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Abstract

Because local weather conditions in moderate climates are changing constantly, heat transfer specifications of
substrate and vegetation in vegetated green roofs also change accordingly. Nevertheless, it is assumed that
vegetated green roofs can have a positive effect on the thermal performance of construction in winter conditions.
Is there proof from scientific research and field testing for this assumption? To answer this question, research is
conducted with the main research question: Which parameters defining thermal performance for vegetated
green-roof construction for a moderate winter climate like that in the Netherlands can be determined from
existing literature, and how do these parameters influence thermal performance? Literature research was
executed on monitoring and testing of thermal specifications of vegetated green roofs. Models with physical
parameters on vegetated green roofs were studied and compared. The first goal was to make a list of all physical
parameters and corresponding variables valid in the Dutch moderate-winter climate. None of the models that
were found in the literature seemed to cover all physical processes. These models use parameters and variables
to calculate the overall u-value of substrate and vegetation. Nevertheless, one nearly complete model was used
for a sensitivity test on variables. Maximum and minimum values of variables were calculated in the model to
determine the influence on the outcome in terms of u-value. From this analysis, a distinction could be made
between variables influencing the u-value strongly and other variables influencing the outcome weakly.

The modelling showed that three variables were influencing the model calculations moderately strongly and
therefore the thermal performance of the vegetated green-roof substrate and vegetation. These variables are not
consistent with parameters modeling or calculating u-value in constructions. This finding means that
contribution to thermal insulation by extensive vegetated green-roof substrate and vegetation in terms of u-value
would be negligible. Only a small theoretical contribution to thermal insulation can be argued from weak
variables. To be sure about this small theoretical contribution to the u-value of the roof construction, this u-value
was used as input for energy-use calculations for residential buildings. These calculations show that such a small
increase of the u-value leads to no visible reduction in energy use for heating in winter conditions. The
contribution is negligible compared to the influence of the u-value from extra insulation under the roof.

For vegetated green roofs in such moderate winter climates as in the Netherlands, additional u-value will have to
be proven specifically, because the modelling shows that, in general, no contribution to thermal insulation can be
expected.

Keywords: vegetated green roofs, moderate climates, residential building, U-value, energy savings
1. Introduction

Green-roof construction companies advertise with specifications for their products. To establish these
specifications, some method of testing or calculating is used, each company using a different one. There is no
consistency in the methods. Scientists can validate theoretical calculation methods with field tests. Vice versa,
field tests can be elaborated and extrapolated into theoretical models. To determine thermal specifications of
vegetated green roofs, a lot of different methods are used, by green-roof construction companies, for example.
Differences in construction and differences in use of materials and layers give reason for specific methods on
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several locations with changing weather conditions. Then there are differences in approach from the perspective
of energy-use calculation. Does the model accommodate thermal benefits from the vegetated green roof in
energy-use calculation for heating? Because of these options, there seems to be little common ground for
comparing results from theoretical models or from field tests. This situation is a problem for the extension of
vegetated green-roof markets in such moderate climates. Clients cannot compare offers for the vegetated
greening of their roofs because specifications are not comparable. Public authorities have a hard time making
governance programs if thermal specifications cannot be pinned down to one uniform theoretical model or
method. If the specification of vegetated green roofs were based on a uniform method, more clients would buy
vegetated green roofs, and more public authorities would be willing to support large-scale application with
policies and governance models, including subsidies or tax incentives on the argument of extra insulation for the
building.

During 2012 and 2013, research was executed to address the problem of uniform methods of determining
thermal specifications of extensive green roofs in the Netherlands (Delemarre and Somers 2013; Huang 2013,
Klaasman 2013). First, the research concentrated on scientific papers from journals and conferences. Focus was
on thermal specifications describing the changes in u-value of the vegetated green-roof construction, related to
the overall construction of the roof underneath. The approach chosen here was for heating-energy and not for
cooling-energy use. The main research questions were: How are thermal specifications of extensive green roofs
on residential buildings in heating conditions of the building being modeled in scientific research, how is thermal
behavior tested in field tests or laboratory tests, and how can contribution to overall u-value improvement and
energy saving be assessed? This paper describes the research and the consequences of the conclusions for
innovation in vegetated green roofs on thermal aspects and for commissioning in private and public procurement
or in supporting Dutch public governance and policies Teeuw Ravesloot 2009). The paper shows:

1) how winter conditions on extensive green roofs can be understood in terms of physical parameters;
2) how many variables are included in models constructed with the physical parameters;

3) how a sensitivity analysis on vegetated green-roof thermal parameters taken from existing literature shows
significance for some vegetated green-roof variables defining thermal behavior;

4) how thermal parameters interrelate to potential extra u-value from substrate and vegetation;

5) why energy-use calculations for residential buildings with possible input form vegetated green-roof
specifications will show no savings from vegetated green roofs in a moderate climate.

