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PREFACE 
This report subtitled Building energy simulation is the first of the two parts of the graduation project Green 

walls and building energy consumption for the Mastertrack Building Technology at the University of Technology 

in Eindhoven (TU/e) and is written by Jos Oosterlee.  

The integration of nature in buildings has inspired the author to investigate the application of green walls 

during his graduation. Besides numerous environmental advantages, greening the exterior façade of a building 

could potentially decrease the building’s energy consumption. If true, this would be a selling feature for living 

wall systems, a new development in this area. With these systems, where plants are potted into panels, the 

consumer is no longer bound to a limited plant selection that consists of only climbers.  

The first part of the graduation project focuses on quantifying the annual energy consumption for a case study 

building, located in The Netherlands, in several situations with and without the application of a green wall. The 

outcome is stand-alone, but will also serve as input for the second part of the graduation project; the 

development of a new type of living wall system. 

In table 1 the relationship between the two parts is presented. 
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Reading guide 

Chapter 1 starts off with background information about the subject and chapter 2 specifies the problem area 

and closes with the formulation of the research goals, questions and methodology. 

The third chapter holds an introduction to building physics and energy savings, for creating a better 

understanding in the terms used in this paper.  

The unique characteristics of green walls come from the foliage properties of the plants. Chapter 4 focuses on 

quantifying the relevant foliage properties. The sequential chapter 5 comprises a calculation of three different 

living wall systems of their insulating capacity. The information gathered in both chapters will serve as input for 

chapter 6. This chapter contains the building energy simulation of a case study building, where eight situations 

with and without a foliage cover are compared on their annual energy consumption.  

Chapter 7 ends this report with a discussion about the credibility of the energy savings aspect of green walls 

and the value of living wall systems in general.  
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SUMMARY 
A green wall, where foliage covers the external wall of a building, is considered to be a sustainable solution as it 

has many benefits for the direct environment. However, the advantages for the consumer (owner or building 

occupant) remain limited. One of these advantages is the potential energy savings that come from a reduction 

in the building’s cooling load. The covering foliage has three properties that will negatively influence the 

amount of heat transfer taking place between the indoor and the outdoor climate.  

The first property of the foliage cover is the reduction of wind speed, or convective heat transfer, along the 

wall. This influence mainly causes the heat resistance of the external air film to rise from 0.04 to a maximum of 

0.17 m
2 

K W
-1

, dependent on the density of the foliage.  

The second property of the foliage is the reduction of solar radiation dissipating in the external wall. The leaf 

area index determines the size of this influence. The reduced temperature of the external wall causes less heat 

transfer to the indoor climate. 

Finally, the third property of the foliage is the evaporation of water inside the leafs. This process converts 

sensible heat into latent heat, which is beneficial for the Urban Heat Island effect. The energy needed for this 

process is mainly taken from incoming solar radiation, but on rare occasions with strong wind and hot and dry 

air, the sensible heat can be taken from the air, causing a small reduction in air temperature. This property is 

however not quantified here. 

Living wall systems could also contribute to energy savings through their insulating capacity. The Rc value of 

three systems has been computed using THERM 6.3. The Rc value of the Greenwave system based on soil varies 

between the 0.1 and 0.2 m
2
 K W

-1
 dependent on the wetness of the growing medium. For the Wonderwall 

system based on fabric this ranges between the 0.2 and 0.3 m
2
 K W

-1
. The insulating capacity of the LivePanel 

system (rock wool) was found to be more significant: 0.9 – 1.5 m
2
 K W

-1
.  

The results of the quantification of the first two foliage properties and the Rc value of the LivePanel are 

subjected in a HAMBASE energy consumption simulation. In this study a small Dutch office building is subjected 

to quantify the potential energy savings aspect of a foliage covering the building’s external walls (40% glass). 

Other investigated variables are the thermal mass of the building, the amount of thermal insulation and the 

application of a green roof.  

The results show that applying a foliage cover led to a decrease in annual cooling load, but this was balanced by 

an increase in annual heating load. In every examined situation, the annual energy consumption decreased by a 

mere 1%.  

Changing the model’s structure from heavyweight to lightweight, while maintaining the Rl at 3.5 m
2
 K W

-1
, 

induced to a 41% increase in energy consumption. The increase was lower (24%) when the Rl of the 

heavyweight model was changed to 2.5 m
2 

K W
-1

. Applying a green roof on the heavyweight model led to a 2% 

decrease.  

Attaching the LivePanel system to the poorly insulated heavyweight model (Rl ≈ 2.5 m
2
 K W

-1
) caused the 

annual energy consumption to drop from 18,350 kWh to 14,650 kWh. Despite the annual savings of about         

€ 815.-, the application’s annual maintenance costs (estimated between € 2,520.- and € 8,400.-) are not 

relieved. 
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1. INTRODUCTION 

1.1 Backgrounds 

The synthesis report of the Intergovernmental Panel on Climate Change (IPCC) from 2007 shows an increase of 

global mean temperatures and water levels and a decrease of global snow coverage, over the last 50 years. 

One of the main causes is the increased concentration of greenhouse gasses in the atmosphere. The annual 

emission of, for example, carbon dioxide has increased from 21 to 38 gigatons in the period between 1970 and 

2004 and represents 77% of the total greenhouse gas emissions. The increase is a direct consequence of 

burning more fossil fuels and deforestation. Global warming is mainly noticed in more fluctuations in global 

circulations, leading to more extreme and abnormal weather conditions in certain parts of the world, 

threatening the local ecosystems. (IPCC 2007) 

Just like global warming, the world population has risen sharply in the last fifty years (fig 1). (Link 1) Also, 

polluting techniques are now common all over the world, which leads to an increase in usage and emissions. 

(IPCC 2007) According to publications from the United Nations, the world population counted seven billion 

citizens at the end of November 2011, with an annual increase of eighty million. The population growth means 

more consumption of food, water, energy, materials and land for shelter and agricultural purposes. The main 

source for these needs is nature, but her supply cannot keep up with the demand. (Graham 2004) 

Furthermore, the publications of the United Nations show an increase in global urbanization (fig 1). (Link 1) 

People seek more financial opportunity in the city, where travel times are short and services are plentiful. This 

urbanization leads to bigger, taller and denser cities, resulting in more urban activities, increasing emissions 

(smog) and higher temperatures. In other words, urbanization leads to a degeneration of living conditions and 

contributes to global warming. (Graham 2004) 

The building industry contributes to these climate changes as well. The built environment occupies a lot of 

space and consumes vast numbers of energy and materials. The many grey surfaces in the city absorb solar 

heat during the day, while reradiating it at night, causing higher mean temperatures. This phenomenon is also 

known as the ‘Urban Heat Island’ effect. (Graham 2004) 

 
FIG 1: THE ESTIMATED WORLD POPULATION FROM 1950 TO 2030; INCLUDING THE URBAN (RED) AND RURAL POPULATION (BLUE) 
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1.2 Greening the urban environment 

There is a lot of research in progress to implement more sustainable building methods during the development, 

construction, occupancy and demolition phases of the built environment, that consume less energy and 

materials and decrease emissions.  

A more recent development in the building industry is the integration of buildings and nature in the form of a 

‘green’ roof or wall, where vegetation is applied to the building envelope. This development can offer a 

solution to the inner city problems described in the previous section. It is however not a completely new 

innovation. Early Northern cultures applied thick grass sods on the roof for more thermal mass and around the 

19
th

 century in Central Europe, some citizens covered the walls of their houses with climbing plants mainly for 

esthetical purposes. (Dunnet 2008) 

With the increased interest due to climate change starting in the 1980’s, researchers and developers came to 

the realization that this development brought some unique advantages, because of the incorporation of plant 

life. Since then green roofs have become widely known in the building industry and the introduction of 

extending the vegetation to the vertical surfaces was a logical next step. From there, early studies were set up 

in Central Europe to investigate the positive influences. From 1987 the first researches for green façades were 

conducted by Bartfelder and Kohler (Bartfelder 1987) which led to wall greening guidelines (FLL) in 1995. 

(Kohler 2008) There are multiple ways to ‘green’ a wall. A distinction can be made between ‘soiled’ systems 

and ‘landless’ systems. 

Soiled systems mainly consist of climbing plants, like the Hedera Helix, that are potted directly into the ground 

and grow along the wall (called ‘green façades’ in this study). This type of greening requires little maintenance, 

but takes about 5 years to cover a wall with a height of 10 meters. (Kohler 2008) Also, climbers can damage a 

wall with their rooting system, as they tend to dig in the small cracks. A common way to prevent this is to use a 

netted structure in front of the wall to guide the climbing process.  

 

 

1.3 Living wall systems  

Landless systems or living wall systems (LWS) are a more recent development. The vegetation is potted in soil, 

fabric or rock wool and is hung on the wall by the use of a mounting structure. The roots of the plants have no 

access to the earth’s soil and therefore, the watering and nurturing is done by an integrated hydroponic 

system, that consists of pumps and a piping network that is often hidden. LWS’ do not occupy ground space 

and reduce the growing time for a fully vegetated wall. (Ottelé 2011; Peters 2010) 

FIG 2 (LEFT): THE GREEN ROOF ON THE GARDEN STREET LOFTS IN HOBOKEN, NEW JERSEY. FIG 3 (RIGHT): A LWS DESIGNED BY PATRICK 

BLANC; THE EXOTIC PLANTS ARE ROOTED ON LAYERS OF FELT 
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The advantages of green walls (green façades and LWS’) for the direct environment are the purification of the 

air, reduction of solar heating, reduction of visual stress levels for humans and animals, reduction of noise 

attenuation and strengthening of the urban ecosystem. (Ottelé 2011; Minke 1982; Nelms 2007; Dunnet 2008) 

The environmental advantages do not contribute to the value of LWS’ for the consumer (in this case also the 

building occupant), simply because the consumer has no direct benefit of them. The surrounding environment 

however does, and several Dutch councils (Utrecht, Rotterdam) are willing to relieve some of the costs for the 

consumer by awarding grants. On most occasions the investment is still carried by only one party. (Den Ouden 

2012) 

The advantages of green walls for the consumer (building occupant) are the sustainable image, increase in 

acoustical insulation and the possibility for small scale agriculture. (Ottelé 2011; Peters 2010; Wong 2010; 

Dekkers 2010) The application of a green wall also increases the overall thermal insulation of the external wall 

and several properties of the foliage decreases heat transfer between the indoor and outdoor climate. (Ottelé 

2011; Peters 2010) This could lead to potential energy savings. (Ottelé 2011; Dunnet 2008; Castleton 2010) 

It is important for the consumer to know if the investment in a LWS is worth it. A LWS is considered to be more 

expensive to install (about € 350.- m
-2

), compared to the more conventional wall cladding systems. The 

additional annual maintenance costs are estimated between € 15.- and € 50.- per square meter, dependent on 

the chosen system. (Vonk 2012) Most advantages for this party are confirmed, but still lack (economical) 

quantification. Real benefit for the owner/building occupant is still questionable upon this day. (Kuitert 2012) 

   

 
  

FIG 4 (LEFT): THE LIVEPANEL SYSTEM BY MOBILANE. FIG 5 (RIGHT): THE GREENWAVE SYSTEM BY GREENWAVE SYSTEMS 
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2. POTENTIAL ENERGY SAVINGS FROM GREEN WALLS 

2.1 Properties of green walls 

In case of green walls, applying a foliage cover to the external wall of a building will influence the building’s 

energy consumption. Compared to a bare wall, the foliage cover reduces the heat transfer rate between the 

indoor and outdoor climate, as the surface temperatures of green walls show a more stable course. (Bartfelder 

1987; Dunnet 2008; Ottelé 2011; Peters 2010) Emorfopoulou (2009) measured an average decrease in peak 

surface temperature of 6.8 °C.   

