14](Woltering, 2007) p.46 

[15](Raja, et al., 2001) 

[16](Breesch, 2006) 

'Realistic' design and scenario case- GHR Culemborg 

As mentioned, the earlier created model of the GHR serves as starting point for the simulations. 
Figure 3-1 for an illustration of the base case. Several parameters are identified which can cause 
uncertainty and sensitivity in the results (See Appendix J). Table 3-3 shows the varianee in the 
parameters that can cause variation in the results due to physical and scenario uncertainties. The 
sourees where the information is taken from are included. These parameters are used to create a 
Latin Hypercube sample for 80 simulations. 
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Realistic parameters 

Table 3·3: Values for sensltfvlty & uncertalnty analysls (reallstlc parameters) 

Design parameter Mean value Standard devlatlon 

Control temperatures ["C) [1]" 0.25 [2] 

Rc-value facade [m2·K/W] 4.0 [3]8 [4,5,6] See tables 

Rc-value roof [m2·K/W] 4.5 (3]8 with construction 

Rc-value ground floor [m
2
·K/W] 3.5 [3]8 characteristics 

U-glazing [W/mz·K] 1.8 [3] 0.09 (7] 

G-value (-] 0.60 [3) 0.03 [8) 

lnside solar absorptivity roof(-] 0.55 0.0055 [9] 

lnside solar absorptivity floor [-) 0.55 0.0055 [9] 

lnside solar absorptivity walls (-] 0.55 0.0055 [9) 

lnside sol ar absorptivity glass (-] 0.55 0.0055 [9) 

Outside solar absorptivity roof[-) 0.7 0.007 [9) 

Outside solar absorptivity ft oor [-] 0.7 0.007 [9) 

Outside solar absorptivity walls [-) 0.7 0.007 [9) 

Outside solar absorptivity glass [-) 0.7 0.007 [9) 

lnside emissivity roof(-] 0.9 0.0198 [9) 

lnside emissivity floor [-] 0.9 0.0198 [9) 

lnside emissivity walls (-] 0.9 0.0198 [9] 

lnside emissivity glass [-) 0.9 0.0198 [9) 

Outside emissivity roof[-) 0.9 0.0198 (9] 

Outside emissivity floor [-] 0.9 0.0198 [9) 

Outside emissivity walls [-] 0.9 0.0198 [9) 

Outside emissivity glass (-] 0.9 0.0198 [9] 

Thickness construction layers [m) 10% [10] 

Orientation ("trom north] 45 [3) -
lnfiltration [dm3 /s·m2 

) 1.0 [11) 34% [12] 

Ventilation [dm3/s·m2
] 0.9 [13) 34% [12] 

Sun lauvers lowered at sun incident [W/m'] 250 [14] 12.5 [15) 

Internafgains [W/m'] [16] 13.2% [17] 

Set point or opening windows 25.5 [21) 0.5 

lnfiltration greenhouse [h''] 1.5 [18) 34% [12) 

G-value greenhouse 0.82 (19) 0.04 [8) 

U-glazing greenhouse [W/m
2
·K] 5.8 [20] 0.29 (7] 

Sun Jouvers greenhouse lowered at sun incident 250 [16) 12.5 [17] 

[W/m
2

] 

Exposure type Semi exposed Exposed/sheltered 

Set point for opening windows 24 2 

All values are estimates, unless a reference is included for the particular parameter. 

[1] (NNI, 2008) 

[2] (Breesch, 2006) 

[3] (NI BE, 2007) GHR in Culemborg, 'type 2' in this pubikation 

Remarks 

A: See Appendix L 

B: Changing À,p,c 

Changing ]\,p,c 

Changing ]\,p,c 

Coupled 

Coupled 

See Appendix L 

50% [21] 

Coupled 

Coupled 

[4) (Macdonald, 2002) Values derived from 'entity standard deviations' in appendix A 

[5] (Hopfe, 2009) 

[6] (Wit, 2001) 

[7) Estimation of ±5% according to Hopfe (2009) 
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[8] Estimation of ±5% according to Hopfe (2009) 

[9) According to Hopfe, et al. (2007) & Kotek, et al. (2007) based on work of Macdonald (2002) 

who derived average values from data collection of measurements and standards by Clarke 

et. al (1990) 

[10]According to (Hopfe, 2009), estimation by (Wit, 2001) 

[ll](NNI, 2008) recommended value 

[12]According to Hopfe (2009) & Hopfe, et al. (2009) & Kotek, et al. (2007) 

[13](VROM, 2010) §3.10.1 Minimal ventilation requirements 

[14]According to ISSO (1994) & Breesch (2006) 

[15]Estimation of 10%, according to Breesch (2006) 

[16](NNI, 2008) §E.7- Table E.2 

[17]According to (Hopfe, 2009; Hopfe, et al., 2007; Kotek, et al., 2007) 

[18](Bakker, et al., 1995) Table 4.4.1 (upper value glass construction) 

[19](1SSO, 2002) Table 2.5-1 (single glazing) 

[20](Woltering, 2007) p.46 

[21]According to Breesch (2006), basedon values from Nicol and Humphreys (2004). Windows 

opened by office user in UK is 0.5 at an (operative) indoor temperature of 25.5°C. 

3.2.5 Results analysis 

The results are analysed after the variants are created and the simulations have been performed. 

Programs & tools used for analysis 

The following tools are used for analysis purposes: 

• RayMan 1.2 (Rutz, et al., 2000) is used to calculate PET values; 
• The calculation method presented in NEN-EN 15251 (NNI, 2007) is used to calculate 

weighted overheating hours (GTO); 
• RoboTask 4.0 is used to automate the process to extract the results out of lES; 
• PASW statistics is used to calculate standardized regression coefficients; 
• MATLAB 2010a is used to calculate Spearman correlations. 

Performance indicators 

The energetic performance of the dwelling is assessed by annual heating energy demand and peak 
heating power demand. 

The usabie hours of the greenhouse are assessed on basis of the physiological equivalent 
temperature (PET) and compared to the outdoor environment. PET values are calculated by means 
of RayMan (See Appendix 1). The limits for indoor temperature are set on basis of NEN-EN 15251 
(NNI, 2007). The lower limit is set on 20°C and the upper limit on 26°C. 

"PET is defined as the physiological equivalent temperature at any given place (outdoors or indoors) 

and is equivalent to the air temperature at which, in a typical indoor setting, the heat bolanee of the 

human body (work metabolism 80 W of light activity, added to basic metabolism; heat resistance of 

dothing 0.9 c/o) is maintained with core and skin temperatures equal to those under the conditions 

being assessed." (Höppe, 1999) 
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The indoor elimate of the dwellings is assessed on weighted overheating hours (GTO). For the 
dwellings, the operative temperature is calculated on basis of the air and mean radiant temperature. 
Subsequently, the GTO is determined on basis of the operative temperature. The limits for indoor 
temperature are set on basis of NEN-EN 15251 (NNI, 2007). The lower limit is set on 20°C and the 
upper limit on 26°C. 

The uncertainty of the results is assessed by calculating the mean, minimal and maximal values of 
the total set of results. 

The sensitivity is assessed by calculating the Spearman correlation and standardised regression 
coefficient. These are appropriate indicators to analyse results obtained by Monte Carlo analysis 
(Saltelli, et al., 2008). In the results section, only the Spearman correlation wilt be presented as bath 
indicators should indicate the sa me relations. Furthermore, the unrealistic results wilt be excluded. 

3.3 Results 
This section of the thesis describes the results of the lES simulations. First, the case study will be 

discussed on annual heating energy demand, peak heating laad and thermal comfort. Then the 

Monte Carlo simulations will be discussed on the same subjects. In addition, the sensitivity and 

uncertainty of the results will be discussed. 

3.3.1 Case study 

The following graphs illustrate the annual heating energy demand, peak heating power demand and 
overheating of the dwellings. Subsequently, the usabie hours of the greenhouse are presented. On 
yearly average, the air temperature inside the greenhouse is 2.1°C higher than the ambient air 
temperature. 

Annual heating energy demand 

Figure 3-2 illustrates the annual heating energy de mand of the three variants per square meter floor 

area. The highest annual heating energy demand is predicted for the residence variant, whereas the 

highly insulated variant has the lowest annual heating energy demand. 

The annual heating energy demand of the GHR is approximately 50 kWh/m2 lower than the annual 

heating energy demand of the residence without greenhouse. The highly insulated variant with a 

building shell meeting passive house requirements has an annual heating energy demand of about 

50 kWh/m2
• This heating energy demand is higher than the 15 kWh/m2 that the passive house 

concept prescribes. Compared to the residence without greenhouse, the passive house measures on 

the building shell result in an annual heating energy demand reduction of 150 to 180 kWh/m2 in the 

studied case. 

Another phenomenon is the ditterenee in heating energy demand between the ground floor and 

second floor. The difference is the largest for the GHR variant with approximately 50 kWh/m2 and 

a bout 30 kWh/m2 for the residence variant. 
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• Greenhouse Residence 

• Residence (No GH) 

• Highly lnsulated (no GH) 

Ground Floor Second Floor 

Fisure 3-2: Annual heatins eneriY demand (kWh/m2
]- Case study 

Peak power demand for heatlng 

Figure 3-3 illustrates the peak power demand for heating of the three variants. The highest peak 

power demand for heating is predicted for the residence variant, foliowed up by the GHR variant. 

The highly insulated variant has the lowest peak power demand for heating. 

The attachment of the greenhouse on to the residence has only a little effect on the peak power 

demand for heating in the studied case. The decreasein peak power demand is about 0.5 kW. This in 

contrast to the heating energy demand illustrated in Figure 3-2, which showed a larger decrease 

regarding the variant with and without greenhouse. The peak power demand for heating of the 

highly insulated variant is a bout half the value of the other two variants. 

Furthermore, it can be observed that the peak power demand for heating on the second floor is 

lower for all variants than for the ground floor, whereas the heating energy demand did not show 

this effect for the highly insulated variant. The difference in peak power demand for heating of the 

residence and GHR is about 7 kW, and for the highly insulated variant about 3.5 kW. 
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Thermal comfort dweilins 

Figure 3-4 illustrates weighted overheating hours of the dwellings. The highly insulated variant has 

the highest occurrence of overheating hours, foliowed up by the GHR. For the residente, only 

overheating hours are calculated for the ground floor. 

The attachment of a greenhouse results in an increase of about 90 weighted overheating hours for 

the ground floor and an increase of a bout 75 weighted overheating hours for the second floor. 

The highly insulated variant has the highest number of weighted overheating hours. The ground 

floor has the largest risk on overheating with a value of over 300. The second floor has about 225 

weighted overheating hours. 

• Greenhouse Residence 

• Residence (No GH) 

• Highly lnsulated (no GH) 

Ground Floer Secend Floer 

Flgure 3-4: Annual welghted overheatlng hours dwelling [GTO; t.,>26°C] 

Thermal comfort greenhouse 

Figure 3-5 and Figure 3-6 illustrate the usabie time of the greenhouse zone and outdoor el imate in 

hours based on PET. Figure 3-5 shows how the usabie time is spread over the year, whereas Figure 

3-6 illustrates the total annual number of usabie hours. 

Both figures illustrate that the greenhouse zone can be used more than the outdoor environment. 

For this case, the greenhouse zone has about 75 more usabie hours compared to the outdoor 

environment. Furthermore, the largest increase in usabie hours occurs during the summer months. 

In contrast, during the winter months no usabie hours occur in the outdoor environment or in the 

greenhouse zone. 

lt can be observed that the greenhouse zone has no usabie hours during the month April whereas 

the outdoor environment has usabie hours during this period. This effect can be attributed to the 

shading devices, which are applied from April to September. 
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Figure 3-5: Monthly usabie time greenhouse zone per month; [n) hours per month that 20°C<PET<26°C 
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Flgure 3-6: Annual usabie time greenhouse zone; [n] hours per year that 20°C<PET <26°C 

3.3.2 'Design' case- Monte Carlo sensitivity & uncertainty analysis 

The following graphs illustrate results of the Monte Carlo simulations with Hypercube sampling for 
the 'design' variants. First, presenting the annual heating energy demand, peak heating power 
demand and overheating of the 'core dwelling'. Then, the usabie hours of the greenhouse are 
presented. The varianee in the results is indicated by error bars in the graphs, i.e. these error bars 
indicate the uncertainty of the results. In this case, the uncertainty shows the influence of the 
designer on the results within the boundaries of current Dutch building regulations. 

Annual heating energy demand 

Figure 3-7 illustrates the annual heating energy demand per square meter floor area. The lowest 

va lues of the design variants are approximately 42% lower than the mean value, whereas the highest 

values are 76 to 80% higher than the mean values. The base case had an annual heating energy 

demand of roughly 190 kWh/m2 for the ground floor and about 135 kWh/m2 for the second floor. 

The value for the second floor of the base case is almast equal to the average value of the design 

and realistic variant. 
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• Ground Floor 

• Second Floor 

Flgure 3-7: Annual heating energy demand dwelllng (kWh/m1
) 

Peak power demand for heating 

Figure 3-8 illustrates the peak power demand for heating of the dwelling. The average results are 

similar to the results of the base case presented earlier. The uncertainty of the design variants is 

about 34% of the mean value. Only the lowest value for the ground floer is different with a value, 

a bout 28% lower than the mean value. 

• Ground Floor 

• Second Floor 

Flgure 3-8: Peak power demand for heating of dwelling [kW] 

Thermal comfort dwelling 

Figure 3-9 illustrates weighted overheating hours of the dwelling. lt is visible that the uncertainty for 

the second floor is larger than for the ground floor. The peak values for the ground floor of the 

design variant amount respectively minus 32% and plus 45% of the mean value whereas the peak 

values of the second floer measure minus 50% and plus 80% of the mean value. 
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The base case presented earlier has about 100 weighted overheating hours for the first floor and 

roughly 75 weighted overheating hours in the second floor. These values fit inside the presented 

boundaries. 

• Ground Floor 

• Second Floor 

Flgure 3-9: Annual welghted overheatlng hours dwelling [GTO; t">26°C] 

Therm al comfort greenhouse 

Figure 3-10 and Figure 3-11 illustrate the usabie time of the greenhouse zone and outdoor 

environment in hours. Figure 3-10 illustrates the usabie hours per month over a year, whereas 

Figure 3-11 shows the total number of usabie hours duringa year. 

Bath figures illustrate that the greenhouse zone can be used more than the outdoor environment. In 

the base case, the greenhouse zone has 288 usabie hours. This value is below the lower limit of the 

design variants. The most useable time occurs during the summer months. In addition, the usabie 

time in the months March, September and October can be increased the most. On yearly basis, the 

total variatien in the results of the design variant amounts a bout 40% of the mean value. 
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Flgure 3-10: Usabie time greenhouse zone per month; [n] hours per month that 20°C<PET<26°C 

L F. van Ree, BSc 48/75 September 20, 2010 



Building performance evalustion of newly built greenhouse •esidences 

in termsof gy and thermal comfort 

800 

700 

600 

500 

• Design 
400 

• Outdoor 

300 

200 

100 

0 

Flgure 3-11: Annual usabie time greenhouse zone; [n) hours per year that 20°C<PET<26°C 

Sensltlvlty 

The sensitivity is determined for all performance indicators of the design variants by standardised 
regression coefficient (SRC) and Spearman correlation. In this thesis, the Spearman correlation is 
chosen to illustrate sensitivities. Furthermore, only the most sensitive parameters are presented as 
they have the largest influence on the concerned performance indicator. 