2. Method

The first research question is how to establish a model for describing specifications for the thermal behavior of
extensive green roofs? The model needs to be usable in the private context of comparing bids and contracting. In
the case of the construction of vegetated green roofs on new building or on existing roofs, the client must be able
to compare bids. The comparison, based on a uniform model, needs to be accurate and reliable enough. The
same uniform model also needs to be suitable for reference in public authorities’ governance models and related
policies. If public authorities support construction of vegetated green roofs based on the same uniform model
and method, then market share is supposed to grow faster. This scenario would be beneficial for clients,
contractors, and authorities as a whole.

The problem is that companies use their own specific method for examining and determining thermal
specifications. Some of the methods refer to similar scientific background, some to similar practical guidelines.
The four major companies in the Netherlands, delivering vegetated green-roof systems for both new and for
existing roofs, refer to thermal specifications differently.

Table 1. Specimen and corresponding thermal coefficient

Company Product type Thermal coefficient [W/mK]
Specimen N Standard and lightweight type 0.17
Specimen O Optimized water-retention lightweight types 0.17
Specimen X Sedum-Moss-Herb lightweight types 25 - 100 0.038-2.15

(depending on humidity)
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Company Product type Thermal coefficient [W/mK]

Specimen Z Sedum-type lightweight 75 0.035-0.2
(depending on humidity)

Table 1 shows the comparison of thermal specifications of four major systems for extensive green roofs in the
Netherlands. Although the units of the specifications are the same [W/mk], the background research for
establishing the thermal parameters is not specified or elaborated. Therefore, the specifications cannot be
compared. (Specific branch names and product types are known by the author and can be provided if necessary).

There seems to be no general model and method for finding thermal specifications of vegetated green roofs. It is
even questionable if such a model would be realistic and feasible. The conditions of roofs, seen from the thermal
perspective are very different and dynamically changing, including differences in climate and building
technology as well as dynamic influences from weather, the day- and night cycles, urban climate influences such
as pollution, etc..

The goals of the research are to make an overview of scientific models and methods known from literature and
to put these models and methods to the test. Are there parameters and variables in these models and methods that
can be part of one uniform model and method for describing thermal specifications in a moderate climate like
that of the Netherlands? The literature search was executed for all types of vegetated green roofs. The models
and methods aimed at are supposed to be used specifically for extensive green roofs, since the potential for
marked expansion is biggest there. Investments can be expected to be the lowest for extensive green roofs. The
uniform model and method sought herein will be functional within the local climate and weather conditions of
the roofing landscape in Dutch cities as well as in cities around the world with similar thermal conditions.

The second research question is how to find the parameters and variables that most influence thermal
specifications. The focus of this paper is on extensive vegetated green roofs. From the parameters and variables
for extensive vegetated roofs, we ask how big the influence in the overall u-value of the roof construction would
be and how this influence would show in energy-saving calculations for residential buildings?

Summarizing the method of research consists of literature reading, comparison of current Dutch extensive green-
roofing systems, selection of relevant conditions for thermal parameters, selection of variables with sensitivity
analyses, input of relevant variables and parameters in energy-heating-use calculation in housing and in cooling
capacity, and cooling-energy-use calculation for an office building. Finally, there is a discussion on the
verification of the method used and validation of the results.

3. Research on Thermal Specifications

For the past fifteen years, research has been performed and published (Barrio 1998, Jim and Tsang 2010,
Lundholm et al. 2014) showing a full bandwidth of physical properties of vegetated green-roof systems. Papers
show that there are many variables defining thermal conditions, and these variables are broad in their physical
description. Analyzing this research shows that there are two main types of conditions researchers report on:

1 thermal conditions from the perspective of heating the rooms in the building underneath;
2 thermal conditions from the perspective of cooling the rooms in the building underneath.

The thermal conditions from climate and weather influence the thermal behavior of a vegetated green-roof
system. The thermal specifications derive from that fact, as well as how dynamical the vegetated green roofs’
behavior might be. Parameters classify a specific physical phenomenon describing a thermal influence of the
vegetated green-roof system. Variables define the physical process within a parameter. This paper reports on the
variables and parameters from the perspective of the heating of residential buildings. There are four angles of
approach to investigating the thermal conditions, parameters, variables, and thus specifications for this winter
situation:

1) Are the conditions used for input described as real-time field conditions from measuring on an actual
extensive green roof (Sfakianaki et al. 2009)?

2)  Are the conditions simulated in a laboratory setup?

3) Was the goal of the field and laboratory tests to measure the thermal specifications from practical
constructions to research the thermal behavior of extensive green roofs?

4)  Or, the other way around, are the thermal specifications used to elaborate a thermal model that is going to
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be used to calculate and estimate thermal specifications of current and future vegetated green-roof types?