The foliage of green walls has three properties that influence the heat transfer rate. It provides more thermal 

insulation as it lowers the wind speed along the outer surface. It blocks a portion of the incoming solar 

radiation, which lowers the dissipation in the outer surface. And finally, the evaporation process in the leafs of 

the foliage reduces the ambient temperature in the foliage on sunny and warm days. (Dunnet 2008; Bartfelder 

1987, Ottelé 2011, Peters 2010; Wong 2009a; Perini 2011; Krüsche 1982; Wong 2009b; Papadakis 2001; Jim 

2011; Reichmann 2010) 

According to the producers and developers of LWS’, the application of their product would also bring a 

significant, but not yet quantified, addition to the thermal resistance of the external envelope. To confirm this, 

Ottelé (2011) has attempted to measure and quantify the thermal resistance of four LWS’ using the hotbox 

method. Unfortunately, the evaporation process of the foliage influenced the measurement, leading to 

inaccurate results.  

The experiments and studies still did not entirely quantify the foliage properties. Only Jim (2011) has made a 

mathematical model for the solar energy distribution, not taking into account the insulation and evaporation 

properties, Sailor (2008) made an energy balance model for green roofs and Ottelé (2011) looked for the 

average thermal resistance of a foliage. More quantification is needed to increase the accuracy of building 

energy simulations with green walls. 

2.2 Potential building energy savings 

The energy balance of a building within a particular period is divided in heat gain/loss through the external 

envelope, heat gain/loss by ventilation, heat loss by cooling and heat gains by the heating installation, solar 

radiation and indoor activity (casual heat gain). The first two elements depend on the indoor and outdoor 

climate for their definition as a heat gain or a heat loss. The general task of the heating and cooling installation 

is to keep the indoor temperature stabilized at the desired temperature. The other four elements will influence 

the indoor temperature constantly. (Van der Linden 2000) 

Two studies simulated the annual cooling load savings on two different office buildings, although using 

simplified data. Wong et. al. (2009b) subjected a 10-story non-insulated building and compared the situations 

with and without a foliage cover. The layer of growing medium that came with the foliage cover boosted the 

thermal insulation of the overall wall and resulted in a 10% reduction in the annual cooling load. Stec et. al. 

(2005) found a higher decrease (20%) while using plants in a double skin façade.  

Another aspect that is relevant when dealing with energy consumption and heat transfer rates is the overall 

thermal mass of the building. The energy simulation of Yoshimi (2011) compared two concepts with and 

without vegetation on a typical Japanese dwelling. The use of green walls led to a higher decrease in the 

lightweight situation (40.6% decrease over 22.1% heavyweight). Despite the larger decrease, the heavyweight 

situation led to lower annual building energy consumption (1,537 kWh over 2,296 kWh lightweight).  



Green walls and building energy consumption: 

Building energy simulation  J.A. Oosterlee 

 

 

14 

All three simulations led to significant energy savings caused by a lower cooling load, mainly due to the 

decreased solar heat gain. Every temperature drop of 0.5 °C inside will result in electricity savings up to 8% for 

air conditioning. (Dunnet 2008) This influence will most likely raise the heating load, which is not covered. 

2.3 Research field 

This research will continue to investigate the potential annual energy savings aspect of green walls, as cost 

savings generally speaks to a wider audience and is in potential the benefit that can bring more consumers for 

LWS’. The investigation consists of eight simulations of a case study building.  

The software that is used to simulate the annual energy consumption is HAMBASE (Heat, Air and Moisture 

model for Building And System Evaluation), a plug-in model for MatLab developed at the university of 

Eindhoven. With the program the indoor temperature, the indoor air humidity and energy use for heating and 

cooling of a multi-zoned building can be simulated. The software will use extracted weather data from the 

Dutch climate. 

The case study building is an existing small office building located in The Netherlands. The cooling load of these 

type of buildings is generally higher than the annual heating load. (Konings, 1996) Also, offices are 

implemented on a large scale into the built environment. 

The main research question is formulated as follows: 

How does the application of a green façade affect the annual energy consumption of the case study building? 

 

To answer this question, a quantification of the foliage properties will be made to serve as input for the 

simulations. Through literature study, the three properties will be explored and quantified using equations 

when available.  

In addition, the thermal resistance of three LWS’ will be calculated to see if they make a significant contribution 

to the overall thermal resistance of the external envelope. This will be done using THERM 6.3, a two-

dimensional building heat-transfer software program developed by the Lawrence Berkeley National Laboratory 

(LBNL). 

The sub questions are formulated as follows: 

1. What is the thermal resistance of the foliage of a green wall? 

2. How much solar radiation is blocked by the foliage of a green wall? 

3. How large is the temperature drop by the evaporation process of the foliage in a green wall? 

4. What is the thermal resistance of the three living wall systems? 

Additional specifications in methodology will be discussed in the sequential chapters.  
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3. GENERAL BUILDING PHYSICS 

3.1 Introduction 

This chapter begins with a description about general building physics. After that each foliage property is 

elaborated and quantified using existing mathematical models concerning building and plant physics.  

3.2 General building physics 

3.2.1 Heat transfer rate 

Heat always flows from warm to cold and is expressed in Watt or Joule per second. The heat flow density is 

expressed in Watts per square meters and the heat transfer rate, also known as the heat flux, is expressed in 

Watts per square meters Kelvin (W m
-2

 K
-1

). 

Heat transfer can occur in three ways: by convection (cv), conduction (cd) or radiation. In building physics a 

distinction is made between infrared/long wave radiation (r) and solar/short wave radiation (sol) as solar 

radiation is more variable over the other.  

3.2.2 Convection 

Convection is heat transfer that takes place by a medium. This medium can only be in a liquid or gaseous state, 

so it has free movable molecules. A temperature difference within the medium, causing density variation, will 

result in a movement of molecules. The molecules carry heat (energy) from the hot areas to the cold areas. The 

heat transfer coefficient for convection is derived from the flow speed of the medium.  

3.2.3 Conduction 

Conduction also takes place by a medium. This can happen in any state, but the conductance decreases in 

liquid or gaseous states, as the convection in the medium increases. The heat transfer coefficient for 

conduction is determined by the heat conductivity coefficient of the medium: (Van der Linden 2000; Hagentoft 

2003; Tammes 1980) 

  �3.1�    h�	 =   λ /  
  with: hcd = heat transfer coefficient for conduction in W m-2 K-1 

λ = heat conductivity coefficient of the medium in W m-1 K-1 
d = thickness of the medium in m  
 
3.2.4 Radiation 

Radiation is heat transfer by electromagnetic radiation. Radiation is pure energy and does not require a 

medium for its transportation. Only long wave infrared radiation (2,500 – 10,000 nm) determines the heat 

transfer coefficient for radiation (r). Every object with a temperature of more than 0 K (-273.16 ˚C) emits heat. 

This heat can be made visible by infrared cameras and is measured using an infrared thermometer. When long 

wave radiation is projected on a material, a percentage can be absorbed or reflected. This is defined by the 

emissivity factor of the material that represents the amount of absorption.  
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The heat transfer coefficient for radiation between two infinite parallel surfaces, is computed with: (Van der 

Linden 2000; Hagentoft 2003; Tammes 1980) 

  �3.2�     h$ = 4 ∙  ε(  ∙  ε)
ε( − ε(  ∙  ε) +  ε)

 ∙  σ ∙  -T( +  T)
2 /

0
  

  with: hr = heat transfer coefficient for radiation in W m-2 K-1 
ε1 = emissivity factor of surface 1 
ε2 = emissivity factor of surface 2 
σ = Stefan-Boltzmann constant in W m-2 K-4 [5.67 x 10-8] 
T1 = temperature of surface 1 in K 
T2  = temperature of surface 2 in K 

The heat flow density that is irradiated from a surface, is computed with: (Van der Linden 2000; Hagentoft 

2003; Tammes 1980) 

  �3.3�    q$ =  ε ∙  σ ∙  T? 

  with: qr = heat flow density of infrared radiation in W m-2 
ε = emissivity factor of the surface 
 σ = Stefan-Boltzmann constant in W m-2 K-4 [5,67 x 10-8] 
T = temperature of the surface in K 

The absorbed radiation by a surface, is computed with: (Van der Linden 2000; Hagentoft 2003; Tammes 1980) 

  �3.4�     qA$;CD =  ε ∙ qA$;AE 

  with: qir;ab = absorbed radiation heat flow density by the surface in W m-2 
ε = emissivity coefficient of the surface 
 qir;in = incoming radiation heat flow density in W m-2 

The total heat transfer for building components composed of air (like the internal air film (hi), external air film 

(he) and air cavities (hcav)) is acquired by a summation of the three heat transfer coefficients: (Van der Linden 

2000; Hagentoft 2003; Tammes 1980) 

  �3.5�    h = h�H + h�	 + h$ 
  with: h = heat transfer rate in W m-2 K-1 

hcv = heat transfer coefficient for convection in W m-2 K-1 
hcd = heat transfer coefficient for conduction in W m-2 K-1 
hr = heat transfer coefficient for radiation in W m-2 K-1 
3.2.5 Thermal resistance 

The thermal resistance is the reciprocal value of the heat transfer rate. A high thermal resistance or a low heat 

transfer rate means lower heat transport through a medium. The Dutch Building Code (2012 issue) demands a 

minimal thermal resistance (Rl) of 3.5 m
2
 K W

-1
 for the building envelope of accommodated zones of new 

buildings. (Link 2) 

The Rc computation on the next page is for homogenous layers. However, in building practice, the external 

envelope can consist of layers with more than one material. A thermal bridge is present, when the difference of 

in the heat conductivity coefficients is too high (e.g insulation material and metal). The thermal bridges can be 

calculated numerically or by using software programs. 
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To calculate the total thermal resistance of a structure composed of multiple layers, each individual thermal 

resistance can be added: (Van der Linden 2000; Hagentoft 2003; Tammes 1980) 

 

  �3.6�     R�CH =  1
h�CH

 

  �3.7�     RA =  1
hA

 

  �3.8�     RJ =  1
hJ

 

  �3.9�     R� =  L dM
λM

E

MN(
 �+ R�CH� 

  �3.10�   RO =  RA +  R� + RJ  
  with: Rcav = thermal resistance of an air cavity in m2 K W-1 

Ri = thermal resistance of the internal air film in m2 K W-1 
Re = thermal resistance of the external air film in m2 K W-1 
Rc = thermal resistance of the structural layer in m2 K W-1 
Rl = total thermal resistance of the structure in m2 K W-1 
hcav = heat transfer rate in an air cavity in W m-2 K-1 
hi = heat transfer rate in the internal air film in W m-2 K-1 
he = heat transfer rate in the external air film in W m-2 K-1 
λk = heat conductivity coefficient of layer k in W m-1 K-1 
dk = thickness of layer k in m 
3.2.6 Solar radiation 