Sensitlvity- Annual heating energy demand 

Figure 3-12 represents the sensitive factors for the heating energy demand on the second floor 
according to the Spearman correlation. The heating energy demand of the second floor is very 
sensitive to the U & G-value of the greenhouse glass, lowering set point of the louvers, infiltration of 
the dwelling and insulation value of the roof. In this case, four sensitive factors are illustrated to 
show that they are identical to the sensitive factors for the peak power demand for heating. Only 
the sequence of the sensitive factors is differenttoeach other. 

-0.2 -0.1 0.0 0.1 0.2 0.3 

U & G-value glazing greenhouse 

1 I 
Lower louvers residence • Spearman 

I 
lnfiltration residence 

I Re roof residence 

Figure 3-12: Sensitivity to heating energy demand on the second floor [Spearman correlation) 

Sensitivity - Peak power demand for heating 

According to Figure 3-13, the peak power demand for heating on the second floor is very sensitive to 
the lowering set point of the louvers, U & G-value of the greenhouse glass, insulation value of the 
roof and infiltration of the dwelling. As mentioned above, here tour sensitive factors are illustrated 
to show that they are identica l to the sensitive factors for the annual heating energy demand. Only 
the sequence of the sensitive factors differs. 
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Figure 3-13: Sensitivity to peak power demand for heatlng on the second floor [Spearman correlation] 

Sensltlvlty - Annual welghted overheatlng hours dwelllng 

The sensitive factors for the overheating hours on the second floor according to the Spearman 
correlation are illustrated in Figure 3-14. The overheating of the second floor is very sensitive to the 
insuiatien of the roof, the U & G-value of the greenhouse glass, and the lowering set point of the 
lauvers attached tothegreen house. In addition, a fourth sensitive factor is included to illustrate that 
the temperature set point to open windows of the residence has a large influence on the 
overheating of the residence. 
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Figure 3-14: Sensitivity to overheating hours on the second floor [Spearman correlatlon) 

Sensitivity -Usable time greenhouse 

According to Figure 3-15 below, the usabie time of the greenhouse is the most sensitive to the 
lowering set point of the blinds attached to the green house, insuiatien value of the facade, and the 
opening area ofthe windows ofthe residence. 
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Figure 3-15: Sensitivity to useable time greenhouse zone [Spearman correlation] 
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3.3.3 'Realistic' case- Monte Carlo sensitivity & uncertainty a na lysis 

The following graphs illustrate results of the Monte Carlo simulations with Hypercube sampling for 
the 'realistic' variants. First, presenting the annual heating energy demand, peak heating power 
demand and overheating of the 'core dwelling' foliowed by the usabie hours of the greenhouse. In 
the presented graphs, error bars indicate the varianee in the results. These error bars illustrate the 
uncertainty of the results. In this case, the range represents the influence of physical and scenario 
uncertainties in the simulations. 

Annual heat lng energy demand 

Figure 3-25 illustrates the annual heating energy demand of the realist ic variants per square meter 

floor area. The average heating energy demand is almost similar for the realistic and earlier 

presented design variants. The realistic uncertainty amounts a bout 16% of the mean value. The base 

case had an annual heating energy demand of roughly 190 kWh/m2 for the ground floor and about 

135 kWh/m2 for the second floor. The value for the second floor of the base case is almost equal to 

the average value ofthe design and realistic variant. 

• Ground Floer 

• Secend Floer 

Figure 3-16: Annual heating energy demand dwelling (kWh/m2
) 

Peak power demand for heating 

Figure 3-28 illustrates the peak power demand for heating of the realistic variants. The average peak 

power demand for heating is almast equal for both the realistic variant and the in §3.3.2 presented 

design variants. The deviation in the results is larger for the design variant, compared to the realistic 

variant. Furthermore, the average results are sim i lar to the results of the base case presented earlier 

in §3.3.1. The uncertainty of the realistic variants amounts a bout 14% of the mean value. 
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• Ground Floor 

• Second Floor 

Flgure 3-17: Peak power demand for heatlng of dwelllng [kW) 

Thermal comfort dwelling 

Figure 3-18 illustrates annual weighted overheating hours of the dwelling. The varianee in the 

previous presented design variants is larger than the varianee in the realistic variants. Furthermore, 

it is visible that the uncertainty for the second floor is larger than for the ground floor. The 

uncertainty of the realistic variants amounts 10% for the ground floor and 18% for the second floor. 

The in §3.3.1 presented base case has about 100 weighted overheating hours for the first floor and 

roughly 75 weighted overheating hours in the second floor. These values fit inside the presented 

boundaries. 

• Ground Floor 

• Second Floor 

Figure 3-18: Annual welghted overheatlng hours dwelling [GTO; t">26°C) 

Thermal comfort greenhouse 

Figure 3-19 and Figure 3-20 illustrate the usabie time of the greenhouse zone and outside 

environment in hours per month, respectively per year. Both figures illustrate that the greenhouse 

zone can be used more than the outdoor environment. In the base case, the greenhouse zone has 

288 usabie hours. The most useable time occurs during the summer months. In addition, the usabie 
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time in the months March, April, September and October can be increased. The lowest value of the 

realistic variant is about 32% lower than the mean value whereas the highest value is about 80% 

higher than the mean value on annual basis. 
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Figure 3-19: Usabie time greenhouse zones per month; [n) hours per month that 20°C<PET<26°C 
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Figure 3-20: Annual usabie time greenhouse zone; [n) hours per year that 20°C<PET<26°C 

Sensitivity - Annual heating energy demand 

Figure 3-21 represents the sensitive factors for the heating energy demand on the second floor 
according to the Spearman correlation. The heating energy demand of the second floor is very 
sensitive to the U & G-value of the glass in the residence, thermal conductivity (À) of the roof, and 
density (p) of the roof. 
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Flaure 3-21: Sensitlvlty to heatln& ener&Y demand on the second floor [Spearman correlation] 

Sensltlvlty • Peak power demand for heatlng ground floor 

The most sensitive factors for the peak power demand for heating on the secend floer are similar to 
the sensitive factors for the annual heating energy demand. Figure 3-22 shows that the peak power 
de mand for heating energy of the second floer is very sensitive to the U & G-value of the glass in the 
residence, thermal conductivity (A) of the roof, and density (p) of the roof. 
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Flaure 3-22: Sensitivity to heatin& ener&Y demand on the second floor (Spearman correlatlon] 

Sensltlvlty- Annual weighted overheating hours 

Figure 3-23 gives the sensitive factors for the overheating hours on the secend floer according to the 
Spearman correlation. The overheating of the secend floer is very sensitive to the thermal 
conductivity (A) and density (p) of the wall, and the U & G-value of the glass in the residence. 
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Figure 3-23: Sensitivity to overheating hours on the second floor [Spearman correlatlon] 

Sensitivity- Usabie time greenhouse 

According to Figure 3-24 below, the usabie time of the greenhouse is the most sensitive to the 
specific heat capacity (c) of roof and wall of the residence, and outside emissivity of the roof of the 
residence. 

L.F. van Ree, BSc 54/75 September 20, 2010 



Building performance evaluatlon of newly built greenhouse residences 

in terms of energy and thermal comfort 

-0.4 -0.3 -0.2 -Q,l 0.0 0.1 0.2 0.3 0.4 

c roof residence 

1 • Spearman 
c wall residence 

1 
Outside emissivity roof residence 

Flgure 3-24: Sensltlvlty to usabie hours of the greenhouse [Spearman correlatlon] 

3.4 Discussion 

3.4.1 Explanation of the casestudy results 

• Annual heating energy demand decreases for GHR and highly insulated variant 

Regarding the residence, attaching a greenhouse decreases the annual heating energy demand with 
approximately 25%. This ditterenee can be attributed to the greenhouse. Firstly, the greenhouse 
zone acts as an extra insuiatien layer for the façades and roof. The greenhouse is controlled to 
capture heat trom the sun during the winter season. This heat is temporarily stared inside the 
greenhouse and preheats the infiltration air entering the dwelling. In addition, the greenhouse 
reduces wind effects on the dwelling. The positive effect of the greenhouse can even be larger. In 
this case, the greenhouse is equipped with shading devices preventing heat trom the sun to 
penetrate into the residence. 

The highly insulated variant with a building shell meeting passive house requirements has an annual 
heating energy demand of about 50kWh/m2

• This heating energy demand is higher than the 
15kWh/m2 that the passive house concept prescri bes. Nevertheless, only insuiatien and air tightness 
of the constructions have been improved whereas the passive house concept also prescribes 
measures like heat recovery. The annual heating energy demand is reduced by about 75% if the 
residence is highly insulated and air tightened. The measures are applied tagether so it is not 
possible to point out the exact effect of each action. Nevertheless, the annual heating energy 
demand of the GHR can be reduced further by increasing the air tightness. 

• Peak power demand for heating decreases for highly insulated variant 

The attachment of a greenhouse onto the residence decreases the peak power demand for heating 
by 0.5kW in the studied cases. Whereas the peak power demand for heating of the highly insulated 
variant is a bout half the value of theether two variants. The greenhouse has a positive effect on the 
heating energy demand. lt acts as extra insulation, reducing heat losses trom the dwelling. The effect 
of the insuiatien and air tightness of the highly insulated variant is largeras it further decreases the 
heat losses through the building envelope. 

• lncreasing overheating hours- decreasing heating energy demand 

The overheating hours for the GHR and highly insulated variant are increasing, whereas the annual 
heating energy demand decreased. The GHR variant shows an increase of 80 to 90 weighted 
overheating hours per floer and the highly insulated variant has an increase of 230 to 310 weighted 
overheating hours per floer. The extra insuiatien captures the heat inside the building. The effect is 
three times larger for the highly insulated variant, as the insuiatien and air tightness are further 
improved. 
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• Usabie hours greenhouse zone higher than usabie hours outdoor environment 

The greenhouse has, in relation to the outdoor environment, the largest increase in usabie hours 
during the months May to August. During summertime, the greenhouse envelope captures the heat 
if the outdoor air temperature drops below comfortable boundaries. 

During March, the greenhouse has less usabie hours than the outdoor environment. The greenhouse 
is equipped with shading devices; therefore, the solar flux into the greenhouse is controlled. As a 
result, the thermal comfort lies below the comfortable boundaries. 

During the winter months, no usabie hours occur in the outdoor environment or in the greenhouse 
zone. In this period, the solar irradiation from the sun is too low to compensate for the other 
important factors. 

3.4.2 Results of case study in relation to literature and other sourees 

• Annual heatlng energy demand is high in relation to SenterNovem reference dwelling 

A newly built detached SenterNovem referente dwelling has an annual heating energy demand of 
approximately 63kWh/m2 (DGMR Bouw BV, 2006). The residence without greenhouse has an annual 
heating energy demand of 200 to 230kWh/m2

• This value is more than three times higher than for 
the SenterNovem reference dwelling. The souree of this high value is identified by simulating the 
SenterNovem reference dwelling in lES and changing the characteristics step by step into 
camparabie values as used for the base case. This comparison and the souree of the ditterenee is 
described in §3.4.4. 

• Greenhouse usabie for 7 months 

According to the architects of the GHRs in Culemborg the greenhouse zone extents the outdoor 
season up to 8 or 9 months (Debets, 2006). The simulated GHR variant has usabie hours during 7 
months per year. In the simulated GHR variant, shading devices are attached to the facades and roof 
of the green house. In contrast, no shading devices are installed in the built GHRs (Vries, 2003). The 
possible usabie hours are discussed later on in this sectien dealing with the Monte Carlo a na lysis. 

• Overheating hours GHR 

For offices, weighted overheating hours should not exceed a threshold value of 150 (ISSO, 2004). 
The residence and GHR stay below this value, whereas the highly insulated variant exceeds this 
value. The maximum allowed overheating hours are basedon occupied hours, which are higherfora 
residence in comparison to offices. Therefore, a threshold value of 300 is also in use for residences 
(Veldman, 2007). The relation between the heating energy demand and weighted overheating hours 
was already discussed. More information on weighted overheating hours and annual heating energy 
demand of the GHR is presented in the Monte Carlo analysis results later on in this section. 

3.4.3 ldentification of sourees for high annual heating demand 

The detached SenterNovem reference dwelling is chosen to campare the annual heating energy 
demand and to identify the souree for the high value. Appendix D presents the characteristics of this 
reference dwelling. The annual heating energy demand of this dwelling amounts 62.8kWh/m2 

(SenterNovem, 2008). 

This detached SenterNovem reference dwelling is modelled in lES and the annual heating demand is 

fitted to the value mentioned above. See Figure 3-25 'SNR1' for an illustration of the model. In 

'SNR2', the floor-façade ratio of the model is changed into the same value as used for the GHR. In 
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'SNR3', the glazing percentage is also camparabie to the value used for the GHR design. 

Furthermore, the infiltration, ventilation and shading set points are changed. Table 3-4 displays the 

results of the simulations performed. 

SNRl SNR2 SNR3 

Figure 3-25: mustration of the different comparison types 

Table 3-4: Results SenterNovem reference comparlson 

Total annual heatlng energy demand [kWh/m2] 
SNRl SNR2 SNR3 

1.0 ACH infiltration & 0.0 ACH ventilation 59 76 76 
1.0 dm3/s·m2 infiitration & 0.9 dm3/s·m2 ventilation 164 172 176 
& shading on South & West@ 300W/m2 185 

Table 3-4 above illustrates that a combination of factors negatively influences the annual heating 
energy demand of the SenterNovem referente dwelling. The infiltration and ventilation set points 
which are adopted trom guidelines cause the annual heating energy demand for each type to more 
than double. Also the building layout causes an increase on the annual heating energy demand. 
SNRl is provided with shading devices; this reduces the solar flux into the dwelling and also results 
in an increasing annual heating energy demand. 

SNRl was highly insulated in order to compare the influence of the insulation on the annual heating 
energy demand of the highly insulated variant. Similar to the highly insulated variant no shading 
devices are applied and the window opening set points are also identical. The assumptions and 
result are displayed in Table 3-5 below. The value of 66kWh/m2 is camparabie to the result 
presented earlier which amounts about 50kWh/m2

• 

Table 3-5: Hlghly lnsulated SNRl assumptions and result 

Hlghly insulated SNRl 

RcValues 
U-value 
Shading 
lnfiltration 
Ventilation 
Windows opening 

Annual heatins energy demand 

lOm ·K/W 
0.7 W/m2·K 

No 
0.15 dm3/s·m2 

0.9 dm3/s·m2 

Ta>25.5 & Ta> Ta,o & Ta,o>12 
66 kWh/m 

The heating energy demand increases if shading devices are applied. The building shape of SNR3 is 
similar to the residence (without greenhouse). The ventilation and shading properties are a lso set to 
similar values. The assumptions and results are displayed in Figure 3-5 below. The values for the 
ground floor and attic, respectively 223 and 200kWh/m2 are camparabie to the values of the 
residence presented earlier in this thesis. 
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Table 3-6: Assum tions and results of shaded SNR3 

Shaded SNR3 Annual heatlng energy demand 
----·-·-----,-...-

Shading @250W/m all Total 223 kWh/m 

lnfiltration 1.0 dm3/s·m2 Ground Floer 229 kWh/m2 

Ventilation 0.9 dm3/s·m2 Attic 200 kWh/m2 

3.4.4 limitations of methad and results 

• Ventllation, infiltration and shadlng set points cause a high annual heatlng energy demand 

The set points for infiltration and ventilation are based on Dutch building standards. High values are 
chosen, i.e. 0.9 dm3/ s·m2 for ventilation and 1.0 dm3/s·m2 for infiltration in order to ensure a healthy 
and comfortable indoor climate. The drawback of this useful measure is a high annual heating 
energy demand. 

