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Abstract
Green roofs are increasingly being employed as a sustainability feature of buildings.

The sustainability approach in building designs requires reducing energy consumption
and adopting low carbon energy sources without compromising the increasing
expectations of comfort and health levels. Given the wide range of building designs,
climates and green roof types, it is desirable to evaluate at the design stage the energy
saving impact and other potential benefits from the application of green roofs.
Currently, the abilities of building simulation programs to simulate the influences of
green roofs are limited. For example, they have limitations in representing dynamic
inter-layer interactions and moisture infiltration mechanisms. This research aims to
develop a new model for the simulation of green roofs based on the control volume
approach and to integrate the model within a whole building energy simulation
program. The green roof elements consist of special layers such as plants and soil for
which the control volume approach is capable of capturing their special characteristics
with regards to the thermal and moisture exchanges.

The model has been integrated within the ESP-r whole building energy simulation
program. Within the ESP-r, the new green roof model alters the boundary condition of
a roof surface on which green roof is constructed. The model development is carried
out by a series of steps which include a careful selection of governing equations that
describe the thermal and moisture balances in various layers of green roof, the
numerical implementation for a simultaneous solution of the governing equations for
the whole green roof, algorithm and code development and finally developing the
interface with ESP-r. After successful integration, the model results were validated on
an experimental test cell, which consists of an approximately 2 m? planted medium on
an insulated box with facilities for thermal, moisture and drainage measurements. The
results for the thermal validation were promising with the significant boundary
temperature values within a root mean square deviation (RMSD) in the vicinity of 0.5
K, whereas the moisture validation results are found to depend on initial conditions,
the lower layers showing an RMSD of approximately 0.05 m*/m? and the top layer
nearly 0.12 [m*m?]. The model is also able to predict the slowing down of water run-
off. A methodology for collecting soil and plant properties which are required to be
used along with the program has also been described. Based on the current state of the
model and also considering the new developments in green roofs, some suggestions
are proposed at the end of the thesis as a continuation of this research.
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CHAPTER 1
INTRODUCTION



1. Introduction

1.0 Research background

Intentionally planted roofs are called green roofs or vegetated roofs. Although this
architectural feature in buildings has been practiced from as early as 6™ century BC,
the time of the hanging garden of Babylon, much emphasis as a sustainable feature of
building is evident in the last decade [1]. A Green roof could offer several benefits
such as: reduced building energy consumption, contribution to storm-water
management, reduced urban heat island effect, contribution to building aesthetic
quality, contribution to urban ecological diversity and protection to roof’s water proof
membrane [2]. However the benefits could come in some cases at a cost of an increase
in the building’s construction budget in terms of additional structural strength required
for the roof and green roof cost itself which may include initial construction cost and
on-going maintenance cost. Thus it is important to predict the performance of green
roofs in the context of building’s overall design. In addition, green building rating
systems such as LEED [3] and BREEAM [4] require buildings’ performance
parameters to be predicted, typically over a period of one year. Green roof are
considered within these standards as a method for potentially improving the buildings

sustainability rating.

The subject of modelling a green roof is a complex matter considering the energy and
moisture flow processes involved. The thermal flows include short wave and long
wave radiation exchanges, convection and conduction exchanges with outside and
among the components of green roof. Moisture flows include precipitation and
irrigation infiltration, evaporation, plant transpiration and drainage. Currently there are
some stand-alone models [5] available for green roofs which simulate the green roof
performance as being independent of the building. On the other hand, models that are
part of a whole building energy simulation are rare. There is only one such public
domain simulation tool available, the ‘eco-roof” in EnergyPlus [6]. There are also
some recent published models available in commercial domains, such as TRNSYS [7].
A new green roof simulation model is developed within the ESP-r’s whole building

simulation program to overcome some of the short comings of these models.



1.1 Aim and Objectives of research

The aim of this research is to develop a computer simulation model for predicting the

energy characteristics and water retention capabilities of green roofs. This is to enable

the thermal and moisture characteristics of green roofs to be simulated using ESP-r

whole building energy simulation program.

The specific objectives of the research are:

1.

3.

To develop a numerical finite volume model, for assessing the energy and
comfort benefits from green roofs, in which the dynamic thermal and moisture
flows and the interaction between these flows are accounted for at various
layers of green roofs.

To integrate the model in a whole building energy simulation environment for
allowing assessments of green roofs in combination and simultaneously with
the rest of the building components.

To experimentally validate the new green roof simulation model

1.2 Research contributions:

The following features of the developed model are the contribution of the research in

green roof simulation studies:

Green roof benefit assessment: The model serves as a valuable tool for energy
and carbon performance assessment of green roofs.

Integrated model: The integration of a green roof model into a whole building
simulation serves the above evaluation in the context of other features of the
building. Some of the existing models are stand-alone programs, simulating
only green roofs, without taking into account the rest of the built environments’
characteristics. There is only one known public domain green roof simulation
model that is working with a whole building energy simulation program, the
‘eco-roof” module of EnergyPlus. The CTF (conduction transfer function)
scheme with which this model works has limited facility to accommodate time

varying properties of plants and soil media. The proposed finite volume



method is flexible and is more suited to simulate the complex thermo-physical
interactions occurring in plant and soil media.

e Simulations of soil moisture migration include vapour and liquid phases which
are highlighted in the literature as of significant contribution to the thermal and
moisture exchanges [8].

e Rain water run-off is evaluated as part of soil moisture dynamics, allowing the
predictions of storm water run-off.

e The model is developed with a generic structure which makes it adaptable to
any whole building simulation programs.

e The model is a useful tool for green building rating systems and building
regulations that consider green roofs as an essential sustainable feature in

buildings.

In summary, for the first time there is a green roof model in a whole building
simulation program that is able to quantify the storm water retention and thermal
buffering capabilities of green roofs by accommodating for the interactions between
the thermal and moisture domains and without ignoring the dynamic physical

characteristics of plants and soil.

1.3 Research Questions

The research questions are explicitly stated as:

1. Which are the variables affecting the heat flux through a green roof? What are
the mathematical equations that are representing the dynamic relations between

these variables?

2. What are the temperatures at various components of a green roof, which can be
associated to a building simulation program and what is the procedure to

determine these temperatures?

3. Which equations can describe the moisture retention characteristics of the
green roof substrate and how is it related to the overall moisture balance within

green roof?



4. How to integrate this procedure in a whole building energy simulation

environment?

5. How close are the simulation results to measurements carried out with a scaled

down test cell of a green roof?

1.4 Research Challenges:

The complex interactions between thermal and moisture flows within green roof layers
are a significant challenge for this research. The thermal and moisture exchanges
across the soil and canopy layers need to be coupled in the model so as to account for

their interactions occurring within each layer and, in some cases, across the layers.

Time varying properties of soil and canopy layers pose as another challenge to be
resolved. As some of the properties are dependent on the state variables (for example,
soil thermal conductivity on soil moisture content and plant stomatal resistance on air
vapour pressure), they need to be updated in successive time steps. The
implementation of this issue, which calls for updates of coefficients of the equations
being solved in the numerical procedure (along with the state variables, namely,
temperatures and vapour pressures), need to be studied and resolved in a manner that
is feasible within the ESP-r.

Integration of the model into whole building simulation analysis with the whole
building energy simulation program is a critical task to be resolved. Substantial work
is needed to enable the green roof model to be used in tandem with the rest of the
building simulation domains. The model will be solving the characteristics equations
simultaneously (at the same time-step) with the rest of the equations in ESP-r.

Establishing standardised validation techniques for the model are essential to establish
its reliability. The model validation requires to be done by way of experimental
procedures and capturing the relevant moisture and heat fluxes with measurements is

not a trivial task.



1.5 Methodology

A control volume numerical model of the green roof needs to be developed to
represent the heat and moisture flows within the green roof. The model will be
developed for the plant and soil layers. The steps involved in the current research are

briefed below:

1. The finite volume approach to building modelling requires the identification of
typical control volumes. Two layers of green roofs are considered for analysis:

the vegetation layer and soil layer, as shown in figure 1.1.

2. For each of the control volumes, energy and moisture balance equations need
to be formulated. These equations are in the form of partial differential
equations (PDE) of key variables: Temperature for thermal exchanges and

vapour pressure or matric potential for mass (water) transfer.

3. The state variables (i.e. temperatures and soil matric potentials) are determined
in the energy simulation program by solving a set of linear equations, which
can be expressed in a matrix equation set. Green roof module needs two sets of

coefficients, one for temperature and another for moisture.

4. Having formulated the coefficients for each control volume, the set of

linearized equations are solved by successive iterations

5. Model validation with experimental measurements and model revisions

performed in several stages
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Figure 1-1 Control volume modelling approach for green roof

1.6 Thesis structure

The currently available green roof models are reviewed in chapter 2, with particular
emphasis on models with which this research is compared with. A general review of
building energy simulation methods is provided in chapter 2, where the control volume
method as applied in ESP-r is also explained briefly. A brief literature review on
related soil-vegetation-atmosphere -transfer (SVAT) models is also presented in

chapter 2.

Chapter 3 discusses mainly the theoretical formulation of the proposed green roof
model. The formulation of energy and mass balances in the control volumes of green
roof are explained in detail. It also describes the coefficient table, the governing
equations and their time-discretised forms which make up the model. The method of

model integration with ESP-r is also described in chapter 3

The proposed model requires a large number of inputs. The sources and methods for

obtaining the inputs of plants and soil are described in chapter 4. Experimental

7



methods for determining some of these inputs are described and the literature sources
for other inputs are identified in order to create a database for the inputs that could be
used with the model. An illustration of data on plant’s varying properties such as LAI
and canopy cover is presented in chapter 4. Chapter 4 also includes a section
presenting a simple sensitivity analysis performed on the model to rank its input

variables in the order of their influence on the models’ output.

The experimental validations and model results are described in chapter 5, where

details of thermal and moisture domain validation methods are presented.

Finally in chapter 6, the findings are summarized and conclusions are drawn on this
research. Chapter 6 also includes potential directions in which the research could be

continued towards.



CHAPTER 2
LITERATURE REVIEW



2. Literature Review

2.0 Introduction

The objective of this chapter is to present a review of the state of the art in modelling
green roofs, thus to establish the gap in research which the proposed model is expected
to cover and to review the ESP-r’s structure which makes it a suitable host program for
the model development. Prior to the models review, a general introduction of green
roof’s benefits and its construction, as a review from literature, is given in section 2.1.
A chronological list of selected green roof models and their salient features are listed
in table A.1 in appendix 1 and summarized in this chapter. Important stand-alone
models, where green roofs are modelled independent from the building, are reviewed
in section 2.2. Of particular interest to this research is a model published by Del Barrio
[9] which is discussed in section 2.2.1. Three models are known to work with other
whole building simulation programs, which are briefed in section 2.3. The research
gap is explicitly identified in section 2.4 and justification is given for the significance
of this research. A very brief review of the structure of the building energy simulation
program, ESP-r, as is relevant to the new green roof model’s development, is
presented in section 2.5. Some soil-vegetation-atmosphere-transfer (SVAT) models,
which include many features similar to the green roof models, are reviewed in section
2.6.

2.1 Green roofs’ benefits and construction

Green roofs are intentionally vegetated roofs which contribute significantly to the
enrichment of biodiversity and storm-water enhancement[10]. The benefits of green
roofs include: reduction in building’s thermal load with a resultant indirect reduction
in carbon emissions, moderating urban heat island effect by reducing the heat
reflection from roof surfaces, slowing down of storm water run-off through storage in
the growing medium, promoting bio-diversity, providing aesthetically pleasing

appearance for the building and providing additional sound attenuation

Types of green roof are [11] extensive type which is of light weight construction with

often less than 15cm soil substrate supporting sedum types of plants and generally not
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requiring irrigation. An intensive type is of heavier construction with variety of plants,
with substrate height more than 20cm and generally requiring irrigation and

maintenance[12].

A typical extensive green roof consists of several layers: a plant layer, a soil layer, a
filter layer, a drainage layer, a moisture barrier and insulation [13]. A typical

construction drawing is shown in figure 2.1.
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Figure 2-1: Typical green roof construction showing various layers

A research study published at the University of Nottingham Ningbo China [14]
concluded that green roofs provide significant energy savings for buildings, especially
for those without roof insulation. Hui [15] reports the development of technical
guidelines for subtropical location of Hong Kong. Saadatian [16]provide an extensive

review of benefits of green roofs and constructional details.

2.2 Stand-alone models

Alexandri et al [17] described a model of green roof with thermal and moisture
coupling and experimentally verified some choice of equations such as that for
convection heat transfer. Although the study justifies the use of some rule-of-thumb

relations, such as:
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LAl =24 h (2-1)
(h=plant height) in the context of limited plant type of clipped grass, some excellent
observations are provided. The study highlights, through experimental observations,
the advantage of working with convection heat transfer coefficients based on
analytical methods involving non-dimensional groups such as Reynolds, Prandtl,
Grashof and Nusselt numbers over simplified relations (e.g.: h=5.6+18.6U for U<5m/s
and h=7.2U°%"® for U>5m/s, U being the wind speed) used in building heat transfer
calculations. Another notable observation is the choice of equation for calculating
stomatal resistance as given in Pielke [18] for convergence with the experimental
measurements. The model (Alexandri et al) is derived on the finite difference method
with several nodes located along layers of air, canopy, soil and structural part. In this
model two sets of one dimensional vertical array of nodes are used, one representing
thermal exchange and the other moisture exchange. The model is illustrated in figure
2.2, (adapted from Alexandri et al [17]) below.

Figure 2-2 Heat and mass transfer model for plant and air [17]

Thermal capacitances C, temperatures T and thermal resistances (rq for soil surface,
1/kair for canopy air, 1/h for upper boundary of the canopy, and 1/Kj;; for ambient air
above, between respective node points) form the thermal nodes network (right-side
links). Moisture contents g, vapour pressures ‘gqa’ and moisture transfer resistances
1/D, form the moisture transfer nodes network (left-side links). Thermal leaf properties
are C,, and T, linking to the air nodes on the right side by resistances ray. For the

moisture exchange links, leaf surface vapour pressures are considered as saturated, and
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are linked to air node vapour pressures by combined stomatal and air resistances, ry+rs.
K and k represent thermal conductivities, h convection heat transfer coefficient and D
diffusion coefficient. It is to be noted that the plant (leaf) nodes serve as coupling link
between the thermal and moisture arrays. Similar type of arrangement is found to be
used in a number of notable studies which are explained in later part of this study
(Sellers et al [19], Bittelli et al [8] ). It is ascertained that the assumption of a constant
thermal conductivity, as is used in the domain of porous building materials heat
transfer calculations, cannot be used in the soil medium as it is strongly dependent on
the water content and temperature. Also notable is the observation that the surface
radiation optical properties such as albedo, which are generally considered constant for
a material, actually varies according to the incident radiation. However the study does
not provide any indication of the degree of error brought in by such assumption. A
noted draw back of the model is that it does not take into account moisture addition by
precipitation or irrigation. The study does not provide any clue of the method of
obtaining results from the set of differential equations. In general the study provides
some useful insights for the choice of equations and some guiding to areas where
attention to details are necessary in the modelling process. However the study does not

indicate implementation of model in a whole building energy simulation program.

Takebayashi [20] provides a comparative study of various roofs (concrete roof with
various paints, roof with bare soil and roof with planted soil) with the objective of
identifying the effects of roof on the mitigation of urban heat island effect. While the
study does not provide much added information towards formulation of a green roof
model, the method adapted provides some useful hints towards identifying interesting
procedures for experimentally verifying green roof equations and models. The heat
budget at the top surface of roofs provides balances between (a) Incoming radiation
heat, (b) downward conduction heat, (c) upward sensible heat and (d) upward latent
heat. The method involves measuring all variables for calculating, as stated above, (a),
(b) and (d) and determining (c), as [(a)- (b)-(d)]. The mixed experimental/modelling

process is illustrated in the figure below, which is adapted from [20].
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Figure 2-3 Heat budget analysis of combined modelling and measurement [20]

The variables mentioned here are: Rn - net radiation (W/m?), A — conduction heat flux
(W/m?), V - sensible heat flux (W/m?), IE - latent heat flux (W/m?), & - thermal
conductivity (W/mK), o - convective heat transfer coefficient (W/m2K), Ts - surface
temperature (°C and K for radiation calculations), Ta - air temperature (°C), B -
evaporative efficiency (-), Cp - Specific heat of air (J/kgK), Xs - saturated humidity
(kg/kg) and Xa — air absolute humidity (kg/kg). A notable observation of the authors is
the caution towards the determination of evaporation by measurement of soil moisture

content, without considering the detailed distribution of water.

Santamouris et al [21] provided a brief description of experimental verification of
energy benefits of a green roof system installed in a nursery school building in Athens
(37°58°N, 23°44’E) where a reduction of summer cooling load up to 49% for a
building of 0.47 aspect ratio (height/width) is observed. It was found that there was no
effect on heating load during winter. The study reports simulation work in TRNSY'S,
but no details were given. From the reporting of results it is inferred that green roof is
treated just as an additional insulation layer, because a reduced heat transmittance (U-
value) is used in the energy calculations for green roof. An earlier published work by
Niachou et al [22] reported a similar finding, but the tests were conducted in a hotel

building in the extended Athens basin region.
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A research report by Center for Climate Systems Research of Columbia University
and Goddard Institute for Space Studies of NASA [23] explores the development of
green roofs in New York City (40°45°N, 73°59°W). Research output on energy use,
urban heat island effect, and storm-water runoff of specifically light-weight extensive
green roof types are reported. Within the energy domain research, steady state
simulations of rooftop energy balance model are reported. The energy balances were
considered as algebraic sum of shortwave radiation downwards; shortwave radiation
reflected upwards; long-wave radiation downwards; long-wave radiation emitted
upwards; sensible heat loss or gain; latent heat loss; and heat conduction downwards
or upwards from the room below the roof. Of interest are some specific results such as
average day-time surface temperature on green roof was 19°C lower as compared to
standard roof in summer and 8°C higher at night.

A PhD study conducted by Yu [24] in Singapore (1°22°N, 103°48’E) introduced a
new concept of ‘green sol-air temperature’ which gives a combined effect of
convection and radiation heat transfers and can be used as a single temperature in
much simplified ETTV (Envelope Thermal Transfer VValue) calculation of cooling
load for Buildings. The study is based on the concept of surface energy budget as in
Santamouris [25] . Although this concept is a simplified approach (treating green roof
as a reduced transmittance value) in the context of a dynamic energy simulation
scheme of the current research (considering the evolution of a set of variables across
various layers), some excellent ‘macro (climate) level’ and ‘micro (building) level’
studies conducted in Singapore as part of the research are notable. A database for the
leaf area index (LAI) of plants was developed as part of the above study and it is a
valuable source, which can be further developed into a broader range of plants

applicable for other regions as well.

In a previous study, conducted at the National University of Singapore, Wong et al [26]
report results of experimental investigation of thermal performance of a green roof. A
reduced roof top ambient air temperature of up to 4.2°C due to plants and a reduced
upward irradiation due to plants by up to 109 W/m? were observed. Wong also reports
in another study [27] the effects of roof top garden in a commercial building in
Singapore investigated by using the DOE-2 building energy simulation[28]. The effect

of a green roof is treated as an added insulation thermal resistance, determined by field
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measurements of turfs, shrubs and trees. The objective was to determine if the roof

thermal transfer value (RTTV) falls within a regulatory limit.

Some recent studies from Pennsylvania State University by Tabares-Velasco et al [29]
and [30] report of a ‘Cold Plate’ (as is called by the authors) experimental set-up,
located inside an environmental chamber, enabling isolation from random outdoor
conditions. The model considers heat and mass transfer processes between ambient air,
plants, and substrate. An interesting part of the outcome is a list of equations of which
some are newly proposed and verified by way of experimental data, viz. substrate
thermal conductivity for green roofs, substrate moisture resistance to calculate green
roof soil evaporation, and stomatal resistance functions to calculate transpiration. The
validation which has been provided in detail, established the accuracy of most of the
formulae, except for those involving evapotranspiration rates. Various equations of the
above study can be used as alternatives in the current research. However it is noted
that, the accuracy of the equations needs to be further verified because the components
of the equations are determined by experimental observations in the ‘cold plate’
apparatus and it is likely that the relations may not be valid in a different composition
of soil.

Of interest are also two prior studies from the Pennsylvania State University; Tabares-
Velasco et al [31] describing specifically laboratory set up details for green roof and
Avyata et al [31] evaluating sensible heat flux to and from vegetated roof assembly. The
latter study addresses a relatively complex part of green roof model, the convective
heat transfer. Applications of various convective heat transfer correlations in the green
roof assembly were established by experimental measurements in a green roof test

bench, for various wind velocities creating free and forced convection conditions.