The amount of solar radiation varies greatly during the day and is therefore not taken into account in 

determining the heat transfer rate and thermal resistance. (Tammes 1980) 

Solar radiation consists of radiation waves of different wave lengths. The solar spectrum that reaches the 

surface of the earth on a cloudless day is shown in figure 6. The graph shows that solar radiation also contains 

short wave infrared radiation (750 – 2,500 nm). The different wavelengths in the visible section of solar 

radiation represent different colors. (CMU 2003)  

The amount of solar radiation absorbed by a surface is defined by the solar absorption coefficient αsol. This is 

mainly determined by the color and the smoothness of the surface. For example, the solar absorption 

coefficient for a red brick wall is 0.75; 75% of the incoming solar radiation is absorbed (α) and 25% is reflected 

(ρ). The surface has a red color as it reflects most of the radiation on the wavelength that we perceive as the 

color red. A black surface absorbs almost all visible light. The absorbed radiation is turned into sensible heat 

(dissipation), causing a rise in surface temperature: (Tammes 1980) 

   �3.11�    qPQO;CD =  αP ∙ qPQO 

  with: qsol;ab = absorbed solar radiation of a surface in W m-2 
αsol = solar absorption coefficient of the surface 
qsol = solar radiation in W m-2 
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The incoming solar radiation adds a bonus to the outside temperature in heat transfer calculations that is 

defined as the sun-air temperature. This bonus is computed by: (Tammes 1980) 

  �3.12�     ΘPQO =  ΘJ + αPQO  ∙  qPQO
hJ

 
  with: Θsol = sun-air temperature in °C 

Θe = external air temperature in °C 
αsol = solar absorption coefficient of the outer surface 
qsol = solar radiation in W m-2 
he = total heat transfer rate of the external air film in W m-2 K-1 

 

 

3.2.7 Heat transfer 

With the overall heat transfer rate of a structure and the interior and sun-air temperature, the total heat 

transfer of the structure can be determined as follows: (Van der Linden 2000; Hagentoft 2003; Tammes 1980) 

  �3.13�     U =  1
RO

 

 
  �3.14�    q =  U ∙  �ΘPQO  − ΘA�        
  with: U = overall heat transfer rate of the structure in W m-2 K-1 

Rl = total thermal resistance of the structure in m2 K W-1 
q = total heat transfer in W m-2 
Θsol = sun-air temperature in °C 
Θi = internal air temperature in °C 

  

FIG 6: SOLAR ENERGY DISTRIBUTION 
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4. PHYSICS OF THE FOLIAGE 

4.1 Quantifying coverage of the foliage 

The coverage of the foliage plays an important role in determining the physics of the foliage. The amount of 

coverage is defined as the leaf area index (LAI). The LAI is the amount of leafs that cover a small fraction of the 

wall from the viewpoint of the sun. The LAI can therefore only be a multitude of 1, when looked from a specific 

area on the back wall (fig 7).  

 

 

The wall consists of multiple areas with different LAI, so an overall LAI is in order here: 

  �4.1�     LAIZ =  L    AM  ∙  LAIM
A[Q[

E

MN(
 

with: LAIf = overall leaf area index of the foliage 
Ak = area of surface k in m2 
LAIk = leaf area index of surface k  
Atot = total area of the wall in m2 

Determining an absolute value for the LAI will be time consuming, sophisticated and only gives a temporary 

result, as foliage shifting is likely to happen over time. The LAI should therefore be considered as an average 

value. Sailor (2008) states that the LAI of a green roof ranges from 0 to 5. Wong (2009a) found a maximum of 

2.7 for the LAI of his green façade. 

Direct methods for determining the LAI involve stripping and measuring a statistically significant sample of the 

foliage. The LAI of single plants can be measured by hand or by a LAI meter.  

Indirect methods mostly involve hemispherical photography or founded estimations.  

FIG 7: SCHEMATIC OF A VERTICAL CROSS SECTION OF A GREEN FAÇADE WITH THE SHADOW FORMING OF THE LEAFS ON THE WALL. THE 

WALL IS DIVIDED INTO AREAS WITH DIFFERENT LAI 
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The density of the foliage is determined by the thickness/height of the foliage and its LAI. The density has an 

influence on the wind speed within the foliage; a higher density will result in a lower foliage air velocity. Dense 

foliage is considered to have a low thickness and a high LAI. (Sailor 2008)  

4.2 Quantifying the thermal resistance of the foliage 

4.2.1 Thermal resistance range 

As from equation 3.5, the way to calculate the thermal resistance of the foliage is to look at the heat transfer of 

convection, conduction and radiation separately. The thermal resistance of the foliage should be considered in 

a range, because of its uniqueness and complexity. Another consideration is that the foliage represents the 

transitional resistance between the outside wall and the outside air (external air film (he)). For a bare wall with 

no foliage (LAI = 0), the average of this resistance is quantified at 0.04 m
2
 K W

-1
 as discussed in the NEN-EN-ISO 

6946:2008.  

In figure 8, an example is shown of separate heat transfer coefficients of a weakly ventilated vertical air cavity. 

The amount of radiation (r) remains the same regardless of the cavity width. Increasing the width however, 

increases natural convection and decreases conduction. The thermal resistance of a 50 mm wide air cavity is 

about 0.17 m
2
 K W

-1
. (Van der Linden 2000) 

 

 
According to the heat transfer coefficient of radiation, convection and conduction in the air cavity, the thermal 

resistance of a dense foliage, will probably not exceed 0.17 m
2
 K W

-1
. The thermal resistance of all foliages will 

be within the range of 0.04 and 0.17 m
2
 K W

-1
. Ottelé (2011) quantified the thermal resistance of a foliage to be 

0.14 m
2
 K W

-1
. 

4.2.2 Heat transfer coefficient of convection 

Ottelé (2011) and Rath and Kieβl (1989) measured an average air velocity of 0.5 m s
-1

 along the outside wall 

within the foliage. This is a major reduction compared to a bare wall without leaf coverage. The average air 

velocity along the outside wall without foliage is 4 m s
-1

. From the air velocity, the convectional heat transfer 

coefficient can be derived from figure 9:  

  

FIG 8(LEFT): HEAT TRANSFER IN A VERTICAL AIR CAVITY. FIG 9 (RIGHT): CONVECTIVE HEAT TRANSFER COEFFICIENT  



Green walls and building energy consumption: 

Building energy simulation  J.A. Oosterlee 

 

 

21 

External bare wall (4.0 m s 
-1

):    he;cv = 20.0  W m
-2

 K
-1 

External foliage covered wall (0.5 m s
-1

):   he;cv = 6.0 W m
-2

 K
-1 

 

The heat transfer coefficient of convection for all foliages will range between 0 and 20 W m
-2

 K
-1

. Lowering the 

coefficient can be done by lowering the air velocity (forced convection) within the foliage. This can only be 

done by a densification of the foliage.  

In appendix I a collection of models is presented to estimate the heat transfer coefficient for convection within 

a foliage more accurately. 

4.2.3 Heat transfer coefficient of conduction 

The heat transfer coefficient of conduction can be ignored for most foliages due to the forced convection by 

wind: 

External bare wall:     he;cd = 0.0  W m
-2

 K
-1

 

External foliage covered wall:    he;cd = 0.0 W m
-2

 K
-1

 

 

Only in very dense foliage with almost no wind penetration (like in air cavities), the heat transfer coefficient of 

conduction will be likely to raise. As figure 8 shows, the summation of the heat transfer coefficients of 

convection and conduction is unlikely to drop below 1 W m
-2

 K
-1

 in real world situations.  

 

 

 

4.2.4 Heat transfer coefficient of radiation 

The heat transfer coefficient of radiation can be computed using equation 3.2. The input required for the 

computation are the emissivity factors and (mean) temperatures of the wall and the foliage. Figure 11 shows a 

schematic of the distribution of long wave radiation in a green façade; the foliage cover is represented as the 

dashed green line.   

The emissivity factor for most building materials, including walls, is 0.90. For leafs, the emissivity factor is about 

0.95 (table 2). (Lambers 2008; Link 3)  

The NEN-EN-ISO 6946:2008 applies a mean temperature of 291 K (18 ˚C), derived from the environmental and 

surface temperature. In case of green façades, the mean temperature is derived from the foliage temperature 

and the surface temperature.  

FIG 10(LEFT): WIND REDUCTION OF A GREEN FAÇADE FIG 11 (RIGHT): LONG WAVE RADIATION DISTRIBUTION WITH LR FROM THE 

ENVIRONMENT (BLUE), LR FROM THE BACK WALL (RED) AND LR FROM THE FOILAGE (PURPLE) 
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The foliage temperature is more variable over the environmental temperature, as it is more vulnerable for 

solar radiation. On the other hand, the foliage prevents the surface from heating up. The mean temperatures in 

both situations, with or without foliage, are therefore assumed to be the same.  

The heat transfer coefficient of radiation is (equation 3.2): 

External bare wall:     he;r = 5.0  W m
-2

 K
-1

 

External foliage covered wall:    he;r = 5.3  W m
-2

 K
-1 

 

Appendix I also presents models that can estimate the heat transfer coefficient for radiation more accurately. 

Material surface Emissivity factor (ε) 

Shiny polished surfaces 0.02 – 0.07 

Galvanized steel 0.20 – 0.30 

Aluminum smooth 0.07 – 0.09 

Aluminum anodized 0.40 – 0.50 

Aluminum lacquer 0.35 – 0.40 

Normal lacquer, every color 0.90 – 0.95 

Common building materials 0.90 – 0.95 

Leafs 0.94 – 0.96 

 

4.2.5 Average thermal resistance of the foliage 

The average total heat transfer coefficients (equation 3.5): 

External bare wall:     he  = 25.0  W m
-2

 K
-1

 

External foliage covered wall:    he = 11.3  W m
-2

 K
-1 

Internal bare wall:     hi  = 7.8  W m
-2

 K
-1

 

Air cavity (50 mm):     hcav  = 6.0  W m
-2

 K
-1

 

 

This will lead to an average thermal resistance of (equation 3.6, 3.7 and 3.8): 

External bare wall:     Re = 0.04  m
2
 K W

-1
 

External foliage covered wall:    Re = 0.09  m
2
 K W

-1 

Internal bare wall:     Ri = 0.13  m
2
 K W

-1
 

Air cavity (50 mm):     Rcav = 0.17  m
2
 K W

-1
 

4.3 Quantifying the blockage of solar radiation by the foliage  

Covering a wall with foliage will result in a shading effect, decreasing dissipation of incoming solar radiation in 

the back wall. Besides absorbing (α) and reflecting (ρ), a leaf can also transmit (τ) solar radiation. Table 3 shows 

several examples of transmission coefficients for single leafs investigated by several studies. (Krüsche 1982; 

Minke 1982; Lambers 2008). The transmission coefficient for the majority of leaf types ranges from 0.05 to 

0.60. The color of the leaf determines which wavelengths of visible light will be reflected and transmitted.  

According to Lambers (2008), the leaf pigments define the interaction with radiation in the visible range. The 

absorption of short wave infrared radiation is primarily defined by the water content of the leaf. The reflection 

of short wave infrared radiation is partially determined by the water and nitrogen content and various forms of 

carbon substances. Visible light, except green light, will be absorbed by the chlorophyll cells.  