In addition, the application of shading devices reduces the solar flux into the dwelling and 
green house. The control set point of the shading devices is basedon recommendations. The shading 
devices also cause an increase in annual heating energy demand, whereas they are useful to prevent 
the occurrence of overheating hours. 

• Building shape of base case causes a high heating energy demand 

The base case has a large façade area in relation to the floor space. The choke for the GHR located in 
Culemborg is based on the information available for this design. In reality, the Culemborg GHRs are 
built in a row of connected dwellings whereas in this thesis the design is regarded as a detached 
type. Therefore, the heat losses to the environment cause a higher annual heating energy demand. 
For comparison, a detached SenterNovem reference dwelling has an annual energy demand of 
417MJ/m2 whereas a terraeed SenterNovem reference dwelling has an annual energy demand of 
360MJ/m2 (DGMR Bouw BV, 2006). 

• lnfluence and limitations of lES on GHRs 

Shading devices are applied in the studied GHR and residence variant. In lES, the set point for 
shading devices is only dependent on the incident solar flux. However, passive solar heating can 
decrease the annual heating energy demand during cold days. In addition, reguiatien of overheating 
hours could be possible on basis of indoor temperature controlled shading devices. Furthermore, lES 
does not include the application of shading devices on internal partitions inside the greenhouse. 
Shading devices on the internal partitions can be utilised to control the solar flux into the dwelling 
whereas the solar flux into the greenhouse is still available. This would allow a better control of 
thermal comfort and annual heating energy demand inside the dwelling and thermal comfort inside 
the greenhouse. 

In lES, it is possible to open windows on basis of control strategies. In the studied cases, the window 
control is based on indoor and outdoor air temperatures. lES offers the possibility to make the 
control depended on conditions in another zone. Nevertheless, there is no clear indicator to check 
whether the controls functions are acting on the desired manner. 

3.4.5 Explanation of the Monte Carlo sensitivity & uncertainty analyses results 

• The varianee in realistic annual heating energy is in the range of the design values 

The design parameters have a larger influence on the annual heating energy demand than the 
scenario and physical uncertainty parameters. The design analysis uses a larger range of input values 
in comparison to the realistic variants; therefore, the range of realistic results lies within the range of 
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the design results. Furthermore, the distribution of the design variants is not equal around the mean 
value. This difference can be caused by the discrete parameters for the glazing types and façade 
exposure. 

• The varianee In realistic peak heatlng power demand Is In relatlon wlth the surface area 

The peak power demand for heating is larger for the ground floor in relation to the second floor. As 
well, the uncertainty in peak power demand for heating is larger for the ground floor than for the 
second floor. The values for the design or realistic variants are almost equal when normalizing the 
va lues of the ground and second floor to the floor space. 

• The varianee In realistic peak heating power is In the range of the design va lues 

The design parameters have a larger influence on the peak heating power than the uncertain 
physical and scenario parameters. For the design analysis, a larger range of values is used in 
comparison to the realistic variants. In §3.4.1 it is already discussed that the thermal insulation 
influences the peak -power demand for heating. The insulation properties of the building envelope 
have a larger range in the designvariantsin comparison to the realistic variants; therefore, the range 
of realistic results lies within the range ofthe design results. 

The variation in design results for the peak power demand for heating of the ground floor is not 
distributed equally around the mean value. This can, again be attributed to the discrete parameters 
used in the Monte Carlo simulation. The effect is not visible on the second floor, but this can be 
caused by the smaller floor surface in comparison to the ground floor. 

• Uncertainty tor overheatins of the second floor Is larger than tor the ground floor 

The influence of the design parameters is about 4 times higher as the influence of the realistic 
parameters. This difference is again due to the larger varlation in parameters. In addition, the 
uncertainty of the overheating hours is larger for the second floor than for the ground floor. This 
effect can be attributed to different factors. The roof of the second floor is directly exposed to the 
outdoor environment. Furthermore, the second floor has a lot of glazing in relation to its floor area. 
Therefore, the glazing, insulation, shading and control setting can have a larger influence on the 
thermal sensation of the second floor than on the ground floor. 

• Sensitivity to heatlng energy demand, peak heatlng power, weighted overheatins hours, 

and usabie time of the greenhouse (design variants) 

The important parameters to which the annual heating energy demand, peak heating power, 
weighted overheating hours and usabie time of the greenhouse are very sensitive to are all related 
to heat gains/losses and insulation. The important factors include U & G-values of glazing, lowering 
set point of shading devices, infiltration rates, set points to open windows and insulation values of 
roof and wal I. 

• Sensltlvity to heating energy demand, peak heatlng power and welghted overheatins 

hours ( realistic varlants) 

The important parameters to which the annual heating energy demand, peak heating power and 
weighted overheating hours are the most sensitive to are all related to heat gains/losses and 
insulation. The important factors include U & G-values of glazing, and thermal conductivity (À) & 
density (p) of the roof and wal I. 
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• Sensltlvlty to usabie time of the greenhouse ( realistic varlants) 

In this case, the important parameters to which the usabie time of the greenhouse is very sensitive 
to are related to the residence insteadof to the greenhouse. The important factors the specific heat 
ca pa city of the walland roof of the residence, and outside emissivity of the roof of the dweil ing. 

• Usabie hours greenhouse zone of realistic variant are lower than the usabie hours of the 

design variant 

The usabie hours of the realistic variant are not in the range of the design values. Th is is because the 
parameters for the greenhouse zone do not have the same mean value and range in both cases. 
Especially the set point for lowering shading devices is different in both cases. In the design variant, 
the mean value is 6SOW/m2 to lower the shading devices with a deviation of SSOW/m2 whereas the 
realistic variant has a mean value of 250W/m2 with a deviation of 12.SW/m2

• This in combination 
with the variatien in infiltration and glazing properties results in different values. 

• Sensltivity to usabie time greenhouse zone 

The usabie time of the greenhouse zone is calculated on basis of PET. The mean radiant and air 
temperature, relative humidity and global radlation are values stemming trom the lES simulations. 
Therefore, the important parameters to which the usabie time of the greenhouse is sensitive to are 
all reiated to heat gains/losses and insulation. The parameter for outside emissivity and specific heat 
capacity are not iceable in the realistic case whereas the design case illustrated important 
parameters like the set point for lowering blinds, and opening area of the windows. All these 
characteristic can be attributed to the application of PET. The emissivity influences the mean radiant 
temperature and radiation inside the greenhouse. 

• Design options; Heating energy vs. Comfort 

The obtained results can be used to choose optimum design options. The following Figure 3-26 gives 
an example of the relation between the annual heating energy demand and annual weighted 
overheating hours for the ground floor of the design variant. The squares represent results of 90 
simulations. 

The 'base case' GHR of the case study is on the bottorn of the cloud. The base case has an annual 
heating energy demand of approximately 195 kWh/m2 (see Figure 3-2) and about 100 weighted 
overheating hours for the ground floor (see Figure 3-4). Figure 3-26 shows that the designer has the 
possibility to search for options within the building regulations to design a building with a good 
thermal comfort and low annual heating demand. This exercise can also be performed on other 
performance indicators. 

Furthermore, the tigure shows that, in genera!, an increase in heating energy demand goes along 
with a decrease in overheating. This effect is mainly caused by ventilation and shading measures in 
the performed simulations. 
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3.4.6 Results of Monte Carlo studyin relation to literature and ether sourees 

• Annual heating energy demand is high in relation to SenterNovem reference dwelling 

(realistic & design) 

§3.4.2 describes that the annual heating energy demand of the base case is high in relation to 
literature. As the base case is used to create the models for the design and realistic variants, the 
sa me claim is valid here. 

The design study illustrates that values of about 100kWh/m2 (ground floer) to 6SkWh/m2 (second 
floer) are possible. The annual heating energy demand can be decreased further by removing the 
shading devices and changing the building layout. For comparison, a detached SenterNovem 
reference dwelling has an annual heating energy demand of 63kWh/m2 whereas a terraeed 
SenterNovem reference dwelling has an annual heating energy demand of 44kWh/m2 (DGMR Bouw 
BV, 2006). Thus, the terraeed house has 29% less annual heating energy demand than a detached 
dwelling. In addition, 71% of the lewest value of the design variant equals 46kWh/m2 this value 
corresponds to the value of 48kWh/m2 indicated by an inhabitant of a Culemborg (Ree, 2010). 

• Greenhouse usabie up to 600 hours during 8 months (realistic) 

According to the architects of the GHRs in Culemborg the greenhouse zone extents the outdoor 
season up to 8 or 9 months (Debets, 2006). The 'realistic' analysis indeed illustrates that the use of 
the greenhouse zone can be extended to 8 months per year. Expressing the usabie time in hours 
gives 600 usabie hours per year in comparison to roughly 210 hours for the Dutch outdoor climate. 

• Greenhouse usabie up to 750 hours durlng 10 months (design) 

The design analysis illustrates that the useable time of the greenhouse zone can be extended up to 
750 hours during 10 months per year. Figure 3-27 displays the monthly usabie hours of the outdoor 
environment and the greenhouse zone of 'design' and 'realistic' variants. 
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• Weighted overheating hours GHR are acceptable (design) 

One hundred and fifty weighted overheating hours is the boundary value for an acceptable thermal 
comfort in offices in the Netherlands (ISSO, 2004). The realistic values of the GHR stay below this 
value, indicating that the indoor thermal comfort of the GHR is acceptable. 

• Weighted overheating hours GHR are acceptable (design) 

The upper ranges of the design variants exceed the boundary value of 150 weighted overheating 
hours. Nonetheless, maximum allowed overheating hours are based on occupied hours, which are 
higherfora residence in comparison to offices. Therefore, a threshold value of 300 is also in use for 
residences (Veldman, 2007). lf a value of 300 GTO hours is used as threshold value, the GHR remains 
within the boundaries. 

• Sensitivities in relation to literature (design & realistic) 

Appendix J identifies different sourees for uncertainty and sensitivity in building performance 
simulation according to available literature. Amongst the most important factors are the thermostat 
set point, glazing U and G-value, conductivities, transparency of the façades, infiltration and 
ventilation rates. In this thesis, the most sensitive parameters for annual heating energy demand, 
peak heating power and weighted overheating hours are indeed sensitive to U & G-values of glazing, 
lowering set point of shading devices, infiltration rates, set points to open windows and insulation 
values of roof and wall. 

Extra mass inside a conservatory, for example a stone floor can have a beneficia! effect on the 
energy demand of a residence. The mass can temporarily capture the solar heat for one or two 
hours in the mass (SenterNovem, 2008). In this research, this factor is not amongst the most 
influential parameters. 

3.4.7 Limitations of method and results 

• lnfluence and limitations of Monte Carlo analysis method 

In the Monte Carlo analysis, all uncertain parameters are varied simultaneously with a full 
probability distribution in order to review the total sensitivity caused by the uncertainties in the 
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ent i re input. Beneficia I of this method is that it is a bie to cope with non-linear input-output relations. 
Nevertheless, the method gives only total uncertainties as the inputs are varied simultaneously. 

Regression analysis and Latin Hypercube sampling are used to quantify the sensitivity to the 
individual parameters, representing the sensitivity by a normalized regression or correlation 
coefficient. The most important factors can be picked out as all sensitivities are equally scaled. A 
limitation is that the va lues are not representing absolute va lues. 

• lnfluence and limitations of lES on MonteCarlo simulations 

lES does not provide the means to perfarm a Monte Carlo simulation. The software is commercial 
and therefore it is not completely clear how all building components, control strategies and set 
points are stored. lt would be convenient to automate the pre-processing by programming text files 
that contain the basis for the required models. In this research, RoboTask is used to automate the 
process and create different models. Only the control settings are changed automatically in text 
files. A batch module is integrated in lES granting the option to run different simulations in one cycle. 
Nonetheless, the program is notstabie enough to run 80 or 90 simulations in one cycle. 

lES has the option to change the glazing percentage of façades by percentage. Th is option only works 
on external façades. Therefore, it was not possible to automate the change of glazing percentage in 
lES. 

• Building shape of base case causes a high heating energy demand 

The building shape of the design has a negative effect on the heating energy demand. This is already 
discussed in §3.4.4. 

• Ventilation, infiltration and shading set points cause a high annual heating energy demand 

In sectien §3.4.4, it is already discussed that the set points for infiltration, ventilation and shading 
are beneficia! for thermal comfort and healthy indoor conditions. The drawback of these useful 
measures is a high annual heating energy demand. lf other values are chosen, more overheating 
hours and less annual heating energy demand is possible. 

3.5 Conclusions 

3.5.1 Annual heating energy demand 
• GHR saves 25% on annual heating energy demand in comparison to a residence without 

greenhouse in the case study 

• Insuiatien measures are more effective regarding energy demand in comparison to a 

greenhouse 

The attachment of a greenhouse onto a dwelling can save 25% on the annual heating energy 
demand. Under favourable conditions, the heating energy demand of a GHR can be decreased to 
approximately 46kWh/m2

• Nevertheless, insuiatien measures are more effective, regarding the 
heating energy demand saving of around 75% in the base case. 

• The realistic physical and scenario uncertainty for annual heating energy demand amounts 

16% of the mean value 
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• The designer has an lnfluence of up to 75% of the mean value on the annual heatlng 

energy demand 

• The bullding shape has a large lnfluence on the annual heatlng energy demand 

• The annual heatlng energy demand Is sensltlve to heat galns/losses and insulatlon 

The annual heating energy demand is sensitive to heat gains/losses and insulation values. The 
important factors include U & G-values of glazing, lowering set point of shading devices, infiltration 
rates, and insulation value of the roof in the design analysis. In the realistic analysis, the most 
important parameters are U & G-values of glazing, and thermal conductivity (À) & density (p) of the 
roof and wal I. 

3.5.2 Peak power demand for heating 
• The attachment of a greenhouse onto a dwelling does not have a large influence on the 

peak power demand for heatlng 

• Highly insulating a residence reduces the peak power demand for heating wlth about 50% 

in the case study 

The attachment of a greenhouse onto a dwelling reduces the peak power demand by O.SkW (5 to 
10%). Highly insulating a residence has a larger influence. 

• The realistic physical and scenario uncertainty for peak power demand for heating 

amounts 14% of the mean value 

• The designer has an influence of about 34% of the mean value on the peak power demand 

for heating 

• The peak heating power is sensitive to heat gains/losses and insulation 

In the design analysis, the annual peak power demand for heating is sensitive to heat gains/losses 
and insulation values. The important factors include U & G-values of glazing, lowering set point of 
shading devices, infiltration rates, set points to open windows and insulation value the roof. In the 
realistic analysis, the most important parameters are U & G-values of glazing, and thermal 
conductivity (À) & density (p) of the roof and wal I. 

3.5.3 Weighted overheating hours 

• Thermal comfort of residence and GHR are within acceptable boundaries 

• Weighted overheatins hours of highly insulated variant exceeds the acceptable boundaries 

The therm al comfort of the considered residence and GHR design are within acceptable boundaries 
whereas the highly insulated variant exceeds the comfortable boundaries for weighted overheating 
hours. 