2.2.1 Finite volume green roof model

The most relevant source to this research is an earlier published work from Del Barrio
[9] in which energy and moisture balance equations of canopy, soil and roof support
layers and the boundary conditions coupling these layers were systematically
developed. The simulations were done in MATLAB and parametric studies were

provided, the results of which give an indication of which areas need close scrutiny in
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both model development and simulation in the current research. For example on the
canopy side, short wave extinction coefficient (ks ), long wave extinction coefficient
(ki) and LAI were found to have a strong influence on the transmitted solar radiation,
but negligible effect on the canopy air temperature. On the soil side, the soil moisture
content and the density of the soil were found to have a strong influence on the heat
flux through green roof. A few disadvantages were also noted with regard to this study.
There was no experimental validation of the model reported and the sensitivity
analysis is of limited nature with regard to the lack of information on the influence of
LALI, k; and ks on the green roof net heat flux, possibly due to the fact that there are
numerous variables involved and that the focus of Del Barrio[9] was on theoretical
formulation. Some of the data used in the plant canopy model are also of too specific
nature (external aerodynamic resistance of leaves refers to tomatoes), which can only
be used as a reference in the current research. However, the study provides an overall
valuable information for the development of green roof models. The approach to
model development is systematic, with formulation of the problem layer by layer,
clearly defining the assumptions, expanding sub components, simplifying some
equations and defining boundary conditions for each layer. However the model
remains as a stand-alone type for green roof as it is not associated to a whole building

energy simulation.

The modelling approach of Del Barrio [9] is used as a basis in this research to further
develop a green roof model based on control volume method, which has definite

advantages compared to the existing models in building simulation programs.

2.3 Models in whole building simulation programs
2.3.1 City-scale model

A recent city scale model called TEB GREENROOF [32] has been developed at
Météo-France which predicts the influence of green roof on local climate. It combines
an atmospheric model called ISBA (Interaction between Soil Biosphere and
Atmosphere) [33] with the TEB (Town Energy Balance) [34] operating within a much
larger land surface modelling platform domain called SURFEX (External Surface)

[35]. The vegetation, substrate (three layer model) and drainage (two layer model) fall
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within the ISBA scheme whereas the insulation layers are dealt within TEB domain.
The hydrological characteristics of soil and drain are calibrated as per a case study in
Nancy, France. The thermal moisture exchanges within this model are as illustrated in
figure 2.4 which is from de Munck 2013 [32]. The model’s published configuration is
limited to extensive green roofs with two types of plants, sedum and grass and
standard soil height of 100 mm and drainage layer height of 50 mm are assumed. The
drainage is calculated as the vertical water flux, when the drainage layer moisture
content exceeds saturation. Evapotranspiration is divided into three parts, soil top
evaporation, plant transpiration and evaporation of intercepted rain water at canopy.
The stomatal resistance calculation form the minimum stomatal resistance, makes use
of root distribution profile and hydrological status of each node, which appears to be
an ISBA feature. Thermal coupling between ISBA and TEB are done with both
temperature and heat flux. No hydrological coupling is required at the ISBA-TEB
interface, justifiably, as the water proof membrane prevents water from going down
into TEB components and the drainage becomes a lower boundary condition. The
model requires specific soil characteristics which are obtained from calibration
exercises and advices against the use of pedotransfer properties according to texture
classification. The model uses Clapp and Hornberger [36] relation for moisture
retention characteristic of soil as against van Genuchten [37]. These are alternative
empirical relations widely used in soil moisture models. The hydrological
characteristics of the drainage layer which is assumed to be expanded clay granules (2-
10mm) and consisting of micro and macro pores are compared to three types of
material: organic matter, sand and clay. A statistical procedure is used for finding the
best fit and organic matter was found to be the closest match. However the limitation
of choice for green roof material (organic matter, sand or clay) is a short-coming of the
model. It is stated that the building level implementation of the green roof model is in

planning.

The model has several advantages with the main one being that it uses a set of well
researched base facilities such as TEB, ISBA and SURFEX which have been validated
in their respective domains at city scale, building scale and atmospheric scale
respectively. The thermal coupling between the green roof and the structural part of
the building is done by both temperature and heat flux which could allow for better

simulations of the dynamics of thermal exchanges at times of heat flow direction
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changes. Strengths of the model also include that the substrate definition consists of
soil and drainage layers and that the drainage rate is calculated when the soil moisture

content reaches saturation value.

Model limitations include its limited configurations (extensive green roof, two plant
types, etc.) and that it is integrated to a city scale model and not to a building level
simulation. The use of the model requires the knowledge of components such as ISBA,
which are basically environmental models and have a variety of input outside the
interest of building simulation practitioners. As the model use specific soil
characteristics, local calibration is needed to specify some input parameters such as

porosity and coefficient of water retention curve.

Natural Roof (N)

|L S P I

Figure 2-4 TAB GREENROOF model components [32]

2.3.2 EnergyPlus ecoroof model

Currently the ecoroof model in EnergyPlus [6]is the only existing model of green roof
integrated to a public domain whole building energy simulation program. The model
expresses in two equations the energy balance (for predicting the foliage temperature,
equation 2.2 as stated below and the soil temperature, equation 2.3). The EnergyPlus
(CTF) conduction transfer function scheme is used in this model and a recent
improvement of the program takes into account moisture fluctuation and couples the
thermal and moisture simulation domains[38]. Canopy air temperature and mixing
ratio (or specific humidity which is the ratio of mass of water vapour to that of dry air)
are defined as weighted average of the properties of ground and ambient air. In the

time response factor method (or the so called conduction transfer function, CTF
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method) that is used in the eco-roof model, the intermediate temperatures of a
composite construction are not available, for model verification. Moreover the CTF
model is unable to account for time varying thermal properties. This justifies the need
to implement a model based on a numerical control volume (CV) approach where
layer by layer variables are available for analysis, verification and further refinement
of the model. Within the canopy, plants and air are treated as separate control volumes.
The space discretisation into control volumes could also be modified if necessary
(combining existing CVs or further subdividing them) in this method as a model
refinement. As in a green roof the thermal and moisture exchanges are strongly inter-
dependent and the phase change in evapotranspiration is a strong contributor for the
cooling effect of green roofs, in a numerical model, precise calculations involving the
related variables are necessary. By using the CV method all of variables (temperatures
and moisture contents) of various layers are updated in each time step, so the results of

simulation are expected to be reflecting the true dynamics.

The EnergyPlus ecoroof model requires data from weather file and a set of user inputs.
The user inputs are: height of plants, leaf area index, leaf reflectivity, leaf emissivity,
minimum stomatal resistance, soil roughness, soil thickness, soil conductivity, soil
density, soil specific heat and soil absorption coefficients. All of these and the related

state parameters are used in the definition of two linearized equations.
Foliage energy balance equation is of the form:

Cl,f + CZ,f Tg + C3,f Tf = 0 (2'2)

Soil energy balance equation is of the form:

C]_,g + CZ,g Tg + C3,g Tf == O (2-3)

Where C4,C, and Cj are the equation coefficients with additional subscript f
representing those of plant and g representing those of soil. These equations are solved
simultaneously to obtain Ty and T¢ at every time step. The conduction terms C, 4 and
C,4 are obtained by inverting the Conduction Transfer Functions (CTF) from within

the EnergyPlus. In the CTF approach, the heat flux at one side of a construction

20



element is obtained as a function of finite series of past temperatures at both bounding
sides. This method has inherent limitations in dealing with complexities of multi-
layers models where moisture and thermal interactions occur at different levels in
different manner. A finite control volume approach on the other hand is capable of
handling such intricacies. The differences between these two methods are summarized
in table 2.1 below [39].

Table 2-1: Difference between CTF and CV methods

Conduction Transfer
Function

Finite Control Volume

responses, determined
independently of the
system's component parts.
If parts are strongly
interacting then this will
lead to an inherent
inaccuracy because the
parts are decoupled

Definition Define the inner and outer | Based on an approximation
wall surface heat flux at the | of governing partial
current time as a function | differential equations as
of the inner and outer applied to discretised
surface temperature and the | control volumes followed
surface heat flux at a set of | by the establishment of a
previous times nodal equation-set, which is

then solved simultaneously
to obtain the distribution of
the state variables.

Comparison Involves summing the Well suited to the

integration challenge
because they can be used to
handle problems of almost
any degree of complexity.

The ecoroof model has many advantages:

e It has been calibrated and validated in various locations[38] representing

different climate zones in the USA.

e Itis the most commonly used green roof model within building energy

simulation[40], because it is the only available option for whole building

energy simulation.
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Model limitations include:

e The model is CTF implemented and as a result representations of dynamic

interlayer interactions in green roofs are not explicitly defined.

e Although the moisture content of growing medium is represented in the model,

no moisture flow is modelled across the green roof elements.

e The model treats the energy balance equations of foliage and soil as quasi
steady state equations for each time step. There is no time derivative within the

equations which is an indicator of internal dynamics. The absence of thermal

storage term (pC Z—Z) for soil, indicates that thermal inertia are neglected.

e Also much simplified model assumptions are used for canopy air properties
(temperature and vapour pressure) whereby they are taken as arbitrary

weighted averages between the properties of the plant and the ambient air.

2.3.3 TRNSYS-VegEnvelope model

A new TRNSYS type called VVegEnvelope [7], has just been developed at University
of La Rochelle, France and is designed to work with TRNSY'S multi-zone building
component type 56. This model is developed at the same time as the current research
which shows the significance of interests in building simulation community for green
roof and green wall models. VegEnvelope is a green envelope model for representing
green walls and green roofs. It has foliage and soil energy budgets similar to ecoroof
model [6], but with thermal inertia accounted for and it is in finite difference
formulation. Moisture content of soil is calculated by way of a moisture budget
calculation of the format:

(2-4)

dwy
pWAZsz‘l‘A—D—E

Where py, is the water density [kg/m®], oq IS the soil moisture content [m3m?], Az soil
depth [m], P precipitation [kg/m?], A irrigation [kg/m?], D drainage [kg/m?]and E

evapotranspiration [kg/m?]. The heat transfer across the drainage layer is also
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specifically determined by using a thermal resistance across air layer and a mean
coefficient for vapour transfer from air layer to ambience. The water flux along the
substrate depth is not modelled and thus drainage is not determined.

Evapotranspiration is taken as the total of latent heat exchanges (converted to mass
units by latent heat of evaporation) in the foliage and soil. Within the moisture flux
domain neither the moisture gradient along the substrate depth nor the root-uptake is
accounted for. This model’s [7] validation is based on green wall configuration and the
substrate is maintained near saturation state by frequent watering. It was established,

in the result analysis of the model validation that substrate layer thickness has an effect
on thermal inertia and canopy’s shading influences the diurnal peaks of temperature.

The flow chart of the integration into TRNSY'S of the Python scripted module is

shown in figure[7] below.

TRNSYS Python
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Figure 2-5: TRNSYS integration of the model VegEnvelop [7]

The symbols used in this model are: T- temperature, ® - moisture content, subscript f —
foliage, subscript g- soil, H- sensible heat, L — latent heat, HR- relative humidity, u
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wind velocity, Is- solar short wave radiation, Tsky-sky temperature, Ta — ambient

temperature.

A previous research [41] details the configuration of the above green roof model.
Implementation in TRNSY'S was earlier reported in another research conducted at
University of La Rochelle [42] which is a much simpler model with quasi steady state
equations for foliage and soil energy budget and no moisture coupling was present in
the model. Another research [43] also uses quasi-steady state equations for energy
balances, but moisture flux is considered by way of Richard’s equation [44] . This
model uses the Penman-Monteith equation for evapotranspiration [45], which is given
by equation 2.5:
_ 1| AR, -G) % (eq —€q)
A A+y(1+:—:) A+y(1+:—2)

(2-5)

ET,

A is the latent heat of vaporization[J/kg], Ais the slope of saturation vapour pressure
curve [Pa/°C], e, is the saturation vapour pressure of air [Pa], eq is the air vapour
pressure [Pa], r¢ is the crop-canopy resistance [s m™], ra is the aerodynamic resistance
[s m™], y is the thermodynamic constant gamma [Pa/°C], cp is the specific heat of
moist air, p is the density of moist air, Rn is the solar radiation [W/m?] and G is the

conduction heat down ward at soil surface [W/m?]

However the implementation is in Matlab as a stand-alone program, i.e., not integrated
to a building energy simulation program. For the above models the advantages and

shortcomings can be summarized as below.

Models’ advantages include implementation of finite difference method which can
simulate closely the dynamic nature of thermal balances across the different green roof

layers. Thermal moisture coupling is also implemented in this model.

Models have shortcomings in its moisture domain whereby no moisture gradient or

moisture flux along substrate depth is simulated; consequently the drainage rate is also
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not calculated. As the models are not available in public domain their access are
limited. Finally, the models’ literature does not indicate a possibility of using time

varying inputs such as plant properties as model inputs.

2.4 Research gap in green roof modelling

From the afore-mentioned discussions it can be identified that following specific lacks

exist in current models as a whole which this research is addressing.

1. A control volume approach, which can represent the dynamics of interlayer
and inter phase interactions of green roof layers, is not available within a

public domain building simulation program.

2. Vertical water flux along green roof substrate is not represented in the existing
models which have been integrated with building energy simulation programs.
As a consequence the models are unable to assess for the storm water retention
capabilities of green roofs.

3. Thermal/moisture coupling has limited scope in current public domain models
because they are not implemented in finite difference formulation.

4. Root uptakes of plants are not modelled in building scale simulations, limiting
their capability to represent the dynamic nature of plants evapotranspiration
process which varies according to environmental conditions.

5. The possibility of scheduled variations of properties such as plant LAI, height
etc., as model inputs is not available in the existing models.

Thus far in this chapter, a review of existing green roof models has been presented. In

the following section, a concise review of ESP-r’s structure is provided.

2.5 Simulation method of ESP-r

ESP-r is an open source whole building energy simulation program [46] which has
since its inception in 1974 [47] gone through many stages of developments. There are
many references which explain the theoretical basis and developments of many
features of ESP-r, such as Clarke [46], Beausoleil-Morrison [48], Kelly [49] and
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Macdonald [50]. The objective of this section is to highlight the features of the
program that is important to the development of the new green roof model. Some of
the salient features of this program include its control volume approach of modelling,
integrated whole building simulation capable of modeling a wide range of building’s
energy and environmental parameters and the use of optimized numerical technique to
solve systems of simultaneous equations. Currently simulation domains include
thermal exchanges, moisture transfer, and air flows within and across zones, HVAC
plants, electrical distribution and piping networks. The building geometry and fabric
are represented by control volumes and so are the zones. The energy sub systems
which include air conditioning plant, air distribution and piping distribution are linked
to these control volumes as attributes. These systems’ representations along with the
conditions set forth by the occupancy behaviour, control actions and climatic data
forms the complete building model. Although integrated there is an opportunity to
treat each simulation exercise to the degree of complexity it requires, starting from
simple models and adding progressively the details. In ESP-r, control volume principle
is applied to all elements of the building, such as the building fabric construction
elements, plant equipment, water/air/electricity distribution networks, etc. In all of the
control volumes, the conservation of mass, energy and momentum is applied. The
conservation equations according to their nature are grouped and solved by customized
solvers. This means that the resolution of accuracy and the required levels of details
can be customized in the different elements of the building. When dealing with
complex features, the user can assign uncertainty to input parameters, so the model
will run many simulations to cover the range of uncertainty. There are many statistical
methods to go about this sensitivity analysis seeking the effect of a particular kind of

variation on the chosen parameters.

The program consists of several modules which are evoked form a ‘Project Manager’
interface; figure 2.6 shows a view of the Project Manager opened in an x11 interface

in Linux.
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Figure 2-6: ESP-r Project Manager to activate various modules

The iterative solution approach of ESP-r involving handshaking with subsystems is
shown in figure 2.7, which is reproduced from Clarke 2007 [47]. It can be summarized
that the mass and energy balance equations at the building level control volumes along
with heat injections of the plant systems are used to form a set of linear equations and

are simultaneously solved in each time step by a matrix solving process.
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Figure 2-7: Nested domain loops of ESP-r’s organization[47].

2.6 Soil vegetation models

There are several models in environmental and agricultural domain dealing with
thermal and moisture interactions of earth to predict hydrological processes of land,
meteorological effects of these interactions or crop transpiration and water
requirement [51] [52] [53]. Several components of these models are relevant for the
green roof simulations, although careful adaptations are needed, especially in the cases
of the boundary conditions in the roof-top non-natural environments of green roofs. In
a recent extensive literature review study [54] conducted on the thermal performance

of green facades, it is highlighted that the green facade simulation domain is currently
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lacking input from biology, ecology and soil sciences. The objective of this section is
to present a review of such environmental models which are relevant to the simulation

of green roofs.

A well-documented soil physics research [8] published a model to compute soil top
evaporation based on a coupled thermal moisture model in bare soil. The study makes
use of an established knowledgebase in soil physics by Campbell [55]. The numerical
model is based on nodal exchanges of thermal flux and liquid flux as shown in the

equations 2.6 and 2.7:

_29T (2-6)
dn = E + Qv
20 d d .
5= 3 kW [dl +z) &0

where g, is the net heat flux [W/m?], A - thermal conductivity [W/m/K], T temperature
[K], z is the height [m], L is the latent heat [J/kg], qv is the vapour flux [kg/s/m?], 0 is
the moisture content [m*/m®), v is the matric potential [J/kg], K is the hydraulic
conductivity [kg/m?/s] and g is the acceleration due to gravity [m/s]. The state
variables in the heat flux, liquid flux and vapour flux, namely temperature, T, matric
potential y and concentration C, with their respective conductivities, A, K and K, are
connected by their nodal positions in a manner as shown in figure 2.7 [8] to form three
sets of computational grid of equations. The coupling is ensured by the
interdependency of variables as shown within parenthesis along each state variables in
figure 2.8. The model uses Campbell’s relation (equation 2.8) to calculate moisture
content from matric potential as against the more recent van Genutchen which is used

in this research.

o = b, (‘fl’}_m)b (28)

where 0 is the moisture content [m*/m?], 6; is the saturated moisture content [m%/m?],
ym is the matric potential [J/kg], we IS the air entry potential [J/kg] and b is a soil
texture shape parameter.
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It is highlighted among the findings that vapour transport plays an important role in
mass and energy transfer in soils. In the validation study[8] it was also found that the

vapour flow caused a sinusoidal variation of soil surface moisture content.
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Figure 2-8: lllustration of nodal state variables for thermal, liquid and vapour exchanges
in reference model [8].

In the validation studies [8] soil surface evaporation E is measured indirectly by

measuring all of the following components of a surface heat budget equation:
LE=R,—G—H (2-9)

where Rn is the incoming solar radiation [W/m?], G is the conduction heat into the soil
[W/m?] and H is the sensible (convection) heat from soil to air. An interesting part of
this study is the measurement of H by a method called surface renewal method which
uses high frequency temperature measurements. The model is implemented in Excel.
One drawback of the model is that there is no plant involved in the energy exchange
and it is a purely soil model.

In an earlier study on a soil model[56], a surface energy balance is developed to
determine bare soil's surface temperature and heat flux. The model is numerically

implemented by using the semi-implicit Crank Nicolson method, in which

30



simultaneous solving for state variables is executed by Gauss elimination. The steps
are repeated in successive iterations performed using the Newton-Raphson method for
convergence. The model’s validation is done by measuring the thermal variables at a
desert site. The model reports of getting negative evaporation in early morning which
is treated as condensation from air to soil. This model also did not include plants in the

thermal energy exchange calculations.

Among the atmospheric models the SiB2 (Simple Biosphere), which is a large scale
model [19] is interesting because it incorporates many details of moisture and heat
exchanges similar to those for a green roof. SiB2 is a land surface parametrization
model for atmospheric transfer simulation. SiB2 uses satellite data for deriving
vegetation properties such as LAI specific to the region of interest for its climate
studies. The aerodynamic resistances at canopy air space, below canopy and above
canopy (turbulent transition layer) are defined in detail. On the thermal side, the model
uses three sets of equations (2.10 -12) to define the canopy (subscript c), soil surface

(subscript g) and deep soil (subscript d) temperatures.

aT, 2-10
Cca_tC=Rnc_Hc_LEc_fc ( )

T, 21Cq (Ty — Tya) (2-11)
CgE=Rng—Hg—LEg—T—§g

T, 1 (2-12)

Cpmt=—— (Rn,—H,—LE
45t = 20365m12 Ko~ Hg — L Eg)

where C- effective heat capacities [J/m%/K], T temperature [K], t -time (s), Rn -
absorbed net radiation [W/m?], H-sensible heat flux [W/m?], E- evapotranspiration
rates [kg/m?/s], t¢- day length [s] and & - energy transfer due to phase changes of water
vapour. It was observed in the numerical solution of these prognostic equations that
the heat capacity terms (C’s) are small compared to the energy flux terms (Rn’s, E’s
and H’s) which has an effect of making these equations as fast responding thus
requiring shorter time steps in simulations. A notable feature is the implementation of
offline calculation of vegetation variables like LAI and use them in an array to be
called by the program during simulation. The SiB2 model also includes a detailed
precipitation interception model. In addition, the plant to canopy air resistances for
thermal and mass exchanges are treated differently; i.e., heat flow as occurring at both
sides of the leaves has a resistance half of that for transpiration vapour flow which is

modelled as occurring only on the front surface. The model is composed of many sub
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models to perform separate vegetation and soil functions and has gone through a few
cycles of revisions and upgrading. The main disadvantage of the SiB2 model is its
complexity, as it deals with a multitude of domains such as hydrology, atmospheric
studies, etc.