In this paper, the thermal behavior affecting the city climate is not included (Banting et al. 2005; Alexandri and
Jones 2008; Susca et al. 2011) since these conditions are not directly relevant for private clients of vegetated
green roofs. Neither will psychological effects of vegetated green roofs and psychological approaches to energy
saving with vegetated green roofs be included (Townshend 2007). This paper focusses on thermal behavior of
extensive green roofs on the scale of a building due to conditions on the roof and in the building. Research on
intensive green roofs is noted but not included (Tsang et al. 2011). Extensive green roofs in this paper are
defined as the substrate and vegetation on flat or slightly tilted roofs including supporting layers, to a maximum
of 120 mm in the height of the soil substrate. The vegetation on most green roofs consists of sedum, moss, and
herbs. On extensive green roofs there should be no perennials nor grasses or shrubs. The layers include
waterproofing, root barrier, protection- and separation fleece, drainage layer, separation membranes, filter
membrane, erosion reinforcement web, soil substrate, and vegetation.

After reading and discussing the scientific papers about thermal specifications and conditions, an analysis is
executed to find the relevant parameters defining thermal behavior of extensive green roofs. This analysis
differentiates for winter conditions. Doing so makes it easier to distinguish those parameters influencing the u-
value of the total roof construction as opposed to those parameters not influencing the u-value. The thermal
dynamics of vegetated green roofs are big. Amplitudes in variables can make the behavior change from winter to
summer conditions within hours. Thus differentiation is necessary. Running a thermal model with the most
significant parameters and variables in the lowest and highest amplitudes demonstrates the sensitivity of the
model for these parameters and variables. The output from this sensitivity analysis answers the first research
question.

4. Models on U-Value and Thermal Specifications

Thermal effects from vegetated green roofs on the energy use of buildings have been reported in several ways.
Hilten reports positive and negative effects (Hilten 2005). Jim and Peng report positively on extensive tropical
green roofs (Jim and Peng 2011). Morau et al. report positive effects from shading by vegetation on green roofs
in a tropical climate (Morau et al. 2012). Part of the effect is caused by the shading from the vegetated green
roof. Here is where two different effects on energy use by vegetated green roofs become visible. One effect is on
the energy use for heating (Jaffal et al. 2012);the other is for cooling a building. Climate and weather conditions
strongly influence thermal conditions in soil layers and vegetation (Deardoff 1987).

Several attempts to model thermal behavior have been published. Ouldboukhitine et al. describe a coupled heat
and mass-transfer model (Ouldboukhitine et al. 2011). It has become clear from field testing that fairly good
insulated roof constructions react with little amplitude on the changing thermal conditions of vegetated green
roofs, compared to non-insulated roofs (Niachou 2000, Castleton et al. 2010). From field testing and from the
theory of building physics, several attempts were made to compose a model for the thermal behavior of
vegetated green roofs (Getter et al. 2011). In these models, different parameters and variables are used to show
the physical processes in and around the vegetated green-roof construction. A simple model was used to show
the effects of rooftop gardens on the energy consumption of a commercial building in a tropical humid climate
(Wong et al. 2003). The model uses merely the u-value to calculate the differences in conditions. It is more or
less a simplification of the vegetated green-roof system to one layer, expressed in one u-value for the complete
system. A thermal model of three layers was described by Del Barrio. This model consists of the roof
construction, the substrate with the soil, and a canopy layer with the vegetation (Del Barrio 1998). Frankenstein
and Koenig extended a similar model by distinguishing only the two separate layers of substrate and vegetation
(Frankenstein Koening 2004). Here, separate parameters are used to make modeling of smaller effects on the
heat transfer possible: height of the vegetation, Leaf Area Index (LAI), the Albedo effect, and the density of the
vegetation. Sailor used this model to integrate it into an energy use calculation (EnergyPlus). This combination
of modeling and calculation was tested on a university building in Florida (USA) and then used to calculate
energy effects on buildings in Chicago and Houston (USA) (Sailor 2008). Kumar and Kaushik developed a
model to calculate the effects on energy use by extending the Del Barrio model. Here also the shading of plants,
again the LAI (Leaf Area Index) and the temperature in the canopy, is modeled. The air temperature in the
canopy decreases the amplitude, thus resulting in smaller heat transfer through the roof (Kumar Kaushik 2005).

From all models, it can be concluded that the more sophisticated they become, the less the accountability there
might be. The clearer the relative influence of all partial variables within specific parameters shows, the less
accurate the calculated values might be. In one model, even percentages were calculated (Feng et al. 2010).
From all heat transferred outside and above the vegetated green roof, 58.4 % was evaporated through the
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substrate and the vegetation, where 30.9 % of the heat was lost through infrared radiation. These are the two
largest parameters, compared to, for instance, 9.5 % heat loss through photosynthesis of the vegetation.