• The realistic physical and scenario uncertainty for weighted overheatins hours amounts 10 

to 18% of the mean value 

• The designer has an influence of up to 80% of the mean value on the weighted 

overheatins hours of the GHR 
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lf the GHR is not designed with enough care, the comfortable weighted overheating hours can be 
exceeded. 

• Welghted overheatlng hours are sensltlve to heat galns/losses and lnsulatlon 

The weighted overheating hours is sensitive to heat gains/losses and insulation values in the design 
analysis. The important factors include insulation value of the roof of the residente, U & G-values of 
greenhouse glazing, lowering set point of shading devices, and set points to open windows. In the 
realistic analysis, the most important parameters are thermal conductivity (À) and density (p) of the 
wall, and the U & G-value of the glass in the residente. 

3.5.4 Energy vs. comfort 

• Decreasing annual heating energy demand causes an increase in overheating hours 

In genera!, an increasing heating energy demand goes along with a decrease in the number of 
overheating hours. This effect is mainly caused by ventilation and shading measures in the 
performed simulations. 

3.5.5 Usabie hours greenhouse 

• 214 usabie hours outdoor elimate in the Netherlands 

• 288 usabie hours greenhouse zone of 'base case' GHR 

• Usabie hours greenhouse zone of a GHR can be increased up to 750 hours during 10 

months 

• Largest increase in usabie greenhouse hours compared to the outdoor elimate occurs 

during the summer months 

lf the design of a GHR focuses on the usabie hours of the greenhouse, the greenhouse can be used 
during up to approximately 750 hours during 10 months of the year. In comparison, the Dutch 
outdoor elimate has about 214 usabie hours during 7 months. 

• Usabie time greenhouse is sensitive to heat gains/losses and insulation 

The usabie time of the greenhouse zone is calculated on basis of PET. The mean radiant and air 
temperature, relative humidity and global radiation are values stemming from the lES simulations. 
The most important factors include lowering set point of shading devices, insulation value of the 
façade, and opening area of the windows. In the realistic a na lysis, the usabie time of the greenhouse 
zone is the most sensitive to the specific heat capacity of walland roof of the residente, and outside 
emissivity of the roof of the dwelling. These factors affect the radiation, temperature, and mean 
radiant temperature inside the greenhouse zone, which are related to the PET calculation. 

L.F van Ree, BSc 65/75 September 20, 2010 



Building performance evaluation of newllf built greenhouse residences 

in terms of energy and thermal comfort 

4 
Conclusions and Recommendations 

In the research conducted, the building performance of GHRs is evaluated in terms of energy and 
thermal comfort. The first chapter of this thesis sketched the braader perspective of currently 
important issues in the built environment and described the open questions and problems of GHRs 
on basis of available informat ion. Furthermore, introducing the methad applied with different case 
studies by means of two building si mulation tools. Chapter 2 described the case studies with EPW on 
the energy performance and thermal comfort of GHRs. Chapter 3 described the simulations with lES, 
which also focused on energetic performance and thermal comfort. This chapter also discusses the 
thermal comfort of the greenhouse zone and the sensitivity & uncertainty of GHRs. 

4.1 Conclusions 

The conclusions are presented on basis of the objectives, formulated in the introduetion of this 
thesis, foliowed by the overall conclusions of the research. This chapter conetudes with 
recommendations for future research. 

Evaluate the energy demand and thermal comfort of a GHR design, using methods that are 

suitable for the design stage (such as EPN and a dynamic building simulation tooi) 

• EPN is not a suitable choice to evaluate the energy demand and thermal comfort of a GHR: 

Firstly, EPN does nat give an indication on the thermal comfort inside the greenhouse zone of a GHR. 
In addition, EPN only offers the possibility to preheat ventilation air in the greenhouse zone with 
predefined efficiencies in the extended method. Furthermore, EPN prediets the annual heating 
energy demand to increase fora GHR whereas the overheating decreases. 

• lES is a suitable choice to evaluate the energy demand and thermal comfort of a GHR, 
neverthe/ess an extra tooi Is required to determine the therma/ comfort of the greenhouse 

zone: 

lES is applicable to evaluate the energy demand and thermal comfort of GHRs. lES has some 
limitations, but it is possible to implement the GHR. The usabie time of the greenhouse zone is 
evaluated on basis of the physiological equivalent temperature (PET). Output from lES is used as 
input in the program RayMan to calculate the PET, which is the basis to check how many hours the 
greenhouse zone is usable. 
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Evaluate the usablllty of the greenhouse space (In terms of thermal comfort) In relatlon to the 

outdoor elimate 

• Usabie time Dutch outdoor elimate amounts 214 hours; 
• Usabie time greenhouse con be increased up to 750 hours durlng 10 months; 
• Largest increase In usabie greenhouse hours occur during the summer months: 

lf the design of a GHR focuses on the usabie hours of the greenhouse, the greenhouse can be used 
up to 750 hours during 10 months of the year. In comparison, the Dutch outdoor elimate has 214 
usabie hours during 7 months. 

Campare the energy performance and thermal comfort of GHR in relation to residentlal building 

concepts 

• lES illustrates that Insu/ation measures are more effective than attaching a greenhouse to 

a residence, regarding annua/ energy demand: 

The attachment of a greenhouse onto a dwelling can save 25% on the annual heating energy 
demand. Under favourable conditions, the heating energy demand of a GHR can be decreased to 
approximately 46kWh/m2

• Nevertheless, insuiatien measures are more effective, regarding the 
heating energy demand saving of around 75% in the base case. 

• GHR saves 25% on annual heating energy demand In comparison to a residence without 
greenhouse; 

The attachment of a greenhouse onto a dwell ing can save 25% on the annual heating energy 
demand according to lES. Under favourable conditions, the heating energy demand of a GHR can lie 
around values of 46 kWh/m2

• Nevertheless, insuiatien measures are more profitable, regarding the 
heating energy demand saving of around 75% in the base case. 

• The aftachment of a greenhouse onto a dwelling does not have a large lnfluence on the 
peak power demand lor heating; 

• Highly insulatlng a residence reduces the peak power demand for heating with about 50%: 

The attachment of a greenhouse onto a dwelling reduces the peak power demand by 0.5 kW (5 to 
10%). Highly insulating a residence has a larger influence. 

• Thermal comfort of resldence and GHR are within acceptable boundaries; 
• Weighted overheating hours of highly insulated variant exceeds the acceptable 

boundaries: 

The thermal comfort of the considered residence and GHR design are within acceptable boundaries 
whereas the highly insulated variant exceeds the comfort boundaries for weighted overheating 
hours. 

Flnd out the main factors that affect the energy performance and thermal comfort of newly built 

GHRs 

• The annual heatlng energy demand is sensitive to heat gains/losses and insulation: 

The annual heating energy demand is sensitive to heat gains/losses and insuiatien values. The 
important factors include U & G-values of glazing, lowering set point of shading devices, infi ltration 
rates, and insuiatien value of t he roof in the design analysis. In the rea listic analysis, the most 
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important parameters are U & G-values of glazing, and thermal conductivity (À) & density (p) of the 
roof and wall. 

• The peak heatlng power demand Is sensltlve to heat galns/losses and lnsulatlon: 

In the design analysis, the annual peak power demand for heating is sensitive to heat gains/losses 
and insuiatien values. The important factors include U & G-values of glazing, lowering set point of 
shading devices, infilt ration rates, set points to open windows and insuiatien value the roof. In the 
realistic analysis, the most important parameters are U & G-values of glazing, and thermal 
conductivity (À) & density (p) of the roof and wall. 

• Weighted overheatlng hours are sensitlve to heat galns/losses and insulation: 

The weighted overheating hours is sensitive to heat gains/losses and insuiatien values in the design 
analysis. The important factors include insuiatien value of the roof of the residence, U & G-values of 
greenhouse glazing, lowering set point of shading devices, and set points to open windows. In the 
realistic analysis, the most important parameters are thermal conductivity (À) and density (p) of the 
wall, and the U & G-value of the glass in the residente. 

• Usabie time greenhouse is sensitlve to heat ga/ns/losses and insulatlon: 

The usabie time of the greenhouse zone is calculated on basis of PET. The mean radiant and air 
temperature, relative humidity and global radlation are values stemming from the lES simulat ions. 
The most important factors include lowering set point of shading devices, insuiatien value of the 
façade, and opening area of the windows. In the real istic a na lysis, the usabie time of the greenhouse 
zone is the most sensitive to the specific heat capacity of wall and roof of the residence, and outside 
emissivity of the roof of the dwelling. These factors affect the radiation, temperature, and mean 
radiant temperature inside the greenhouse zone, which are related to the PET calculation. 

Evaluate how accurate the obtained results are 

• The realistic physical and scenario uncertainty for annual heating energy de mand amounts 
16% of the mean value; 

• The realistic physlcal and scenario uncertalnty for peak power demand tor heating 
amounts 14% of the mean value; 

• The realistic physical and scenario uncertainty tor weighted overheating hours amounts 10 
to 18% of the mean value. 
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4.2 General concluslons 

The research conducted revealed the followlng set of general concluslons: 

• EPN is nota suitable choice to evaluate the energy demand and thermal comfort of a GHR; 

• lES con be used to evaluate the energy demand and thermal comfort of a GHR; 

• An extra performance indicator (in this research PET) is required to determine the thermal 

comfort of the greenhouse zone. 

• Insu/ation measures are more effective than attaching a greenhouse onto a dwelling, solely 

regarding the reduction in annual heating energy demand. A greenhouse saves about 25% on 

annual heating energy demand compared to a residence without greenhouse whereas highly 

insulating the residence saves about 75 %; 

• lt is possible to optimise a GHR in such a manner that the greenhouse zone is usabie for up to 

750 hours a year, during 10 months; 

• The largest increase in usabie time of the greenhouse zone compared to the outdoor elimate 

occurs during the summer period; 

• A proper/y designed GHR does not exceed therm_al comfort limits i.e. weighted overheating 

hours. 

• The /ES simu/ation results of the considered Culemborg GHR design have a physical and 

scenario uncertainty of 10 to 18 percent; 

• The most sensitive parameters are related to heat gains/losses and insulation. 

In conclusion, we can say that a GHR has benefits in terms of annual heating energy demand and 
usabie hours of the garden zone; nonetheless, highly insulating is more effective as it saves more 
heating energy. lf a GHR is properly designed it is possible to reduce the annual heating energy 
demand with an acceptable thermal comfort and usabie outdoor hours. lt needs to be addressed 
that a GHR has the benefit of the outdoor space, in comparison toother building concepts. lf future 
building owners are well informed, they might choose a GHR on basis of the presented information. 

4.3 Recommendations for future research 

The GHR is a detached dwelling in this research. Other building layouts, i.e. a row of connected GHR 
can give more information on the building performance of GHRs. 

This thesis addresses the evaluation of GHRs in terms of energy and thermal comfort. The first 
introductory chapter already indicated that the Culemborg GHR is not very sustainable with respect 
to materials as it scored an F in GreenCalc+. Further research on materials, for example a life cycle 
analysis can give more information on this topic. 

In this research, the GHR is controlled by heating and passive measures to regulate the thermal 
comfort. The building performance of the GHR concept can be further optimised by implementing 
additional active and passive measures like solar collectors or active cool ing. 

The GHR has clear benefits in terms of heating energy demand and usabie time of the greenhouse 
zone. The question remains, whether the benefits counterbalante the costs. A cast-benefits analysis 
can give an answer to this open question. 
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Appendix A; 
Built GHRs 

Several GHRs have been built in different countries. Table_ 1, on the next page gives an indication of 
residences that comply with the greenhouse residence definition and have been built before 2010. 

lf available, the following information is given of the projects: 

• Construction year; 

• Country; 

• Place; 

• Building name; 

• Architects; 

• And casts . 

In addition, the references are given for more information of the projects. 

Note that the intention of the list is to give an indication of realised GHR projects. The list shows that 
the concept is not only applicable in the Netherlands. 
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An overview of currently built dwellings that comply with the GHR concept. 

Table. l: Built restdences that comell wlth the GHR conceet 

Year Country Locatlon Name Archltect(s) Costs 

1964 SWE Uttran, Salem Water Lily House BengtWarne 

1976 SWE Sattsjöbaden- Nature house 1 Bengt Warne 

Stockholm (SWE: Naturhuset) 

1986 DEU Hamburg Nature house BengtWarne 

Jo Glössel 

Thieman 

1986 NLD Almere The reallty Flip Holvast 

(NL: De realiteit) Dan van Woerden 

1988 DEU Stuttgart Urban nature house BengtWarne 

Jo Glössel 

1993 FRA Floirac Lapatle house 2 Lacaton Vassal € 55,275 3 

(FR: Maison Lapatie) (exclusive of tax) 

1995 JPN Jamoto-Shl near F3 House Koh Kltayama 

Tokyo Takamori 

Va ma moto 

1997 FRA Oordogne House 
2 

Lacaton Vassal € 115,000 3 

(exclusive of tax) 

1999 DEU Knoblauchsland Residence Wledermöhrmeler 

near Nürnberg (GE: Wohnhaus) architects 

2000 FRA Coutras, Gironda Residence 2 Lacaton Vassal € 64,800 3 

(exclusive oftax) 

2001 DEU Gleissenberg Lang-Krolt House Nagter architects 

2002 NLD Culemborg 6x Greenhouse residence 7 KWSA architects: € 1, 700,000 8 

(NL: Kaswoning) type 11 (Total; inclusive of 

buildings services, 

ground, tax) 

2004 SWE Vönersborg Nature house Bengt Warne 

2004 SWE Vllrmdö Nature house BengtWarne 

2005 NLD Culemborg 5x Greenhouse residence 7 KWSA architects € 1,908,000 9 

(NL: Kaswoning) type I (Total project, 

inclusive of 

buildings services, 

ground and tax) 

2005 FRA Mulhouse Social Housing, Mulhouse 2 Lacaton Vassal € 1,050,000 3 

(€75,000 per 

residence, 

exclusive of tax) 

2009 NLD Culemborg 6x Greenhouse residence10 KWSA architects 

(NL: Kaswoning) type I 
1 (@daughters, 2010) 
2 (Lacaton & Vassal Architects, 2010) 
3 (Gill, 2006) 
4 (Architecture workshop ltd, 2010) 
5 (Braun, 2001) 
6 (Dorp, Stad & Land, 2010) 
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7 (NIBE, 2007) 
8 (Beek, et al., 2009) 
8 (Vries, et al., 2007) 

Building costs/residence: € 137,000- 277,000; 
Development costs/residence: € 240,000- 400,000; 

9 (Debets, 2006) 
10 (KWSA Architecten VOF, 2010) 
11 (De realiteit) 
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Appendix B; 
First Row GHRs Culemborg 

The first row of GHRs in Culemborg consists of 5 dwellings. Four dwellings have a surface area of 
120m2 and one dwelling measures 170m2

• The occupancy of the five dwellings varies from 3 to 5 
inhabitants (Ree, 2010). 

Location 

The illustration below shows the location of the GHRs in Culemborg. 

1J' North 

< 
\.• 

2.~d · row greenhouse residences 

Figure_ 8-1: Location Culemborg GHRs. mustration adopted from (Vries, 2003) 

Building plans & Layout 

Figure_ B-2 and Figure_ B-3 below display the layout and building plan of the residences. 