Another published study by Noilhan [57] of French National Centre for
Meteorological Research(CNRM), treats many processes in a much simplified manner
although it is also a large scale meteorological land surface model and report that the
soil moisture coefficients of the mass balance equations are strongly dependent on the
texture class of soil. In this model, soil heat flux for areas completely covered by
vegetation is considered zero. The model proposes a function for calculating the

stomatal resistance of plant, as given in equation 2.13
(2-13)

where Rs is the canopy level stomatal resistance, RSmin IS the minimum stomata
resistance specific to the plant, F1, F,, Fsand F4 are dimensionless coefficients for
existing photo synthetically active radiation (PAR), root-level soil moisture content,

air vapour pressure and air temperature respectively.

A research conducted at Wageningen Agricultural University [58]published details of
the SWAP (Soil-Water-Atmosphere-Plant), an extensive multi-faceted domain open
access model. SWARP is a implemented as a fully implicit backward finite difference
numerical model. There are extensive drainage functions for various field drain
configurations and they account for the dynamic pressure heads which drive the
drainage rate. The inter-nodal hydraulic conductivities calculated either as arithmetic
mean or geometric mean of those of the nodal locations, depending on the grid spacing.
Node spacing and time steps themselves are self-adjusted variables according to the
dynamics of the simulation, which optimises the computational time for simulations. A
mixed mode implementation of moisture balance equation (both moisture content and
matric potentials are present in one equation, as shown in equation 2.14) and a feature
to remove the uncertainty of specific water capacity make the model stable in both

saturated and unsaturated states of soil.
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where subscript i is the node number, superscript j is the time step and superscript p is

— AtS]

the iteration number within each time step. 0 is the moisture content [m3/ m3], his the
matric potential [m], C is the specific water capacity [m™], t is time[s], z is height[m],
K is hydraulic conductivity [m/s] and S is the root uptake [m*/m®/s]. As the iterations
move to convergence, the terms h/** and k)"~ become closer, thus the first term
in the above equation (2.12) vanishes, making the solution stable. The model includes
dynamic crop characteristics simulated within another program, WOFOST [59]. One
main drawback of this model is that it does not account for the vapour flow within the

soil and its effect on the thermal exchange.

Apart from SWAP, the most notable development in this sector is another open source
program called HYDRUS 1D [60]. HYDRUS 1D is a fully coupled soil-plant model
and it incorporates vapour fluxes and thermal driven liquid fluxes, in addition to other
usual elements of mass transfer. In addition, CO, production and transport are
simulated within the model. A specific feature of the model is its dynamic nature of
boundary conditions; i.e., the lower boundary condition changes according to the
seepage condition. When the lower layer soil is unsaturated, the lower boundary
condition is set to zero water flux (flux boundary condition) while when it is saturated,
the drain starts and the lower boundary condition is changed to zero matric potential
(potential boundary condition). A lysimeter (which is a measurement collection tank
placed below the soil being tested) type of drainage profile is available, which is

similar to green roof’s drainage construction.

2.7 Conclusion

Green roof simulation is a subject that involves many domains. In this chapter of
literature review three main areas have been reviewed. Firstly, a review of the current
state of research of models for green roofs, which falls into two categories, the stands

alone models and the models integrated to building energy simulation programs, is
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presented. This has led to an explicit set of statements of research gap that this
research aims to address. Secondly, as the research is aimed to integrate a new model
for green roofs to a whole building energy simulation program, the ESP-r, the relevant
features of this program is highlighted. Finally, as the soil vegetation atmosphere
models provide detailed relevant theoretical background knowledge required for the
green roof simulations, a review of some key models has been presented. The new
model from this research, which combines many features of the models discussed in

this chapter, is presented in the next chapter.
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CHAPTER 3

DEVELOPMENT OF A GREEN ROOF MODEL
AND ITS INTEGRATION INTO THE ESP-r
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3. Development of a green roof model and its integration into the
ESP-r

3.0 Introduction

The objective of this chapter is to describe the theoretical formulation of the green roof
model which is used in the building simulation. The chapter starts with an explicit
listing of model assumptions followed by an explanation of the control volumes
approach to the modelling which includes the model’s mass and energy balance
equations. The solution process to establish the two types of state variables namely
temperatures of control volumes and matric potential of soil layers is explained. The
chapter concludes with the description of details of integration of the newly developed

model into ESP-r simulation.

3.1 Model Assumptions

The model represents the dynamic characteristics of green roofs. To be able to model
the physical system a set of assumptions are employed, which are a necessary
compromise to the complexity of the system but sufficiently addressing the physical
variables within the required accuracy[61]. These assumptions are summarized below:

1. The thermal and moisture fluxes are considered one dimensional, in a vertical
direction. The area of roof is usually large enough so that sideways advection
flux can be neglected. The roof is horizontal, which is generally the case for
green roofs[11]

2. At the interface between the lowest soil layer and structural roof, where the
drainage layer is located, heat exchange is purely conduction. This is required
as the design variations in green roofs differ so much. Adaptation of a single
type of geometry for the air gap at this interface is not going to be
representative of most green roof types. Moreover as this drainage space is
often traversed by water, it is reasonable to assume uniform temperature within

this space.
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3. Physical properties within a control volume are uniform. This is also true for
the plant layer where a definite leaf area index represents a uniform canopy
distribution.

4. For the soil’s moisture retention characteristics a uniform retention curve is
assumed. Hysteresis effects on drying and wetting directions of the curves are
neglected.

5. Phase changes due to evaporation and transpiration are assumed to occur only
from the top soil surface and at leaves’ surface.

6. Wind profile over the green roof plants is assumed logarithmic extending to a
2m height above the vegetation [62].

7. Plant leaves are considered as a control volume and they are actively
contributing in the thermal and moisture exchanges. No heat exchange occurs
through plant stems to ground.

8. Plant stomata openings on plant leaves are uniform on front and rear surfaces
and respond in a similar manner to environmental stimulants. Moreover for
heat exchange, the same air resistance is assumed for both sides of the leaves.

9. Plant roots are assumed to be evenly distributed across the soil layers. There
are different types of plant-specific root profiles that are used in soil vegetation
models. However in an artificial planting medium of limited size in green roofs,
it is reasonable to assume that roots will grow densely thus justifying the
assumption of even root density. Moreover, any specific profile assumption
and additional calculations and user data requirements are not justified as the

data are not available for the types of plants used in green roofs.

The above assumptions are applied to different elements of the model and for the

reasons that are outlined above.

3.2 Discretisation of green roof components as control volumes

The construction details of a typical green roof is reviewed below which forms the
basis of the control volume formulation of the green roof model. The physical
components of a green roof can be considered as consisting of three layers: a plant
canopy layer, a planting medium layer and an interface layer linking to the roof

structure. The plants are selected vegetation types, usually natively adapted to the
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building location thus requiring little maintenance and upkeep. The planting medium
substrate is usually soil, but it can also be synthetic material or blends with specific
moisture retention properties adapted to the local climate. Considerations in the
selection of substrate include its ability to provide for the biological requirements of
the plants, having sufficient strength as a building component and having a moisture
retention characteristic suitable for the plant. Below the substrate/soil layer, there are
some layers which vary according to the green roof’s construction types (lighter
extensive type or heavier intensive types) and green roof designs. For example, a filter
layer could be included to retain finer substrate particles, drainage layers to allow
excess moisture drainage (some designs recommend a water retention design which
will facilitate as water source during dry spells), a root barrier for preventing root
growth beyond the substrate (depending on the root spreading characteristic of the
plant), an insulation layer which is often part of the standard roof design (the location
of which is below the roof structure for cold roof and above for warm roof) [10] and
water proof or moisture barrier layer to protect insulation and roof from moisture

ingression and a structural roof support construction.

The physical features of the green roof, as explained above, are represented in the
model as control volumes. For the development of the model, three components are
considered which are divided into seven control volumes (CV); plant is control
volume 1(CV1); canopy air is CV2; CV3 through CV7 are soil layers, as shown in
figure 3.1. Plant layer is treated as a separate control volume, without lumping it with
canopy air to account for the specific heat and mass for exchanges such as
transpiration. The justification for dividing the soil layer into five control volumes is to
provide a division of layers to account for the dynamics of heat and moisture flow
along the soil layer. The number of soil layers is fixed for the model as five based on
the fact that the majority of green roof substrate depths do not exceed 0.5 m and soil
grid spacing reported in SVAT models[58] is around 0.1 m. In the current model’s
matrix set of equations which is explained in section 3.3 and shown in figure 3-8, as
the matrix is not symmetrical about the diagonal, the solution steps have been
customized to deal with the specific five rows matrix. While a variable, user specified
grid spacing according to the green roof construction is desirable, it is not within the
scope of this research and it would involve a two-step development: one to incorporate

a solver to accommodate a variable number of equations and two to establish a
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guideline for grid spacing according to the dynamics of thermal and moisture fluxes in
green roofs. Such an automated process for control volume discretization within the
program can be achieved by following the concept of dwell time[46]. Dwell time is a
function of thermal capacity, thermal conductivity and layer height. However the steps
involved are complex and moreover the dwell time for the moisture transport is
different from that of the thermal exchange. The issue of synchronization between the
thermal and moisture exchanges also needs to be addressed if automatic discretisation
is to be employed. Due to the above reasons the current model is limited to have five
soil layers as fixed and the inclusion of variable number of soil layers is reserved for
the next stage of model development as outlined in the suggestions for future work in

section 6.5.

The method employed to model green roof in this research is the control volume
principle in line with the definition of the control volume method as applied in the
building simulation program ESP-r with which this model will be integrated. A
comprehensive explanation of control volume method as applied to building energy
simulation is provided in Clarke 2001 [46] along with its comparison with other
numerical methods such as finite difference method. In the numerical method
literature [63] three classic methods are identified for solving the physical models
represented by partial differential equations: the finite difference method (FDM); the
finite element method (FEM); and the control volume method (CVM). Of these the
FDM is a differential method whereas CVM and FEM are integral methods. In FDM,
the model’s governing differential equation is approximated by a truncated Taylor
series expansion representing the physical processes in a fixed number of nodes within
the domain. In CVM, the physical domain is represented by an ensemble of elements
in which the governing differential equation is integrated and the resultant equation is
discretized. The mass and energy balances are important in CVM, where the
conservation principles are applied by quantifying the incoming and outgoing
guantities of mass/energy across the boundaries and their accumulation within the
control volume. For the proposed green roof model control volume formulation in this
thesis, no mathematical integration is performed on the governing equation. However,
all component fluxes (mass and energy) are instead represented in discretized forms
across top and bottom layers, the effect of which is the same as integrating the fluxes

within these bounds[64]. For the one dimensional green roof model with equally sized
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layers, the FDM and CVM method produce a similar set of algebraic equations to be
solved. However, the term control volume is used for this model to be in par with the

host building simulation program, the ESP-r.
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Figure 3-1 Control volume formation of new green roof model

In the following sections thermal and moisture balance equations for each control
volume are explained. A detailed listing of the equations, the matrix coefficients

obtained after discretisation, and references are given in appendix 3.1

3.2.1 Thermal balance
3.2.1.1 Control volume CV1 - plant

Thermal balance for plant and the constituent fluxes [9] are shown in figure 3.2. The
energy balance is expressed as:

dT, (3-1)

C dLAI d ¢rad sol + ¢rad long + ¢conva p ¢conv p—ca ¢transp ca

where py is the leaf density [kg/m®], C, is leaf specific heat [J/kgK], d is leaf thickness
[m], LAl is leaf area index [m*m?], T, is plant temperature and t is time [s]. The sign
convention used in this and subsequent equations are based on an arbitrary heat flow
form CV1 through CV7, treating heat gains as positive and heat losses as negative for

the CV under consideration. Obviously the evolution of the state variables will justify
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the final direction of flux. The thermal exchanges [W/m?] that are considered for the
plant, as shown in equation 3.1 and as numbered in figure 3.1 are: short wave solar
radiation received by plant leaves ¢rqs01 (1) , convective heat exchange with ambient
air deonv.a-p(2), long wave heat exchanges dradiong With sky (3) and with soil surface (4),
heat loss due to transpiration heat duansp-ca (5), and convective heat exchange with

canopy air dconv,p-ca @

2
B
3
CvV1 X
tfz=e=—g (
el -
CcC\V3
Cc\V4a
C\VS
CcCV6
Cc\V7

Figure 3-2: Thermal exchanges in control volume 1 —plant

The short wave solar radiation absorbed by the plant is given by [9]:

¢rad,so| :[1_2-5 _(1_2-5 )pra ](1+ TSprg Ms (3-2 )
where ¢s is the global horizontal solar radiation, T is the transmittance of canopy, pr,
is the bulk canopy reflectance and pry is the ground reflectance.

Short wave transmittance t IS calculated from LAl and coefficient of extinction for
shortwave radiation ks as:

Ty = e (LAl k) (3-3)

Long wave radiation exchange with sky and soil surface is given by

¢rad,|ong = hr,sky(Tsky _Tp )+ hr,sl(Tsl _Tp) (3_4 )

where Ty is sky temperature [K], T is soil top layer temperature and hys; and hy sy
are linearized radiation transfer coefficients [W/m?K]. Soil to plant radiation transfer
coefficient is given by:
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Tsy + Tp)3 (3-5)
2
where 1) is the canopy transmittance for long wave radiation, g,.s1 is the effective

hr,sl =4(1- Tl)sp—sla(

emissivity between plant and soil surfaces [29], ¢ is the Stefan Boltzmann constant
[W/m?K?].

Long wave transmittance T is calculated from LAI and coefficient of extinction for

longwave radiation k; as:

7, = eLAl k) (3-6)

The effective emissivity between plant and soil is given by:

. 1 (3-7)
P11

—+zo—1)

(gp €51

where g, is the emissivity of leaves and &g is the emissivity of the soil [29], assuming
the view factors between plant canopy and soil is similar to that between two parallel
plates of infinite lengths. Tabares-Velasco and Srebric [29] conducted experiments to
evaluate the difference between various assumptions for evaluating the radiation
exchanges between soil and plant of green roof. The authors found that the more
detailed assumptions such as parallel plates where the areas between plants and soil
were different did not produce results that were significantly different from the default
“equal areas” case [29]. Tabares-Velasco and Srebric therefore concluded that it was
not necessary to use additional inputs such as view factors and plant heights for
explicitly modelling complex radiation heat exchange between soil and plants. The
close match in results for various assumptions, was also attributed to the fact that the
emissivity values of soil surface and leaves are identical and are close to one (0.95 and

0.96 respectively as explained in section 4.5 in chapter 4).

Linearized radiation transfer coefficient between plant and sky is given by:

Toky + Tp)3 (3-8)
2
It should be noted that sky temperature Ty IS not a state variable and it is taken from

hy sky = 4(1- Tl)SpO'(
existing routines in ESP-r [65].
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Convection heat exchange between plant and ambient air is given by
2,Cp (3-9)
[

ea

r.-T,)

¢conv,a— p = O_f

where oy is fractional vegetation coverage [-], p, is the air density [kg/m?], Cp is air
specific heat [J/kg K], r., is the aerodynamic resistance to heat transfer [s/m] and T, is

ambient air temperature [K].
Convection with canopy air is given by:

zzuuf%é4n—ng (3:10)

e

¢COI‘IV, p—Cca

where r is the canopy air resistance to heat transfer, LAI is the leaf area index, pca IS
the canopy air density. 2 LAl is used to account for the contact areas at front and rear

surfaces of leaves.

Transpiration is a one way heat exchange, which occurs only if a vapour pressure

deficit exists in canopy air. Transpiration heat loss of plant is given by:

pcan (3'11 )

—)(ep _eca)

y(r+r,

where v is the psychometric constant [Pa/K], r; is the stomatal resistance aggregated at

=2LAl

¢trans p-a

plant level, e, is the vapour pressure at leaf tissues (taken as equal to saturated vapour

pressure at plant temperature) [Pa] and e, is the canopy air vapour pressure [Pa].

3.2.1.2 Control volume CV2 - canopy air

Heat exchanges in canopy air (CV2) consist of three convective heat exchanges, with

plants, with ambient air and with soil surface, as shown in figure 3.3.
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Figure 3-3: canopy air thermal exchanges

cha —

pcacpl dt - ¢conv,p—ca - ¢conv,ca—sl + conv,az—ca

where | is the canopy height [m], Tc. is the canopy air temperature [K], ¢conv,p-ca IS the

(3-12)

convective heat exchange with plant @ deonv,ca-s1 1S the convective heat exchange with
soil @ and d.onv.a-ca IS the convective heat exchange with the ambient air @ These
convective exchanges use the following air resistances; re, plant to canopy air
resistance, r, canopy to ambient air resistance and rs;-¢, Soil surface to canopy air
resistance. An additional moisture dependant surface resistance rs is used for the soil
surface. The air side resistances are as per reference [66] and the surface resistance as

per reference [67] and their details are provided in appendix 3.1

Convective heat exchange with soil is given by:

PeCP (3-13)
=t (T,-T
¢conv,ca—sl rSl_Ca + rs ( ca sl)
Convective heat exchange with the ambient air is given by:
(3-14)

¢conv,a—ca

= pan (Ta _Tca)
r

ea

3.2.1.3 Control volume CV3 - top soil layer

Soil surface layer S1 is the control volume CV3 in the model. Figure 3.4 shows the

thermal exchanges in CV3 and are given by:
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Figure 3-4 : Thermal exchanges in CV3, soil top control volume

dr, (3-15)

Cslsl dt = ¢s,sl + ﬂw,sky—sl + ﬂw, p-sl + ¢conv,ca—sl - ¢evap,sl—ca — %eond,s1-s2 + ¢vap,sl—52

where Cy is the volumetric specific heat of soil composition [J/m®K] , S1 is the height
of soil top layer [m] and Ts; is the temperature of soil top layer[K]. The constituent

heat exchanges are as shown in the following relations 3.16 through 3.23.

Solar radiation received at the soil surface ¢ss; (1) is the fraction transmitted through

canopy minus the part reflected from soil surface and is given by:

¢s,sl = (Ts - 2-s:org )¢s (3-16 )

where ¢ is the total solar radiation incident on the green roof (calculated from ESP-r

by using the ESP-r’s solar radiation processing routines.)

The longwave heat gains (2) from the sky dw sky-s1 and from the plant gy, p-s1 are given
by (although it is stated here as heat gains, as mentioned in section 3.2.1.1 regarding
the sign convention used in this model, it can be a heat exchange in either direction; a

positive value indicate a heat gain and a negative value indicate a heat loss):

45



ﬂw,sky—sl =17 hr,sky—sl(Tsky _Tsl) (3_17 )
¢Iw, p-sl — (1_ 7 )hr,p—sl(Tp _Tsl) (3_18 )
where the linearized radiation transfer coefficients hysky-s1 and hy .51 are defined in a

manner similar to that given in equations 3-5 and 3-8. Detailed listing of all equations

and related terms are given in appendix 3.1

deonv.a-s1 1S the convective heat exchange @, between the soil surface and canopy air

and has been defined before in equation 3-13.

evap.si-a IS the heat loss (4) from the soil surface due to evaporation, driven by the
vapour pressure deficit of the soil surface (es1-€ca) and across the same resistance (rs;-

atrs) as for the thermal exchange.