Some of the many parameters mentioned in the literature, such as conductivity, heat capacity, short-wave
reflection and Albedo, are dependent on the humidity of the substrate soil layer (Sailor et al. 2008). Some more
optical parameters like shape and age of vegetation can vary, but are nonetheless supposed to be fixed
parameters, since there seems little use in trying to model nature. Doing so might compromise the accountability
as well.

5. Selecting One Model

The last generation of models shows many smaller variables influencing the total thermal behavior of vegetated
green roofs. Some of the variables are dependent on weather and outside conditions like temperature, radiation
from the sun, humidity, and rainfall. The physical conditions of the vegetation that cannot be influenced by the
design or innovation of the vegetated green roof or one of its layers, react to those conditions. Other variables
can be influenced by design, construction, and maintenance; like particles in the soil substrate and thickness of
the layers, capacity of the drainage, and specifications of filters between layers. Modeling these variables in
parameters in an equation that calculates the total heat transfer through the vegetated green-roof construction,
gives insight without having to make an actual field or laboratory test. It also makes it possible to calculate many
variations in conditions systematically. After that, it is possible to calculate the influence of differences in
vegetated green-roof construction to the overall energy use of buildings. However, the models should be
validated prior to use in practice.

The heat-transfer model of Ouldboukhitine et al. is a combination of the models from Sailor and Frankenstein,
Koenig. This model seems to be the most complete and sophisticated in approach to parameters, two separate
layers of soil substrate, and vegetation, as well as in approach to humidity and moisture in both layers.

In this model, parameters representing conditions in and on the vegetated green-roof system are interrelated. The
model provides a possibility to vary the input variables in their full bandwidth. Doing so would provide an
impression of how the influence of each parameter, according to the model, would be on the overall thermal
behavior. This kind of sensitivity analysis is important in finding the most influential parameters and conditions
that have to be present in a uniform method to describe thermal factors of vegetated green roofs for the Dutch
moderate climate. On the other hand, such a sensitivity analysis also provides reason to exclude some minor
influencing variables because the variation in input hopefully does not affect the overall thermal behavior. The
fewer parameters that remain in the modeling, the less complex the method is going to be. This scenario raises
the chances of finding a uniform method and makes it easier to validate the model with field testing.

The output from the modeling of thermal conditions and behavior of a vegetated green roof is used as input to
calculate the energy use of a residential building. Several field tests have been reported to make a validation of
the transfer of output from thermal conditions and behavior to the input of energy use for heating and cooling.

Already in 2001, researchers tried to find out if vegetated green roofs could help reduce energy use. Researchers
calculated with the energy-simulation program TRANSYS for a case study in Athens, in winter and in summer
conditions (Niachou et al. 2001). Here it was shown that the results differ in the case of non-insulated roof
constructions. As soon as the u-value goes below 0.75 [W/m’K], an added value from the vegetated green roof
can be omitted (Santamouris M. et al. 2007),

Liu et al. made an evaluation of thermal performance of vegetated green roofs in field experiments in Ottawa,
Canada. The tests show that a layer of snow on the roof reduces the difference between a traditional black roof
and a vegetated green roof completely. Without snow, the energy use of a room under a vegetated green roof was
measured to be about 13 % less. (Liu et al. 2003).

Table 2. Bandwidth of input parameters

Symbol Parameter Daytime Nighttime 24 h Mean
LAI LAI (Leaf Area Index) 2 2 2

f Density of vegetation 0.9 0.9 0.9

Waf Wind velocity 4 m/s 4 m/s 4 m/s
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Symbol Parameter Daytime Nighttime 24 h Mean
af Short wave Albedo vegetation 0.5 0.5 0.5

og Short wave Albedo substrate 0.5 0.5 0.5

r’ Humidity factor 0.5 0.5 0.5

ef Emissivity vegetation 0.5 0.5 0.5

eg Emissivity substrate 0.5 0.5 0.5

Is Short wave radiation 270 W/m* 0 W/m? 191 W/m*
Iir Long wave radiation 360 W/m® 341 W/m® 354 W/m®
Tf Temperature vegetation 21°C 12 °C 18 °C

Tg Temperature substrate 17 °C 13 °C 14 °C
Taf Temperature between vegetation 20 °C 14 °C 17 °C

T2 Temperature under substrate 18 °C 13 °C 15 °C

Table 2 shows the input variables used to estimate the bandwidth of the parameters defining conditions on
vegetated green roofs used in the heat transfer model of Ouldboukhitine et al., based on the models from Sailor
and Frankenstein (after Ouldboukhitine et al. 2011, based on the models of Sailor and Frankenstein 2004).