Figure_ 8-2: Floor plans of the first row GHRs. mustration adopted from (Vries, 2003) 
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a H • b t · • 

Figure_ B-3: Cross-sections of the first row Culemborg GHRs, mustration adopted from (Vries, et al., 2007) 

Building physical characteristics 

The table below shows the most important building physical characteristics ofthe GHRs. 

Table_ 2: Building physical characteristics first row Culemborg GHRs (NIBE, 2007; 
SenterNovem, 2007) 

Building physical characteristics first row greenhouse residences, Culemborg 
Rc-value façade 4.3 m' K/W 

Rc-value roof 

Rc-value ground floor 

U-value windows 

g-value windows 

Blinds 

Heating type 

Heating supply 

Ventilation type 

Heat recovery 

DHW supply 

Solar hot water system 

PV panels 

Greenhouse attached 
Orientation greenhouse 

Energy consumption 

4.7 m2K/W 

3.8 m2K/W 

1.47W/m2K 

0.6 

No 

Lew temperature floer heating 

Condensing boiler 

Balanced ventilation 

90% 

Combination boiler 

yes 

yes 

Yes 

South 

Several GHRs have been built in different countries. The energy consumption of the first row GHRs in 
Culemborg was monitored. Table_ 3 to Table_ 5 give an indication on the energy consumption of 
these residences. The information below can only be used as an indication for the actual energy 
consumption, because it is impossible to validate the numbers. Furthermore, the sourees indicate 
that the measurements were not performed regularly and some data is missing. 

Table_ 3 Yearly energy consumption- first row Culemborg GHRs (Oortwijn, 2006) 

Yearly energy consumption first row greenhouse residences Culemborg 

Year 2003 2004 2005 2006 

Total (GJ] 72 70 67 83 

L.F. van Ree, BSc VI/Lil I September 20, 2010 
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Table_ 4: Average ene!'ft consumptlon = flrst row Culembo'J GHRs 

Average yearly energy consumptlon flrst row greenhouse resldences Culemborg 

period May '03 = Apr '03 May '05 = Apr ' 06 

Number of dwellings [n] 3 3 

accupants [n] 

Electricity [kWh] 

Natural gas [m3
] 

3.7 

4324 

1177 

3.7 

5080 

1186 

As well, monitoring data was obtained for the period 2003 - 2007 of the first row GHRs in 

Culemborg (Ree, 2010). Notall measured va lues are reliable, because the monitoring period was not 

identical for all dwellings. ane dwelling is excluded from the results, as it is larger (measuring 170m2 

whereas the four others measure 120m2
) Furthermore, one dwelling was monitored every half year, 

whereas the others were reported every year. All these limitations have been taken into account, 

which gives the following results: 

Table_ 5: Average ene')Y consumptlon = flrst row Culemborg GHRs 

Average yearly energy consumption first row greenhouse residences Culemborg 

period 2003 - 2007 

Number of dwellings [n] 4 

accupants [n] 

Electricity 

Natural gas 

Total 

3.5 

5405 [kWh] 

1305 [m 3
] 

90 [GJ) 

45 [kWh/m 2
] 

10.9 [m3/m 2
] 

0.7 [GJ/ m2
) 

The natural gas consumption equals 41 GJ for heating and dornestic hot water on a floor space of 

120 m2
• Assuming a bout 78 percent of the gasforspace heating (IEA, 2008) gives an annual value of 

74 kWh/m2 forspace heating. 

1 (Huizinga, 2004) 
2 

(Oortwijn, 2006) 
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Appendix C; 
Second/Third Row GHRs Culemborg 

Figure_ B-1 in Appendix A illustrates the location of the second and third row greenhouse residences 

in Culemborg. 

Building plans & Layout 

Figure_ C-1 and Figure_ C-2 show the layout and building plans of the GHRs. 

1 

r 

I 
I 

0\ I c J!! 
I 'ë 

0 E 

~ J: ~ :~ 2 I E 

- ~ 
Cll 

I . 
:x: 

I 
I ~ __ , 

~ 

Cross section at roof terrace 

6940+ 

Ground floor Second floor Cross section at second floor 
Figure_ C-1: Floor plans and cross sections of the type 1 Culemborg GHR. lllustration adopted trom (Debets, 2006) 

l~ ... 

Figure_ C-2: (Longitudinal) cross-sections of the second row Culemborg GHRs (KWSA Architecten VOF, 2010) 
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BulldinK physlcal characterlstlcs 

Ta bie_ 6 gives the most important building physical characteristics of the GHRs. 

Table, 6: Bullding physlcal characterlstlcs 2"d & 3rd row Culemborg GHRs (NIBE, 2007; SenterNovem, 2007) 

BulldinK physlcal characterlstics 2"3 & 3ra row Kreenhouse resldences, CulemborK 
Rc-value façade 4.0 mlK/W 

Rc-value roof 

Rc-value ground floer 

U-value windows 

g-value windows 

Blinds 

Heating 

Heating supply 

Ventilation 

Heat recovery 

DHWsupply 

Solar hot water system 

PV panels 

Greenhouse 
Orientation GH 

Energy consumption 

4.5 m2K/W 
3.5 m2K/W 
1.8 W/m2K 

0.6 

No 

Low temperature floor heating 

Collective heat pump (Source: ground water) 

Natura I supply & Mechanica I extract ventilation 

Preheating by greenhouse 

lndividual heat pump (Source: outlet ventilation air) 

no 

no 

Yes 

South 

An inhabitant of a GHR from the secend row indicated that the dwelling consumes about 33GJ per 

year from the heat net for space heating and consumes approximately 4700 kWh electricity (Ree, 

2010). 

The floer space of the dwelling is 190m2 (for five inhabitants.) Thus, the annual heating energy 

demand amounts approximately 48kWh/m2
• The environmental impact of the collective heat pump 

system can be calculated. A value of 0.03165GJ was used as the energetic value of one cubic meter 

natura! gas. One cubic meter gas is equal to 0.03165 GJ. Nevertheless, energy generation has an 

efficiency of 40%, so the value becomes 0.009 GJ. One measured gigajoule in the heat delivery has 

an environmental impact of 0.59 GJ, because the efficiency of the heat delivery is 170% 

(Bewonersvereniging EVA-Lanxmeer, 2006). 
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Appendix D; 
SenterNovem Reference Dwelling 

Detached dwellings represent approximately 5% of building construction in the Netherlands. The 

average surface of the detached dwellings is 164 m2. Most detached dwellings have three 

bedrooms. The detached dwelling occurs in several shapes, with a saddle-, pent- or flat roof. The 

saddle roof is the most common variant (DGMR Bouw BV, 2006). 

Bullding plans & Examples 

The illustrations in Figure_ D-1 below illustrate the building plan and layout of the theoretica! 

detached SenterNovem reference dwelling. 

~-, -------
~rj ---~ 

--
Ground floor First floor Second Floor 

- -
- -i-

West façade North façade East Façade South Façade 
Flgure_ D-1: BuildinK plans and layout of detached SenterNovem reference dwellin1. Adopted from (DGMR Bouw BV, 

2006} 

The pictures in Figure_ D-2 show residences that can be represented by the detached SenterNovem 

reference dwelling. 

Fl1ure_ D-2: Plctures of resldences that comply with the detached SenterNovem reference dwellin1 
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Characterlstlcs 

The following tables show the Characteristics of the detached SenterNovem reference dwelling. 

Table_ 7: Characterlstics of detached SenterNovem reference dwellfngs 

Characteristlc Value Units 

Width 6 m 

Length 10.2 m 

Floor height 2.6 m 

Useful area Ag 169.5 mz 

Lost area Averlies 358.4 mz 

Ratio Ag/Averlies 0.5 

Table 8: Buildin hysical characteristics of detached SenterNovem reference dwellings 

Characteristic Extract ventilation Balanced ventilation Units 

Characteristic 

Heating 

Ventilation 

Rc-value façade 

Rc-value roof 

Rc-value ground floor 

U-value windows 

U-value front door 

Orientation blinds 

4.0 

4.0 

3.0 

1.7 

2.0 

South, West 

Table_ 9: Building services 

Extract ventilation 

HR-107 condensing boiler, low 

temperature floor and radiator heating 

Automatically controlled air inlet with 

mechanica I extract ventilation 

Heat recovery efficiency 

Fan type De 

DHWsupply 

DHW efficiency 

Solar hot water system 

Energy demand 

Combination boiler HRww CW5 

72.5% 

5.6 m2 solar collector, for DHW and 

room heating 

3.0 m K/W 

4.0 m
2
K/W 

3.0 m
2K/W 

1.8 m
2K/W 

2.0 m
2K/W 

South, West 

Balanced ventilation 

HR-107 condensing boiler, high 

temperature radiator heating 

Mechanica! air supply and extraction 

95% 

De 

Combination boiler HRww CW5 

72.5% 

The energy performance of the dwelling is given in the following table. 

Table 10: energy performance of detached SenterNovem reference dwellings 

Characteristic Extract ventilation Balanced ventilation 

EPC (EPN v2.02) 

Yearly energy consumption per m2 

Yearly C02 emission 

0.80 

417 MJ/m
2 

4012 kg 

0.80 

418 MJ/m2 

4149 kg 

The table shows that the annual energy de mand of the dwelling measures 417 MJ/m2
, which is equal 

to 116 kWh/m2
• Approximately 53% of the energy consumption is accountable tospace heating (IEA, 

2008). Thus, the annual energy demand for space heating of the reference dwelling amounts 116 * 
53% = 61.5 kWh/m2

• 
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Construction properties 

Appendix E; 
lES- GHR 

The following tables illustrate the properties of the opaque constructions. 

Ground floor 

London Clay 

Cast concrete 

Dense EPS Slab 

Base sereed 

Roof (ground floor) 

Asphalt mastic roofing 

Polyurethane board 

Cast concrete 

Plaster (dense) 

Ceiling I roof terrace 

(ground floor) 

Timber flooring 

Cellular glass 

Plywood sheathing 

lnternal ceiling 

Base sereed 

Cast concrete 

'External' façade 

Briekwark (outer leaf) 

Polyurethane board 

Cast concrete 

Plaster (dense) 

L.F. van Ree, BSc 

Table 11: Ground floor 

t [m] 

0.75 

0.12 

0.664 

0.098 

A [W/m·K] 

1.410 

1.4 

0.025 

0.410 

Table_ 12: Roof (&round floor) 

t [m] A [W/m·K] 

0.03 

0.1119 

0.004 

0.003 

1.150 

0.025 

1.4 

0.5 

Table 13: Ceillnlfroof terrace (ground floor) 

1900 

1900 

30 

1200 

2325 

30 

1900 

1300 

t [m] A (W/m·K] p [kg/m3
) 

0.02 

0.22 

0.02 

0.140 

0.050 

0.140 

Table 14: lnternal ceilin (U=2.0) 

650 

136 

530 

t [m] A [W/m·K] p [kg/m3
) 

0.05 

0.18 

0.410 

1.13 

Table_ 15: 'External' facade 

t [m] 

0.1 

0.0967 

0.1 

0.003 

A [W/m·K] 

0.840 

0.025 

1.4 

0.5 

XII/LIII 

1200 

2000 

1700 

30 

1900 

1300 

c [J/kg·K] 

1000 

1000 

1400 

840 

c [J/kg·K] 

837 

1400 

1000 

1000 

c [J/kg·K] 

1200 

800 

1800 

c (J/kg·K] 

840 

1000 

c [J/kg·K] 

800 

1400 

1000 

1000 
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'lnternal' façade (lnslde 

green house) 

Pine (20% moist) 

Cavity 

Organic insulation 

Cavity 

Gypsum plasterboard 

Roof 

lightweight metallic 

cladding 

Polyurethane board 

Cast concrete 

Plaster (dense) 

Soil (greenhouse) 

Cultivated sandy soil 

in terms of energy and thermal comfort 

Table 16: 'lntemal' fa ade lnslde greenhouse) 

t [m] A [W/m·K] p [kg/m] 

0.18 0.140 419 

0.025 

0.12 0.052 16 

0.25 

0.013 0.160 950 

Table_17: Roof 

t [m] A [W/m·K] 

0.03 0.290 

0.1119 0.025 

0.004 1.4 

0.003 0.5 

Table_ 18: Soil (greenhouse) 

t [m] A [W/m·K] 

0.75 1.790 

c [J/kg·K] 

1250 

30 

1900 

1300 

1800 

2720 

1300 

840 

The following tables illustrate the properties of the transparent constructions. 

t [m] 
Triple glazing 

Float glass 0.006 

Cavity 0.012 

Float glass 0.06 

Cavity 0.012 

Float glass 0.006 

Single glazing 

Float glass 

Shading devices 

Table_ 19: Triple glazing 

A R Transmittance 

[W/m·K] [m2·K/W] 

1.06 0.8 

0.19 

1.06 0.8 

0.19 

1.06 0.8 

Table_ 20: Single glazing 

t [m] A [W/m·K] Transmittance 

0.004 1.06 0.83 

Outside 

reflectance 

0.09 

0.09 

0.09 

Outs i de 

reflectance 

0.07 

R [m ·K/W] 

0.18 

0.18 

c (J/kg·K] 

1000 

1400 

1000 

1000 

c [J/kg·K] 

1190 

lnside 

reflectance 

0.07 

0.07 

0.07 

lnside 

reflectance 

0.07 

Shading is applied to the external glazing of the dwelling and greenhouse. Simuiatiens showed that 

the period were shading is needed lasts from April - September. The shading device type for the 

dwelling is leuvers. They are lowered and raised at an incident radlation of 250 W/m2 (ISSO, 1994). 
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Blinds are chosen as shading device type for the greenhouse. They wilt be lowered and raised at an 

incident radiation of 250 W/m2 (ISSO, 1994). Furthermore, the shading coefficient is set to 0.4 and 

the short wave radiant fraction to 0.3 (lES, 2010). 

Wtndow settings 

Roof greenhouse opening 

Cha ratterlstic 

Exposure type 

Opening category 

Opening area 

Max angle open 

Roof greenhouse fixed 

Characteristic 

Exposure type 

Opening area 

Façade greenhouse opening 

Cha racterlstic 

Exposure type 

Opening category 

Opening area 

Max angle open 

Façade greenhouse fixed 

Charaderistic 

Exposure type 

Opening area 

Table 21: Characterlstlcs roof opening 

Value 

Semi exposed roof 10-30° 

Window- top hung 

100 
90 

Table_ 22: Characteristlcs roof fixed 

Value 

Semi exposed roof 10-30° 

0 

Ta bie_ 23: Characteristics window opening 

Value 

Semi exposed wall 

Parallel hung windows/flaps 

100 
90 

Table 24: Characterlstics wlndow fixed 

Value 

Semi exposed wall 

0 

External window façade ground floor 

Charaderistic 

Exposure type 

Opening category 

Opening area 

Ma x angle open 

L.F. van Ree, BSc 

Table_ 25: Characteristics window opening 

Value 

Semi exposed wall 

Window/door- side hung 

20 

90 

XIV/Lilt 

Units 

% 
0 

Units 

% 

Units 

% 
0 

Units 

% 

Units 

% 
0 
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Operabie windowsfaçade inside greenhouse 

Characterlstlc: 
Exposure type 

Opening category 

Opening area 

Max angle open 

Roof dwelling 

Characterlstlc 
Exposure type 

Opening category 

Opening area 

Max angle open 

L.F. van Ree, BSc 

Table 26: Characterlstics wlndow o enin 

Value 
Sheltered wall 

Window/door - si de hung 

20 

90 

Table_ 27: Characterlstics window opening 

Value 
Semi-exposed roof 10-30° 

Window- centre hung 

50 

90 

XV/Uil 

Units 

% 
0 

Units 

% 
0 
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Appendix F; 
lES - Residence 

The following tables illustrate the properties of the opaque constructions. 