  

TABLE 2: THE EMISSIVITY FACTOR OF SEVERAL MATERIALS 
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With the transmission of the leaf and the LAI of the foliage, the overall transmission of the foliage can be 

computed with: 

 

  �4.2�     τZ =  �τO�]^_`  

with: τf = solar transmission factor of the foliage 
τl = solar transmission factor of the leafs 
LAIf = overall leaf area index of the foliage 

4.4 Quantifying the temperature drop by the foliage 

Evapotranspiration is the combination of transpiration of the plant and evaporation from the growing media, 

and releases water vapor into the air. Evaporation from a surface only occurs when the outside air is not fully 

saturated (relative humidity ≠ 100%) and the surface temperature is not below the dew point temperature of 

the outside air, otherwise condensation on the surface will happen. The evaporation rate increases at low 

aerial relative humidity levels and high wind speeds. (Perez 2010a; Perez 2010b; Papadakis 2001; Reichmann 

2009) The amount of transpiration varies greatly among species. Herbaceous plants tend to transpire more 

than pine trees. (Lambers 2008) 

Transpiration functions as a cooling mechanism for a leaf. The evaporation process turns sensible heat into 

latent heat. The heat supply needed for vaporization comes directly from the leaf temperature and indirectly 

from solar radiation. The other possible direct sources of heat are dry and hot air during strong winds 

(advection). However, the influence of advection is usually neglected in the equations in plant models as it is 

rare and variable. (Lambers 2008; Fuchs 2006; Roy 2007)  

In case of advection, sensible heat is taken from the outside air for the evaporation process, resulting in a 

temperature drop. Bartfelder and Kohler (1987) measured an average temperature drop on sunny summer 

days in the foliage of 0.3 °C in Germany. Emorfopoulou (2009) also measured a temperature drop in the foliage 

in the summer period in Greece. The maximum temperature drop that can occur is to the dew point 

temperature of the air.  

To quantify the temperature drop, one has to take into account many specific variables of the air. Additionally, 

the ratio between solar radiation and sensible heat from the air used for the conversion into latent heat is also 

very specific and unknown. The calculation of the temperature drop is therefore not covered in this study.  

More information about the energy budget of a foliage and the principles behind the evaporation process can 

be found in appendix I. 

4.5 Discussion 

The thermal resistance of the foliage (Re) is mainly determined by its density as it reduces the air velocity within 

the foliage. It is ranges from 0.04 to 0.17 m
2
 K W

-1
 with an average value of 0.09 m

2
 K W

-1
. It is a minor increase 

compared to the transitional thermal resistance of a bare wall. The importance of the increase is low, as the 

building envelope of to be built buildings should minimally achieve a thermal resistance (Rl) of 3.5 m
2
 K W

-1
. 

The shading effect depends on the leaf area index of the foliage (LAIf) and the transmission coefficients of the 

leafs in the foliage (τl). Increasing the LAIf will exponentially decrease the transmission factor of the foliage (τf) 

and will result in less dissipation of solar radiation in the back wall.  

Transmittance of solar radiation by leafs 

 Krusche (1982) Minke (1982) Lambers (2008) Ip (2007)  Perez (2010a)  

Transmission 5-30% 18% 20% 43% 4-29% 

      

TABLE 3: TRANSMITTANCE OF SOLAR RADIATION BY LEAFS 
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The temperature drop due to the evaporation process within the foliage is very variable and only occurs on 

rare occasions. Quantification is left out in this study. 

4.6 Recommendation 

Defining the thermal resistance and shading factor of a foliage is complex. The main report only focuses on a 

simple quantification of both properties as it proves to be sufficient enough to serve as input for the building 

energy simulation and product development. The models described in Appendix I are worth mentioning as they 

cover more in-depth material of the foliage properties. Sequential studies can use this literature for calibration, 

validation and implementation in energy simulation software such as HAMBASE. 
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5. Rc CALCULATION OF THREE LIVING WALL SYSTEMS 

5.1 Methodology 

The heat resistance (Rc) of a layer can be computed using equation 3.9. However, LWS’ have a complicated 

structure and can include thermal bridges. The U-values of the LWS’ are therefore calculated using THERM 6.3, 

a two-dimensional building heat-transfer software program developed by the Lawrence Berkeley National 

Laboratory (LBNL).  

There are over twenty different LWS available on the Dutch market. These can be categorized on type of 

growing medium, namely fabric, soil and rock wool. (Ottelé 2011) This calculation subjects a representative of 

each type of growing medium; for fabric this is the Wonderwall system by Copijn, for soil this is the Greenwave 

system by Greenwave Systems and for rock wool this is the LivePanel system by Mobilane (table 4).  

Each system will be calculated in a wet/saturated and dry state. The used conductivity coefficients for the 

materials, boundary layer properties and other input used in the program are located in appendix II.  

Greenwave system Wonderwall system  

 

LivePanel system 

 

The system’s main components are 

the planter boxes made from high 

density polypropylene (HDPP). Two 

rows of boxes and a back sheet form 

one panel that is placed in a steel rail. 

The rail is supported by several steel 

brackets attached to the back wall. 

The planter boxes are filled with soil 

that is moistened by the horizontal 

dripping line above each panel. 

This system is composed of three 

layers of felt, rooting canvas and 

water tight foil stapled to a rigid 

polystyrene sheet. This structure is 

then screwed to steel sheets. The first 

felt layer is cut to make a pocket. The 

pocket is filled with soil and a single 

plant. The hydroponic network is 

positioned behind the second felt 

layer and keeps the entire wall moist. 

The pressed rock wool panels in this 

system features vertical cylinders 

filled with soil. The soil is reachable by 

punctuated holes at the front. The 

panels are rested on a horizontal 

aluminum railing that includes a 

gutter and an irrigation pipe. The 

maximum space between two 

horizontal railings is 2.4 m. The railing 

is also attached to the back wall. 

 

   

   

 TABLE 4: THE THREE SUBJECTED LWS 
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5.2 Results 

The mean Rc values of the systems, derived from the results in Appendix II, are displayed in table 5. 

System Rc wet state Rc dry state Additional Rcav 

 m
2
 K W

-1
  m

2
 K W

-1
 m

2
 K W

-1
  

Greenwave system 0.1 0.2 0.17 

Wonderwall system 0.2 0.3 - 

LivePanel system 0.9 1.5 0.14 

    

 

5.3 Discussion 

The heat resistance of the Greenwave system is only about 0.1 – 0.2 m
2
 K W

-1
, this is similar to the heat 

resistance of a 100 mm brick wall (Rc = 0.1). Although the system does not hold insulating material, the wet soil 

in the planter boxes have a λ of 0.55 W m
-1

 K
-1

 and can be somewhat insulating. The system however does not 

divide the soil evenly along the surface. Another negative influence is the thermal bridge from the steel 

mounting system. Both influences result in a low Rc value. 

From the results, it is concluded that the Wonderwall system also is not designed to have insulating properties. 

The Rc value is 0.1 higher than that of the Greenwave system, mostly because of the applied PS sheet (λ = 0.16 

W m
-1

 K
-1

). 

The LivePanel system uses the insulation material rock wool as its main component and this can be found in its 

Rc value (0.9 – 1.5 m
2
 K W

-1
). Although the panels can get wet from the internal irrigation supply and the rain, 

the rock wool does not absorb much water and maintains a λ of 0.075 W m
-1

 K
-1

 in a wet state. Despite the 

major thermal bridge formed by the aluminum structure, this system is designed to have insulating qualities. 

Not only for the purpose of energy savings, the rock wool also prevents the soil from freezing in winter times, 

which is beneficial for plant life. 

As stated before, the Dutch Building Code (2012 issue) demands a minimal Rl of 3.5 m
2
 K W

-1
 for the building 

envelope of accommodated zones of new buildings. (Link 2) The contribution of the LWS’ with soil and/or felt 

layers to the Rl value can therefore be considered as insignificant. Simply applying more insulation would be far 

more effective.  

Only the LivePanel system makes a significant contribution, even in a wet state. If this system is used on a new 

building, it would mean that the insulation layer can be thinner as usual. It could also be applied to existing 

buildings to improve the Rl. 

5.4 Recommendation 

This study only covers three LWS’ and an estimation of their Rc value. Other system could be subjected in the 

same manner. When desired, a more accurate result can be obtained by a hotbox measurement similar to the 

experiments of Ottelé (2011). The foliage can be left out to prevent them from influencing the results. 

TABLE 5: THE CALCULATED RC OF THE THREE LWS 
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6. CASE STUDY ON ENERGY 

6.1 Methodology 

The software that is used in this simulation is HAMBASE (Heat, Air and Moisture model for Building And System 

Evaluation), a plug-in model for MATLAB

The case study building subjected in th

a simplified two-story office building, based on the 

existing office building of contracting company B. De 

Nijs – Soffers BV, situated in Hoogerheide, the 

Netherlands (fig. 12). This office building is assumed to 

meet the demands in the Dutch building code

The simulation uses weather data measured at the 

weather station in De Bilt, the Netherlands from the 

period 1-10-1999 to 30-9-2000. 

variables can be found in Appendix II.

The simulation comprises four different 

façade. The descriptions of each alteration are displayed in table 4.

their annual heating load (AHL), annual cooling load (ACL) and their annua

is the sum of AHL and ACL. 

As previously stated in chapter 2, the energy balance of a 

1. Heat gain (Te > Ti ) or loss (T

2. Heat gain (Tnew air > Told air ) or loss

3. Heat gain by indoor activity (casual heat gains

4. Heat gain by solar radiation

5. Heat gain by the heating installation;

6. Heat loss by the cooling installation.

The first four elements will influence the i

cooling installation to keep the indoor temperature stabilized at the desired temperature. 

heating installation can be done by 

opposite applies for the cooling installation. Alterations in the following building parameters affect the energy 

balance of a building: (Van der Linden 

1. The thermal mass of the building;

2. Orientation of the building re

3. The αsol of the external envelope;

4. The Rl value of the external envelope;

5. The type of heating system;

6. The operation time of the building;

7. The desired indoor climate during operation;

8. The desired indoor climate outside operation

 

As seen in table 4, the simulation will only vary 

  

Green walls and building energy consumption: 

 

. CASE STUDY ON ENERGY CONSUMPTION 

this simulation is HAMBASE (Heat, Air and Moisture model for Building And System 

ATLAB
©

 developed at the University of Eindhoven.  

ed in the simulation is 

story office building, based on the 

existing office building of contracting company B. De 

Soffers BV, situated in Hoogerheide, the 

This office building is assumed to 

building code of 2012.  

The simulation uses weather data measured at the 

weather station in De Bilt, the Netherlands from the 

2000. Additional input 

in Appendix II.  

different situations of the model, that will vary on the application of a green 

. The descriptions of each alteration are displayed in table 4. The eight simulations will be compared on 

their annual heating load (AHL), annual cooling load (ACL) and their annual energy consumption (AEC). 

he energy balance of a building is composed of six elements:

) or loss (Te < Ti ) through the external envelope; 

) or loss (Tnew air < Told air) by ventilation; 

indoor activity (casual heat gains); 

solar radiation; 

Heat gain by the heating installation; 

installation. 

elements will influence the indoor temperature constantly and it is the task

to keep the indoor temperature stabilized at the desired temperature. 

heating installation can be done by reducing heat loss and increasing heat gains into the indoor climate

for the cooling installation. Alterations in the following building parameters affect the energy 

(Van der Linden 2000) 

The thermal mass of the building; 

Orientation of the building regarding the solar heat gain; 

of the external envelope; 

value of the external envelope; 

The type of heating system; 

The operation time of the building; 

The desired indoor climate during operation; 

The desired indoor climate outside operation. 

simulation will only vary with parameters 1, 3 and 4. 