PeCP (3-19)

Povapisica = m(eﬂ ~€.)
deondsi-s2 IS the conduction heat loss to the lower layer (5) as given in equation 3-21,
which is the discretized form of equation 3-20, using an average thermal conductivity
of the S1 and S2 layer (As1s2) and the temperature gradient (Ts;-Tsz) across an
interlayer distance of S1S2

dT (3-20)

= Z—
¢cond dZ

T, T, (3-21)
¢cond,51—52 = /15152 (él—SZZ)

Heat gain due to vapour transport (6) dvaps2-s1 is given in equation 3-23 which is the
discretized form of equation 3-22, using average values of isothermal (pressure driven)
vapour conductivity KW and thermal vapour conductivity KT, between S1 and S2
layers. L is the latent heat of water and is equal to 2260 kJ/kg

dT dy (3-22)
¢vap = I—KvT7m E + I—Kvu/7m E

T, T Wy —W (3-23)
= LKT 52 4 LKW, gy 2
¢vap,sl—52 m,sls2 SlS 2 m,s1s2 SlS 2

Here it should be noted that the direction of heat flux due to vapour exchange [58] is
shown in the upward direction (from S2 to S1), similar to the soil surface evaporation.
However, the direction will be adjusted on its own, as the vapour fluX ¢yapsi-s2 as

consisting of two components, (a temperature difference driven thermal vapour flux
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component and a matrix potential difference driven isothermal vapour flux
component), is with a plus sign in the net energy balance equation 3.15 and the driving
variables (Ts1, Ts2, Ws1 and ys) are ordered from top to bottom consistently in the
subsequent lower layers (equations 3.26 and 3.30). The numerical values of the heat
exchanges due to vapour fluxes have been found to be comparatively very small, so
that its effect on the overall energy balance is very little. Also the subscript m indicates
the respective coefficients are in mass units, in order to obtain the vapour flux in [kg/s],
which in turn when multiplied by the latent heat [J/kg] it will be converted to heat flux

in [W].

3.2.1.4 Control volume CV4 toCV6 - intermediate soil layers

Thermal exchanges for soil mid layer S2, control volume CV4, are shown in figure 3.5,

which is also representative of all the intermediate soil layers.

1 & 3 > conducton with adpoent layer

£ soil fop lapers 2 & 4 = latent heat exchange due o vapour fux

of o ]

Figure 3-5: Thermal exchanges in CV4; also representative of other intermediate
layers (CV5 and CV6)

The energy balance for this control volume is given by:

dT (3-24)

s2 __
CSZSZ dt - ¢cond,sl—52 - ¢cond,52—53 - ¢vap,sl—52 + vap,s2-s3

Conduction heat exchanges are dcongsi-s2 (1) and deong.s2-s3 (3) and vapour thermal
exchanges are dvap si-s2 (2) and dvap.s2-s3 @). In a similar way as in equation 3.21 and

3.23, the exchanges of heat between soil layers S2 and S3 are defined by:
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(T, -T.,) (3-25)

S

=1
¢cond,52—53 5253 8283

Tsz _TS3 +L Vo = W¥ss3 (3'26 )

= LKT b
¢vap,s3—52 m,s2s3 8283

m,s2s3

The average properties for the thermal vapour conductivity (KT) and the isothermal
vapour conductivity (KW) are similar to that for thermal conductivity (1) across the

soil layers and interlayer distance S2S3 is similar to S1S2

3.2.1.5 Control volume CV7 - soil bottom layer

Thermal exchanges at the lowest soil layer S5, control volume CV7, is as shown in

figure 3.6.
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Figure 3-6: Thermal exchanges in CV7 lowest layer

dT, (3-27)

d;s = ¢cond,54—55 - ¢cond,55—x - ¢vap,s4—55

eond.sa-s5 (1) and deond ss-x (3) are conduction heat exchanges and dyap sa-ss is the vapour

C..S5

thermal exchange(2) with the previous layer. Here Ty represents the bottom

boundary temperature of the green roof, which is the variable of exchange at every
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time step with the ESP-r’s building thermal domain. S5X is taken as half of the layer’s

thickness.

Definition of conduction vapour fluxes and vapour thermal fluxes are similar to those
of the previous layers and are given by equations 3.28 to 3.30:

(Ts4 _Tss) (3-28)
¢cond,s4—55 = 2’5455 W

T =T 3-29
¢cond,55—x = ﬂ’ssX % ( )

T,-T W, — V. (3-30)
— LKT s4 s5 + LK\P s4 s5
¢vap,s4—55 m,s4s5 8455 m,s4s5 8485

3.2.2 Moisture balances

The moisture balances in the model are of two parts, a modified Richard’s equation
based water infiltration into soil [60] for the soil control volumes and a mass balance
equation based vapour exchange[32] at canopy air. In iterations, the model solves both
of these parts in sequence seeking an overall mass balance. The lower boundary
condition for the moisture part is the drainage. Thus unlike the thermal domain of the
green roof, the moisture domain is not directly coupled to the building simulation by
way of exchanging moisture state variables. However the effect of moisture is on the
thermal side state variable (temperature) which is coupled to the building side by way
of temperature of the lowest control volume. The building side temperature serves as
green roof model’s lower boundary condition and the green roof’s lowest temperature

serves as the boundary temperature for the building’s simulation.

The mass balance equation for soil is given by:

dy 0 oy oT (3-31)
C, o= &{(KL,W +K,, {az +1} +(Ky s +Kyq )82} S

where v is the soil matric potential [m](state variable for moisture domain), Cy is the
specific water content, also known as capillary capacity or differential water capacity
[1/m]; Ky, /K,,, — isothermal liquid and vapour conductivity respectively [m/s] ;

K. 1/Ky1 — thermal liquid and vapour conductivity respectively [m?/s K]; S-root
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uptake [m*/m3s=1/s] of water. For the top soil layer, moisture balance also includes the
boundary fluxes of, intercepted precipitation and irrigation (P0) and soil top

evaporation (Ev), as shown in equation 3.32.

dy 0 oy oT (3-32)
%cu:&B&W+&W{m+q+m”+K”%tH%_a}$

Here the units of precipitation and evaporation fluxes are [m*/m?s=m/s].

The exact equations for each control volume (and their time/space discretised forms)

are given in Appendix 3.2

A separate equation (equation 3.33) is used for the moisture balance at canopy air to
account for transpiration from plants ¢vap p-ca [kg/m? s], evaporation from soil top
dvap;si-ca and vapour exchange with the outside air ¢yap,o-ca (the subscript ‘a’ refers to

ambient air and ‘ca’ refers to canopy air)

¢vap,ca—a = Qvap,p-ca + vap,sl-ca (3-33 )

The transpiration ¢vap p-a is driven by the vapour pressure deficit of the canopy air, as:

—21Al PP (o g ) (3-34)

A(r,+1)

The soil top evaporation ¢vapsi-a IS driven by the difference between the soil top

¢vap, p-ca

vapour pressure and canopy vapour pressure, as:

P.Cp (3-35)

n rs)(esl - eca)

¢vap,sl—ca - }/L(r

sl-ca
Canopy -ambient vapour exchange dyap q-ca IS Caused by the respective vapour pressure
difference.

_ P.Cp

_ (3-36)
¢vapa—ca 7Lreg,

(O

Canopy vapour pressure eg, is solved from these equations (3.33 to 3.36), which is a
boundary condition for the soil side Richard’s equation and thus acts as a point of
coupling between the two different mass balance equations (3.32 and 3.33). Also, the

soil vapour pressure eg, is a function of soil matric potential ys1. The plant moisture
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state is determined by the vapour pressure e,, which is the saturated vapour pressure at

the plant temperature.

Although it may seem logical to solve these two domains of equations (3.32 and 3.33)
simultaneously, there are some stability issues involved, as it was found during the
development stages of this research. One of the reasons for the instability is the fact
the mass balance equations for soil evaporation and plant transpiration are irreversible.
Mathematically possible conditions of (ec.>€p) and (eca>es1) have no physical
significance. That is to say that moisture does not go back into the plant leaves and
soils in a reverse flow. When solving separately, in the canopy vapour pressure
equations (3.33 to 3.36), it is possible to incorporate such limiting conditions (ec.>ey,

etc.).

The state variable for the moisture balances is matric potential (y) which is defined as
the energy required extracting unit mass of water from soil [J/kg or Pa or m]. Matric
potential is related to moisture content @ [m*m?] in the model by using van Genuchten

moisture retention curve [37], which is given by equation 3.37.

0, — 0, (3-37)
[1+ (@l

where 0 is the saturated moisture content [m3m‘3], 0, is the residual moisture content

O6(Y) =6, +

[m3m~3], al is a parameter related to the inverse of the air entry suction ( a1>0) [m ],
and n is a measure of the pore-size distribution,( n>1 and dimensionless). Methods to
determine these parameters are described in chapter 5. For saturated soil and
supersaturated soil (¥ > 0), 6(W)= 6s. These van Genuchten soil parameters are
determined from the twelve soil texture classes. Figure 3.7 shows an example of the

y/0 relation for loam textured soil.
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Figure 3-7: van Genuchten moisture curve for loam type of soil

3.3 Numerical implementation

The thermal and mass balance equations described in the previous section are solved
separately in succession, by using a semi implicit Crank-Nicolson control volume
scheme. The steps involved in obtaining the coefficients of the set of linear equations

are:

1. The equations for control volumes, which are differential equations of time
derivatives, are discretized in time steps, i.e., the differential terms of the energy and
moisture balance equations are replaced by a forward difference expression of explicit

nature. ‘Explicit’ because they are expressed in terms of present time step values;

2. An ‘implicit’ form of the same equation for each energy/moisture balance is created.

In implicit form of the equation, the right hand side terms use future time step values;

3. The implicit expression is multiplied by weighing factor o (0 < a <1), the explicit
expression by (1 - o) and the two added together to give one equation. When using the
Crank-Nicolson scheme, the weighing factor a, is given a value of 0.5, which makes

the solution of the differential equation unconditionally stable.

4. The equation is rearranged in a specific manner (all future time row terms on the left
hand side of the equation and all present time row terms and flux injections on the
right hand side of the equation) to obtain three types of coefficients: self-coupling

coefficients are those associated with nodal temperature ( or matric potential) of the
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control volume in consideration, cross coupling coefficients are those associated with
the nodal temperatures ( or matric potential) of the neighbouring control volumes and

right-hand side coefficients are those remaining of known values.

5. All the equations for mass and energy balance for all seven control volumes can be
arranged in a matrix form of linear equations as shown in figures 3.8 (thermal domain

matrix) and 3.9 (moisture domain matrix).

The thermal domain matrix set of equations consist of a 7x9 matrix [A] of future time
coefficients, a 9x1 matrix [T"] of future values of state variables, a 7x9 matrix [B] of
present time coefficients, a 9x1 matrix [T"] of present values of state variables and a

7x1 matrix [C] of thermal fluxes. The matrix form of equation can be summarized as:

[Al[T/] = [B][T?] + [C] = [Z] (3-38)
where [Z] is a 7x1 matrix obtained by the matric calculation of right hand side known

matrices.

For the moisture domain, the matrix equation consist of a 5x5 matrix [M] of future
coefficients, a 5x1 matrix [y"] of future values of state variables a 5x5 matrix [N] of
present time coefficients, a 5x1 matrix [yP"] of present values of state variables and a

5x1 matrix [Q] of moisture fluxes. The matrix form of equation can be summarized as:

[M1[y] = [N][¥*] + [Q] (3-39)

6. The solution procedure is with Gaussian elimination steps as given in Clarke [46] .
For the thermal domain (equation 3.38) , the boundary conditions (Namely ambient air
temperature above green roof and building side roof temperature obtained from ESP-r)
are moved to the right side leaving a set of seven equations and seven unknowns. For
the moisture side, (equation 3.38) the flux boundary conditions (evaporation,
precipitation and irrigation at the top of green roof and potential drainage at the bottom)
are included in the matrix elements [Q] or calculated in successive iterations. In the
Gaussian elimination procedure, matrix elementary row operations are performed to
get zeroes below the diagonal of [A] and [M]. Then, in a set of backward substitution
steps, all state variables are determined starting from the last and continuing up to the
first.

53



7. After solving for the state variables a new set of coefficients are calculated, and the
process of solving for the state variables is repeated. This is continued until the
evolution of the state variables converge within an acceptable limit of variation within
the state variable. Currently the convergence criteria for the thermal loop are taken as a
variation of 0.01 K in the temperatures of all control volumes and that of the moisture
loop is 0.01 m in matric potential variation. These convergence criteria were selected
after testing the program for its ability to converge for various ranges of values and
thus can be described as the most optimum convergence limit of the newly developed
program with its current configurations. These values are much smaller than the
measurement resolutions of typical sensors; for example the temperature sensors of
PTC type used for the validation part of this research are of resolution of 0.1 K. In
successive iterations the present value of state variable is taken as the future value of
the last time step and is fixed throughout the iteration cycles. Moreover, the equations
are highly non-linear in nature and attempts to introduce the Newton Raphson method
[68] for root finding algorithm were not successful due to stability issues in both
thermal and moisture loops. For each of the state variables that are being solved in the
program, a check is done to identify if the variable is changing value towards the
opposite direction as compared to the previous time step. An increase followed by a
decrease or a decrease then an increase is tested by statements such as ‘if incr*incrml
<0’, where incr is the current step increment and incrml is the previous step increment.
The current increment is then compared against the convergence limit to ensure
positive convergence. Given the possibility that the above two methods may miss to
find the root in certain cases, an additional convergence check is performed by
confirming that the cumulative value of the increments over ten successive steps of the
iterations is less than a test value (such as 0.1K in thermal loops). Once a state variable
is confirmed as converged, its value remains fixed for the remaining iterations. Also, a
variable is available for debugging purposes to confirm that all state variables are

converged within a maximum limit of the loop count of the iterations cycle.

As an example, the above steps are illustrated for the thermal balance equation of plant
CV1, in table 3.1 and table 3.2, where equation 3.1 has been expanded and converted
to a form for integration with ESP-r. All thermal and moisture equations for each
control volume, their coefficient forms and the derivation of each term are listed in

appendices 3.1 (thermal domain) and 3.2 (moisture domain)
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Table 3-1: Example of steps illustrated for the derivation of coefficient form of the
thermal balance equation for the plant (CV1)

Step 1. Explicit form of discretized equation in terms of present time row

t+At _ p t
PpCpdLAl(F——) = ([1 =75 = (1 = 7)pra] (1 + Tep1)) b5 + hi ey Ty = Ti)
PaC
R g1 (T8 = T + 0, 2P (e - 1)
ea
PcaCP PcaCP
—2LAI T — T —2LAI— s —e
_ - - rea ( C(l) ]/_(T'ea L)t( ca)
Step 2. Implicit form of discretized equation in terms of future time row
t+At _ p t

ppCpdLAI (- ) = ([1— 15— (1 — 1)pra] (1 + T5p1y))PETAL + REXAL (THIAL — TEFAY)

At

paCp
ﬁg?t(thAt Tt+At)+ of “HM (T£+At_Tt+At)

PcalP t+At t+At PcalP t+At _ pt+AL
—2LAI t‘+At T - Tca ) - ZLAIW (e €ca )

Step 3. Explicit equation multlplled by (1-a)

T t+AL _ Tt
(1 - a)pyCpdLAI(-E ) =1 -a)([1—15— (1 —15)pra) (1 + T5p1,))pt

AL
+(1 - a)h' sky( sky Tg) + (1 - a)hf",sl(Tstl - Tzf)
+(1 - a)af (Taf -TH
ea
c
—a- a)ZLAlpcartp (T = Th) — (1 - a)ZLAI(pca—p)t( ety
ea

Step 3. Implicit equation multiplied by a

tHAt _ it
%) =a([l1-1s— (1 —1)pr](1 + ‘L'S,DTg))(l);"'At

t+At t+At t+At t+At t+At t+At
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Table 3-2: Continuation of example of steps illustrated for the derivation of coefficient
form of equation for plant

Step 4. Final equation in the coefficient form by adding previous two equations

PalP ]Tt+At

—[aaf eta+At a
ppdeLAI A A P.Cp 2LAlp.,Cp A
+[7At + ahﬁfsk; + ahi 3t + aoy T a Y T A
2LAIPaCP | ine
g e
—[ahtEa I TEA
PaCp
[(1 = @yay BT
ea
C, dLAI C 2LAIp,,C
2 (= )Rty — (1 — @bty — (1= @)ool - (1 — gy =Py
At Toy T,
2LAIp,,C
+[(1 — @) =P e

ea

+[(1 - a)hg,sl]Tstl
+[(1 - a)([l —Ts— (1 - Ts)pra](l + Tsptq))d)st + a([l —Ts— (1 - Ts)pra](l + Tsprg))¢§+At]
+[(1 - a)hf”,skyTstky + ahﬁ:ﬁ;TstIJyAt

2LAIp,Cp 2LAIp,Cp
-y —repl — la——~mes™™
y(rea + ri) y(rea + ri)
2LAIp,Cp 2LAIp,Cp
+[(1—-a) —ateé] + [a—atmeg"“
y(rea + ri) y(rea + ri)

Step 5. Equivalent coefficient form by using matrix coefficients for the non-temperature
parameters

ay; TEtA + ay, T5+At +ay3 TFAY + aq, TH
= b1 Ty + b1 Ty + bi3 T,y + by TH+ ¢

The same procedure is followed for the other six control volumes for the thermal
exchanges in the green roof. The resulting seven equations expressed in the format as
given in the last line of the table 3.2 is used to develop the matrix form of equation as
in equation 3.38 and also shown in figure 3.8. This is subsequently used for solving for

the set of state variables, namely the temperatures of the seven control volumes.

A similar set of procedure is done for the moisture balance in the five soil control
volumes, resulting in a set of five equations. This is expressed in matrix form as in
equation 3.39 and shown in figure 3.9. This is subsequently used to solve for the soil

moisture state variables, namely the matric potentials of the five soil layers.

Figure 3.8 shows the matrix structure for thermal domain. The details of definition of
the matrix elements (the coefficients: all, al2 ...; bl1,bl2...;¢cl, c2 ...) are givenin

appendix 3.1. All of the coefficients are calculated after successive iterations, although
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it is sufficient to calculate the future time row coefficients all, al2 ...which are

dependent on the future values of state variables. In the current model of green roof,

there are certain coefficients (such as a34 in appendix 3.1 that include soil specific

heat) included among the future time row coefficients, present time row coefficients

and right hand side coefficients which are dependent on the averages of present and

future state variable values.
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Figure 3-8: Coefficient matrix format of thermal domain
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The moisture side matrix is as shown in figure 3.9, the details of the matrix elements

(the coefficients: m11, m12 ...; nl1,nl2...; ql, g2 ...) are given in appendix 3.2
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Figure 3-9: Coefficient matrix format of moisture domain

The overall solution process consists of solving in sequence the thermal balance
equation matrix (equation 3.38), canopy vapour pressure equations (equation 3.33 to
3.36) and the soil moisture balance equation matrix (equation 3.39) as illustrated in the
process flow diagram in figure 3.10. The converging state variables of thermal and
moisture states of the control volumes are rendering the thermal-moisture interactions.
This is because the moisture and thermal coefficients of the successive solutions (and
their constituent thermal and moisture characteristics), in turn, are calculated based on

the successively evolving thermal and moisture state variables.
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Figure 3-10: Green roof-module flow chart
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3.4 Integration with ESP-r

The logic of code implementation in ESP-r is shown in figure 3.10. For thermal loops,
the outside temperature as read from climatic file and the solar radiation flux are the
top boundary conditions. The bottom boundary condition is the point of coupling with
ESP-r, where ESP-r’s outdoor surface layer temperature from the previous time-step is
used in the green roof module as bottom boundary temperature (temperature Ty in
figure 3.8). The model has a built in solver, solving the matrix set of equations
(independent of ESP-r’s matrix solver), so it can also be used with other building
energy simulation programs, with minor adaptations. The choice of external coupling
of the green roof module in ESP-r as compared to that incorporated into ESP-r global

matrix scheme is based on the following factors:

1. Thermal-moisture coupling in green roof module involves evapotranspiration
in addition to the inter-related thermal and moisture characteristics. For
example canopy vapour pressure and plant temperature, soil surface resistance
and soil moisture content, and stomatal resistance and plant temperature are
interdependent thermal-moisture characteristics in the model. For effective
thermal moisture coupling, the model needs to be iterated in successive thermal
moisture loops, so that the thermal and moisture state variables converge in an
interrelated manner.

2. In the green roof module the moisture movement is from outside to the point of
interface (drainage layer in green roof), and at this position it adds to drainage
rate. An independent moisture loop of the green roof module, as described in
section 3.3, is needed to solve this.

3. The bottom boundary temperature of the green roof is a state variable within
ESP-r and thus not easy to be modified. So an alternative is to use a new
boundary condition for the ESP-r from the green roof module and to use the
ESP-r’s outdoor surface layer roof temperature as green roof module’s
boundary temperature.