Van der Vel et al. did testing in a field experiment in Belgium. The climate there is similar to the Dutch moderate
climate (Van der Vel et al. 2006). On two wintery days, vegetated green roofs were monitored for temperature on
the top of the roof construction. The results showed that the effect of the vegetated green roof was considerable
compared to the uncovered black roof and the roof with gravel. In fact, the uncovered roof and the gravel roof
showed more amplitude than the outside air temperature, whereas the two vegetated green-roof constructions,
light extensive and medium intensive, showed less amplitude. Next the mean u-value was reconstructed from the
temperature readings.

The testers made a comparison between a traditional black roof and a vegetated green roof, while varying the u-
value of the roof construction. The results are shown in Table 3.

Table 3. Results of varying the u-value of roof constructions

thickness of u-value construction energy use heating energy use heating
insulation [mm] [W/m’K] [kWh/m*/year] [kWh/m*/year]
traditional black roof extensive green roof

0 0 133.6 69.8

50 0.77 45.6 43.0

100 0.40 36.0 36.1

150 0.26 324 32.8

200 0.20 30.5 31.0

250 0.17 29.3 29.8

300 0.13 28.5 29.0

Table 3 shows the difference in energy use for heating for a one-family house with a traditional black roof and an
extensive green roof according to Jaffal et al. 2012). For a 50 mm thickness of insulation, the difference seems
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negligible, taking inaccuracies into account.

Ray et al. developed a tool (MIT Design Advisor 2010) to estimate the differences from climate, building type,
and roof type for energy use (Ray et al. 2010). The model was validated by two field experiments in Florida
USA and in Japan. The calculated values match the measured values from the USA experiment. The data did not
match very well from the Japan experiment. The difference of 26 % was explained by the absence of roof
insulation and other inaccuracies in the construction of the Japanese green roof. Based on this research, it seems
reasonable to state that small differences in materials between the calculation model and the actual model are the
probable source of inaccuracy.

Sailer et al. explored the effects of vegetated green roofs on the thermal performance of different types of
buildings in the USA. There was variation in LAI and thickness of the soil-substrate layer (Sailor et al. 2011).
The field test from roofs in the city of Portland (OR) are most interesting because its climate is similar to that in
the Netherlands. The test is particularly interesting because it includes assessments for domestic buildings and
for office buildings separately. Varying the LAI and the thickness of the soil-substrate layer shows a clear
distinction in results as shown in Table 4.

Table 4. Variation of LAI for four types of roofs on two types of buildings: domestic and office. Variation in LAI
and in the thickness of the soil substrate shows significant differences in energy use for heating

Roof Type LAI[-] Thickness Soil Energy Saving Energy Saving
Substrate [mm)] domestic [%] office [%]
Roof One 2 50 3.3 2.7
Roof Two 2 150 5.0 2.9
Roof Three 0.5 150 5.0 23
Roof Four 5 150 43 34
7. Value of Modeling

From the above-mentioned research papers, it can be concluded that modeling of thermal behavior throughout
the years became more detailed and sophisticated. More variables in more differentiating parameters were tested,
modeled, and validated under different conditions. Research papers show distinction between winter and
summer conditions despite the dynamically changing conditions in the temperature and moisture of soil substrate
and vegetation.

Modeling of thermal behavior of vegetated green roofs becomes complex due to three reasons. First, there are
many variables influencing thermal behavior, and second, these variables are partly interlinked. Finally, variables
change due to climate, season, weather, and the day- and night cycle.

For winter conditions, there is an acceptable conclusion. Only on non-insulated roofs is there a significant
contribution of the vegetated-green—roof-soil substrate and vegetation to a reduction in energy use for heating. In
all conditions where the roof construction is insulated moderately well, the energy use is not significantly
influenced. Another important conclusion from the sequence of field tests and modeling attempts is that it is now
known which models are considered to be validated. Some models currently used in scientific research are not
validated directly by field tests, but by partial experiments and indirectly by field tests reported in papers.

The question is whether or not these models cover the area of parameters and variables found on extensive
vegetated green roofs. To answer this question, four models were selected based on the criteria of covering the
total vegetated-green-roof construction, scientifically published after 2010 and covering most city-climate
conditions in the world, at least those in moderate climates. Four models were found and were then used in
comparison:

Model Feng (Feng et al. 2010);

Model Ouidboukhitine (Ouidboukhitine et al. 2011);
Model Taberes-Velasco (Tabares-Velasco et al. 2012);
Model Djedjig (Djedjig et al. 2012).
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Table 5. All four models are listed and compared on the variable covered by the model considering the
parameters describing short-wave and long-wave radiation. An empty reference box in the matrix means that
there is no use of this specific variable in the model. An X in a reference box in the matrix means that there is a
variable used in the model