 

FIGURE 12: THE SUBJECTED OFFICE BUILDING

J.A. Oosterlee 
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this simulation is HAMBASE (Heat, Air and Moisture model for Building And System 

that will vary on the application of a green 

The eight simulations will be compared on 

l energy consumption (AEC). The AEC 

building is composed of six elements: 

task of the heating and 

to keep the indoor temperature stabilized at the desired temperature. Saving energy on the 

into the indoor climate. The 

for the cooling installation. Alterations in the following building parameters affect the energy 

BUILDING 
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Situation Alteration Description Units altered 

    

1 (Default) a (Bare wall) Default setting with a heavyweight structure 

composed of concrete floors and masonry walls. Rl 

value of the external building envelope is about 3,5 

m
2
 K W

-1
. 

 

    

2 (Lightweight) a (Bare wall) The structure of the building is now changed to a 

lightweight timber structure. The Rl value remains 

the same. 

 

    

3 (Green roof) a (Bare wall) A green roof is applied on the default situation and 

consists of a soil layer (Rc = 0,2) and vegetation. 

Rc;roof + 0,2 m
2
 K W

-1
 

Re;roof = 0,09 m
2
 K W

-1
 

αsol;roof = 0,14 

    

4 (Poorly insulated) a (Bare wall) The poorly insulated situation represents an 

existing office building. In this case the insulation 

thickness of the entire building envelope is 

reduced to 80 mm and the U-value of the glass to 

3,4 W
 
m

-2
 K

-1
.  

Rl ≈ 2,5 m
2
 K W

-1
 

U-glass = 3,4 W
 
m

-2
 K

-1
 

    

1,2,3,4 b (Green façade) This alterations consists of a foliage cover of the 

external wall. 

Re;wall = 0,09 m
2
 K W

-1
 

αsol;wall = 0,12 

 

The LAIf in both the green façade and roof is assumed at 2 and the τl at 0.40. This leads to an overall 

transmission factor of the foliage (τf) of 0.16, using equation 4.2. This factor will be multiplied with the solar αsol 

of the external surface. The Re is set to 0.09 m
2
K W

-1
 (chapter 4.2.5). Finally, the green roof comes with a vital 

soil layer. The LivePanel is also taken into consideration by comparing situation 4.a (without) and 1.b (with 

LWS). 

After the comparison, situation 1.b will be varied on αsol and Re to see if a correlation exists between the 

variables and the AEC. αsol will be varied in steps from 0 (no sunlight is dissipated in the external wall) to 0.75 

(normal for red bricks) and Re will be varied in steps from 0.04 to 0.17 m
2
 K W

-1
 (derived from section 4.2.1). 

6.2 Results 

The results produced by HAMBASE that are relevant to this study are presented in this section. Additional 

results produced by HAMBASE can be found in appendix II. 

6.2.1 Annual heating load 

The results for the AHL per situation are displayed in figure 13. The heavyweight model has an AHL of 4,650 

kWh, the lowest of all variations. Lowering the thermal mass or insulation level of the model dramatically 

increases the AHL to 7,200 and 10,600 respectively. The application of a green roof or façade causes minor 

increases in the models AHL, ranging between the 200 and 400 kWh. 

6.2.2 Annual cooling load 

The results for the ACL are displayed in figure 14. Compared with the AHL, the ACL is much higher in all 

variations except number 4, where the model has a lower insulation level and shows the lowest ACL of all 

variations (7,750 kWh).   

The decrease in ACL when applying the foliage cover is about 400 to 500 kWh in every situation. It is 

noteworthy that by covering the entire external building envelope (from 1.a to 3.b), the decrease is estimated 

at 950 kWh (-9,3%). 

TABLE 6: MODEL VARIATIONS AS INPUT FOR HAMBASE 
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6.2.3 Annual energy consumption 

The AEC is displayed in figure 15 for all variations. Completely covering the default model with foliage (1.a to 

3.b) gives the lowest AEC of all situations; the AEC is decreased with 500 kWh (-3,4%). Situation 2.a has the 

highest AEC. Remarkable is that the poorly insulated heavyweight building (4.a-b) scores better on the AEC 

than a well insulated lightweight building (2.a-b). The difference is about 1,500 kWh.   

Furthermore, the application of a green façade will lead to a very small decrease in AEC in all situations. The 

computed energy savings from applying a green façade on the default model (variation 1b) is about 200 kWh. 

The mean price in the Netherlands for 1 kWh in 2012 is € 0.22. (Link 3) This corresponds with an annual saving 

of € 44.-. The annual energy consumption for heating en cooling is about 15,000 kWh or € 3,300.-.  

When comparing situation 4.a and 1.b, where the LivePanel system is applied, the AEC decreases with 3,700 

kWh ( 20,2%) to 14,650. The annual savings that caused by this decision is about € 815.-. 
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6.2.4 The impact of Re en α

The findings of the study on the impa

displayed in figure 18.  

The graph shows that increasing both α

a linear correlation between each other. The gr

of Re is on the AEC. 
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The findings of the study on the impact of Re and αsol of the external wall on the AEC

both αsol and Re results in an increase in AEC. All three variables seem to have 
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6.3 Discussion 

From the simulation it is concluded that a high thermal mass of the model proves to be more beneficial for the 

AEC compared to lower thermal mass. The reason behind this is that more heat can be stored in a structure 

with more mass, expanding the buffer zone between the indoor climate and the variable outdoor climate. The 

indoor climate of lightweight buildings is therefore more unstable and this results in a higher heating and 

cooling load. The difference is so high, that even a poorly insulated heavyweight building (Rl ≈ 2.5 m
2
 K W

-1
) 

performs better than a lightweight building (Rl ≈ 3.5 m
2
 K W

-1
). 

From the results of this study, one can say that applying a green façade leads to a decrease in ACL and an 

increase in AHL. This is mainly caused by the removal of solar heat gain to some extent. In the summertime, 

this is relieves the cooling demand, but in the wintertime it raises the heating demand. Most solar heat gain is 

still obtained through the windows of the building. However, no noteworthy energy savings from applying a 

green façade were found in this simulation. This conclusion can also be applied to other similar office buildings 

built in The Netherlands before 2012 (situation 4) and after 2012 (situation 1). In order to get a decent amount 

of energy savings from green façades, the building has to have a high cooling demand and preferably no 

heating demand. This generally does not apply to buildings located in colder climate zones. The energy savings 

aspect of green walls in particular is therefore more relevant in warmer climate zones.  

The AEC decreased by 20% when applying the LivePanel system to the poorly insulation situation (situation 4.a 

to situation 1.b). The annual savings that caused by this decision is about € 815.-. The annual maintenance are 

estimated by Vonk (2012) between € 15.- and € 50.- € m
-2

 , dependent on the system chosen. The total surface 

of the exterior wall in this model is 168 m
2
, which corresponds in the best case with about € 2,520.- (worst case 

is € 8,400.-) of annual maintenance. The energy savings from this LWS are certainly desirable, but remain too 

small to outweigh the maintenance costs completely. 

The correlation between the Re or αsol and the AEC makes clear that lowering the αsol will bring savings, while 

increasing the Re will raise the AEC (equation 3.12). The addition of thermal resistance in this case has actually a 

negative influence as it will separate the indoor and outdoor climate even further. In winter times, this causes 

the internal heat gains to be drained more by the internal climate system than through the external envelope.  

6.4 Recommendation 

A specific building varying with a limited set of variables was subjected in this simulation. The application of a 

green façade led to no significant energy savings. Still more simulations with other building types and locations 

could be carried out to investigate the potential energy savings from green walls. Important variables are the 

amount and size of the windows and the climate data. Although simulations can subject a large variety of 

situations, more preferable are measurements from the field as they are more accurate.  
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7. DISCUSSION  

7.1 Discussion energy savings advantage of green walls 

As stated in chapter 1, the advantages of green walls for the building occupant are limited, but the energy 

savings aspect could be a potential selling point. The biggest influence green walls have on the heat transfer in 

the external wall is the reduction of solar dissipation. The LivePanel system can make a significant contribution 

to the Rl value (0.9 m
2
 K W

-1
) of the wall. The improvement of Re by the foliage and the Rc values of other LWS’ 

based on soil or fabrics are considered to be insignificant.  

The results from the simulation in chapter 6 showed very small energy savings (1 - 2%), when applying a green 

façade (reduce αsol) on the subjected office building that was located in a temperate (Dutch) climate. Applying 

the LivePanel on the poorly insulated model led to about € 815.- of savings. 

In colder climates, green walls could only contribute to energy savings by adding a significant amount of 

thermal resistance. This can only be done by applying LivePanel system and perhaps other systems based on 

rock wool. Despite the savings of € 815.-, the application’s annual maintenance costs of about € 2,520.- to € 

8,400.- are not relieved. With this information revealed, this study concludes that the energy savings aspect of 

green walls is negligible. 

The energy savings aspect of green walls could only be significantly beneficial when the building has a high 

cooling demand and preferably no heating demand. These type of buildings are located in the tropical, dry and 

Mediterranean climate zones.  

7.2 Discussion value of living wall systems 

The energy savings from LWS’s do not outweigh the annual maintenance costs, as proven in this study. The 

value of these systems for the owner/building occupant in colder climate zones is reduced even further. The 

only value lies now in the esthetical appearance of the wall and the possible publicity that comes with the 

application. The status symbolism is comparable with that of a cladding system composed of natural stone 

tiles, as it is just as expensive. The difference is that LWS’ have higher maintenance costs.  