4. It was observed during test runs, the manner of linkage between the green roof
module and ESP-r, which can be described as integrated as boundary condition,

is not computationally intensive.
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Referring to figure 3.10, integration of the new green roof module with ESP-r involves
interfacing with the MZADJC subroutine (in the source code file esrubld/adjb.F)
which computes the adjacent temperatures and incident radiation fluxes for all surfaces
defined for the building according to their types of surface associations. Examples of
the surface boundary conditions are ‘EXTERIOR’, ‘SIMILAR’, ‘ADIABATIC’ etc.
and a new type ‘GREEN_R’ for green roof has been included for the green roof
modelling. Once this association is found the ESP-r calls the green roof module and
provide the outside face roof surface temperature (of previous time step) which serves
as bottom boundary condition for the green roof (T9 in figure 3.1). The radiation
fluxes which are otherwise associated with an external surface are set to zero for
GREEN_R boundary condition in a surface attribute. Similarly the convection heat
exchange at this surface attribute is set to maximum, so that the green roof’s lowest
layer temperature become the boundary condition for ESP-r’s external roof element.
These are done by forcing radiation injection zero in MZADJC (where the user sets
the usual roof’s solar absorptance and transmittance to zero) and setting very high
convective heat transfer coefficient (constant at 1000 W/m?K) at the subroutine
‘MZCONV’ which is a controlling routing to calculate surface convection coefficients
and this should be currently done manually by the user. After the green roof module
calculates the bottom boundary temperature (T8 in figure 3.1) with the method
described in this chapter, the control comes back to MZADJC with the newly found
adjacent temperature that corresponds to the bottom layer of the green roof soil (T8 in
figure 3.1).

The set of alterations that are done in ESP-r is provided in detail in appendix 4.

3.5 Summary

The structure of the newly developed green model is explained in this chapter starting
with the specificities of individual control volumes and detailing the solution process.
Within the new model, coupling has been achieved between thermal and moisture
exchanges and between control volumes. The integration of the model to ESP-r at each
time step has also been achieved. Although the model is a self-contained module by

itself, the principles of ESP-r’s solution process, such as the control volume approach
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and the flexibility of choice of degree of implicit/explicit treatment of the solution
process, are used within the model. From the test runs, the model is not a substantial
computing burden to the rest of the ESP-r simulation, although it is called in tandem
with the ESP-r main routines. Although the model is rigid in terms of the number of
control volumes it contains, it is flexible in the sense that alternative equations
defining a constituent parameter (such as, choice of equation for aerodynamic
resistance or stomatal resistance) can be incorporated by changing the coefficient part
of the model and maintaining the rest of the model as it is. Thus the new green roof
model is able to simulate the green roof’s thermal effect on a building in accordance
with the ESP-r’s principal characteristics (discretising the system in representative
control volumes, simultaneous solution, etc.). To use the new model the user is
required to prepare a set of input data, which are related to plants and soils and are
generally unfamiliar to the engineering community. Next chapter deals with the input
data base for the model, briefly explaining their nature and the methods to acquire to

acquire them.
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CHAPTER 4
DATABASES AND INPUT AVAILABILITY
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4. Databases and input availability

4.0 Introduction

This chapter discusses the requirements for the user specified input for the green roof
model. Details of experimental methods and sources of literature which can be used to
generate new data are included. Many of the input data for the green roof model are
related to plants and soil, which could be often unknown to the building simulation
practitioners. Hence it is important to provide data collection guidelines together with
the model so that it can be used in a variety of situations. However this is not an
exhaustive data collection but a simple data model, which can be used for simulation
of common green roof designs by users and which can be further built upon by future

model developers.

A listing of input parameters is provided in Table 4.1 together with the current model’s
default values, which could match a real green roof situation. Brief explanations of the
input parameters according to their classification are given in sections 4.1 through 4.5.
The inputs are currently made available with a data file in the model. An example of
an ASCII file that is used as an input file for green roof model is provided in Appendix
2.

A summary of data collected from a case study green roof (CSET building, University
of Nottingham, Ningbo, China) and test cell is given in section 4.6 .It should be noted
that the green roof module, with some minor adaptations, is capable of simulating the
dynamic nature of the input variables. For example, if a plant parameter such as the
leaf area index (LAI) or the plant height can be produced as a schedule, the program is
capable of predicting the outcome of such variations. Examples of variable LAI for

some annual plant crops are provided in section 4.7.

A sensitivity analysis is also conducted to estimate the comparative degree of
influence of each of the input items on the model output; the output considered critical
in this case being the temperature of the lowest layer of soil in green roof. Although it
is not a full scale uncertainty analysis, a ranking of input variables according to their

sensitivity is expected to help the user to look for the desired level of precision in each
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of the input variables. Method employed to get this sensitivity analysis and the

obtained results are explained in section 4.8.

Table 4-1: Listing of user input data required for the green roof model

Classification Input parameter Variable name in code Default
value used
in code

Plant plant height plantHt 0.4m

morphology leaf area index (LAI) plantLAI 4

leaf characteristic leafChDim 0.015m
dimension
leaf thickness leaf Thk 0.0005m

Plant thermal leaf density rhoLeaf 700 kg/m®

properties leaf specific heat cpLeaf 3500 J/kg

Plant moisture | minimum stomatal stomatResMin 120 s/m

exchange resistance

plant wilting point plantWiltPt -80m

Soil texture saturated moisture MoistCont_sat 0.45 m*/m°

class (also in content

Table 4.5)and | residual moisture content | MoistCont_res 0.067

related thermal m/m®

moisture saturated hydraulic hydCond_sat 2.89e-06

properties (moisture) conductivity m/s

moisture retention curve | soilnindex, 1.4,0.02

factors (n,a) soilAlphalndex cm™

soil organic fraction soilOrgFr 0.1 m°/m°

soil mineral fraction soilMinFr 0.45 m*/m’

soil clay fraction Clay fr 0.2 m’/m’
Radiation reflectivity of canopy reflCan 0.25
related reflectivity of ground reflGround 0.15

reflectivity and reflLeafTis, 0.3

transmissivity at leaf transmLeafTis 0.2

tissue level

emissivity of leaves emissLeaves 0.96

emissivity of ground emissSoil 0.95

Coefficient of extinction | extinLong 0.829

for long wave radiation

weather : hourly precipitation data | precip_mm Hangzhou

precipitation for the location TRMM

data data mm/h

General/site location altitude siteAlt 100 m

related fraction of vegetation fracVeg 0.95

coverage
substrate(soil) height soilHt 0.3m
irrigation schedule TimesPerDay time(12) | 0,0

TimesPerDay day(12)
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4.1 Plant morphology parameters

4.1.1 Leaf Area Index

Leaf area index is a parameter that specifies how dense is a canopy in blocking solar
radiation from reaching the ground. By definition it is the ratio of the total of leaf top
surface areas to the ground area below; unit is [m*m?]. A zero value represents bare
ground; a value 3-5 is common for shrub covers normally found in green roofs, 5
being fairly dense with almost no radiation going through. It can thought of as a
number that represents how many times a vertical beam of light will be intercepted by
the canopy leaves if it were to travel from the top of canopy to the ground, penetrating

every leaf as it hits.

The main factors affecting leaf area index are plant type and its phase of development.
For deciduous plants with seasonal variation in leaf density, leaf area index will
change over season. Agricultural corps with short life span of 3 to 4 months is also
reported to be used in the green roofs. They show distinctive variation of LAI over the

life span which is reported in FAQ’s crop evapotranspiration guide [45]

For evergreen types of shrubs usually found in intensive green roofs, pruning and

maintenance have more influence than seasons and stage of development.

LAI measurements were conducted in field test using Delta-T Devices Sun Scan
Canopy Analysing System type SS1[69]. A ‘beam fraction sensor’ is used to measure
total PAR radiation (photo synthetically active radiation; 400 nm to 700 nm range;
contains 48% of solar radiation energy) above canopy. Below canopy, a 1 m long
‘Sun scan probe’ with 64 LED sensors, is used to measure the PAR. A built in
software within the system calculates LAl by comparing these two readings.
Manufacturers’ accuracy limit is 10% which can be compromised at poor sun light
strength and for plant morphology with vertical leaves. Representative values of LAI
measurements for plants at CSET green roof is given in table 4.3 in section 4.6
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4.1.2 Canopy physical dimensions

Canopy height is used in the calculation of aerodynamic resistance at canopy top and

to determine the canopy air volume. Canopy height is, in general, dependant on the
plant species. However, in a green roof environment as the plants are maintained on an
artificial environment, with limited soil height as growth medium and occasional
trimming of plants to maintain aesthetics, it could be generally considered as site
specific. From the site measurements (at CSET green roof), it was found that for
intensive green roofs with shrub type of plants, 0.4 m to 0.7 m is a common height.
Also from the case study site observation, for extensive types of green roofs with grass,

the common height is around 0.06 m, for a well maintained lawn.

Leaf characteristic dimension, used in the model in aerodynamic resistance calculation
within canopy, is in fact the leaf width[55]. This is dependent on the plant species.
Leaf widths of 10 mm to 30 mm were found for the plants in the site measurement at
CSET building.

Leaf thickness is again plant species dependent. It is used (together with LAI, density
and specific heat) in the calculation of thermal storage in canopy. Values of 0.3 mm to
0.6 mm were observed in the plants in the site measurement. If unknown a value 0.5
mm is a good estimation [70], which is the value found to be representative for shrub
type of plants commonly found in extensive type of green roofs.

4.2 Plant thermal characteristics

Specific heat and density of plant leaves can be sourced from the literature. For
example Stahghellini, 1987 [71] gives a value of 3500 J/kg K for specific heat and 700
kg/m? for density. These values are theoretical estimate based on the fact that plant
tissues consist of 70-80% water. Jayalakshmi, 2010 [72] reports experimental studies
and gives specific heat values in the vicinity of 1260 J/kg K and leaf density around
860 kg/m® for shrub type of plant.
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4.3 Minimum stomatal resistance

Stomatal are the small openings on leaf surface through which exchange of oxygen
carbon dioxide and water vapour occurs in leaf tissues. The size of the stomata
opening and the resistance to vapour flow across it are sensitive to light, water
availability, ambient carbon dioxide concentration, air pollution and healthy state of
plant. The measurement of actual stomatal resistance is done in field tests under the
most ideal conditions (at bright day light, sometime after irrigation, when it is windy
and when plants looked healthy). A cycling porometer from Delta-T devices calibrated
on site conditions is used for the measurements. To get the minimum stomatal
resistance, measurements were taken under favourable conditions for plants, as
mentioned above. In the instrument, the method of getting stomatal resistance is by
measuring time taken by plant leaf to release water vapour to a chamber in head so
that the relative humidity inside changes by a fixed step. Prior to the leaf measurement,
the instrument is calibrated with a calibration plate containing pores of known
resistances. The calibration was done on site to have similar conditions for calibration

plate and leaf. The field measurement data is given in section 4.6 at table 4.3.

4.4 Soil Characteristics

The model uses Richard’s equation, as shown below and as has been described in
section 3.2.2, to determine the soil moisture state (as specified by its moisture content

or matric potential) and the moisture state in turn is used in the thermal domain

calculations.
4-1
c, ¥ -9 kw| Y 1|+ kT T 4 po—Ev|-S ¢1)
ot oz 0z 0z

which is equivalent to equation 3.31 as in section 3.3.2 and of same symbolic notations.

As discussed in chapter 3, for moisture related calculations, the state variable used is
matric potential (‘) which is a negative pressure that holds water in a vertical column
of soil against gravity. It is the result of capillary and adsorptive forces present in the

soil matrix. These forces bind water in the soil and lower its potential energy below
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that of bulk water. The matric potential is also defined as the energy required for
extracting unit mass of water from soil. Sometimes it is referred to as suction head in
length units. The units for matric potentials are [J/kg], [m], [Pa] and [pF] (pF =
logarithm to base ten of suction head in cm). Matric potential for saturated soil is zero.
Another state variable which is exchangeable with matric potential is soil moisture
content (6) which is the volumetric ratio of water to bulk soil [m*/m®]. In soil the
moisture content can range from a smallest possible value, the residual moisture
content (0r) to a maximum value, the saturated moisture content (6s). The relation
between 0 and W is called the water retention characteristic and is specific to a soil of
certain texture. A well accepted relation is given by van Genuchten [37] and has been

described in chapter 3 by equation 3.37.

The soil texture characteristics used in the model and in equation 3.37, can be
determined with an experimental method which is briefed in section 4.6.2

4.5 Other input parameters

Emissivity is defined as the ratio of energy radiated by a particular material to the
energy radiated by a black body at the same temperature. In this model, emissivity is
used in the calculation of long wave radiation exchange between plant and soil, sky
radiation exchange with plant and sky radiation exchange with soil. Emissivity of most
natural materials is between 0.95 and 1. The default values used in the model are 0.95
for soil and 0.96 for plant [55]

The coefficient of extinction together with LAl is used to calculate the radiation

interception by canopy as per Beer's law [55] which states:

/lo = KA (4-2)

where lo is in the incident radiation, | is the transmitted radiation and k is the
coefficient of extinction. The extinction coefficient for short wave radiation(ks) can be
calculated from the extinction coefficient for long wave radiation (kl) [9] as ks=0.74kl.

Extinction coefficient for long wave is dependent on the leaf angle [71] as:
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Leaf distribution horizontal kl =1
Leaf distribution 45 degree kl =0.829
Leaf distribution vertical kl =0.436
Spherical leaves kl = 0.684

Plant wilting is a measure of the ability of the plant to survive in low moisture soil by
reducing its metabolic activities and it depends on the type of the plant. It is sourced

from literature [73] as -80 m which is applicable for most plants used in green roofs.

4.6 Input data collection
4.6.1 Plant data

A set of data has been collected, by experimental means, in a real green roof
environment at the Centre for Sustainable Energy Technologies in the University of
Nottingham Ningbo China, to facilitate, as an example, the use of green roof model in
building energy simulation and demonstrate the model input data collection procedure.
The plants are mainly of evergreen shrub type. Their layout is given in Figure 4.1,
which is a photo of CSET green roof taken from above. The plants’ names and brief
descriptions are given in Table 4.2, according to the location number as given in figure
4.1.
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Figure 4-1 Layout of plants at CSET green roof

The morphological properties of the plants as has been described in section 4.1 and the
stomatal resistance, as has been described in section 4.3, are measured periodically

throughout the validation period and their representative values are given in table 4.3.
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Table 4-2: Plants species at CSET green roof

Location | Name Picture Description

1 Camellia Evergreen shrub found in
Sasanqua China and Japan; leaf size 3—7

cm long, 1.2-3 cm width;

2 Rhododendron Rhododendron is a broad
classification and exists in
many hybrids of cultivation;
the specific plant at CSET
green roof is evergreen shrub.

3 Ligustrum Evergreen shrub found in east
Japonicum Asia; easily maintained and
'Howardii' considered invasive at times.

4 Viburnum Deciduous shrub which can
Dilatatum growupto5m
(Thunb)

5 Lorpetalum Evergreen shrub (also exist in
Chinense semi evergreen varieties); leaf
var.Rubrum size about 5¢cm long 3.5 cm

wide; Plants have good pest
and disease resistance.

6 Buxus sinica Evergreen shrubs found in
many parts of the world; plant
height is about 50 cm; slow
growing, require little or no
maintenance; It is also known
as Chinese box

7 Lawn
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Table 4-3: Summary of data collected from CSET green roof plants

Minimum

. Leaf Leaf stomatal

Location | Name LAI Height | Leaf width | thickness | resistance

[m] Angle
[mm] [mm]
s/m

1 Camellia 218 | 04 45 | 234 | 056 288
Sasanqua

2 Rhododendron 1.85 0.5 60 30.0 0.5 161
Ligustrum

3 Japonicum 4,93 0.48 60 20.2 0.46 172
'Howardii'
Viburnum

4 Dilatatum 6.28 0.7 30 31.2 0.54 212
(Thunb)
Lorpetalum

5 Chinense 5.27 0.7 30 21.0 0.32 228
var.Rubrum

6 Buxus sinica 4.03 0.45 60 11.2 0.42 165

7 Lawn NA 0.06 60 4 0.6 NA

8 Test Cell- 48 | 04 60 | 108 | 046 165
Buxus sinica

For lawn, in table 4.3, values of LAI and stomatal resistances are not available,

because the height and leaf sizes are too small for the respective instruments. However

the reference FAO[45] give an indicative value for lawn’s minimum stomatal

resistance as 100 s/m and a rule of thumb for LAI as LAI=24h, where h is the plant

height in [m]. Row number 8, in table 4.3, refers to the test cell plant details, which is

used for validation purposes as detailed in section 5.2 in the next chapter.

4.6.2 Soil moisture characteristic data

The soil moisture retention parameters (0r, 0s, a. and n) were determined by first

measuring the soil test sample particle sizes and fit the results in a USDA soil texture

triangle [74] and then using the reference Carsel 1988 [75] which gives the soil
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characteristics classified according to the 12 soil texture classifications of
USDA(figure 4.3).

Experimental results of a soil sample test were produced with a Bettersize2000 laser
particle size analyzer and are given in table 4.4 and figure 4.2. The reference Leij 1996
[74] gives the size range of soil components as: Sand > 50 pm; silt 2-50 pum and clay

<2 um. These size ranges are highlighted in table 4.4 and the composition in the

sample is read as: percentage of clay = 22.2%, percentage of sand =100-89.37= 10.63%
and percentage of silt =100-(10.63+22.2) = 67.17%

Table 4-4: Soil test result: particle size distribution

D PPC | CPPC D PPC CPPC D PPC | CPPC
pm % % pm % % pm % %
0.020- 0.911- 44.04-
0.024 0 0 1.161 3.21 10.75 56.13 2.68 | 89.37
0.024- 1.161- 56.13-
0.030 0 0 1.479 3.51 14.25 71.52 1.86 | 91.22
0.030- 1.479- 71.52-
0.039 0 0 1.885 3.83 18.08 91.14 1.75 | 92.98
0.039- 1.885- 91.14-
0.049 0 0 2.403 4.12 22.2 116.1 2.22 | 95.19
0.049- 2.403- 116.1-
0.063 0 0 3.062 4.34 26.54 147.9 2.44 | 97.63
0.063- 3.062- 147.9-
0.080 0 0 3.902 4.47 31.01 188.5 1.79 | 99.43
0.080- 3.902- 188.5-
0.102 0 0 4.972 4.67 35.68 240.3 0.54 | 99.97
0.102- 4.972- 240.3-
0.131 0 0 6.336 4.94 40.62 306.2 0.03 100
0.131- 6.336- 306.2-
0.167 0 0 8.074 5.25 45.87 390.2 0 100
0.167- 8.074- 390.2-
0.212 0 0 10.28 5.74 51.61 497.2 0 100
0.212- 10.28- 497.2-
0.271 0 0 13.11 6.33 57.93 633.6 0 100
0.271- 13.11- 633.6-
0.345 0.16 0.16 16.70 6.71 64.64 807.4 0 100
0.345- 16.70- 807.4-
0.440 0.73 0.9 21.28 6.73 71.37 1028.8 0 100
0.440- 21.28- 1028.8-
0.561 1.55 2.44 27.12 6.27 77.64 1311.0 0 100
0.561- 27.12- 1311.0-
0.715 2.28 4.72 34.56 5.2 82.83 1670.6 0 100
0.715- 34.56- 1670.6-
0.911 2.82 7.54 44.04 3.85 86.69 2000.0 0 100

Key: D - Diameter um;
PPC - Percentage particle count %
CPPC: Cumulative percentage particle count %
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Table 4-5: Soil characteristics according to texture class

Texture Residual Saturated Index a Index n | Saturated
Class moisture moisture [1/cm] [-1 moisture
content Or | content Os conductivity
[m¥m?] [m¥m?] Ks [m/s]
Sand 0.045 0.43 0.145 2068 8.25E-05
Loamy 0.057 0.41 0.125 2.28 4.05E-05
sand
Sandy 0.065 0.41 0.075 1.89 1.23E-05
Loam
Loam 0.078 0.43 0.036 1.56 2.89E-06
Silt 0.034 0.46 0.016 1.37 6.94E-07
Silt loam 0.067 0.45 0.020 1.41 1.25E-06
Sandy clay | 0.100 0.39 0.059 1.48 3.64E-06
loam
Clay loam | 0.095 0.41 0.019 1.31 7.22E-07
Silty clay 0.089 0.43 0.010 1.23 1.94E-07
loam
Sandy clay | 0.100 0.38 0.027 1.23 3.33E-07
Silty clay 0.070 0.36 0.005 1.09 5.56E-08
Clay 0.068 0.38 0.008 1.09 5.56E-07

The texture class obtained is Silt-Loam as determined by entering the percentage
composition 22.2% Clay, 67.17% Silt and 10.63% Sand, in figure 4.3. The soil input
parameters were determined from Table 4.5 [75]: r=0.067 m%*m?®, 6s=0.45 m*/m°,
0=0.02 cm™ and n=1.41 [-]

4.6.3 Soil organic mineral fractions

Volume fractions of soil organic fraction and mineral fractions are used in the

calculation [55] of soil matrix volumetric specific heat [J/m®].