Table 28: Ground floor 

Ground floor t [m] A [W/m·K] 

london Clay 0.75 1.410 

Cast concrete 0.12 1.4 

Dense EPS Slab 0.664 0.025 

Base sereed 0.098 0.410 

Table 29:Roof round floor) 

Roof (ground floor) t [m] A [W/m·K] 

Asphalt mastic roofing 0.03 1.150 

Polyurethane board 0.1119 0.025 

Cast concrete 0.004 1.4 

Plaster (dense) 0.003 0.5 

Table 30: lntemal ceiling (U=2.0) 

Internat ceiling t [m] A [W/m·K] 

Base sereed 0.05 0.410 

Cast concrete 0.18 1.13 

Table 31: Façade 

'External' façade t [m] A [W/m·K] 

Briekwark (outer leaf) 0.1 0.840 

Polyurethane board 0.0967 0.025 

Cast concrete 0.1 1.4 

Plaster (dense) 0.003 0.5 

Table 32: Roof 

Roof t [m) A[W/m·K] 

lightweight metallic 0.03 0.290 

cladding 

Polyurethane board 0.1119 0.025 

Cast concrete 0.004 1.4 

Plaster (dense) 0.003 0.5 

L.F. van Ree, BSc XVI/Lil I 

p [kg/m3] 

1900 

1900 

30 

1200 

p [kg/m3
) 

2325 

30 

1900 

1300 

p [kg/m3] 

1200 

2000 

p [kg/m3] 

1700 

30 

1900 

1300 

1250 

30 

1900 

1300 

c [J/kg·K] 

1000 

1000 

1400 

840 

c [J/kg·K] 

837 

1400 

1000 

1000 

c [J/kg·K] 

840 

1000 

c [J/kg·K] 

800 

1400 

1000 

1000 

c [J/kg·K] 

1000 

1400 

1000 

1000 
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The following tables illustrate the properties of the transparent constructions. 

Table 33: Triple glazlng 

Triple glazlng t [m] A R Transmlttance Outslde 

[W/m·K] [m2•K/W] reflectance 

Float glass 0.006 1.06 0.8 0.09 

Cavitv 0.012 0.19 

Float glass 0.06 1.06 0.8 0.09 

Cavity 0.012 0.19 

Float glass 0.006 1.06 0.8 0.09 

Table 34: Single glazing 

Single glazing t [m] A [W/m·K] Transmittance Outside 

reflectance 

Float glass 0.004 1.06 0.83 0.07 

Shading devices 

lnslde 

reflectance 

0.07 

0.07 

0.07 

lnside 

reflectance 

0.07 

Shading is applied to the external glazing of the dweil ing. Simuiatiens showed that the period were 

shading is needed lasts from April- September. 

The shading device type ofthe dwelling is leuvers. They are lowered and raised at an incident 

radiation of 250 W/m2 (ISSO, 1994). 

Window settings 

Window façade ground floor 

Characteristic 

Exposure type 

Opening category 

Opening area 

Max angle open 

Roof dwelling 

Charaderistic 

Exposure type 

Opening category 

Opening area 

Max angle open 

L.F. van Ree, BSc 

Table_ 35: Characteristics window opening 

Value 

Semi exposed wall 

Window/door- si de hung 

20 

90 

Table_ 36: Characteristics window opening 

Value 

Semi-exposed roof 10-30° 

Window- centre hung 

50 

90 

XVII/Lil I 

Units 

% 
0 

Units 

% 
0 
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Appendix G; 
lES - Highly lnsulated Residence 

Construction properties 

The following tables illustrate the properties of the opaque constructions. 

Table 37: Ground floor 

Ground floor t [m) A[W/m·K] p [kg/m3] c [J/kg·K] 

London Clay 0.75 1.410 1900 1000 

Cast concrete 0.12 1.4 1900 1000 

Dense EPS Slab 0.664 0.0072 30 1400 

Base sereed 0.098 0.410 1200 840 

Table_ 38: Roof (ground floor) 

Roof (ground floor) t [m) A [W/m·K] p [kg/m3) c [J/kg·K] 

Asphalt mastic roofing 0.03 1.150 2325 837 

Polyurethane board 0.1119 0.0112 30 1400 

Cast concrete 0.004 1.4 1900 1000 

Plaster (dense) 0.003 0.5 1300 1000 

Table_ 39: lntemal ceiling (U=2.0) 

lnternal ceiling t [m) A[W/m·K] p [kg/m3] c [J/kg·K] 

Base sereed 0.05 0.410 1200 840 

Cast concrete 0.18 1.13 2000 1000 

Table_ 40: Façade 

'External' façade t [m] A [W/m·K] p [kg/m3
] c [J/kg·K] 

Briekwark (outer leaf) 0.1 0.840 1700 800 

Polyurethane board 0.0967 0.098 30 1400 

Cast concrete 0.1 1.4 1900 1000 

Plaster (dense) 0.003 0.5 1300 1000 

Table_ 41: Roof 

Roof t [m] A [W/m·K] P [kg/m3] c [J/kg·K] 

Lightweight metallic 0.03 0.290 1250 1000 

cladding 

Polyurethane board 0.1119 0.0114 30 1400 

Cast concrete 0.004 1.4 1900 1000 

Plaster (dense) 0.003 0.5 1300 1000 
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The following table illustrates the properties ofthe transparent constructions. 

Table 42: Triple glazln 

Triple glazlng t [m] A R Transmlttance Outslde 

[W/m·K] [m2•K/W] reflectante 

Float glass 0.004 1.00 0.62 0.25 

Cavity 0.012 0.2609 

Float glass 0.04 1.00 0.62 0.25 

Cavity 0.012 0.2609 

Float glass 0.004 1.00 0.62 0.25 

Further the outside emissivity is set to 0.06 and the inside emissivity to 0.08 

Shading devices 

No shading is applied to the external glazing of the dwelling. 

Wlndow settings 

Window façade ground floor 

Characteristic 

Exposure type 

Opening category 

Opening area 

Max angle open 

Roof dwelling 

Characteristlc 

Exposure type 

Opening category 

Opening area 

Max angle open 

Table 43: Characterlstics window opening 

Value 

Semi exposed wall 

Window/door- si de hung 

20 

90 

Table_ 44: Characterlstlcs wlndow opening 

Value 

Semi-exposed roof 10-30° 

Window- centre hung 

50 

90 

Units 

% 
0 

Units 

% 
0 

lnslde 

reflectante 

0.028 

0.028 

0.028 
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Appendix H; 
Thermal Comfort Indicators 

Several performance indicators are available to give an indication of the thermal quality (comfort) in 
buildings. Until the seventies of the last century, lists of recommended indoor (air) temperatures 
were used in the Netherlands to design or assess the indoor comfort in buildings. These 
recommended lists neglect that other factors are important for human comfort besides the indoor 
air temperature. Since the seventies, new performance indicators were developed on basis of new 
insides into human thermal comfort(ISSO, 2004). 

Degree hours criteria 

A weighted indicator to assess the building performance is the 'degree hours criteria', presented in 
NEN-EN 15251:2007. The degree hours criteria represents the time that the actual operative 
temperature exceeds a specified range during occupied hours. The value of the weighting factor is 
calculated by a function; depending on how many degrees the actual operative temperature exceeds 
the specified range. This method is comparable to the previously described GTO criterion which was 
developed by the RGD. 

The 'degree hours criteria' can be calculated by the following set of equations: 

1. The weighting factor (wf) equals 0 for 

Bo,ltmtt,Lower ~ Bo ~ Bo,Limit,upper 

Where Bo,Limit represents the limits of the specified allowable temperature range. {The 

limits can be taken from table A.2 (NEN-EN 15251:2007). For example, an operative 

temperature rangefora category 11 residential building may lie between 20.0- 26.0 °C,) The 

operative temperature can, apart from that, be calculated by 

2. Then the weighting factor 'wf is calculated by: 

wf = lBo- Bo,Limitl 

For 

Bo < Bo,limit,lower or Bo,Ltmit,upper < Bo 

3. Finally, summatien of the product of weighting factorand time of a characteristic period 

gives an indication of overheating or underheating hours: 

Fora warm period (overheating): 

I wf • time for80 > Bo,upper,Limit 

And fora cold period (underheating): 

I wf *time for8o < Bo,Lower,Limt 

The operative temperature (80 ) can, apart from that, be calculated by weighting the average of the 

mean radiant (tr) and ambient air (ta) temperatures with their convective heat transfer coefficients 

(hr and he)· This is expressed by the following equation (ASHRAE, 2009): 
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Where for indoor conditions a value of 4.7 W/m2'K can be used for the radiative heat 

transfer coefficient, hr. And a value of 3.1 W/m2'K for the convective heat transfer 

coefficient (ASHRAE, 2009). 

Table_ 45: Examples of welghtlng factors based on tem erature ditterenee and PPD. Adapted from (NNI, 2007) table F.l 

Temperature PPD Welghtlng factors 

rcJ [%] wf (temperature) wf(PPD) 

20 47 3 4.7 

Cool 21 31 2 3.1 
22 19 1 1.9 
23 10 0 0 

Neutral 24 <10 0 0 
25 <10 0 0 
26 10 0 0 
27 19 1 1.9 

Warm 28 31 2 3.1 
29 47 3 4.7 
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Appendix I; 
Physiological Equivalent 

Temperature (PET) 

Physiologlcal Equivalent Temperature (PET) 

"PET is defined as the physiological equivalent temperature at any given place (outdoors or indoors) 

and is equivalent to the air temperature at which, in a typical indoor setting, the heat bolanee of the 

human body (work metabolism 80 W of light activity, added to basic metabolism; heat resistance of 

clothing 0.9 clo) is maintained with core and skin temperatures equal to those under the conditions 

being assessed" (Höppe, 1999). 

The following assumptions are made for the indoor reference elimate (Höppe, 1999): 

• Mean radiant temperature equals air temperature (T MRT= T.); 

• Air velocity is set to 0.1 m/s; 

• Water vapour pressure is set to 12hPa (approximately equivalent to a relative humidity of 

50% at Ta=20°C. 

Table_ 46: Examples of physiological equivalent temperatures (PET) values for different elimate scenarios. Adopted trom 
(Höppe, 1999) 

Scenario Ta Tmrt V VP PET 
[OC] [%] [m/s] [hPa] (oC) 

Typical room 21 21 0.1 12 21 

Winter, sunny -5 40 0.5 2 10 

Winter, shade -5 -5 5.0 2 -13 

Summer, sunny 30 60 1.0 21 43 

Summer, shade 30 30 1.0 21 29 

PMV ranges are converted into to the corresponding PET ranges, which are only valid for the 

assumed values of internat heat production and thermal resistance of the clothing. 

PMV PET Thennal ar.de of phyàological 
("C) peroeplion stress 

V«ycold EXII'cme oold &tre5$ 
-3.5 .. 

Cold Slrong cold stress 
·2.5 8 

Cool Moderate cold strest 
-1.5 13 

~.5 18 
Sli&hdy cool Sliahl oold lll'e$1 

Comf'cR!ble No lhermil. stms 
0.5 23 

1.5 29 
Sli&hdywum Slighl heat ltrCsl 

Wum Moderate heat stress 
2.S 3S 

Hot Slrq beat stress 
3.5 41 

V«yhot EXII'cme heat .area 

Figure 3·28: Ranges of PMV and PET for different grades of thermal perception by human beings and physlological stress 
on human belngs; lnternal heat production SOW, dothing resistance 0.9clo. Table adapted trom (Matzarakis, et al., 1999) 
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PET calculatlon 

PET values can be calculated by means of RayMan v1.2. This program is developed at the Freiburg 

University. The program is free for use, and available from the following website: 

http:Uwww.mif.uni-freiburg.de/rayman/index.htm 

The main interface of RayMan is illustrated in Figure_ 1-1. Here the following assumptions are made: 

• Location: Amsterdam 

• Height [m]: 1.75 

• Weight [kg]: 75 

• Age [a):35 

• Sex: male 

• Clothing [clo]: 0.5 (summer) & 1.0 (winter) 

• Activity [W]: 80 

The dothing insuiatien varies per season because accupants adapt their behaviour on basis of the 

cl i mate. 1.0 is a representative dothing resistance for the cold period and 0.5 for the summer period 

(ASHRAE, 2009). 

The summer season is defined as the period, starting at the last Monday in April until the last 

Monday in September (ISSO, 1994). This means, for the 'De Bilt' elimate data in that the summer 

season starts on Monday April, 26 and ends on Sunday September, 26. 

The winter season is defined as the period, starting from the last Monday in April until the last 

Monday in September {ISSO, 1994). This means, for the 'De Bilt' elimate data in lES that the winter 

season starts on Monday September 27 and ends on Sunday April 25. 

----t.'.:E) rn:r- ._,.(m) 

--( .. '.'N) Fii"'" 
-(m) p-
--tiiTC•b) r.- SU 

-- l J;J PW J;J PET J;J SET' 

Flgure_l-1: RayMan user interface 
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For calculating PET, values from lES are composed in a data file. This file contains the following 

parameters: 

• Day of the year [n] 

• Time [hh:mm] 

• Air temperature (0 C} 

• Relative humidity [%] 

• Wind velocity [m/s] 

• Cloud cover [octas] 

• Global radiation (W/m2
] 

However, due to the glazing properties of the greenhouse, the global radiation inside the 

greenhouse differs from the outside radiation. Furthermore, radiative heat transfer between the 

surfaces and the occupant occur. For calculating the PET by means of RayMan whether the global 

radiation or mean radiant temperature is necessary. This issue is solved by calculating the radiative 

heat flux between the surfaces and the occupant. This value converted into radiation per square 

meter and added to the incident solar flux on the floor of the green house. 

The radiative heat flux represents the amount of heat that is exchanged by radlation between the 

(human) body and the environment. The radiant heat flux is described by the following equation: 

(heat balance modelling, höppe, 1994) 

R = Aou . fel. ferf. Ep . o. (Tmrt 4- Ts 4) 

Where A0 u, the Dubois surface area, represents the surface area of the naked body. (The 

Dubois surface area can be calculated by: Aou = 0.202 • m 0·425 ·1°·725• Where mis the 

mass in ki lograms and l the height in meters.) (ASHRAE, 2009) 

The dothing area factor fel is used to account for the actual surface area of the clothed 

body. A value of 1.23 is adopted from (ASHRAE, 2009). 

The relation between the body surface and the effective surface for radiant heat transfer is 

described by ferr· A value of 0.70 is suitable for a sitting person and 0.73 for standing 

individuals (ASHRAE, 2009). 

The average emissivity of dothing or body surface is represented by Ep· The emissivity is 

close to unity, a typical value for Ep is 0.95 (ASHRAE, 2009). 

Finally, Tmrt and T5 represent the mean radiant and skin temperature. At sedentary actlvities 

the skin temperatures lies between 33 and 34 °C for human comfort (ASHRAE, 2009; Höppe, 

1993). For T5 a value of 34°C has been adopted, whereas Tmrt wiltbetaken from lES. 
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Appendix J; 
Sensitivity & Uncertainty Analysis 

Sourees of uncertalnty 

De Wit (2001) identified four potential sourees of uncertainties in BPS. He differentiated between 

numerical, scenario, specification, and rnadelling uncertainties. 