Most advantages still apply for the (direct) environment. (chapter 1.3) With this statement in mind, it would be 

a logical suggestion that the environment also pays for these advantages. These can come in the form of extra 

funding from the local municipality, which is already done in the Dutch municipalities of Utrecht and 

Rotterdam. Still, looked at the ratio between advantages for the environment and for the owner/building 

occupant, a more logical solution would be that the owner purchases the LWS and the municipality takes care 

of the maintenance. Only in this way LWS can compete with the more conventional cladding systems on the 

market. 
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APPENDIX I: QUANTIFICATION OF FOLIAGE PROPERTIES 

I.1 Heat transfer coefficient for convection 

As stated in chapter 4.2.2, the heat transfer coefficient for convection is derived from the wind speed along the 

wall, or in this case within the foliage. The following correlations have been used extensively for building 

applications: (Defraeye 2010) 

  �I. 1�     h�H =  4.0 ∙  WZ +  5.6   Wf < 5 m s
-1 

�I. 2�     h�H =  7.1 ∙  WZa.bc   Wf > 5 m s
-1 

with: hcv = heat transfer rate of convection in W m-2 K-1 
Wf = wind speed within the foliage in m s-1 

Sailor (2008) estimated the wind speed within the foliage of a green wall with the following equation, that is 

derived from the work of Balick (1981): 

  �I. 3�     WZ =  0.83 ∙  σZ  ∙ W ∙  dCeEZ + � 1 −  σZ� ∙ W 

with: Wf = wind speed within the foliage in m s-1  
σf = fractional coverage the foliage 
W = measured wind speed in front of the foliage in m s-1 
Chnf = near-neutral transfer coefficient at the foliage 

A rough estimation of fractional coverage, dependent on the density of the foliage (LAIf) is computed by: (Balick 

1981) 

  �I. 4�     σZ =  LAIZ
7  

with: σf = fractional coverage the foliage 
LAIf = leaf area index of the foliage 

Another factor that decreases the wind speed when it penetrates the foliage, is the transfer coefficient at near-

neutral atmospheric stability conditions. This factor mainly depends on the thickness of the foliage and the 

distance from the actual wind measurement to the foliage or back wall: (Balick 1981; Sailor 2008) 

  �I. 5�     CeEZ =  KH)

fln fZC −  Z	ZQ hh) 

with: Chnf = near-neutral transfer coefficient at the foliage 
Kv = Von Karmen constant [0.4]  
Za = distance between wind measurement and the wall in m 
Zd = zero displacement height in m 
Zo = foliage roughness length scale in m 

  �I. 6�     Z	 =  0,701 ∙  ZZa.jbj 

with: Zd = zero displacement height in m 
Zf = average height/thickness of the foliage in m 
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  �I. 7�     ZQ =  0,131 ∙  ZZa.jjb 

with: Zo = foliage roughness length scale in m 
Zf = average height/thickness of the foliage in m 

I.2 Energy budget of the foliage  

I.2.1 Foliage energy balance 

At equilibrium state, the supplied energy equals the outgoing energy: (Lambers 2008; Fuchs 2006; Roy 2007) 

   �I.8�     q$;AE + qPQO;AE =  qA$;Qk[ + q�H + q[$ 
  with: qr;in = heat flow density of absorbed long wave radiation in W m-2 

qsol;in = heat flow density of absorbed solar radiation in W m-2 
qr;out = heat flow density of reradiated long wave radiation in W m-2 
qcv = heat flow density of convection in W m-2 
qtr = heat flow density of transpiration in W m-2 

The heat gain by long wave radiation (qr;in) consist of absorbed long wave radiation emitted by the environment 

and the back wall and can be determined using equation 3.4. 

The heat gain by solar radiation (qsol;ab) can be determined using equation 3.11.  

The heat loss long wave radiation (qr;out) can be determined using equation 3.3. 

The heat gain/loss by convection (qcv) can be determined using equation I.10. 

The heat loss by transpiration (qcv) can be determined using equation I.12. 

The input needed for determining the energy balance are as followed: 

1. External air temperature (Θe); 

2. Internal air temperature (Θi); 

3. Water vapor density of the external air (ca); 

4. Wind speed (v); 

5. Wind speed measurement distance/height (Za); 

6. Incoming solar radiation (qsol); 

7. Thermal resistance of the structure (Rc); 

8. Solar absorption coefficient of the external surface (αsol); 

9. Leaf area index of the foliage (LAIf); 

10. Average transmission coefficient of the leafs (τl); 

11. Minimal stomatal resistance (rs;min); 

12. Thickness/height of the foliage (Zf) .   

 

The foliage temperature (Tl) can be solved using the following implicit equation: 

   �I.9�     q$;AE + qPQO;AE�TO� −  qA$;Qk[�TO� −  q�H�TO� − q[$�TO� = 0 
  with: qr;in = heat flow density of absorbed long wave radiation in W m-2 

qsol;in = heat flow density of absorbed solar radiation in W m-2 
qr;out = heat flow density of reradiated long wave radiation in W m-2 
qcv = heat flow density of convection in W m-2 
qtr = heat flow density of transpiration in W m-2 
Tl = temperature of the leaf in K 
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I.2.2 Convection 

The heat loss by convection (qcv) depends on the air and leaf temperature. If the air temperature is lower, the 

leaf will lose heat and otherwise. The convective heat loss of the leaf is computed by: (Lambers 2008) 

  �I. 10�     q�H =  - λC
dDO

/ �TO − TQ� 

  with: qcv = Heat flow density of convection in W m-2 
λo = heat conductivity coefficient of air in W m-1 K-1 [0.026] 
db = boundary layer thickness in m 
Tl = temperature of the leaf in K 
To = temperature of the air in K 

The boundary layer is a small layer of air above the leaf and serves as an extra resistance to the heat and water 

flow. The boundary layer thickness depends on the wind speed and the dimension of the leaf: (Lambers 2008) 

  �I. 11�     dDO =  K( ∙  mw(
v  

  with: dbl = boundary layer thickness in mm 
K1 = leaf shape parameter [4] 
w1 = leaf width in m [1] 
v = wind velocity in m s-1 

I.2.3 Evaporation process 

The heat loss by transpiration comes from the amount of water that evaporates from the leaf into the air. The 

evaporation process requires energy that is taken from the leaf temperature: (Lambers 2008; Fuchs 2006) 

  �I. 12�     q[$ =  L ∙ �cO −  cC�
rP +  rDO

 

  with: qtr = Heat flow density of transpiration in W m-2 
L = heat of vaporization in J kg-1  
cl = water vapor density in the leaf in kg m-3 
ca = water vapor density in the air in kg m-3 
rbl = boundary layer vapor resistance in s m-1 
rs = stomatal vapor resistance in s m-1 

The latent heat of evaporation is determined by the temperature of the to be vaporized water: (Fuchs 2006) 

  �I. 13�     L =  2,489,000 − 3,369 ∙  ΘO  
  with: L = heat of vaporization in J kg-1 

Θl = temperature of the leaf in °C 
To determine the heat loss by transpiration in equation I.12, the water vapor density in the air and the leaf and 

the total vapor resistance have to be known. The amount of transpiration combined with evaporation can be 

approached experimentally. Ros and Van der Wouw (2012) measured the water balance of two living wall 

systems by measuring its total weight throughout the day. In this study the mathematical approach is used. 

The water vapor density in the air (ca) can be derived from a psychrometric chart, if the air temperature and 

relative humidity are known. If the moisture content in the growing media (Ψ) is high, the leaf is assumed to be 

fully saturated.  
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Tetens (1930) developed a model to compute the water vapor pressure in a leaf in Pa: (Fuchs 2006) 

  �I. 14�     pO = 0.6108 ∙  e op.qp ∙ rsrst qup.u 

 

  with: pl = water vapor pressure in the leaf in Pa 
Tl = temperature of the leaf in K 

  �I. 15�    cO =  pO
TO  ∙  RH

 

with: cl = water vapor density in the leaf in kg m-3 
pl = water vapor pressure in the leaf in Pa 
Tl = temperature of the leaf in K 
Rv = Gas constant of water vapor in J kg-1 K-1 [462] 

Transpiration in plants occurs in three ways. Lenticells are small openings in the stem and control the lenticular 

transpiration (lt). Cuticular transpiration (ct) is the diffusion of water vapor through the leaf surface and 

cuticula. Most of the plants transpiration, however occurs through the stomata (st), which are little openings 

on the leaf surface that can open and close by two guard cells. The gas exchange occurs inside the stomata. 

(Lambers 2008)  

The plant however does not control its rate of transpiration. The stomata only open for the uptake of carbon 

dioxide for the photosynthesis process. Stomatal transpiration can therefore be seen as a consequence of 

photosynthesis (ph). For the photosynthesis process sunlight (qsol) is needed. To catch more sunlight, the plant 

can alter its leaf angle (θsol). The leaf also receives sunlight by reflections in the environment. Especially in the 

summertime, the leaf temperature can rise to lethal temperatures from the dissipation of sunlight. 

Transpiration can serve as a cooling method in this case. But high transpiration rates can cause problems in the 

water uptake. If the osmosis speed the stem or the moisture content of the substrate is too low, the stomata 

will automatically close and protect the plant from dehydration. The photosynthesis process is also stopped 

and the plant alters its leaf angle to catch less sunlight. (Lambers 2008) 

A diagram is set up in figure I.1 to summarize the evapotranspiration process in a green façade. 

The stomatal vapor resistance depends on the heat transfer density of solar radiation. The stomata will most 

likely close in the absence of solar radiation. Closed stomata can however still lose water vapor. The minimal 

stomatal vapor resistance varies per plant and leaf. Damour (2010) inventoried 35 different models that 

estimate the stomatal vapor resistance. The models incorporate various variables such as light intensity, vapor 

pressure deficit, minimal stomatal resistance, maximal stomatal resistance, water potential or guard cell 

osmosis. The model of Roy (2007), not included in the inventory, is presented below: 

  �I. 16�     rP =  rP;xAE +  rP;xAE
e�a.ay �z{|s} y?�  

  with: rs = stomatal vapor resistance in s m-1  
rs;min = minimal stomatal vapor resistance in s m-1 [50 - 300] 
qsol = solar radiation in W m-2 
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Fig I.2 gives an overview of both transpiration 

and evaporation during the day. Situation 1 

represents unlimited water supply and the 

stomata are always open. Situation 2 the 

stomata have a midday regulation as water gets 

more limited. In situation 3 the water limitation 

is severe and causes the stomata to close during 

midday and in situation 4 the plant has no water 

access. (Link 1) 

 

FIG I.1 (TOP): BASIC MODEL TO EXPLAIN EVAPORATION IN A GREENED WALL. I.2 (BOTTOM): THE DAILY TRANSPIRATION RATE AT VARIABEL 

WATER AVAILABILITY 
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The average water vapor resistance of the boundary layer: (Lambers 2008; Sailor 2008) 

  �I. 17�     rDO =  dDO
D  

   with: rbl = boundary layer vapor resistance in s m-1 
dbl = boundary layer thickness in m 
D = diffusion coefficient in m2 s-1 [2.42e-5] 

 

I.3 Heat transfer coefficient for radiation 

The temperature of the external surface can be determined with: 

 

  �I. 18�     ΘPQO;P =  ΘJ +  αPQO  ∙  qPQO
hJ

+ RJ  ∙  �ΘA − ΘJ�
RO

 
  with: Θsol;s = sun-air temperature of the external surface in °C 

Θe = external air temperature in °C 
αsol = solar absorption coefficient of the outer surface 
qsol = solar radiation in W m-2 
he = total heat transfer rate of the external air film in W m-2 K-1 
Re = thermal resistance of the external air film in m2 K W-1 
Rl = total thermal resistance of the structure in m2 K W-1 
Θi = external air temperature in °C 

Θe = internal air temperature in °C 

With the external surface and foliage temperature, the heat transfer coefficient for radiation can be 

determined more accurately using equation 3.2. Note that this equation is also implicit, as he and Re is 

determined by Θsol;s 

I.4 Examples 

I.4.1 Example 1: Sunny and warm day.  