Csoil = pmincpminMF + porngorgOF + pwathwate (4'3 )

where pmin — density of soil minerals (2650 kg/m®), Cpmin — specific heat of soil
minerals (870 J/kg), MF- volumetric mineral fraction (m* minerals/m?® soil), Porg —
density of organic matter (1300 kg/m®), Cporg — specific heat of organic matter (1920
J/kg), OF- volumetric organic fraction (m® organic matter/m? soil), puat — density of

water (1000 kg/m?), Cpwat — specific heat of water (4180 J/kg), 8- soil moisture content
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(m® water/m? soil). As moisture content is varying so does the soil specific heat. The
soil specific heats mentioned in section 3.2.1 are thus dynamic values, calculated in
successive iterations as per evolving values of moisture contents. The solid
components of soil are divided into minerals and organic matters. Organic matter
constitutes the part that is formed by breakdown of plant and animal matter and mainly
consists of carbon. The method used to determine the organic fraction is the method of
Loss on ignition [76] which is a simple procedure of subjecting soil sample to high
temperatures allowing carbon materials to oxidize. However the temperature should
not go too high to cause the carbonate (CO3) components of the minerals to
disintegrate. At optimum temperature of 400 °C is recommended in literature [76]. The
procedure consist of subjecting soil sample to 110 °C for eight hours in a drying oven
and subsequently subjecting it to a 400°C for four hours in a furnace. Weights of
sample before and after each procedure are taken to determine moisture fraction and
organic matter fraction by weight. Soil bulk density is used to convert weight fraction
to volume fraction as shown below. The bulk density of soil is determined by taking
the weight s and water displacements by soil sample on a measuring jar. The results

from the test cell’s soil sample are summarized below:
Organic fraction by weight = 0.024633 kg org/kg soil

Mineral fraction by weight = 0.777432 kg min/kg soil
Moisture fraction by weight = 0.197935 kg org/kg soil

Bulk density of soil = 1777.188 kg/m®

_ _ .o 024633:3(5) ' x 1777. 188%§ZZ 3 org
Volumetric organic fraction= 507G = 0. 033675 oo
1300, 522
o .o 777432"9 X 1777. 188:;‘]32% m3 min
Volumetric mineral fraction = kg — =0. 521375 pon
zssomgmm
_ ) 0. 197935"9 el x 177718855200 m3 wat
Volumetric moisture content = e = 0.351768 ——
1000-%
m2wat

A check on the above procedure shows:
air fraction = 1-(0.033675+0.521375+0.351768)=0.093182 ;
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and the total of moisture content and air fraction =(1-(0.033675+0.521375)= 0.444950

which is close to the expected saturated moisture content (0.45 m*/m?) obtained in soil

particle analysis test (section 4.6.2)

4.7 Schedules for inputs

One of the key benefits of a control volume simulation is that it can accommodate the
true dynamic nature of the model’s variables. The living mediums of plants in a green
roof, in some cases, respond to climatic variations and go through changes along their
development stages. For example, this is the case for perennials and crops which
typically have life spans of three to four months. For evergreen shrubs, the plant
morphology variables can be treated as constant, provided management and trimming

are carried out regularly.

Agricultural crops, although not common, are reported to be in use in green roofs. As
an illustration for scheduled input, plant LAI can be provided as a schedule if chosen
to be so by the user. However, currently the model does not accept such inputs. Minor
modifications are required to be introduced in the model, such as preparing an array of
the input variable that is time-changing (such as LAI and plant height), introducing
additional steps in the program coding to call such an array and to synchronize it with
the simulation period and the simulation time-step. This revision is proposed as the
next stage development in section 6.3. The availability of such time-varying input data

data will be demonstrated in the next section.

4.7.1 Variable LAI

AquaCrop [77] is an open-source crop-growth simulation program developed by the
Land and Water Division, Food and Agricultural Organization of the United Nations
(FAO). The AquaCrop model predicts the biomass and yield response to various
conditions of water availability, soil conditions, weather etc. This program is generally
used in the agriculture sector to predict irrigation requirements and other needs for
crops in different locations of the world. Among others it can be used to predict

potential crop development through the stages of sowing, germination, vegetative
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development, flowering, yield formation and ripening. Various crops’ growths were
simulated with AguaCrop to predict the potential canopy cover (CC) evolution as a
demonstration of the changes in plant morphology throughout the crops’ life cycle. It
should be noted that the canopy cover is a crop variable defined according to its
morphology and it is not the fraction of vegetation coverage as mentioned in table 4.1.
Fraction of vegetation coverage is a variable that specifies the fraction of green roof
area planted. The simulations with AquaCrop were performed without any limitations
from water stress and crop management practices in order to show the crops’ natural
development potential. However the user can also prepare crop data for a variety of
conditions, including unfavourable ones, if the building simulation task requires such

an analysis.

The canopy cover is the percentage of light intercepted by canopy thus not getting to
the ground below. It is known to be related to plant LAI by the relation [78]:

CC = 100.5[1 — e-06L4D]" (4-4)

Strictly speaking this relation (equation 4.4) is established for one crop, maize and is
provided here only for demonstration. There also a few variations of the relation
between CC and LAI for other crops in the literature [79] [80]. Since the variations are
small, the above equation (4.4) is exclusively used here for converting the CC into
LALI. Figures 4.4 through 4.11 below show the crop developments predictions,
obtained from AquaCrop simulations, in terms of CC and LAl for various crops under
ideal conditions. This is done for demonstrating the variations of these variables for
specific crops within their natural life cycle and for showing the variations between

crops. A tabular listing of the LAI for all these crops is given in table 4.6
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Figure 4-4: Potential canopy cover and LAI evolution for tomato life cycle
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Figure 4-5: Potential canopy cover and LAI evolution for cotton life cycle
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Maize crop development
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Figure 4-6: Potential canopy cover and LAl evolution for maize life cycle
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Figure 4-7: Potential canopy cover and LAI evolution for potato life cycle
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Figure 4-8: Potential canopy cover and LAI evolution for sorghum life cycle
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Figure 4-9: Potential canopy cover and LAI evolution for soybean life cycle
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Sugar Beet crop development
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Figure 4-10: Potential canopy cover and LAI evolution for sugar beet life cycle
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Figure 4-11: Potential canopy cover and LAI evolution for sunflower life cycle
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Table 4-6: LAI evolution through life-span of some agricultural crops

Days Leaf Area Index m’/m’

after Tomato | Cotton | Maize | Potato | Sorghum | Soybean | Sugar Sunflower
planting beet

1 0.000 0.000 | 0.000 | 0.000 | 0.000 0.000 0.000 0.000
5 0.030 0.000 | 0.000 | 0.000 | 0.000 0.000 0.005 0.000
10 0.048 0.000 | 0.033 | 0.000 | 0.000 0.059 0.009 0.000
15 0.081 0.030 | 0.068 | 0.000 | 0.013 0.094 0.017 0.000
20 0.135 0.039 | 0.138 | 0.045 | 0.030 0.150 0.033 0.020
25 0.232 0.057 | 0.282 | 0.100 | 0.065 0.240 0.057 0.045
30 0.409 0.076 | 0.612 | 0.228 | 0.140 0.387 0.102 0.118
35 0.747 0.107 | 1.518 | 0.545 | 0.311 0.648 0.184 0.313
40 1.315 0.148 | 2.712 | 1.514 | 0.752 1.154 0.339 0.934
45 1.748 0.206 | 3.681 | 2.690 | 1.868 1.996 0.655 2.612
50 2.051 0.292 | 4.409 | 3.486 | 2.818 2.787 1.410 4,119
55 2.261 0.413 | 4.859 | 3.930 | 3.419 3.486 2.485 5.200
60 2.391 0.600 | 5.232 | 4.240 | 3.746 4.086 3.408 5.993
65 2472 0.891 | 5.366 | 4.350 | 3.945 4.596 4,152 6.268
70 2511 1400 |5.438 | 4.389 | 4.006 4,993 4,734 6.391
75 2531 2.021 |5.438 | 4.389 | 4.037 5.332 5.366 6.457
80 2.537 2.619 | 5474 | 4.409 | 4.053 5.993 5.993 6.457
85 2.544 3.182 | 5.474 | 4.409 | 4.053 6.152 6.209 6.457
90 2.544 3.694 | 5474 | 4.409 | 4.053 6.268 6.328 6.457
95 2.428 4,169 |5.474 | 4.313 | 3.618 6.328 6.391 6.457
100 2.227 4596 | 5.474 | 4.204 | 2.923 6.391 6.391 6.457
105 1.943 4965 | 5.474 | 4.102 6.268 6.457 6.457
110 1.556 5.265 | 4.833 | 4.006 5.848 6.457 4.641
115 5.474 | 3.773 | 3.886 5474 6.457 3.221
120 5.895 | 2.720 | 3.773 5.108 5.402 1.924
125 6.044 | 1.660 4,783 4,553 0.625
130 6.152 | 0.547 4.449 3.801

135 6.268 3.079

140 6.328 2.397

145 6.152

150 5.757

155 5.402

160 5.050

165 4711

170 4,389
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Another alternative for the prediction of LAl is by using WOFOST (World Food
Studies) model [59] from Wageningen University. This is a simulation model for the
prediction of the growth and production of annual field crops. LAl is available as an
output in this program, so no need of conversions as in the case with AquaCrop.
Currently the available crops and the supporting weather data are limited. However the
tool could still be useful in some cases of crops and locations. The use of the above

tools could therefore facilitate the generation of inputs for the green roof model.

4.8 Sensitivity analysis for model inputs

A simplified sensitivity analysis is conducted on the model by varying the input
variables individually and observing the variations in the output. This is done to
provide the user a sense of relative importance among the input variables, given the
high number of input variables. A one-parameter-at-a-time (OAT) approach [81] is
adapted whereby each input variable is independently changed within the range of
interest for the simulation and the change in output is recorded. The interrelation
between input variables which may exist across some variables (such as LAl and plant
height; soil saturated moisture content and residual moisture content) are not
considered here and may be required in an elaborate parametric study such as in an
uncertainty analysis. The scope of the current study is limited to ranking the list of
input variables for green roof in their order of their sensitivity to the output. The
output of interest in this context is the lowest control volume temperature of the green
roof, which links to the roof as a boundary condition for the building side simulation
in ESP-r. A single value of this temperature, arbitrarily chosen as at time step 85
(correspond to 2 PM of the simulation day) was chosen for comparison for all the

cases of sensitivity analysis.

A java based program Genopt [82] is used and it is coupled with ESP-r to run the
multiple simulation runs. Genopt is mainly an optimization program which runs with
other simulation programs to determine the optimum value of a selected input variable
as per the user defined criteria. The user defined criteria are often called cost function.
Genopt can also automate parametric runs of simulations. Information concerning
which variable to change, in what manner to change it, how to run the simulation

program (in this case ESP-r with the green roof module integrated) from a set of script
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commands and how to retract the output are set up in Genopt with a set of files called
initiation file, configuration file and command file. A published work on coupling
between ESP-r and Genopt [83], gives details of setting up of these files for an
optimization problem, which were then adapted for a parametric run and used in this
research. An illustration of the data flow between ESP-r and Genopt, adapted from
Peeters 2010 [83] is shown in figure 4.12. Each of the input variables are changed in
50 linear continuous steps within the ranges as specified in table 4.7. A single value of
the temperature of the lowest layer of soil is used as output consistently for all the
simulation runs. For this purpose a separate text file was generated in the green roof
program reporting the sequential time step and the temperature of CV7, and the
Genopt was directed to retrieve one value from this file, i.e., the value at time step 85.
The results of the sensitivity analysis exercise are presented in the following
subsections, according to three groups of inputs, namely the plant related, the soil
related and the radiation related. The results are shown as graphs with temperature of
the lowest layer of green roof (T8) in y-axis and the input variable in the x-axis. The y-
axes have been scaled equally within each group to illustrate their comparative effects.

The original results without any scaling are given for reference in appendix 5.
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Figure 4-12: lllustration of data flow between ESP-r and Genopt [83]

4.8.1 Sensitivity analysis for plant variables

Figures 4.13 to 4.15 show the sensitivity analysis results for eight plant related inputs;
the inputs are varied in 50 equal steps between the minimum and maximum values as

shown in their respective x axes.
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Figure 4-13: Sensitivity analysis results for LAI, plant height and leaf density
(showing variations of temperature T8 at time step 85)
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Figure 4-15: Sensitivity analysis results for plant’s extinction coefficient and
stomatal resistance (showing variations of temperature T8 at time step 85)

As expected, it can be inferred, from figures 4.13, 4.14 and 4.15, that all of the inputs
for the plant characteristics, except the leaf size and the stomatal resistance, have an

influence on decreasing the green roof temperature.

4.8.2 Sensitivity analysis for soil variables

Figures 4.16 to 4.18 show the sensitivity analysis results for eight soil related inputs.
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step 85)

From figures 4.16, 4.17 and 4.18, it can be inferred that all characteristics of soil,

except soil’s ‘alpha’ index, have an influence of decreasing the green roof temperature

under the specific conditions that the simulations were done.

4.8.3 Sensitivity analysis for radiation variables

Figures 4.19 and 4.20 show the sensitivity analysis results for radiation related inputs.
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surface and leaf at tissue level (showing variations of temperature T8 at time step
85)
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time step 85)
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From figures 4.19 and 4.20, it can be inferred that, except for leaf’s tissue level
reflectivity and transmissivity, all properties have an influence of decreasing the green
roof temperature. The increase of green roof temperature with the increase in the
reflectivity of leaf tissue is not rational. Inspecting the equation involving this variable

(as given in appendix 3.1 and repeated here);

ks = [(1 - w)? — pri?] 2Ky (4-5)
it is evident that an increase in leaf tissue reflectivity pr; will cause a decrease in

coefficient of extinction for short wave radiation (ks) for a given transmissivity of leaf
tissues (tr) and coefficient of extinction for long wave radiation (k;) and thus letting
more radiation energy to reach the soil and increasing the green roof temperature.
However in reality, an increase in pr; occurs together with a decrease in t; and the net
effect will be an increase in the coefficient of extinction and further shielding on
onward radiation. However, within the context of the sensitivity analysis, only one

variable is changed at a time, which explains the irrational results.

4.8.4 Sensitivity analysis summary

All of the above results are compared to show their relative influence and reproduced
in table 4.7. The ranges of values selected for each of the input variables are as per the
usual minimum and maximum values of green roof construction, plant properties and
soil characteristics. The main limitation of this analysis is that it did not consider the
inter-relation between the input variables, such as the transmissivity and reflectivity of
leaf tissues. Also within the Genopt program, one value of the result is required as an
objective function to compare and therefore one arbitrary temperature is chosen to
compare. Although the single value of the temperature chosen served as a point of
comparison for the parametric runs, a more realistic comparison for a set of output
values would be a measure such as the root mean square deviation. However,
implementation of such comparisons in Genopt would require some advanced

customizations.
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Table 4-7 Sensitivity analysis order for input variables

Signific | Input Range of input | Output
ance change change
rank (absolute)
[K]
1 Height of green roof soil layer [m] 01to1l 7.57141
2 Plant LAI 1to6 2.95118
3 Coefficient of extinction for long wave radiation [-] 0.5t00.9 1.1264
4 Plant Height [m] 0.1t00.8 1.0906
5 Transmissivity of leaf tissue [-] 0.03t00.5 0.94406
6 Soil mineral fraction [-] 0.3t0 0.6 0.50104
7 Reflectivity of canopy [-] 0.03t00.4 0.45343
8 Saturated moisture content of soil [-] 0.3t0 0.6 0.40271
9 Reflectivity of soil surface [-] 0.03t00.4 0.29016
10 Reflectivity of leaf tissue [-] 0.03t00.5 0.28113
11 Soil scaling parameter alpha [cm™] 0.0021t0 0.06 | 0.15366
12 Minimum stomatal resistance of plant leaves [s/m] 80 to 300 0.13208
13 Thickness of plant leaves [m] 0.0005 to 0.07178
0.005

14 Characteristic dimension of plant leaves [m] 0.005t0 0.1 0.0607
15 Soil curve shape factor (n) [-] 11t01.9 0.04993
16 Soil organic fraction [-] 0.05t00.2 0.03158
17 Emissivity of soil surface [-] 0.85t00.98 0.02713
18 Specific heat of plant leaves [J/kg K] 2000 to 4000 | 0.02527
19 Density of plant leaves [kg/m” ] 500 to 950 0.02044
20 Emissivity of leaves [-] 0.85t00.98 0.01874
21 Saturated hydraulic conductivity of soil [m/s] le-4 to le-7 0.01285
22 Residual moisture content of soil [-] 0.005t0 0.1 0.01217

4.9 Conclusion

A general review of the input data required for the newly developed green roof model

has been presented in this chapter, which include information gathered from literature

and measurements carried out in a typical green roof site. The measurement methods

explained in this chapter is expected to help the users of the simulation model to plan

the required data collection as applied to the modeling situation. Furthermore the

sensitivity analysis is conducted to give an indication to the user regarding the

significance of each of the input variables and the degree of accuracy required in the

input data.
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5. Validation

5.0 Introduction

The objective of this chapter is to present the results of an experimental validation
study that was conducted for comparing the results from the newly developed green
roof model with those measured in a proposed experimental setup. The chapter starts
with an explanation of the procedure for validation experiments, then moves on to give
the details of test cell facilities and instrumentation and concludes with the

presentation of the results.

5.1 Experimental procedure

Validation is done by comparing the measurements on a green roof test cell and the
simulated values from the model. As the model consist of seven control volumes
(plant, canopy air and five soil layers) and calculates the temperatures evolving within
them in every defined time-step (as explained in section 3.3 in the model development
chapter), temperatures of similar locations are recorded with a data logger for an
experimental test cell in order to compare them with the model data. For the soil
moisture data (also as explained in section 3.3), although the model calculates matric
potentials [m] at five control volumes, only three CV’s moisture data was recorded in
the test cell, due to the comparatively large size of the moisture sensor probe. The
moisture data collected was moisture content [m*/m®] which is also calculated in the
model from the matric potential using the equation 3.37. The physical details of the
test cell were entered in a model input file. The local climatic details were collected
from weather stations and entered into model weather file. A separate text file is
created for precipitation input. A portable temperature logger with nine temperature
sensors is used in the test cell to gather temperatures of the control volumes considered
in the model. The temperature at the bottom of the soil layer is recorded in a text file
and used as the bottom boundary condition for the model (which otherwise comes
from the building side of ESP-r interface). For the moisture data, three moisture

content sensors and one matric potential sensor are used together with a data logger on
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the test cell as is explained later in this chapter in section 5.3. The measured state
variables (temperatures and moisture contents) were compared against the simulated
values. Among all the state variables, the bottom soil layer temperature, is of particular
significance, as it is passed on to the building side of ESP-r’s every time step for the
whole building simulation. The data for the loggers has been collected periodically
from August to December 2014. A selection of data as explained in section 5.7 is used

for the validation study of the model.

5.2 Test Cell construction

An artificial green roof is constructed on a test box in which the temperature and
moisture variations will be studied. The test box is made from an open top stainless
steel frame (2070mm length x 1050mm width x 300 mm height) reinforced on all
edges with angle iron bars. All sides of the box are then attached with 50mm extruded
polystyrene (XPS) insulation in order to reduce multi-dimensional conduction heat

losses/gains from these surfaces. The box under construction is shown in figure 5.1.

Figure 5-1: Test cell under construction-XPS boards are being attached to the stainless
steel box
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Care was also taken to insulate the metal part well so that there will be no effects of
thermal bridges by metal parts. The insulated metal box was covered with damp proof
membrane (DPM) to prevent moisture entering the XPS boards and thereby reducing
its thermal insulation strength. A drainage pipe was attached at the centre of the box,
for collecting drain water for measurement. The completed box was placed on hollow
concrete bricks with intermediate wood supports. Inside the box a 50 mm layer of
gravel and over it a 200mm height soil bed were laid. The soil used is the local garden
soil and its texture class has been identified as silt loam according to the procedure as
mentioned in section 4.6.2 where by its composition has been determined as 22.2%
clay, 67.17% silt and 10.63% sand. A selection of plant was planted on the test cell on
26 August 2013. The plant selected is an evergreen shrub type of garden plant of
scientific name ‘Buxus sinica’, as has been described in table 4.2 and its properties as

given in table 4.3. The completed test cell installation is shown in figure 5.2.