Variable parameter Model Model Model Model
Feng Ouidboukhitine  Tabares-Velasco Djedjig

incoming radiation X X X X
coverage vegetation X X
LAI
Albedo vegetation X X X X
Albedo substrate X X X X
transparency X X
vegetation
incoming radiation X X X X
coverage vegetation X X X X
LAI
emission vegetation X X X X
emission substrate X X X X
temp. vegetation X X X X
temp. substrate X X X X
temp. air X X X X

From the comparison of models in Table 5, it becomes clear that the models do not differ in most variables. Only
in Leaf Area Index (LAI) and transparency of the vegetation are there differences in the models of Fen,
Ouidboukhitine, and Tabares-Velasco to the Djedjig model. This last model is also the model most recently
published. The models of Ouidboukhitine, Tabares-Velasco, and Djedjig cover the same variables in heat
exchange from evapo-transpiration, heat exchange through conductivity, and heat exchange through convection.

Table 6. The use of variables in four models for heat-exchange processes from convection, conductivity, and
evapo-transpiration, or evaporation. Only the Feng model misses out on most of the variables. The other three
models completely cover all variables representing parameters defining heat transfer in vegetated green-roof
constructions

Variable parameter Model Model Ouidboukhitine Model Model

Feng Tabares-Velasco Djedjig
air heat content X X X
coverage LAI X X X
air movement X X X
vegetation type X X X
substrate type X X X
sun intensity X X X
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substrate moisture X X X
air pressure X X X
relative humidity X X X
latent heat transport X X X
tempe. vegetation X X X
heat transport conductivity X X X
substrate moisture X X X
thickness substrate X X X
temp. difference X X X
air movement X

coverage LAI
vegetation type

substrate type

temp. air X

temp. vegetation X

T B R T T T e
T B T o

X
X
X
X
Heat content air X X
X
X
X

temp. substrate

Parameters for heat storage in the mass of materials of vegetated green-roof construction are only taken into
account by Feng and Djedjig. The heat generated internally under the vegetated green-roof construction is used
as a variable in all models. All models can make a connection to energy-use calculations. Variables defining the
parameter of photosynthesis are only used in the Feng model. The Ouidboukhitine model and the Djedjig model
use two variables to model the parameter of water coming down on the vegetated green roof from rainfall and
from the drainage capacity of the vegetated green-roof layers. The incoming radiation in short waves provides
99% of all incoming heat on a vegetated green roof (Feng et al. 2011). This variable is probably the most
significant in the parameter defining short-wave-radiation exchange. In long-wave-radiation exchange, the
emission of the several surfaces is probably most important for modeling. All four models cover these variables
in this parameter. The heat exchange is completely modeled by Djedjig, Ouidboukhitine, and Tabares-Velasces.
The Feng model only takes some variables from the parameter convection into account.

Two parameters have to be discussed separately: heat storage from mass in the vegetated green-roof construction
and water balance. Both influence the dynamics of the heat transfer mechanisms. These parameters are taken
into account by Feng and Djedjig. Seen from this parameter, the Djedjig model covers both. The overall question
of this paper was how thermal parameters influence the thermal behavior of vegetated green roofs. From the
perspective of building physics, the parameters of water balance and heat storage in mass influence cooling
capacity more than insulating capacity. The energy derived from photosynthesis might not influence cooling
capacity as much as the other two. According to Feng et al., photosynthesis accounts for 10% of all outgoing
energy in summer conditions. In winter conditions, this process drops to almost 0% (Feng et al. 2011). Although
the Djedjig model does not take photosynthesis into account, this model is the most complete in amount of
variables representing parameters defining thermal behavior of vegetated green-roof construction. The question
now is which of the variables is most sensitive for variations. Knowing that information provides the opportunity
to rule out smaller variables for practical use and for validating by field testing.
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Table 7. The use of variables in four models covering the parameters of heat storage in mass of the vegetated
green-roof construction, heat generated from internal sources and calculating energy use of the building under
the vegetated green roof, energy from photosynthesis (only in the Feng model), and water-balance (only in the
Ouidboukhitine and Djedjig models)

Variable parameter Model Model Ouidboukhitine Model Model
Feng Tabares-Velasco Djedjig
heat storage capacity vegetation X X
temp. vegetation X X
heat storage capacity substrate X X
temp. substrate X X
water content substrate X
Energy use calculation X X X X
sun intensity X
CO, content X
water content vegetation X

air temperature

vegetation type

incoming rain X X

capacity drainage X X
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vegetation

air between lcaves
wind membrane
substrate

filter membranc

drain membrane
root-secure membrane
security membrane

water-safe membrane
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Figure 1. above shows the layers in a typical extensive green-roof construction with the physical parameters that
usually show up in thermal models (Feng et al. 2010, Ouidboukhitine et al. 2011, Tabares-Velasco et al. 2012,

8. Sensitivity Analysis

For winter conditions, a sensitivity analysis can show which variables within which parameter categories most

Djedjig et al. 2012)

significantly influence energy-use calculation.