Input: 

- External air temperature (Θe)    = 30 °C 

- Internal air temperature (Θi)    = 20 °C 

- Water vapor density of the external air (ca)   = 0.020 kg m
-3

 

- Wind speed (v)      = 2 m s
-1

 

- Wind speed measurement distance/height (Za)  = 1 m 

- Incoming solar radiation (qsol)    = 600 W m
-2

 

- Thermal resistance of the structure (Rc)   = 3.5 m
2
 K W

-1
 

- Solar absorption coefficient of the external surface (αsol) = 0.75  - 

- Leaf area index of the foliage (LAIf)    = 2.5 - 

- Average transmission coefficient of the leafs (τl)  = 0.30 - 

- Minimal stomatal resistance (rs;min)   = 100 s m
-1

 

- Thickness/height of the foliage (Zf)    = 0.3 m 
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Determining temperature of the foliage: 

 

Property Unity Iteration 1 Iteration 2 Iteration 3 Iteration 4 

      

Tl °C 35.0 36.0 36.5 36.3 

Supplied      

qr;in W m
-2

 420.4 420.4 420.4 420.4 

qsol;in W m
-2

 868.5 868.5 868.5 868.5 

Outgoing      

qr;out W m
-2

 971.5 984.2 990.6 988.0 

qcv W m
-2

 46.0 55.2 59.8 57.9 

qtr W m
-2

 213.9 236.6 248.4 243.7 

      

Total W m
-2

 57.5 12.9 -9.8 -0.7 

 

Output: 

hcv  = 11.1 W
 
m

-2
 K

-1
 

hr = 6.2 W
 
m

-2
 K

-1
  

Re = 0.06 m
2
 K W

-1
 

qin = 3.1 W
 
m

-2 

I.4.2 Example 2: Cold day with overcast  

Input: 

- External air temperature (Θe)    = 1 °C  (Altered) 

- Internal air temperature (Θi)    = 20 °C 

- Water vapor density of the external air (ca)   = 0.003 kg m
-3  

(Altered) 

- Wind speed (v)      = 1 m s
-1  

(Altered) 

- Wind speed measurement distance/height (Za)  = 1 m 

- Incoming solar radiation (qsol)    = 200 W m
-2  

(Altered) 

- Thermal resistance of the structure (Rc)   = 3.5 m
2
 K W

-1
 

- Solar absorption coefficient of the external surface (αsol) = 0.75  - 

- Leaf area index of the foliage (LAIf)    = 5 -  (Altered) 

- Average transmission coefficient of the leafs (τl)  = 0.30 - 

- Minimal stomatal resistance (rs;min)   = 100 s m
-1

 

- Thickness/height of the foliage (Zf)    = 0.3 m 

 

Output: 

Tl = 13.3 °C 

hcv  = 7.0 W
 
m

-2
 K

-1
 

hr = 4.7 W
 
m

-2
 K

-1
  

Re = 0.09 m
2
 K W

-1
 

qin = -5.1 W
 
m

-2 

 

 

  

TABLE I.1: ITERATIVELY DETERMINING THE LEAF TEMPERATURE IN EXAMPLE 1.  
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APPENDIX II: Rc CALCULATION OF THREE LIVING WALL SYSTEMS 

II.1 Input data 

The materials soil, rock wool and felt can get wet and this increases the conductivity coefficients. The used 

conductivity coefficients in the computation are displayed in table II.1 

Material λ Source 

 W m
-1

 K
-1

  

Cavity wall   

Brick  1.000 THERM 6.3 

Rock wool (dry) 0.038 THERM 6.3 

   

Greenwave system   

Polyethylene (high density) 0.500 THERM 6.3 

Steel (Stainless buffed) 17.000 THERM 6.3 

Organic soil (Ψ = 20%) 0.220 Liu (2011) 

Organic soil (Ψ = 80%) 0.550 Liu (2011) 

   

Wonderwall system   

Steel galvanized sheet (0,14%C) 62.000   THERM 6.3 

Polystyrene 0.160 THERM 6.3 

Organic soil (Ψ = 20%) 0.220 Liu (2011) 

Organic soil (Ψ = 80%) 0.550 Liu (2011) 

Felt (dry) 0.050 THERM 6.3 

Felt (wet) 0.250 Assumed 

   

LivePanel system   

Aluminum (painted) 237.000 THERM 6.3 

Polyethylene (high density) 0.500 THERM 6.3 

Organic soil (Ψ = 20%) 0.220 Liu (2011) 

Organic soil (Ψ = 80%) 0.550 Liu (2011) 

Pressed rock wool, (dry) 0.040 Hendriks (2010) 

Pressed rock wool, (Ψ ≈ 15 %) 0.075 Hendriks (2010) 

   

 

The used boundary conditions are listed in table II.2.  

Boundary condition hi / he (chapter 4.2.5) ri / re (chapter 4.2.5) Temperature 

 W m
-2

 K
-1

 m
2
 K W

-1
 °C 

Interior wall  7.8 0.13 20 

    

Exterior wall with foliage 11.3 0.09 0 

    

 

The program calculates the U value of each composition along the Y-axis. The corresponding Rl value can be 

computed using equation 3.13. The Rc value of each LWS is computed in two situations.  

In the first situation the LWS is applied to a cavity wall. The Rc value of the LWS is computed by subtracting the 

Rl of the cavity wall with foliage and Rcav from the Rl value calculated by THERM.  

TABLE II.2: THE BOUNDARY LAYER CONDITIONS IN THERM 6.3. 

TABLE II.1: CONDUCTIVITY COEFFICIENTS FOR THE USED MATERIALS IN THERM 6.3. 
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The Rc value of the cavity wall with foliage cover is Rl = 3.21 m
2
 K W

-1 
computed by equation 3.1 using values 

from chapter 4.2.5 and table II.1. It is composed of: 

- exterior climate - mm 0.09 m
2
 K W

-1
 

- brick   100 mm 0.10 m
2
 K W

-1
 

- air cavity  40 mm 0.16 m
2
 K W

-1
 

- rock wool  100 mm 2.63 m
2
 K W

-1
 

- brick   100 mm 0.10 m
2
 K W

-1
 

- Interior climate - mm 0.13 m
2
 K W

-1
 

 

The Rcav obtained from applying the Greenwave system and LivePanel system are respectively 0.17 (d=50 mm) 

and 0.14 m
2
 K W

-1 
(d = 20 mm). The Wonderwall system has no air cavity. 

In the second situation the LWS is computed alone. The Rc value of the LWS is computed by subtracting Re and 

Ri from the Rl value calculated by THERM. (Re + Ri
 
= 0.09 + 0.13 = 0.22 m

2
 K W

-1
) 

Because the LWS can get wet because of the rain or internal irrigation, each situation will be calculated in a dry 

and wet state. The true Rc value of the LWS will most likely lie within this range. 
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II.2 Results 

II.2.1 Greenwave system 

The mean Rc value for the Greenwave system is (mean number from table II.3 and II.4): 

- Dry state:  Rc =  0.2 m
2
 K W

-1
 

- Wet state:  Rc =  0.1 m
2
 K W

-1
 

Greenwave system on cavity wall 

Dry situation Wet situation 

U value 0.27 W m
-2

 K
-1

 U value 0.28 W m
-2

 K
-1

 

Rl value 3.70 m
2
 K W

-1
 Rl value 3.57 m

2
 K W

-1
 

Rc  value LWS 0.32 m
2
 K W

-1
 Rc  value LWS 0.19 m

2
 K W

-1
 

Mean temperature couse: Thermal bridges 

 

 

 

 
 

  

 

Greenwave system stand-alone 

Dry situation Wet situation 

U value 2.57 W m
-2

 K
-1

 U value 3.40 W m
-2

 K
-1

 

Rl value 0.39 m
2
 K W

-1
 Rl value 0.29 m

2
 K W

-1
 

Rc  value LWS 0.17 m
2
 K W

-1
 Rc  value LWS 0.07 m

2
 K W

-1
 

Mean temperature couse: Thermal bridges 

 

 
 

 

 
 

  

 TABLE II.4: RESULTS GREENWAVE SYSTEM STAND-ALONE 

TABLE II.3: RESULTS GREENWAVE SYSTEM ON CAVITY WALL 
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II.2.2 Wonderwall system 

The mean Rc value for the Wonderwall system is (mean number from table II.5 and II.6): 

- Dry state:  Rc =  0.3 m
2
 K W

-1
 

-
 Wet state:  Rc =  0.2 m

2
 K W

-1 

Wonderwall system on cavity wall 

Dry situation Wet situation 

U value 0.28 W m
-2

 K
-1

 U value 0.29 W m
-2

 K
-1

 

Rl value 3.57 m
2
 K W

-1
 Rl value 3.45 m

2
 K W

-1
 

Rc  value LWS 0.36 m
2
 K W

-1
 Rc  value LWS 0.24 m

2
 K W

-1
 

Mean temperature couse: Thermal bridges 

 

 
 

 

 
 

  

 

Wonderwall system stand-alone 

Dry situation Wet situation 

U value 1.85 W m
-2

 K
-1

 U value 2.31 W m
-2

 K
-1

 

Rl value 0.54 m
2
 K W

-1
 Rl value 0.43 m

2
 K W

-1
 

Rc  value LWS 0.32 m
2
 K W

-1
 Rc  value LWS 0.21 m

2
 K W

-1
 

Mean temperature couse: Thermal bridges 

 

 
 

 

 
 

  

 
  

TABLE II.6: RESULTS WONDERWALL SYSTEM STAND-ALONE 

TABLE II.5: RESULTS WONDERWALL SYSTEM ON CAVITY WALL 
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II.2.3 LivePanel system 

The mean Rc value for the LivePanel system is (mean number from table II.7 and II.8): 

- Dry state:  Rc =  1.5 m
2
 K W

-1
 

- Wet state:  Rc =  0.9 m
2
 K W

-1
 

LivePanel system on cavity wall 

Dry situation Wet situation 

U value 0.20 W m
-2

 K
-1

 U value 0.23 W m
-2

 K
-1

 

Rl value 5.00 m
2
 K W

-1
 Rl value 4.35 m

2
 K W

-1
 

Rc  value LWS 1.65 m
2
 K W

-1
 Rc  value LWS 1.00 m

2
 K W

-1
 

Mean temperature couse: Thermal bridges 

 

 
 

 

 
 

  

  
Livepanel system stand-alone 

Dry situation Wet situation 

U value 0.67 W m
-2

 K
-1

 U value 0.95 W m
-2

 K
-1

 

Rl value 1.49 m
2
 K W

-1
 Rl value 1.05 m

2
 K W

-1
 

Rc  value LWS 1.27 m
2
 K W

-1
 Rc  value LWS 0.83 m

2
 K W

-1
 

Mean temperature couse: Thermal bridges 

 

 
 

 

 
 

  

 
 

  

TABLE II.7: RESULTS LIVEPANEL SYSTEM STAND-ALONE 

TABLE II.7: RESULTS LIVEPANEL SYSTEM ON CAVITY WALL 
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APPENDIX III: HAMBASE simulation input and output 

III.1 Input used in Hambase 

III.1.1 Location 

The simulation uses the climate data of the weather station in De Bilt, The Netherlands, as it is the default data 

used in HAMBASE. The winter period covers 1-10-1999 till 31-3-2000. The summer period covers 1-4-2000 till 

30-9-2000. 

III.1.2 Building 

The model that is subjected in this simulation is a simplified two-story office building, based on the existing 

building of contracting company B. De Nijs – Soffers BV, situated in Hoogerheide, the Netherlands. The floor 

map of each floor consist of two offices separated by a circulation area. The height of each floor is 3 meters.  