• Specification: Lack of information on the exact properties of the building, 

• Modelling: Simplifications and assumptions during rnadelling of physical processes, 

• Numerical: Discretisation and simulation of the model, 

• Scenario: External conditions imposed on the building, like outdoor elimate condition 

and occupant behaviour 

According to De Wit, et al. (2002) the following heat flows deserve the most attention from an 

uncertainty standpoint: 

• Ventilation heat flows, 

• Interna I convective heat flows, 

• Distribution of incoming solar heat loads, 

• load from interna I heat sources, 

• Radiant heat exchange between interna I wall surfaces and external convective heat transfer 

lomas, et al. (1992) addressed the following rnadel ling uncertainties: 

• Geometry of the building (height, length, width), 

• Thermo physical properties of materials (conductivity, density, specific heat, emissivity and 

absorptivity), 

• Transmission properties of glazing, 

• Area and orientation of glazing, 

• Radiant/convective split of heat input and temperature sensed 

Sourees of sensitivlty 

The most influential input parameters according to lomas, et al. (1992): 

• thermostat set-point 

• Glazing U-value, 

• Material conductivities 

According to Struck, et al. (2009) the most important input parameters are (after simulation with 

material properties and standard deviations for wall, floor and roof) 

• Conductivity of the wall insulation material 

• Thickness of the wall insulation material 

• Conductivity of the roof insulation material 

• Thickness of the roof insulation material 
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Hoes identified sensitive parameters for different performance indicators Hoes, et al. (2009): 

Sensitive parameters to 'heating energy demand': 

Transparency façade, heat gains lighting, heat gains apparatus 

Sensitive parameters to 'primary energy use': 

Transparency façade, heat gains lighting, heat gains apparatus 

Sensitive parameters to 'PMV': 

G-value glass, heat ga ins lighting, heat ga ins apparatus 

Sensitive parameters to 'Maximum room air temperature': 

Transparency façade, heat gains lighting, maximum cooling load 

Sensitive parameters to 'Minimum room air temperature': 

Transparency façade, U-value glass, maximum heating load 

According to Heiselberg, et al. (2009), the following parameters have a large influence on heating 

energy demand: 

• lnfiltration and ventilation rates 

And the following parameters a large influence on energy consumption: 

• lnfiltration and ventilation rates 

• lighting power and control 

Hopfe(2009) identified the following sensitive parameters: 

Sensitivity heating/cooling load: 

• lnfiltration rate 

Sensitivity overjunder heating hours: 

• lnfiltration rate 

• Single/double glazing 

L F. van Ree, BSc XXVI/Lil! September 20, 2010 
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Appendix K; 
Monte Carlo Analysis 

Constructlans design varlants 

The following tables illustrate the changes in conductivity (À) of the opaque constructions. Other 

construction parameters like thickness, density and specific heat capacity are similar to the mean 

va lues in the next section with parameters for physical uncertainties. 

Table 47: Ground floor 

À [W/m·K] J.l 
London Clay 1.410 

Cast concrete 1.4 

Dense EPS Slab 0.0238 

Base sereed 0.410 

Table_ 48: Roof (ground floor) 

À[W/m·K] J.l 
-

Asphalt mastic roofing 1.150 

Polyurethane board 0.0283 

Cast concrete 1.4 

Plaster (dense) 0.5 

Table_ 49: Celllng/roof terrace (ground floor) 

À (W/m·K] 

Timber flooring 

Cellular glass 

Plywood sheathing 

0.140 

0.06095 

0.140 

Table_ 50: lnternal ceiling (U=2.0} 

À [W/m·K] 

Base sereed 

Cast concrete 

À [W/m·K] 

Briekwark (outer leaf) 

Polyurethane board 

Cast concrete 

Plaster (dense) 

L.F. van Ree, BSc 

0.410 

1.13 

Ta bie_ 51: 'External' facade 

XXVII/Lil! 

0.840 

0.02585 

1.4 

0.5 

a 

0.0166 

a 

0.0171 

a 

0.03835 

a 

a 

0.01605 
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A[W/m·K] 

Pine (20% moist) 

Cavity 

Organic insulation (expanded perlite) 

Cavity 

Gypsum plasterboard 

0.140 

0.08485 

0.160 

Table 53: Roof 

A[W/m·K] 

lightweight metallic cladding 

Polyurethane board 

Cast concrete 

Plaster (dense) 

A[W/m·K] 

Cultivated sandy soil 

0.290 

0.0291 

1.4 

0.5 

a 

0.07035 

a 

0.0177 

a 

The following tables illustrate the changes of the transparent constructions. 

The triple glazing was changed stepwise, in order to realize the demanded varianee in U and G-value 

of the windows. In tact, the physical properties are changed as if the glazing converts into double or 

single glazing. The three tables below illustrate the realistic triple glazing, and the imaginary double 

and single glazing. 

Table_ 55: Tri Ie lazing 

Triple glazing t [m] A R Transmittance Outs i de lnside 

[W/m·K] [m2·K/W] reflectante reflectante 

Float glass 0.006 1.06 0.8 0.09 0.07 

Cavity 0.012 0.19 

Float glass 0.006 1.06 0.8 0.09 0.07 

Cavity 0.012 0.19 

Float glass 0.006 1.06 0.8 0.09 0.07 

Table_ 56: lmaginary double glazing 

lmaginary double t [m] A R Transmittance Outside Ins i de 

glazing [W/m·K] [m2·K/W] reflectante reflectante 

Float glass 0.006 1.06 0.8 0.09 0.07 

Cavity 0.012 0.19 

Float glass 0.006 1.06 0.8 0.09 0.07 

Cavity 0.000 0.0005 

Float glass 0.000 1.06 1.0 0.00 0.00 
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lmaglnary double t [m] 

glazlns 

Float glass 

Cavity 

Float glass 

Cavity 

Float glass 

0.006 

0.000 

0.000 

0.000 

0.000 

lmasinary double t [m] 

glazing 

Float glass IJ 0.004 

0 

Single glazing 

Pilkington 4 MM float glass 

[1) 

L.F. van Ree, BSc 

Outslde lnslde 

reflectance reflectance 

0.8 0.09 0.07 

0.0005 

1.06 1.0 0.00 0.00 

0.0005 

1.06 1.0 0.00 0.00 

Table_ 58: Single glazing 

A R Transmittance Outside lnside 

[W/m·K] [m2·K/W] reflectance reflectance 
0.531 0.83 

0.529 0.16 

Table 59: Single glazing 

IJ 1.06 

0 0.53 

XXIX/Uil 

0.07 

0.01 

c [J/kg·K] 

0.07 

0.01 
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Constructlans realistic varlants 

The parameters for the constructions are in accordance with Macdonald (2002). 

The most standard deviations are based to the 'entity standard deviations' from the tables in 

appendix A of Macdonald (2002). Same standard deviation are taken from Hopfe (2009) & 

De Wit (2001). 
Table 60· Ground floor -

Ground floor t [m] A [W/m·K] P [kg/m,] c [J/kg·K] 

london Clay IJ. 0.75 1.410 1900 1000 

[1] a 0.075 0.4624 332.5 108 

Cast concrete IJ. 0.12 1.4 1900 1000 

[1] a 0.012% 0.126 28.5 106 

Dense EPS Slab IJ. 0.664 0.025 30 1400 

[1) a 0.0664 0.0875 21 648 

Base sereed IJ. 0.098 0.410 1200 840 

[2] a 0.0098% 0.04018 20.4 86.52 

Table 61· Roof (ground floor) -
Roof (ground floor) t [m] A[W/m·K] p [kg/m3] c [J/kg·K] 

Asphalt mastic roofing IJ. 0.03 1.150 2325 837 

[2) a 0.003 0.0598 6.975 34.317 

Polyurethane board IJ. 0.1119 0.025 30 1400 

[2) a 0.0119 0.01925 2.37 74.2 

Cast concrete IJ. 0.004 1.4 1900 1000 

[1) a 0.0004 0.126 28.5 106 

Plaster (dense) IJ. 0.003 0.5 1300 1000 

[2] a 0.0003 0.0485 22.1 103 

Table 62· Ceiling/roof terrace (ground floor) -
Ceiling I roof terrace t [m] A [W/m·K] p [kg/m3] c [J/kg·K] 

(ground floor) 

Timber flooring IJ. 0.02 0.140 650 1200 

[2] a 0.002 0.01946 24.7 82.8 

Cellular glass IJ. 0.22 0.050 136 800 

[2] a 0.022% 0.0028 0.952 143.2 

Plywood sheathing IJ. 0.02 0.140 530 1800 

[2] a 0.002 0.01946% 20.14 124.2 
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lnternal celllng 

Base sereed 

[2) 

Cast concrete 

[1] 

'External' façade 

Briekwark (outer leaf) 

[2] 

Polyurethane board 

[1] 
Cast concrete 

[1] 
Plaster (dense) 

[2] 

in termsof energy and thermal comfort 

Table 3-7: lnternal celllna (U=2.0) 

t [m] A[W/m·K] 

l.I. 0.05 0.410 

a 0.005 0.04018 

l.I. 0.18 1.13 

a 0.018 0.1017 

Table 3-8· 'Extemal' facade 

t [m] A [W/m·K] 

l.I. 0.1 0.840 

a 0.01 0.08148 

l.I. 0.0967 0.025 

a 0.00967 0.00875 

l.I. 0.1 1.4 

a 0.01 0.09 

l.I. 0.003 0.5 

a 0.0003 0.0485 

Table 3-9: 'lnternal' façade (lnside greenhouse) 

P [kg/m,] 

1200 

20.4 

2000 

30 

p [kg/m,] 

1700 

25.5 

30 

21 

1900 

28.5 

1300 

22.1 

' lnternal' façade (lnslde t [m] A [W/m·K] p [kg/m3) c [J/kg·K] 

green house) 

Pine (20% moist) l.I. 0.18 0.140 419 2720 

[2] a 0.018 0.01946 18.017 168.64 

Cavity l.I. 0.025 

[3] a 0.0025 

Organic insuiatien l.I. 0.12 0.052 16 1300 

[2] a 0.012 0.003848 0.768 81.9 

Cavity l.I. 0.25 

[3] a 0.025 

Gypsum plasterboard l.I. 0.013 0.160 950 840 

(2] a 0.0013 0.01584 16.15 68.88 

Table 3-10· Roof 

Roof t [m] A [W/m·K] p [kg/m3] 

Lightweight metall ic l.I. 0.03 0.290 1250 

cladding 

[2] a 0.003 0.01479 3.75 

Polyurethane board l.I. 0.1119 0.025 30 

[1] a 0.01119 0.00875 21 

Cast concrete l.I. 0.004 1.4 1900 

[1] a 0.0004 0.126 28.5 

Plaster (dense) l.I. 0.003 0.5 1300 

(2] a 0.0003 0.0485 22.1 

c [J/ks·K] 

840 

86.52 

1000 

106 

c [J/ks·K] 

800 

86.4 

1400 

378 

1000 

106 

1000 

103 

R [m2·K/W] 

0.18 

0.03006 

0.18 

0.03006 

c [J/q·K] 

1000 

41 

1400 

378 

1000 

106 

1000 

104 
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Soli (greenhouse) 

Cultivated sandy soil 

[2) 

Triple glazing 

Float glass 

[1) 

Cavity 

[3) 

Float glass 

[1) 

Cavity 

[3) 

Float glass 

[1) 

Single glazing 

Float glass 

[1] 

[1] (Hopfe, 2009) 

l.l 

a 

l.l 

a 

l.l 

a 

l.l 

a 

l.l 

a 

[2] (Macdonald, 2002) 

[3] (Wit, 2001) 

L.F. van Ree, BSc 

l.l 

a 

t [m] 

0.006 

0.0006 

0.012 

0.0012 

0.06 

0.006 

0.012 

0.0012 

0.006 

0.0006 

a 

in terms of energy and thermal comfort 

Table 3-11: Soli (areenhouse) 

t [m] A [W/m·K] p [kg/m3] c [J/kg·K] 

0.75 1.790 1800 1190 

0.075 0.17363 30.6 123.76 

Ta e - : eaazng bi 3 12 Trlpl I I 

A R Transmittance Outs i de lnside 

[W/m·K] [m2·K/W] reflectance reflectante 

1.06 0.8 0.09 0.07 

0.53 0.04 

0.19 

0.01995 

1.06 0.8 0.09 0.07 

0.53 

0.19 

0.01995 

1.06 0.8 0.09 0.07 

0.53 

Table 3-13: Single glazing 

t [m] A [W/m·K] Transmittance Outside lnside 

0.004 

0.0004 

1.06 

0.53 

XXXII/LIII 

0.83 

0.04 

reflectante reflectante 

0.07 0.07 
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Appendix L; 
Control Strategies Based on EPN 

Strategles/values In the Dutch energy performance standard for restdences 

Temperature set points according to the Outch energy performance standard 
Table 3-14: Set points for minimal indoor temperatures (NNI, 2008) §E.4 - Table E.1 

Time [hh:mm] 'living zone' [•C] 'sleeplng zone' [•C] 
2 days/week 5 days/week 

00:00-07:00 16.0 16.0 14.0 

07:00- 17:00 19.0 19.0 16.0 

17:00-23:00 21.0 21.0 16.0 

23:00 - 00:00 16.0 16.0 14.0 

Minimal demands on thermal insulation according to the Dutch energy performance standard 
Table 3-15: Thermal insulation requirements on internat partitions (NNI, 2008) §E.5.2 

Construction type Thermallnsulation Additional remarks/demands 

lnternal partition = 2.0 W/m ·K In case that no particular 
measures have been taken to 
insulate the intemal partition 
between two living zones or 

residences 

Interna I heat production according to the Dutch energy performance standard 
Ta bie 3-16· Internat heat gains per m1 usabie floor area (NNI 2008) §E 7-Table E 2] 

' 
Time [hh:mm] 'living zone' [•C] 'sleeping zone' [•c] Average [W/m2

] 

2 days/week 5 days/week 

00:00-07:00 2.0 6.0 6.0 4.0 

07:00-17:00 8.0 2.0 1.0 4.64 

17:00- 23:00 20.0 4.0 1.0 10.93 

23:00- 00:00 2.0 6.0 6.0 4.0 

Daily average 9.0 3.83 2.67 6.0 

Recommended infiltration rates according to the Dutch energy performance standard 
Table 3-17: lnfiltrat ion requlrements for newly built residences (NNI, 2008; NNI, 2005) §5.3 

Ventllation type Recommended infiltration Minimum infiltratlon capacity 

Natura I air supply 

Mechanica I air supply 

L.F. van Ree, BSc 

ca pa city 

1.43 dm /s·m 

0.625 dm3/s·m2 

XXXlil/Lil I 

l.Odm /s·m 

0.4 dm3/s·m2 
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Appendix M; 
EPW Results 

The following tigure and tables present the results of the EPW calculations. Figure 3-29 below gives 
an overview of all results. The tables give more information on every casestudy. 