For winter conditions, the model of Djedjig was adopted and put into an excel spreadsheet calculation. Here, all
variables were varied between minimum and maximum values. These values were found in the literature and
from reports of field testing. The mathematical formula for energy balance of the vegetation layer according to
the Djedjig model is:

dT
([)Cp)rdfF d—t'_r = Rn.f + Hf + l'._'r

(pcp)f = Volume thermic capacity vegetation (J/m3K)

df = Mean leaf thickness (m)
F= Leaf Area Index (-)
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Tf = Temperature vegetation (Kelvin)

dt = Time interval (s)

Rn,f=  Net radiation absorbed by vegetation (W/m2)
Hf= Visible heat-flux vegetation (W/m2)

Lf= Latent heat-flux vegetation (W/m2)

The mathematical formula for the energy balance of the substrate layer according to the Djedjig model is:

aTr a aT
(pc’g)g.m‘u E - E (kw‘“ E)

(pep)g,wg = Volume thermic capacity substrate including water content (J/m3K)
T = Temperature interval substrate surface and substrate layer (Kelvin)
t=Time interval (s)

z= Thickness substrate layer (m)

kog=  Thermic conductivity substrate with water content (W/Ks)

A third mathematical formula from the Dejdjig model is used to calculate the evapo-transpiration, the energy
exchange due to evaporation of water in the substrate layer:

E=— (L +Lg) /L.
Lf= Latent heat flux vegetation (W/m2)
Lg =Latent heat flux substrate (W/m2)
lv = Latent heat evaporation (J/kg)

The above-mentioned three formulas were combined and simplified to be able to use them in an excel spread
sheet

Only a few of the variables in the parameters can be influenced by design. The bandwidth of influence was
found in the literature and from reasoning. This list of variables also cannot be influenced by design. These
variables were fixed in the calculation since the sensitivity of these variables is not of concern in this research.

Table 8. The results of the sensitivity analysis for winter conditions in eleven variables. The most significant
variables by far are the mass-heat-transport resistance of the vegetation surface and the Leaf Area Index (LAI)

Coverage of vegetation, between 0.1-1

Short wave radiation transmission coefficient vegetation, between 0.1-0.7

Short wave reflection coefficient vegetation between 0.14-0.26

Short wave reflection coefficient substrate, between 0.08 - 0.43

Heat emission coefficient vegetation, between 0.970 - 0.988

Heat emission coefficient substrate, between 0.908 - 0.967 J
LALI, leaf area index, between 0.0-6.0

Mass heat transport resistance vegetation surface, between 50.0 - 200.0 l
Mass heat transport resistance substrate surface, between 25-44

Leaf stomata mass heat transport resistance, between 200 - 12000

Heat evaporation resistance substrate surface, between 21-48
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Heat evaporation resistance substrate surface
Mass heat transport resistance substrate surface
Heat emission coefficient substrate

Leaf stomata mass heat transport resistance
Mass heat transport resistance vegetation surface
Transparency vegetation

Heat emission coefficient substrate

Short wave reflection coefficient substrate
Short wave reflection coefficient vegetation
Coverage of vegetation

Leaf Area Index LAI

As is shown in Table 8, the most significant variables, mass-heat-transport resistance of the vegetation surface
and the Leaf Area Index (LAI), are followed by transparency of the vegetation and leaf-stomata mass-heat-
transport resistance. All four are variables directly connected to the vegetation. Since vegetation is growing and
flowering, reacting to changing circumstances, there is little influence on these variables from the point of view
of a designer. A gardener might be able to keep the vegetation within certain limitations of the variables by
intensive maintenance. On the other hand, the vegetation in most winter conditions changes less.

Taking a closer look at the energy balances, substrate and vegetation, variations in coverage of the vegetation
influence both significantly. The more plants grow and cover the substrate, the more the energy balance of the
vegetation is influenced. On the other hand, the more that plants cover the substrate, the less this coverage
influences the energy balance of the substrate. From this analysis, both counter compensate, so the influence is
not visible in the overall modeling.

For the average for day- and night-time conditions, the most significant factors are humidity of the substrate, the
Albedo of the vegetation, and third, the LAI. The variations in humidity of the substrate can have a widespread
effect. This effect is caused by the dynamics in the conditions as well as by the system specifications. LAI and
Albedo depend on choice of specific species of vegetation. The results of the sensitivity analysis match results
from field tests as given in research papers.

Energy-use calculations for residential buildings

Looking at the conclusions of the energy balances for winter conditions, it is interesting to know if changes in
the thermal specifications of vegetated green roofs, compared to traditional black roofs, would show up in
energy-use calculations for residential buildings.