 

 
 

 

 

 

 

 

 

 

 

 
 

The construction components are defined in tables III.2, III.3 and III.4. A subdivision has been made in 

components that are relevant for all variations, components for the heavyweight variations (with masonry and 

concrete) and components for the lightweight variations (timber structure). The external envelope has a 

minimal thermal resistance of 3.5 m
2 

K W
-1

, as mandatory by Dutch legislation. The insulation thickness for the 

lightweight variations has been adjusted to match the thermal resistance of the heavyweight building. 

  

Zone nr. Type Volume  

  m
3
 

1 Office 150 

2 Hall 81 

3 Office 150 

4 Office 150 

5 Hall 81 

6 Office 150 

TABLE  III.1: THE ZONES OF THE MODEL 

FIG III.1: THE FLOOR PLANS OF THE MODEL 
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General construction components 

 

Nr. Type Name Ri Layers Re αsol ε 

   W m
-2

 K
-1

 d(mm) Material W m
-2

 K
-1

 - - 

1 A Ground floor 0.13 3 

40 

160 

120 

Linoleum (563) 

Screed (341) 

Concrete (316) 

EPS (white) (452) 

0.13 0.30 0.90 

2 A External door 0.13 5 

50 

5 

Wood (501) 

PUR (463) 

Wood (white) (501) 

0.04 0.20 0.90 

 

Heavyweight construction components 

 

Nr. Type Name Ri Layers Re αsol ε 

   W m
-2

 K
-1

 d(mm) Material W m
-2

 K
-1

 - - 

3 Z External wall 0.13 5 

100 

140 

0.3 

50 

100 

Stucco (361) 

Soda lime blocks (235)  

Rock wool (408) 

PE foil (622) 

Air cavity (2) 

Brick (red) (238) 

0.04 0.75 0.90 

4 Z Roof 0.13 160 

120 

10 

Concrete (316) 

EPS (452) 

EPDM (black) (605) 

0.04 0.90 0.90 

5 Z Internal floor 0.13 160 

40 

3 

Concrete (316) 

Screed (341) 

Linoleum (563) 

0.13 0.75 0.90 

6 Z Internal wall 0.13 5 

100 

5 

Stucco (361) 

Soda lime blocks (235) 

Stucco (white) (361) 

0.13 0.30 0.90 

7 Z Green wall 0.13 5 

100 

140 

0.3 

50 

100 

Stucco (361) 

Soda lime blocks (235) 

Rock wool (408) 

PE foil (622) 

Air cavity (2) 

Brick (red) (238) 

0.09 0.12 0.90 

8 Z Green roof 0.13 160 

120 

10 

100 

Concrete (316) 

EPS (452) 

EPDM (605) 

Soil (black) (646) 

0.09 0.14 0.90 

 

  

TABLE III.3: HEAVYWEIGHT CONSTRUCTION COMPONENTS 

TABLE III.2: GENERAL CONSTRUCTION COMPONENTS 
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Lightweight construction components 

 

Nr. Type Name Ri Layers Re αsol ε 

   W m
-2

 K
-1

 d(mm) Material W m
-2

 K
-1

 - - 

9 L External wall 0.13 10 

146 

10 

0.3 

50 

10 

Plasterboard (381) 

Rock wool (408) 

Plywood (508) 

PE foil (622) 

Air cavity (2) 

Wood (brown) (501) 

0.04 0.75 0.90 

10 L Roof 0.13 10 

50 

5 

114 

10 

10 

Plasterboard(381) 

Air cavity(2) 

Plywood(508) 

EPS (452) 

Plywood(508) 

EPDM (black) (605) 

0.04 0.90 0.90 

11 L Internal floor 0.13 10 

40 

20 

3 

Plasterboard(381) 

Rock wool(408) 

Plywood(508) 

Linoleum (563) 

0.13 0.75 0.90 

12 L Internal wall 0.13 10 

100 

10 

Plasterboard(381) 

Rock wool(408) 

Plasterboard (white) (381) 

0.13 0.30 0.90 

13 L Green wall 0.13 10 

146 

10 

0.3 

20 

10 

Plasterboard(381) 

Rock wool(408) 

Plywood(508) 

PE foil (622) 

Air cavity(2) 

Wood (Brown) (501) 

0.09 0.12 0.90 

14 L Green roof 0.13 10 

20 

5 

114 

10 

10 

100 

Plasterboard (381) 

Air cavity (2) 

Plywood (508) 

EPS(452) 

Plywood (508) 

EPDM (black) (605) 

Soil (black) (646) 

0.09 0.14 0.90 

 

The glazing of the building is standard HR++ glazing (U= 1.8 W m
-2

K
-1

) with interior blinds that can be adjusted 

manually by the building occupant. The measurements of the windows can be seen in fig III.2. The total surface 

of the windows is multiplied with 0.9 to exclude the window framing. Each elevation consists of ± 40% glazing. 

TABLE III.4: LIGHTWEIGHT CONSTRUCTION COMPONENTS 
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III.1.3 Profiles 

The internal climate conditions for each zone are defined by the profiles. This simulation uses three profiles: 

the office profile, the circulation area profile and the weekend/night profile (table III.5, III.6 and III.7).  

The office profile: 

The profile is divided into four periods: night from hours 0 to 7 (0 persons), morning buffering period from 

hours 7 to 9 (2 persons), operational period from hours 9 to 18 (5 persons), and the evening period from hours 

18 to 24 (0 persons). 

The blinds are activated by the building occupant when the solar radiation on the glass surface is greater than 

300 W m
-2

.  

 

The minimal ventilation air changes per hour (vvmin = the number of times when the complete volume is 

refreshed per hour) can be estimated by the following equation: (Watson 2004) 

 

  �III. 1�    vvxAE =  Q ∙  p ∙  3,600
V ∙  1,000  

  with: vvmin = minimal air changes per hour in h-1 
Q = ventilation rate per person in l s-1 p-1 [9.2] 
p = amount of persons in the room 
V = room volume in m3 

The standard ventilation rate in an office building, defined by ASHREA, is 9.2 litres per second per person. 

(Watson 2004) The volume of every office is 150 m
3
 and is assumed to be occupied by five persons. This will 

lead to a vvmin of 1.56. However, the volume is not completely replaced by air from the outside. Instead a mix 

of processed exhaust air and outside air is used. This simulation assumes that the injected air consists of 30% 

outside air and 70% processed exhaust air. This factor decreases the vvmin to 0.5. 

The maximum ventilation air changes per hour (vvmax) involves free cooling. By opening a window the 

ventilation rate will rise for extra, free cooling. Here vvmax is set to 3 in the operational period. The temperature 

set for free cooling (Tfc) is 26 ˚C. In the winter period it is assumed that no free cooling takes place. 

Tsetmin is the activation temperature that heating will be activated and Tsetmax for cooling. Both values change in 

case of summertime and wintertime. Averages will be 24 ˚C (summer) and 20˚C (winter). (Konings 1996) 

FIG III.2: THE ELEVATIONS 

OF THE SIMULATED OFFICE 

BUILDING 
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The heat gains inside the office are formed by the present devices, lighting and the amount and activity of 

persons inside the room. The present devices are: copier/plotter (200 W), PC with flat screen (100 W per 

person) and a laser printer (140 W). A reasonable estimate for heat gains from the lighting is 10 W m
-2

. The 

activity that the occupants carry out is seated light work during the operational period. The clothing of the 

occupant adds a resistance to this heat. In summer this resistance is 0.6 (105 W), in winter this resistance is 1 

(95 W). (De Wit 2009) Lower values are estimated in the night/weekend periods. 

The moisture production inside the office comes from human activity and is estimated for seated and light 

work at 200 g h
-1

 p
-1

. In this case the moisture production can increase the relative humidity rapidly and 

therefore a dehumidification plant is installed. The maximum RV is set to 60% which is still perceived as 

comfortable by humans.  

The circulation area profile: 

Compared to the office profile, more moderate conditions apply in the circulation area profile.  

The weekend/night profile: 

The night period of the previous profiles is applied here. Note that only the heating plant functions to prevent a 

high temperature drop in the winter. 

The office profile (zones 1,3,4,6) 

 

Parameter Unit Blinds  Periods    

  W m
-2 

hours    

  300 0 7 9 18 

vvmin (recirculation 30%) h
-1 

 0.5 0.5 0.5 0.5 

vvmax h
-1

  0.5 3  0.5 3 0.5 0.5 

Tfc ˚C  100 26  100 26  100 100 

Tsetmin ˚C  12 16 16 20 16  20 12 16 

Tsetmax ˚C  100 23 24 23 24 100 

Casual heat gains W  25 1250 1230 1865 1815 25 

Water vapor sources Kg s
-1 

 0 0.0002 0.0005 0 

RVmin %  -1 -1 -1 -1 

RVmax %  60 60 60 60 

 
 

The circulation area profile 

 

Parameter Unit Blinds  Periods   

  W m
-2 

hours   

  400 0 7 18 

vvmin (recirculation 30%) h
-1 

 0.5 0.5 0.5 

vvmax h
-1

  0.5 0.5 0.5 

Tfc ˚C  100 100 100 

Tsetmin ˚C  12 16 14 18 12 16 

Tsetmax ˚C  100 23 24 100 

Casual heat gains W  25 345 320 25 

Water vapor sources Kg s
-1 

 0 0.0001 0 

RVmin %  -1 -1 -1 

RVmax %  60 60 60 

 
  

TABLE III.6: THE CIRCULATION AREA PROFILE 

TABLE III.5: THE OFFICE PROFILE 
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The weekend profile 

 

Parameter Unit Blinds  Periods  

  W m
-2 

hours  

  1000 0 12 

vvmin (recirculation 30%) h
-1 

 0.5 0.5 

vvmax h
-1

  0.5 0.5 

Tfc ˚C  100 100 

Tsetmin ˚C  12 16 12 16 

Tsetmax ˚C  100 100 

Casual heat gains W  25 25 

Water vapor sources Kg s
-1 

 0 0 

RVmin %  -1 -1 

RVmax %  60 60 

 

III.1.4 Climate control systems 

For every zone the climate control systems has a cooling capacity of 4,500 W and a dehumidification capacity 

of 0.5 g s
-1

. The maximum heating capacity for the present floor heating is estimated by HAMBASE itself. 

  

TABLE II.7: THE WEEKEND PROFILE 
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III.2 Result figures produced by HAMBASE 

 

 

 

 FIG III.4: VARIATION 1.A SUMMER 

FIG III.3: VARIATION 1.A WINTER 
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FIG III.6: VARIATION 1.B SUMMER 

FIG III.5: VARIATION 1.B WINTER 
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 FIG III.8: VARIATION 2.A SUMMER 

FIG III.7: VARIATION 2.A WINTER 
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 FIG III.10: VARIATION 2.B SUMMER 

FIG III.9: VARIATION 2.B WINTER 
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 FIG III.12: VARIATION 3.A SUMMER 

FIG III.11: VARIATION 3.A WINTER 
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 FIG III.14: VARIATION 3.B SUMMER 

FIG III.13: VARIATION 3.B WINTER 
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FIG III.16: VARIATION 4.A SUMMER 

FIG III.15: VARIATION 4.A WINTER 
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 FIG III.18: VARIATION 4.B SUMMER 

FIG III.17: VARIATION 4.B WINTER 
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