Figure 5-2: Completed test cell installation at CSET rooftop.
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Figure 5-3: Thermal and moisture data logging facility installed at green roof test cell

5.3 Temperature logging

Temperatures at the selected points in the green roof test cell have been recorded using
a nine channel thermometer with data logging facility. The temperature sensors of
PTC type, were calibrated against a low temperature (melting ice) and a high
temperature before they are placed in the test cell. The battery powered instrument was
placed in an instrument panel attached to the test cell (figure 5.3) and readings were
occasionally transferred to a PC. The thermometer data logger is shown in figure 5.4.
These sensors record the following nine temperatures: ambient air, plant leaf surface,
canopy air, five soil depths representing five control volumes and soil bottom. The

salient features of the thermometer are summarized in table 5.1

Figure 5-4: WTO0T1-9-02 Temperature data logger
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Table 5-1: Features of temperature data logger and sensors

Manufacturer

Wangyunshan Fuzhou Information
Technology Co Ltd

Model number

WTO0T1-9-02

Measuring range

Temperature: -30 °C ~ 84 °C

Accuracy Temperature: standard room
temperature = 0.5°C at 25 °C

Resolution Temperature: 0.1 °C

Sensor type Resistance type (PTC)

Record interval

6 seconds or above

Number of channels

20 max /custom made to order

System clock error

1 s/day

Sensor cable

2 wire/ 2 m long

Prior to using the sensors they were calibrated with laboratory tests. The sensors were
first placed on hot water and temperatures read on all sensors as the water was let to
cool by itself. 1 minute interval readings were logged for about one and half hour. The
results are shown in figure 5.5. The maximum standard deviation between the readings
from all 9 sensors was found to be 0.417 °C. This gives a tolerance estimate[84] of
0.834 °C which is higher than the published value of accuracy 0.5°C. This is due to

some spikes in readings, which when removed resulted in a maximum standard

deviation of 0.115 °C and corresponding tolerance limit 0.230 °C, which is in

agreement with the manufacturer’s value of accuracy
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The experiment was repeated for low temperatures by immersing all sensors in ice

cubes and recording the individual values as the ice melts. The calibration results are

shown in figure 5.6.
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It was noted that while ice is still at solid phase there are some differences among
individual sensor readings probably due to the local temperature differences. As the
ice melted and liquid was well mixed this temperature difference disappeared. The
standard deviation maximum value was 0.127 °C which corresponds to a tolerance of
0.254 °C.

5.4 Moisture logging

Soil moisture contents and matric potentials at test cell were measured and logged
using a set of Delta-T Devices’; ML2 Theta-probes, an EQ2 Equi-tensiometer and a
DL6 Data-logger. The sensor sizes of both ML2 and EQ?2 are large (6 cm), thus
making it impossible to install at representative depths of control volumes in the test
cell soil (height 20 cm). The 20 cm soil bed is divided into five control volumes of
4cm heights, with CV1 covering (0-4cm), CVV2(4-8cm), CV3 (8-12cm), CV4 (12-
16cm) and CV5 (16-20cm). Three theta-probes were installed at representative depths
of CV2, CV3 and CV4, at 6 cm, 10 cm and 14 cm respectively and a tensiometer at 10
cm depth for CV3. Readings were logged at a 10 minute interval from July to

December 2014 and subsequently selected for validation evaluations.

The Theta-Probe soil moisture sensors work on a principle of dependency of di-
electric constant of soil on its moisture content. An array of four steel rods in the
sensor is used to measure the dielectric constant of soil after injecting a signal of 100
MHz into the soil. A linear relation is assumed between the square root of dielectric

constant (g) and moisture content (6) as:

Ve=ay+a, 0 (5-1)
where ao and a; are coefficients which are either determined by laboratory calibration
procedure for specific soil or used as supplied by manufacturer for generalized soil
classes. Two sets of general coefficients are provided by the manufacturer, namely
ao=1.6 and a;=8.4 for mineral soils and ay=1.3 and a;=7.7 for organic soils. The set
for the mineral soils are used for the data collection at the test cell. The accuracy of

using the generalized coefficients were found to be sufficient enough for the soil
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moisture content measurement in validation studies. Table 5.12 gives a summary of

instrument specifications.

Table 5-2: Specification for Theta-Probe ML2 for measuring soil moisture
content

Manufacturer Delta T
Model type ML2
Range 0.05-0.6 m*/m®

Accuracy (calibrated for specific soil) | 1 9 01 m3m? at 0-40 °C
+0.02 m*m® at 40-70 °C

Accuracy (using generalised +0.05 m¥/m?3 at 0-70 °C
coefficients)
Response time Less than 0.5 s

The principle of measuring matric potential with a tensiometer is by measuring
moisture content and then converting it to matric potential. The EQ2 probe consists of
a theta probe that is embedded in a porous medium of known matric potential/
moisture content characteristics. In the soil, the water content in the porous medium
and that of surrounding soil come to an equilibrium. The soil moisture content is

converted to matric potential readings. The specification summary is given in table 5.3.

Table 5-3: Specification for tensiometer EQ2 for measuring soil matric potential

Manufacturer Delta T

Model type EQ2

Range 0 to -1000 kPa

Accuracy + 10 kPa at range 0 to -100 kPa
+ 5 9% at range -100 to -1000 kPa

Soil types non-saline soils

Output 150 to 550 mV non linear (as per
calibration graph)

A calibration graph is provided by the manufacturer which is specific to the sensor’s

serial number and it is shown in figure 5.7.
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Figure 5-7: Extract from the calibration data for EQ2 tensiometer provided by
manufacturer

The DL6 data logger is a battery powered nine channel logger which can
accommodate up to six analogue channels suitable for soil moisture sensors, one
resistance channel suitable for temperature sensor, one event counter channel suitable
for a rain gauge, and one multipurpose relay channel. Figure 5.8 shows a screen shot

of the menu of DL6 setup screen with the green roof test cell data settings entered.

As all the data loggers are battery powered, they are kept on an electrical panel box

close to the test cell. Thus the errors caused by sensors cable lengths and resistances

are kept to a minimum in the validation experiments.
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Figure 5-8: DL6 data logger program settings as used for the validation data
collection

5.5 Weather file

Weather files for the model’s validation studies have been prepared by compiling
logged data collected from an on-site weather station and a pyranometer that were
located next to the test cell. ESP-r standard weather files consist of hourly data of six
weather variables, namely, diffuse horizontal solar radiation, dry bulb temperature,
direct normal or global horizontal solar radiation, wind speed, wind direction and
relative humidity. To work with shorter time steps ESP-r has a facility to create
weather files of sub-hourly resolution in temporal files. This feature was used in this
validation study to create a 10 minutes’ resolution weather data. Figure 5.9 shows an
extract of the temporal weather file for a few time steps on the day number 229 (17
August).

In addition to the standard ESP-r climatic data, the green roof module requires
precipitation data, which is provided by a separate ASCII file of hourly single column

data of precipitation in mm.
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bld_simple_temporal tdfa - lhomelaoysius!simple_par Vcfg! v) &) X
File Edit Search Preferences Shell Macro ‘Windows Help

fhomefaloysius/simple_pari/cfgibld_simple_temporal.tdfa byte 998 of 1045942 e Al

1 ASCIITDFS 4
2 # NWPR NITDF NTSPH itdyear,itdbdoy,itdedoy, columns
3 20 3t 6 2014 1865 &
4 ¥ NEXTRC, NEXTCL, NDBSTP
5 1 7 52560
6 *tdaidl, green roof walidation
7 *tdaid2, -
8 *items
9 *tag,gr_wal
10 *type, ALLCLMT
11 *menu, Climate data (all six):
12 *aide,8ite climate
13 *other, il

14 *fields, 7

15 INTG 1 O 123 0 123 Radiation flag (0=DN 123=GH):

16 REAL 2 1 0.000 0.000 600.000 Diffuse hor solar rad (W/m2):
17 REAL 3 2 10.000 -49.000 49.000 Ambient DB temperature (C):

18 REAL 4 3 0.000 Q.000 700.000 Direct solar (W/m2):

19 REAL 5 4 0.000 0.000 49.000 Wind welocity {(m/s):

20 RERL 6 5 0.000 0.000 360.000 Wind direction {deg clockwise):
21 RERL 7 6 50.000 0.000 100.000 Relative humidity (%):

22 *end_item

23 *pointers

24 5

25 *tabular_data

2?# Time Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8...
2

00,22.980.1.7400.0.67200.356.00,92.200

40 229.090271, 5
00,22.980,1.56500,0.85120,356.00,92.300 7

41 229.097229,

28 229.006943,0.00,23.200,1.3200,0.,53760,52.000,91, 300
29229.013885,0.00,23.200,1.6100,0.62720,49.000,91.400
30 229.020828,0.00,23.200,1.5200,0.58240,62.000,91.500
31 229.027771,0.00,23.180,1.6100,1.4336,73.000,91.700
32 229.034729,0.00,23.180,1.8700,0.53760,39.000,91.3800
33 229.041672,0.00,23.180,1.5500,0.44800,35.000,91.500
34 229.048615,0.00,23.120,1.5500,0.35840,27.000,91.100
35 229.0555567,0.00,23.137,1.8000,0.67200, 68.000, 91.000
36229.062500,0.00,23.124,1.9600,1.5232,27.000, 91.000
37 229.069443,0.00,23.017,1.4900,1.0752,354.00,91.300
38229.076385,0.00,22.977,1.7400,0.53760, 66.000,91.700
39229.083328,8.00,22 980,1.7400,0.58240,5.0000,91.900
0.

Figure 5-9: Extract from temporal weather file used for validation

5.5.1 Weather station

A fixed-mount ‘Orion’ weather station facility installed at CSET (placed next to the
test cell) is used to gather weather file data of temperature, wind speed, wind direction

and relative humidity and precipitation.

In the weather station, wind speed and wind direction are measured by using ultrasonic
sensors. Three equally spaced ultrasonic sensors are used to measure the time taken by
ultrasound to traverse the distance between them. Wind speed is calculated by
measuring forward and reverse transmit times along the three paths and computing the
net speed. As cancellations of forward and reverse paths are involved in the
calculation, the influences of physical parameters such as temperature and humidity on
the measured value of wind speed are mutually cancelled. Wind direction is not
calculated when wind velocity falls below 0.05 m/s, and the previously calculated

record is maintained.
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Temperature is measured with a capacitive ceramic sensor whereas relative humidity

measurement is based on a capacitive thin film polymer sensor.

Rainfall is measured by using a piezo-electric impact sensor, which measures the size
and impact of individual rain drops. The impact is proportional to the volume of the
drops. Accumulated precipitation is computed and reported in the instrument from the

sum of the measurements taken from the beginning of every day.

Figure 5.10 shows the general arrangement of weather station installation and Table

5.4 shows the sensors’ accuracy for each of the weather parameters.

Table 5-4: Sensor specification for Orion weather station

Sensor Range Accuracy Resolution

Temperature -60 to 140°F (-52 | £0.5°F (x0.3°C) | 0.1°F (0.1°C)
to +60°C) at 68°F (+20°C)

Wind Speed 0-135mph(0- |+£3% at10m/s 1 mph (1 m/s)
60 m/s)

Wind Direction Azimuth:0 - 360° | +2° 1°

Relative 0 - 100%RH +3%RH (0-90%), | 1%RH

Humidity +5% (90-100%)

Rainfall Range: +5% (spatial 0.01in.
cumulative variations may (0.254mm )
Collection Area: | exist)
60 cm2
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Figure 5-10: Orion weather station components schematic

5.5.2 Solar Radiation Measurements

A Pyranometer facility that has been installed next to the test cell is used to gather
solar radiation data for the validation study. The unit used is SPN1 Sunshine
Pyranometer. The instrument measures the global horizontal radiation, the diffused
radiation and the sun shine’s presence. SPN1 uses seven thermopile sensors placed on
a hexagonal grid and covered by a special perforated hemispherical shadow mask
dome. The unique shape of the shadow mask ensures that at least one sensor is always
exposed to solar light, at least one is always masked and all sensors receive diffused

light equally, as shown in figure 5.11.

Figure 5-11: SPN1 Sunshine Pyranometer
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The pyranometer covers a spectrum of solar light of range 400 nm ~ 2700 nm, which
are all the visible and infra-red ranges of thermal significance. Cosine response of a
pyranometer [85] is the sensitivity of a flat surfaced sensor as against an ideal
spherically shaped sensor and it varies as the cosine of angle between the incident
radiation and sensor surface. Cosine response is worse when the sun is close to horizon.
The ESP-r weather file and the temporal file can be set to use the direct solar radiation
as either a global horizontal value or a direct normal value by setting a flag among the
header lines as 123 or zero (line 15 of the tdfa file shown in figure 5.9). Direct normal
radiation is the radiation intensity on a plane perpendicular to the direction of radiation.
The instrument readings from the pyranometer can be converted from global to direct

normal values by:

GH — Diff (5-2)
cosf
where DN is the direct normal radiation [W/m?], GH is the global horizontal radiation

DN =

[W/m?] and @ is the solar zenith angle [rad] (angle between sun rays and vertical). A
spreadsheet supplied by the manufacturer facilitates this conversion which involves
calculating solar angles based on local coordinates and time. But as this feature is
available in ESP-r global horizontal values are used in the compiled weather file.

Table 5.2 shows summary of specifications

Table 5-5: Pyranometer SPN1 specifications summary

Manufacturer Delta T

Model type SPN1

General range 0 - 2000 W/m®

Overall accuracy for global and +5% Daily integrals

diffuse radiations +5% at 10 W/m? Hourly averages
+8% at 10 W/m? Individual readings

Spectral response + 10% from 400nm to 2700nm

Sunshine status threshold 120 W/m? in the direct beam

Sunshine accuracy +10%

Cosine response + 2% over 0-90° zenith angle

Temperature range -40°C - +70°C
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5.5.3 Compilation of weather data measurement

A 10 minute resolution data from 15 August 2014 to 21 December 2014 is used to
create a validation weather file. Further, the temperatures on validation test days are
replaced with ambient temperature reading measured at test cell by the sensors
described in section 5.3. This was done as it was observed that the temperatures
measured at the weather station and the temperatures measured at the test cell’s
ambient sensor are slightly different (Pearson coefficient of correlation =0.84),
although of similar profile as shown in figure 5.12. It is noted that some of these
variations are due to occasional spikes observed in test cell temperature sensors which
could be originated in the instruments electronic circuitry. Similar spikes were noted

during the instrument calibration procedure as described in section 5.3.
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Figure 5-12: Comparison of ambient temperatures obtained from Orion weather
station and test cell ambient sensor

5.6 Drain Measurement

Drain measurement is done by directing the drain pipe from the test cell to a graduated
white plastic ‘jerrican’ container (Figure 5.13) and taking timed photos with a compact

Raspbery-pi/camera setup (figure 5.14). The sequenced photo and its time record are
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used to calculate the dynamic flow rate data. Figure 5.14 shows a selection of photos

from the Raspberry board.

Figure 5-14: Drain measurement setup- Raspberry-pi/camera assembly placed
facing the container

Figure 5-15: An extract from the sequence of photos taken with the programmed
Raspberry-pi board
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5.7 Validation Results and Discussion

Six validation periods were used from August 2014 to December 2014 to analyse the
thermal and moisture predictions of the model. The validation dates were selected to
represent a wide variety of weather conditions. This has been done after evaluating the
whole data collection from the test cell instrumentation from 15 August 2014 to 21
December 2014. Typical weather patterns of Ningbo with long summer and winter,
short autumn, all seasons rains and occasional thunderstorms, played a role in
selecting these test days. Table 5.6 shows the selection criteria for the validation test
dates. Separately a drainage test was conducted to test the models ability to predict

run-off characteristics of green roof.

Table 5-6: Validation test dates and weather conditions

No | Test dates Number of Prevailing weather
days (including | conditions
start-up days)
1 August 17- 18 2 Summer, moderate rain
2 August 28-30 3 Summer, heavy rain
3 September 26-27 2 Autumn, dry hot
4 October 17-18 2 Autumn, medium
temperature, dry
5 October 30 1 Winter onset, strong winds,
dry
6 December 5-6 2 Winter low temperature, dry

The following steps of procedure are done for the validation tests.

Step 1: A weather file is created with a 10 minutes resolution, in the ESP-r’s temporal
file format, using the data collected from weather station and pyranometer which has
been imported to the ESP-r file. The ambient temperature (as it was found to be
slightly different from the weather file data, as shown in figure 5.12) is replaced with
the ambient temperature collected at the test cell (indicated as ‘Ambient temperature
T1’ with a sign == in figure 5.16). A coma separated value (CSV) file is created and
converted to the ESP-r temporal file format using the facility within ESP-r’s project

manager.

Step 2: A separate column file for precipitation is created for precipitation with one

hour resolution. This file is read within the green roof module. The common sources
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of precipitation data are of three hour resolution thus one hour resolution for validation

is comparatively acceptable option.

Step 3: A column text file is created specifically for validation tests to feed in the
lower boundary condition of the test cell to the green roof module (indicated as
‘Bottom boundary temperature T9” with a sign—p in figure 5.16). In the normal

running of the program this value is read from the building side of ESP-r.

Step 4: Specific green roof input files are created for each test date, using the LAI and
plant heights as measured for the test months (as explained in section 4.6.1 which

deals with the plant data collection).

Step 5: Within the green roof module for the purposes of validation, CSV files that
include variables being monitored are exported (written out in file); variables saved
are the temperatures of all control volumes, the moisture contents and the matric

potentials of soil control volumes and the drain rate.

Step 6: Test cell data from thermometer logger and moisture data loggers are compiled
to do the comparison between simulated results and measured values. A moving
average method [86] is used to remove instrument spikes from the thermometer logged
data. All nine temperature pairs are compared (including the sets; the measured T1
against the simulated T1 and the measured T9 against the simulated T9, which are the
same values for the validation as shown in figure 5.16) to ensure the data sets coming
from different sources are aligned correctly (thus T1-T1 and T9-T9 pairs match
perfectly). The scheme of the validation comparison is shown figure 5.16. Root mean
square error (RMSE) and Pearson’s Correlation coefficients are used as measures of
deviations between the measured and simulated sets of variables. These two measures

of deviations have been widely used in validation studies such as Sailor[40].
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Figure 5-16: Measured and simulated parameters in thermal and moisture
validation tests

5.7.1 Thermal validation results

All test dates are analysed in the following subsections for thermal validation. For

comparing measured and simulated values two non-dimensional, statistical indices are

used, the root mean square deviation (RMSD) and Pearson correlation coefficient (y).

RMSD =

Z(Is - Im)z
N

Nzlmls_zlmzls

y:

[NY 1 — (5 1)?] J NI L2 - (S1)?]

(5-3)

(54)

where I, is each measured value, | is each simulated value and N is the number of

measured/simulated items in the set. RMSD indicate how close the values are, zero

being a perfect match. Pearson coefficient indicates linear consistency between the

compared pairs, one indicating a perfectly linear relation and zero indicating no

relation at all.
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5.7.1.1 Results for test days August 17-18 - summer days with moderate rain

The temperatures of the seven control volumes evolved during the test days are shown
in figure 5.18. Detailed pair by pair comparison for all temperature sets are given in
appendix 6. Statistical indices obtained for the validation test 1 is given in table 5.7

below, which is also presented in chart for comparative illustration in figure 5.17.

Table 5-7: Comparative measures for validation test 1

Temperatures | CV1 CVv2 CV3 CV4 CV5 CVo Cv7

Plant Canopy | Soil Soil Soil Soil Soil
air top layer 2 | layer 3 | layer 4 | bottom
layer layer

RMSD [K] 2415 | 2.854 1.047 1209 [1.488 |0.813 |0.764

Pearson
correlation
coefficient 0.9503 | 0.9056 | 0.9028 | 0.8130 | 0.6502 | 0.7357 | 0.5371

B RS0

B Pearson Costfickent

f Iilli

V1 Plant ".-'.-'\..nuu-.-l:".l'.twll.ur.l VA S WS Soal G Sail CWT Sail
lapeer per 2 laper 3 lrges 4 bsalbam
ayEr

Figure 5-17: Validation test 1- statistical indices for all control volumes

From the results it can be observed that there is an increase in agreement between the
simulated and measured temperatures, from CV1 to CV7 as the RMSDs between
measured and simulated results decrease from 2.4[K] to 0.76 [K] and there is an
increase in non-linearity in the deviations from CV1 to CV7, with a decrease in
Pearson correlation coefficients, from 0.95 to 0.54. It can be generally concluded that
at CV1 the agreement is poor but with a predictable difference and at CV7 end the
result is good, with small but unpredictable deviations. This is further elaborated in
section 5.7.1.7.
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Figure 5-18: Illustration of temperatures measured (above) and simulated (below)
against time step (10 minutes) number for the green roof test cell for validation
test 1
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5.7.1.2 Results for test days August 28-30- summer days with heavy rain

The temperatures evolved during the test days are shown in figure 5.19 and the
comparative indices in table 5.8.
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Figure 5-19: Illustration of temperatures measured (above) and simulated (below)

against time step (10 minutes) number for the green roof test cell for validation
test 2
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Table 5-8: Comparative measures for validation test 2

Temperatures | CV1 Cv2 Cv3 Cv4 CV5 CVe6 Cv7

Plant Canopy | Soil Soil Soil Soil Soil
air top layer 2 | layer 3 | layer 4 | bottom
layer layer

RMSD [K] 3.196 | 3.670 1494 11387 [1355 |0.874 | 0.457

Pearson
correlation
coefficient 0.9603 0.9389 | 0.9134 | 0.8243 | 0.6458 | 0.6642 | 0.8570

The trend of results is similar to the validation test 1 with RMSD decreasing from 3.2
[K] at CV1 to 0.46 [K] at CV7 and Pearson coefficient decreasing from 0.96 at CV1 to
0.66 at CVV6. Compared to the test 1, it can be inferred that the results are slightly
better both in terms of closeness of simulation to measurements and the linearity of
deviations between them. The poor results in the Pearson correlation at CV5 and CV6
are due to the quality of measurement reading from test cell with spikes in instrument

readings.