80 
~Type 1; Simple method 

7S 

l3 
• - Type 1; Extended method 

70 jij .... 
0 

~ 

~ 
..._Type 2; Simple method 

.... 
t' 6S 
Cll 

~Type 2; Extended method 

ti 
c 60 0 

~ - Type 3; Simple method 

~ 
:::::J 
.0 .--Type 3; Extended method 
·.: ss 
t; 
ë5 

.. 
~Type 4; Simple method 

so • - Type 4; Extended method 

4S 
Figure 3-29: Distributlon of the results plotted per casestudy and calculation method 
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Energy component [GJ] 

Qpr;heat 

Qpr;aux;heat 

Qpr;dhw 

Qpr;fans 

Qpr;light 

Qpr;sum;comf 

Qpr;cool 

Qpr;hum 

Qpr;pv 

Qcomp;WK 

Qperf;tot 

Qperf;accep 

Ag;use [m2] 

Ag;loss [m2] 

EPenv;heat [MJ/m2] 

EPenv;cool [MJ/m2] 

EPC [-] 

Zone 

TOjuly Zone 1 (risk) 

TOjuly Zone 2 (risk) 
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- , Table 63· Results for greenhouse residence type 1 variants (EPW· simple method) 

Greenhouse residence Culemborg, Type 1 (extract ventilation), Simple calculation methad 
Highly insulat ed No Greenhouse Greenhouse residence Extended greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

19.4 0.33 27.7 0.46 30.8 0.52 29.6 0.50 

1.3 0.02 1.3 0.02 1.3 0.02 1.3 0.02 

22.5 0.38 22.5 0.38 22.5 0.38 22.5 0.38 

2.9 0.05 2.9 0.05 2.9 0.05 2.9 0.05 

7.3 0.12 7.3 0.12 7.3 0.12 7.3 0.12 

12.2 0.20 12.8 0.21 4.6 0.08 7.6 0.13 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

65.5 1.10 74.4 1.25 69.3 1.16 71.1 1.19 

59.8 59.8 59.8 59.8 

129 129 129 129 

372 372 372 372 

244 356 396 381 

111 116 42 69 

0.9 1.0 0.9 1.0 

3.2 moderate -large 2.8 moderate -large 0.9 low - moderate 1.7 low - moderate 

9.4 large 7.7 large 4.1 moderate - large 5.5 large 
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Energy component [GJ] 

Qpr;heat 19.5 

Qpr;aux;heat 1.3 

Qpr;dhw 22.5 

Qpr;fans 2.9 

Qpr;light 7.3 

Qpr;sum;comf 12.4 

Qpr;cool 0.0 

Qpr;hum 0.0 

Qpr;pv 0.0 

Qcomp;WK 0.0 

Qperf;tot 65.8 

Qperf;accep 59.8 

Ag;use [m2] 129 

Ag;loss [m2] 372 

EPenv;heat [MJ/m2] 245 

EPenv;cool [MJ/m2] 112 

EPC [-] 0.9 

Zone 

TOjuly Zone 1 (risk) 3.2 

TOjuly Zone 2 (risk) 9.8 
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- I Table 64· Results for greenhouse residente type 1 variants (EPW· extended method) 

Greenhouse residence Culemborg, Type 1 (extract ventilation), Extended calculation method 

Highly insulated No Greenhouse Greenhouse residence Extended greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

0.33 27.8 0.47 30.8 0.52 29.6 0.50 

0.02 1.3 0.02 1.3 0.02 1.3 0.02 

0.38 22.5 0.38 22.5 0.38 22.5 0.38 

0.05 2.9 0.05 2.9 0.05 2.9 0.05 

0.12 7.3 0.12 7.3 0.12 7.3 0.12 

0.21 12.9 0.22 4.6 0.08 7.6 0.13 

0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.00 0.0 0.00 0.0 0.00 0.0 0.00 

1.10 74.6 1.25 69.3 1.16 71.1 1.19 

59.8 59.8 59.8 

129 129 129 

372 372 372 

357 396 381 

117 42 69 

1.0 0.9 1.0 

moderate - large 2.8 moderate - large 0.9 low - moderate 1.7 low - moderate 

large 8.0 large 4.1 large 5.5 large 
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Qpr;heat 

Qpr;aux;heat 

Qpr;dhw 

Qpr;fans 

Qpr;light 

Qpr;sum;comf 

Qpr;cool 

Qpr;hum 

Qpr;pv 

Qcomp;WK 

Qperf;tot 

Qperf;accep 

Ag;use [m2] 

Ag;loss [m2] 

EPenv;heat [MJ/m2] 

EPenv;cool [MJ/m2] 

EPC [-] 

Zone 

TOjuly Zone 1 (risk) 

TOjuly Zone 2 (risk) 
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Table 65· Results for greenhouse residence type 2 varlants (EPW; simple method) -
Greenhouse residence Culemborg, Type 2 (balanced ventilation), Simple calculation method 

Highly insulated No Greenhouse Greenhouse residence Extended greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

17.6 0.29 27.9 0.47 32.0 0.54 30.4 0.51 

3.0 0.05 3.0 0.05 3.0 0.05 3.0 0.05 

10.2 0.17 10.2 0.17 10.2 0.17 10.2 0.17 

5.0 0.08 5.0 0.08 5.0 0.08 5.0 0.08 

7.3 0.12 7.3 0.12 7.3 0.12 7.3 0.12 

9.7 0.16 11.5 0.19 4.0 0.07 6.7 0.11 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

-3.0 -0.05 . -3.0 -0.05 -3.0 -0.05 -3.0 -0.05 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

49.7 0.83 61.8 1.04 58.5 0.98 59.6 1.00 

59.8 59.8 59.8 59.8 

129 129 129 129 

372 372 372 372 

244 319 357 342 

111 126 47 77 

0.7 0.8 0.8 0.8 

2.2 moderate- large 2.3 moderate - large 0.7 low - moderate 1.3 low - moderate 

7.3 large 7.0 large 3.6 moderate -large 4.9 large 
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Energy component [GJ] 

Qpr;heat 

Qpr;aux;heat 

Qpr;dhw 

Qpr;fans 

Qpr;light 

Qpr;sum;comf 

Qpr;cool 

Qpr;hum 

Qpr;pv 

Qcomp;WK 

Qperf;tot 

Qperf;accep 

Ag;use [m2] 

Ag;loss [m2] 

EPenv;heat [MJ/m2] 

EPenv;cool [MJ/m2] 

EPC [-] 

Zone 

TOjuly Zone 1 (risk) 

TOjuly Zone 2 (risk) 
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Table 66· Results for greenhouse residence type 2 variants (EPW· extended method) . 
Greenhouse residence Culemborg, Type 2 (balanced ventialtion), Extended calculation method 

Highly insulated No Greenhouse Greenhouse residence Extended greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

17.8 0.30 28.0 0.47 31.4 0.53 32.5 0.55 

3.0 0.05 3.0 0.05 3.0 0.05 3.0 0.05 

10.2 0.17 10.2 0.17 10.2 0.17 10.2 0.17 

5.0 0.08 5.0 0.08 5.0 0.08 5.0 0.08 

7.3 0.12 7.3 0.12 7.3 0.12 7.3 0.12 

9.8 0.16 11.6 0.20 4.1 0.07 6.9 0.12 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

-3.0 -0.05 -3.0 -0.05 -3.0 -o.o5 -3.0 -o.o5 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

50.0 0.84 62.1 1.04 58.1 0.97 61.9 1.04 

59.8 59.8 59.8 59.8 

129 129 129 129 

372 372 372 372 

245 320 352 358 

112 128 49 79 

0.7 0.8 0.8 0.8 

2.2 moderate - large 2.3 moderate - large 0.7 low - moderate 1.3 low - moderate 

7.6 large 7.2 large 3.9 moderate -large 5.2 large 
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Energy component [GJ) 

Qpr;heat 

Qpr;aux;heat 

Qpr;dhw 

Qpr;fans 

Qpr;light 

Qpr;sum;comf 

Qpr;cool 

Qpr;hum 

Qpr;pv 

Qcomp;WK 

Qperf;tot 

Qperf;accep 

Ag;use [m2] 
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- I Table 67· Results for SenterNovem reference variants type 3 variants (EPW· simple method) 

SenterNovem reference, Type 3 (extract ventilation}, Simple calculation methad 

SenterNovem SenterNovem reference 
SN R with greenhouse SenterNovem reference 

Highly insulated 
reference with greenhouse 

and Culemborg type2 with extended 
characteristics greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

28.8 0.41 41.7 0.59 42.6 0.60 25.1 0.35 44.4 0.63 

4.0 0.06 4.0 0.06 4.0 0.06 1.7 0.02 4.0 0.06 

12.6 0.18 12.6 0.18 12.6 0.18 29.6 0.42 12.6 0.18 

3.8 0.05 3.8 0.05 3.8 0.05 3.8 0.05 3.8 0.05 

9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 

2.8 0.04 2.7 0.04 2.0 0.03 1.9 0.03 1.2 0.02 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

61.5 0.87 74.3 1.05 74.5 1.05 71.6 1.01 75.5 1.06 

71.0 71.0 71.0 71.0 71.0 

170 170 170 170 170 

358 358 358 358 358 

176 248 254 259 264 

19 19 14 13 9 

0.7 0.8 0.8 0.8 0.9 

1.5 low - moderate 1.2 low - moderate 0.8 low - moderate 0.8 low - moderate 0.6 low -moderate 

1.7 low - moderate 1.4 low - moderate 1.1 low "' moderate 1.1 low - moderate 0.7 low -moderate 

0.9 low - moderate 0.7 low - moderate 0.8 low - moderate 0.7 low - moderate 0.3 low -moderate 
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Table 68: Results for SenterNovem reference variants type 3 variants (EPW; extended method) -
SenterNovem reference, Type 3 (extract ventilation), Extended calculation method 

SenterNovem SenterNovem reference 
SN R with greenhouse SenterNovem reference 

Highly insulated 
reference with greenhouse 

and Culemborg type2 with extended 
eh a racteristics greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

25.0 0.35 37.6 0.53 38.5 0.54 24.6 0.35 34.4 0.49 

4.0 0.06 4.0 0.06 4.0 0.06 1.7 0.02 4.0 0.06 

12.6 0.18 12.6 0.18 12.6 0.18 29.6 0.42 12.6 0.18 

3.8 0.05 3.8 0.05 3.8 0.05 3.8 0.05 3.8 0.05 

9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 

3.3 0.05 3.1 0.04 2.3 0.03 2.3 0.03 1.6 0.02 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

58.2 0.82 70.6 1.00 70.7 1.00 71.4 1.01 65.9 0.93 

71.0 71.0 71.0 71.0 71.0 

170 170 170 170 170 

358 358 358 358 358 

154 225 230 233 207 

23 22 16 16 11 

0.7 0.8 0.8 0.8 0.8 

1.7 low - moderate 1.4 low - moderate 0.9 low - moderate 0.9 low - moderate 0.8 low - moderate 

2.0 low - moderate 1.6 low - moderate 1.3 low - moderate 1.3 low - moderate 1.0 low - moderate 

1.3 low - moderate 1.0 low - moderate 1.1 low - moderate 1.0 low - moderate 0.5 low - moderate 
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- ' Table 69· Results for SenterNovem reference variants type 4 variants (EPW· simple method) 

SenterNovem reference, Type 4 (balanced ventilation}, Simple calculation method 

SenterNovem SenterNovem reference 
SNR with greenhouse SenterNovem reference 

Highly insulated 
reference with greenhouse 

and Culemborg typel with extended 
characte ristics greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

14.7 0.21 32.4 0.46 25.7 0.36 24.6 0.35 34.8 0.49 

4.0 0.06 4.0 0.06 4.0 0.06 4.0 0.06 4.0 0.06 

19.9 0.28 19.9 0.28 19.9 0.28 15.2 0.21 19.9 0.28 

6.6 0.09 6.6 0.09 6.6 0.09 6.6 0.09 6.6 0.09 

9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 

1.4 0.02 1.4 0.02 1.2 0.02 1.2 0.02 0.6 0.01 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 -3.0 -0.04 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

56.1 0.79 73.8 1.04 67.0 0.94 58.1 0.82 75.4 1.06 

71.0 71.0 71.0 71.0 71.0 

170 170 170 170 170 

358 358 358 358 358 

176 273 235 243 289 

19 16 16 15 7 

0.6 0.8 0.8 0.7 0.9 

0.8 low - moderate 0.7 low - moderate 0.6 low - moderate 0.5 low - moderate 0.3 low - moderate 

0.7 low - moderate 0.5 low - moderate 0.5 low - moderate 0.5 low - moderate 0.2 low - moderate 

0.4 low - moderate 0.3 low - moderate 0.4 low - moderate 0.4 low - moderate 0.1 low - moderate 
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- I Table 70· Results for SenterNovem reference varlants type 4 variants (EPW· extended method) 

SenterNovem reference, Type 4 (balanced ventilation), Extended calculation method 

SenterNovem SenterNovem reference 
SNR with greenhouse and SenterNovem 

Highly insulated 
reference with greenhouse 

Culemborg typel reference with 
characteristics extended greenhouse 

Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep Qprim/Qaccep 

12.2 0.17 29.3 0.41 25.1 0.35 22.7 0.32 27.8 0.39 

4.0 0.06 4.0 0.06 4.0 0.06 4.0 0.06 4.0 0.06 

19.9 0.28 19.9 0.28 19.9 0.28 15.2 0.21 19.9 0.28 

6.6 0.09 6.6 0.09 6.6 0.09 6.6 0.09 6.6 0.09 

9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 9.6 0.14 

1.6 0.02 1.5 0.02 1.4 0.02 1.4 0.02 0.7 0.01 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 -3.0 -o.04 0.0 0.00 

0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 

53.8 0.76 70.8 1.00 66.5 0.94 56.4 0.80 68.5 0.97 

71.0 71.0 71.0 71.0 71.0 

170 170 170 170 170 

358 358 358 358 358 

159 255 231 231 247 

22 18 18 18 9 

0.6 0.8 0.8 0.6 0.8 

0.8 lew - moderate 0.7 lew - moderate 0.6 lew - moderate 0.6 lew - moderate 0.3 lew - moderate 

0.8 lew - moderate 0.6 lew - moderate 0.7 lew - moderate 0.7 lew - moderate 0.3 lew - moderate 

0.5 lew - moderate 0.4 lew - moderate 0.5 lew - moderate 0.5 lew - moderate 0.2 lew - moderate 
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Table_ 71: Parameter deelaratien of EPW results 

primary energy consumption forspace heating 

primary auxiliary energy consumption forspace heating 

primary energy consumption for hot water 

primary energy consumption for fans 

primary energy consumption for lighting 

Deelaratien of parameters 

primary energy consumption for maintaining summer comfort 

primary energy consumption for cooling 

primary energy consumption for humidification 

red uction primary energy consumption by building related photovoltaic solar-energy 

reduction primary energy consumption by compensation for electricity supply through building related combined heat and power 

characteristic energy consumption of residential tunetion or residential build ing 

allowed energy consumption = (330 x Ag;verw + 65 x A verlies) x cEPC x EPC-eis [MJ) 

useful surface of the heated zones within the residential tunetion or residental building 

totallest surface of the resident ial tunetion or residentia l building 

the building envelop indicator for heat ing of the residential tunetion or residential dwelling = Qbeh;verw;schil/ Ag;verwz 

the building envelop indicator for cooling of the residential tunetion or residential dwelling = Qbeh;koude;schil/ Ag;verwz 

the EPC (Energy Performance Coefficient ) of the residential tunetion or residential building 

an indication for excess temperatures during the summer on basis of the month July; 

three classes are distinguished: 

0 - 2: low to moderate risk; 

2 - 4: moderate to large risk; 

4 - : large risk. 
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