For winter conditions in a moderate climate, these calculations were made for an average Dutch single-family
row house. There is a clear conclusion. Every Dutch single-family row house with insulation better than 1.50
m’k/W does not show any improvement in energy use. Since 1992, the minimum demand for insulation for
housing in The Netherlands is 2.5 m*k/W. This figure was raised to 3.5 m*k/W on March 1 2013. It has been the
average for newly built houses for years. In 2015, this demand will be raised to 5 m’k/W. At this level of
insulation, there will be little influence from the improved u-value of an extensive green roof. Four different
levels of insulation, following the legal increase in the R-value in the Netherlands from 1970 to the present,
energy-use calculations were made for an average single-family row house. Besides insulation values, the u-
values for glazing were also improved. The variables for the extensive green roof were set to standard. The
influence, and sensitivity, from vegetated green roofs on the total energy use is decreasing. This result matches
research by Kotsiris (Kotsiris et al. 2012).

Table 9. The raise in R-Value in Dutch Regulations for insulation of buildings

Building 1970 1988 2012 2015
Roof, facade and floor 0.22 m°K/W 1.5 m’K/W 3.5 m’K/W 5 m°’K/W
Glazing single double double HE triple
Decrease energy use % 21.7% 7.1% 3.6% 2.7%
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Vegetated Green roofs that are specifically designed to improve the u-value, can be excluded from this
conclusion. Ne research in this area has been entered by researchers that influence green roofs actively under
fixed conditions and measuring changes in the u-value (Rochea Berardib 2014, Ouldboukhitinea et al. 2014)).
Another exception can be a vegetated green-roof system with a layer of dry air between the roof and the
substrate layer. These kinds of vegetated green roofs are under development to improve the water buffering and
slowing down of runoff water.

9. Discussion, Verification, and Validation

Analysis of the results from modeling and validating thermal models for vegetated green roofs shows that
models are either used to theorize field-test results or models are validated with field tests. During the last ten
years, models became more sophisticated. From the analysis, it was possible to choose the Djedjig model for
calculations under winter conditions in this research. In other literature, parameters were found that ware used to
describe the thermal behavior of the vegetated green roof. Parameters are mostly dedicated to one layer of the
vegetated green roof: the vegetation layer, the substrate layer, or the construction layer. Each parameter was
transformed into a mathematical formula including physical variables representing either outside conditions,
technical specifications of the vegetated green roof, or thermal processes in or between layers.

With this information, the sensitivity analysis for winter conditions was made. The analysis was used to make
conversion possible from worldwide field-test data to models for the Dutch moderate climate. From the
sensitivity analysis it became clear that differentiating between winter and summer was indeed necessary. Most
sensitive and significant variables can be calculated with estimations of the values in moderate winter conditions.

For the Dutch winter climate and weather conditions it is concluded that extensive green roofs will not add to
extra u-value or R-value of roof construction. Most significant variables are typically attached to the vegetation
layer: mass heat-transport resistance of the vegetation surface, Leaf Area Index LAI, transparency of the
vegetation and leaf-stomata mass-heat-transport resistance of the vegetation. These variables are not used in
energy use calculations. In winter, these conditions hardly change, so the model would not be sensitive to these
variables. Even if there were some minor contribution, it would not show in an energy calculation for heating.

Under Dutch climate and weather conditions, there is little contribution from extensive green roofs to the u-value
of roof construction. Most contribution can be expected from humidity of the substrate, Albedo short-wave
radiation of the vegetation and the LAI. From the results of modeling for Dutch conditions, within parameters of
general models and within variations of variables in a sensitivity analysis, results do not match field tests from
the literature (Van der Vel et al.2006). The results do match the results from Belgian field testing in a climate
most closely related to the Dutch conditions. For moderate climate conditions in a location in the south of Brazil,
energy savings were measured in field testing for heating and cooling (Parizotto et al. 2011; D’Orazioa et al.
2012). This result also matches the conditions and conclusions for the Dutch sensitivity analysis.

10. Conclusion on Thermal Specifications

The conclusion of this research is that winter conditions in the Dutch moderate climate can be modeled and
understood in terms of physical parameters and variables. A sensitivity analysis for winter conditions shows
vegetated green-roof thermal parameters and shows the significance of only a small number of variables
influencing thermal behavior. For the winter situation this factor will negligible. U-value and R-value
adjustments cannot be made within reasonable boundaries of accuracy. Moreover, any contribution will not show
up in energy-use calculations for heating.

The conclusions hold some potential for innovation. Extensive green roofs for moderate climates can hardly be
improved or further optimized for reducing energy for heating residential buildings. Therefore, no uniform
method or model is needed during the commissioning of green-vegetated roofs. Dutch public-policy makers do
not have to make supportive governance models for thermal specifications of green-vegetated roofs (Teeuw, P.G.
Ravesloot C.M. 2009). An exception may occur for those on buildings with considerable cooling loads, as in
residential buildings for elderly people and mixed-use buildings.
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