5.7.1.3 Results for test days September 26-27-autumn, dry hot days

The temperatures’ comparative indices for the third test days are as shown in table 5.9
and the temperature evolution as in figure 5.20. The trend of results again is observed
to be similar to the previous test, with an increasing trend of closeness between

simulation and measurements from CV1 to CV7 and increasing trend of non-linearity

in the same direction.

Table 5-9: Comparative measures for validation test 3

Temperatures | CV1 Cv2 Cv3 Cv4 CV5 CVe6 Cv7

Plant Canopy | Soil Soil Soil Soil Soil
air top layer 2 | layer 3 | layer 4 | bottom
layer layer

RMSD [K] 5.010 |5.372 2380 2195 |1985 |1281 |0.719

Pearson
correlation
coefficient 0.9270 0.9044 | 0.9409 | 0.8351 | 0.6244 | 0.7619 | 0.7185
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Figure 5-20: Illustration of temperatures measured (above) and simulated (below)
against time step (10 minutes) number for validation test 3
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5.7.1.4 Results for test days October 17-18 - autumn dry days with medium

temperature

The temperatures evolution for the fourth test days are shown in figure 5.21 and the

temperature comparative indices in table 5.10.
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Figure 5-21: Illustration of temperatures measured (above) and simulated (below)
against time step (10 minutes) number for validation test 4
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Table 5-10: Comparative measures for validation test 4

Temperatures | CV1 Cv2 Cv3 Cv4 CV5 CVve6 Cv7

Plant Canopy | Soil top | Sail Soil Soil Soil

air layer layer 2 | layer 3 | layer4 | bottom
layer

RMSD [K] 2.871 3.155 1.520 1.473 1.228 0.839 0.397
Pearson
correlation
coefficient 0.8833 | 0.8404 | 0.8429 | 0.7556 | 0.7917 | 0.8379 | 0.9265

Here the trend of RMSD results is similar to the previous cases, but the Pearson

coefficient values are now of the opposite trend towards CV7. The inconsistent nature
of variations in the Pearson correlation coefficient again strengthen the assertion, as
previously stated, that the sources of non-linearity are the instrument spikes at the test
cell.

5.7.1.5 Results for test day October 30, winter onset, dry and strong winds

The statistical comparative indices for the fifth test day are shown in table 5.11 and the

temperatures of control volumes in figure 5.22. This set of results confirms the general

trend of results obtained in the previous studies of this chapter. From CV1 to CV7

RMSD improves and Pearson correlation deteriorates.

Table 5-11: Validation test 5 comparative measures

Temperatures | CV1 Cv2 CV3 CV4 CV5 CV6 Cv7
Plant Canopy | Soil top | Soil Soil Soil Soil
air layer layer 2 | layer 3 | layer4 | bottom

layer

RMSD [K] 2.117 2.133 1.098 1.223 1.106 | 0.747 0.475

Pearson

correlation

coefficient 0.9368 | 0.9270 | 0.9489| 0.8861| 0.7819 | 0.8043 | 0.6897
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Figure 5-22: Illustration of temperatures measured (above) and simulated (below)
against time step (10 minutes) number for validation test 5
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5.7.1.6 Results for test days December 5-6, winter dry days

The statistical comparative indices for the fifth test days are shown in table 5.12and
the temperatures of control volumes in figure 5.23
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Figure 5-23: Illustration of temperatures measured (above) and simulated (below)
against time step (10 minutes) number for validation test 6
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Table 5-12: Validation test 6 comparative measures

Temperatures | CV1 Cv2 Cv3 Cv4 CV5 CVe6 Cv7

Plant Canopy | Soil Soil Soil Soil Soil
air top layer2 | layer3 | layer4 | bottom
layer layer

RMSD [K] 3.212 3.359 2.016 1.809 1.669 1.132 0.827

Pearson
correlation
coefficient 0.9494 | 0.9448 0.9156 | 0.7536 | 0.29475 | 0.4257 0.50642

It can be seen from the above table that there is a marked deterioration in the quality of
results for both RMSD and Pearson correlation. Possible justifications are provided in

the next section.

5.7.1.7 Conclusion for thermal validations

In general, thermal validation results show that model is able to predict the lowest
control volume, CV7, temperature fairly accurately, showing RMSD in the vicinity of
0.5 [K] except for the case of winter test where RMSD is approximately 0.8 [K]. This
is due to the reversal of direction of heat flow that happens in the test cell in the winter
case, due to the very small temperature difference between the top and bottom
boundary temperatures of the test cell. Moreover in future revisions, the model has to
be tested for its ability to overcome such problems by using smaller time-steps
together with the coordinated validation time -steps. The problem is however unlikely
to happen in a building simulation case with considerable difference between indoor
and outdoor temperatures. However this shows an insignificant drawback of the model
in case of simulating for weather conditions when little or no difference in temperature

exists between indoors and outdoors.

It is to be noted that the plant temperature and canopy air temperatures are over
predicted in all cases during day times. The model assumes a fixed specific heat for
the plant and calculates its temperature as a function of the thermal energy absorbed
by the canopy. However plant is a living organism with several mechanisms for
regulating its body temperature. The model does take into account the stomata opening

dynamics following some of the environmental stimuli. However such phenomena are
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complex and the model is only the first version of what could be further developed in
terms of plant biophysics. However this issue is not of concern for the model’s
progress towards meeting its final objective, which is to accurately predict the lowest
soil temperature. Also, from the Pearson correlation comparison, it can be seen that
there is a high linearity in the way the prediction changes from the real value for the
plant and canopy air temperatures. It would therefore be possible to introduce a factor
hardcoded into the model to account for the difference between the measured and

simulated values of temperature.

In all test results, that include the complete test results of start-up days (pre-run of the
simulation prior to the actual test period, to make the program stable) and test days, it
takes less than ten time steps for the simulation to stabilize. This means that the green

roof model by itself does not require many start-up days.

As the model calibration has been carried out across seasonal variations (from summer
to winter) it can be presumed to be valid for building simulations with green roof for
heating and cooling seasons.

5.7.2 Moisture validation results

Moisture validation was done in two stages. Firstly moisture content values of the test
cells’ soil layer was compared against the simulated values. For this purpose, four of
the test dates as with the thermal simulations were used (all the six test dates as given
in table 5.6 could not be used for moisture validation due to some unrecorded
irrigation events for which the boundary conditions could not be properly estimated).
Secondly for the comparisons, a separate drainage test was conducted by irrigating the
test cells and measuring the resulting drainages and comparing it with simulated drain
values. This was conducted on a separate test date chosen to avoid influences of rain

and moist soils and conducted with a finer resolution of testing of 5 minutes.

5.7.2.1 Soil moisture content validations

The test days employed for this test validation are (1) August 17-18, (2) September 26-
27, (3) October 17-18 and (4) December 5-6. The criteria for the selection of dates are
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to include hot and cold days and to include dry and rainy days (as listed in table 5.6).
Moisture contents of mid soil layers 2, 3 and 4 were measured and compared with the

respective simulated values. The results are as briefed in the following sub-sections.

e Test day 17-18 August (summer, moderate rain):

The test days include occasional rains. The results are shown in figure 5.24
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Figure 5-24: Measured (above) and simulated (below) values of soil moisture
contents for validation test days 17-18 August
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Although the pattern looks different for the two plots, the simulation results are fairly

satisfactory as per the following reasons:

1. The simulation is able to track the events such as rain, moisture infiltration and

drying.

2. The measured readings’ comparative values are of some uncertainty as all three
of them did not reach the same saturated value as expected in a soil bed. This
may be due to air pockets present in soil around the sensor probes. This is
prevailing in all of the moisture validation tests. The uncertainty is also
obvious from the fact three sensors did not produce readings in the order
expected. At the drying stage, moisture content is expected to increase in the
order of depth, as evaporation is happening at the top surface. But it is not the
case with the readings obtained, for example at time step 170 in figure 5.24
measured data set, the order is: moist_cont_meas2< moist_cont_meas4<
moist_cont_meas3. The comparatively bigger size of soil moisture probes as
against the test cell’s soil layer height is a contributing factor and concern for

the quality of reading.

3. The initial guess values in simulation model are not aligned with the sensor
readings, and it is unlikely to happen in a real simulation situation, unless the
simulation is started with some events such as rain, at which time the moisture
content reaches a definite value such as saturation. This is because the moisture
state of the soil is strongly dependent on irregular events such as rain and
irrigation in addition to the regular predictable day/night cycles and seasonal
variations. The thermal state however is dependent on the predictable events
and during simulation the starting thermal state can be determined by a timed
pre-run of the simulation program. However this is a common problem to all
green roof moisture simulations and a work around need to be incorporated in

future revisions.

4. Moisture content in soil varies only within a small range, as from 0.05 to 0.5.
The lower limit is the residual moisture content and higher limit is the saturated
moisture content. The RMSD obtained for soil layer 3 and 4, as shown in table
5.13 are within the range, usually obtained in environmental soil models (for

example [8])
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The statistical indices of comparison are as shown in table 5.13

Table 5-13: Moisture Validation indices for test date August 17-18

Moisture Soil layer 2 Soil layer 3 Soil Layer 4

RMSD [m*/m°] 0.104 0.013 0.009

Pearson correlation 0.461 0.568 0.660
coefficient

Higher root mean square difference and lower Pearson correlation coefficients for the
top sensor location show that there are uncertainties concerning the match between
measured and simulated values. This appears to be the case also for all the four

validation periods for the moisture domain.

e Test day 26-27 September (autumn, dry hot):

These are dry days with gradual drying of soils. The results are shown in figure 5.25

It is to be noted that the order of the initial guess values for the simulation set which is
opposite of that of the measured value, is maintained throughout the test period. The

comparison figures are as given in table 5.14

Table 5-14: Moisture Validation indices for test date September 26-27

Moisture Soil layer 2 Soil layer 3 Soil Layer 4

RMSD [m*/m’] 0.146 0.007 0.005

Pearson correlation 0.993 0.966 0.984
coefficient

Here it can be seen that the model is strong in the unsaturated range as the linear

correlation is close to 1 in all the three readings.
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Figure 5-25: Measured (above) and simulated (below) values of soil moisture

contents for validation test days 26-27 August

e Test day 17-18 October (autumn, medium temperature, dry):

These are medium temperature days with gradual drying of soils. The results are

shown in figure 5.26. There are two events of drizzling which is shown as sharp

increments in measurements but reflected as a gradual bend in simulation
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Figure 5-26: Measured (above) and simulated (below) values of soil moisture

contents for validation test days 17-18 October

The comparison figures are in table 5.15

Table 5-15: Moisture Validation indices for test date October 17-18

Moisture Soil layer 2 Soil layer 3 Soil Layer 4
RMSD [m*/m’] 0.119 0.038 0.027
Pearson correlation 10.063 0.260 0.261
coefficient
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As with the previous cases soil layer 4 show better root mean square errors. In this

period poor correlations are observed for all layers due to the fact that the two sensor

spikes are not captured in the simulation and perhaps unrecorded irrigations occurring.

e Test day 5-6 December(winter low temperature, dry):

These are dry cold days. The results are shown in figure 5.27 and table 5.16

The comparison figures are in table 5.16

Table 5-16: Moisture Validation indices for test date December 5-6

Moisture Soil layer 2 Soil layer 3 Soil Layer 4
RMSD [m*/m°] 0.116 0.004 0.021
Pearson correlation 0.980 0.971 0.974
coefficient

In this case again except for the top reading, the model is performing well which is

reflected from the low root mean square error and high coefficient of correlation.
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Figure 5-27: Measured (above) and simulated (below) values of soil moisture
contents for validation test days 5-6 December

5.7.2.2 Drainage rate validations

The drainage test was conducted on 25 September. To test the test cell drain rate,

manually controlled irrigation was supplied to the test cell. Five buckets (6.8L size) of

water emptied over the test cell uniformly in 7.7 minutes. Timed measurement of drain

is done by an arrangement of Raspberry-Pi camera and graduated container. Irrigation
figures and the test conditions were set as input to the model.
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Carsel [75].

Simulation was carried out with three sets of soil properties as represented by the Van
Genuchten moisture retention curve indices; one corresponding to the silt-loam texture
class; second one corresponding to a ‘best fit’ procedure conducted on the measured
readings (as explained in the section 5.7.2.3) and third simply a trial and error test

result conducted from a range of values of soil texture class as given in the reference,

The test results are shown in figure 5.34 and also listed in table 5.13 to allow

individual side by side comparison. The input data set is provided in table 5.17

From the validation data set it can be seen that all three sets of soil properties are able
to predict the drainage rate and delay in different ways. The silt loam set of input
predicts maximum drainage value closely but lags behind in predicting the delay of

drainage run off. The best fit set is able to predict the delay in drainage, but poor in

matching the maximum value. The selected set is able to predict the maximum value

closely but again it does not accurately predict the delay. As expected, in all cases the
total drainage is less than the irrigation value.

25
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—
w

Irrigation In L/S minutes
=)

measured and drainage simulated
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—s-Simulation [sitt loam) L/Smin
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Figure 5-28: Drainage validation results - comparing irrigation, drainage
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Table 5-17: Drainage validation data set

Time Irrigation Drain Drain Drain Drain
step [L/5min] simulation 1 simulation 2 simulation 3 measured
number silt loam best fit select [L/5min]
[L/5min] [L/5min] [L/5min]

1
2 0 0 0 0 0
3 0 0 0 0 0
4 8.798413 0 0 0 0
5 21.99603 0 0 4.0186734 0
6 3.205555 0 0 16.7763 4.095
7 0 0 0 0 10.7375
8 0 6.6893778 0 0 3.168963
9 0 0.28660181 1.7177128 0 1.126088
10 0 0 0.64788 0 0.566327
11 0 0.59423995 0.7546362 0 0.566327
12 0 0 0.4077536 0 0.566327
13 0 0 0.3894387 0 0.566327
14 0 0 0.2336269 0 0.566327
15 0 0 0.2025692 0 0.566327
16 0 0 0.1364605 0 0.566327
17 0 0 0.1047373 0 0.566327
18 0 0 7.00E-02 0 0.493851
19 0 0 5.02E-02 0 0.269319
20 0 0 3.14E-02 0 0.14
21 0 0 1.95E-02 0 0.14
22 0 0 9.04E-03 0 0.14
23 0 0 2.68E-03 0 0.133786
24 0 0 0 0 0.114536
25 0 0 0 0 0.103448
26 0 0 0 0 0.103448
27 0 0 0 0 0.103448
28 0 0 0 0 0.103448
29 0 0 0 0 0.097347
30 0 0 0 0 0.081256
31 0 0 0 0 0.076923
32 0 0 0 0 0.076923
33 0 0 0 0 0.076923
34 0 0 0 0 0.053846
35 0 0 0 0 0

34 1.57 4,78 20.79 25.97
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5.7.2.3 Procedure for determining best fit soil properties

The relation between soil moisture content and matric potential is determined using
van-Genuchten (VG) equation in the model, as described in section 4.4. The
parameters of the VG equation (i.e., residual moisture content (m*/m?), saturated
moisture content (m*/m?®), water retention parameter ‘e’ (cm™), water retention model
parameter ‘n’ index), are determined based on the soil texture class. The soil in test

cell is determined as of silt-loam texture class.

From the test cell moisture data, an observed moisture content-matric potential curve
is plotted in figures 5.29 through 5.34. This is compared against theoretical curves
(also plotted in these charts, side by side) obtained by VG relation using various soil
texture properties. The comparison for four of the texture class set plots are shown in
figures 5.29 to 5.32. Among them, figure 5.31 represents the silt loam texture class,
which has been determined as the texture class of the experimental test cell and the
data of which was used throughout the validation exercises. In addition, a mix-and-
match selection of the parameters was chosen among all the 12 texture classes to get a
close match between the measured and calculated curves and its comparison is shown
in figure 5.33. Further, a best fit was determined using a statistical procedure namely
generalized reduced gradient Frank—Wolfe algorithm [87] [88] and the obtained result

is shown in figure 5.34.

From these illustrations (figures 5.29 to 5.34) the following observations are made:
e The model is very sensitive to the choice of VG indices of the soil.

e In addition to the method of determining them from the soil texture class, they
can also be determined by a statically best fit procedure if some soil moisture
data (moisture content and matric potential) are available. The modelling
results are closer to the measured ones by the statistical method.

e The soil texture class used in this validation study is relatively better choice
among the texture classes, producing closer match between the calculated and

measured moisture retention curves.
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Table 5.18 shows the VG indices used for the illustration of comparison with the

measured data

Table 5-18: Drainage validation soil properties

VG (Van Genutchen | Loam Silt Silt Sandy Selected Best fit

indices) loam clay loam | set (mix set(statistical
and procedure)
match)

Residual moisture 0.078 | 0034 | 0.067 0.1 0.076 0.067

content 6, (m*/m~) ' ' ' ' ' '

Saturated Moisture

Content 0, (m¥/m®) 0.43 0.46 0.45 0.39 0.37 0.45

Waterretention | 9036 | 0016 | 002 | 0059 | 0.008 0.008

parameter ‘o’ (cm™)

Water retention

model parameter ‘n’ 1.56 1.37 141 1.48 1.482 1.9

index

5.7.2.4 Conclusions for moisture domain validations

The moisture validation studies tested the model ability to track the moisture

variations within soil and predict green roof influence on run-off rate. As is evident

from the above results, the model is able to simulate the moisture conditions of

unsaturated soil fairly well whereas there are some issues with the prediction when the

soil attains saturation. This is due to the nature of the relation between the state

variables in the soil, namely the matric potential and moisture content. The model

solves matric potential in successive iterations (as explained in section 3.3) by seeking

optimum match and trying values above and below. In the context of soil, the matric

potentials are negative values reaching to a maximum of zero at saturated condition.

The moisture contents range from a minimum residual value (6;) to a maximum

saturated value (65). The conversion function between matric potential and moisture

content uses these limiting values (6, and 0s) and determine the moisture content at

successive iterations from the evolving state variable of the moisture balance equations,

the matric potential. A particular problem arises as the soil moves towards a state of

saturation. Moisture contents for matric potentials zero and above are always one

single value, the saturated moisture content of soil. This limiting behaviour of solil
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moisture relation limits the numerical solvers root seeking capability. As a solution, a
stabilizing factor was introduced to the bottom boundary flow to keep the model in

stable loop of moisture iterations.

5.8 Conclusion for validation tests

Validation tests involving experimental test cell measurements were conducted in a
variety of environmental conditions to determine how close the state variables are to
the measured values. The thermal results are satisfactory except for the plant and
canopy regions, but this did not influence the final result for the temperature of the
bottom layer which is used as a boundary condition in the whole building simulation
in ESP-r. Further, the analysis showed that the nature of variations between the
simulated and measured values at the plant and canopy level is linearly predictable

(with relatively high Pearson correlation coefficient).

For the moisture domain, the results are fairly close for non-saturated soils and some
deviations between the measurements and simulations are evident for the case of
saturated soils. Comparatively poorer agreement of soil moisture measurements with
the simulation results at the soil surface is attributed to the sensitivity of the sensor
probes for air gaps and is recognized as a common problem in soil moisture
measurements near the surface [89]. The validation exercise also revealed the
conditions for variations of the model which helped in model improvement. In general,
it can be said that the model achieves its objective of representing a green roof element

in a whole building energy simulation.
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6. Conclusions

6.0 Introduction

The objective of this chapter is to summarize the research conducted and presented in
this thesis and to summarize the achievements of the research project with regard to
the development of a green roof simulation model for whole building energy
simulations. The chapter ends with some suggestions for future developments on the

topic of the research and for including additional features in the model.

6.1 Summary of research report

In chapter 1, the aim and objectives of the research were explicitly stated and the
research justifications were presented. A very brief outline of the research

methodology was also given in chapter 1.

A literature review covering various aspects of existing green roof models was
presented in chapter 2, along with a brief description of ESP-r’s model structure that is
relevant to this research. Key features of some soil-vegetation models with energy and
moisture exchanges similar to that of a green roof are also outlined in chapter 2. After
reviewing the existing green roof model literature, research gaps were identified. ESP-
r’s methodologies were reviewed and available model resources in environmental
models were identified. Subsequently a new green roof model was developed based on

the control volume principles.

Theoretical formulation of the new green roof model and its implied assumptions were
described in chapter 3 where the numerical solution process of the governing thermal
and moisture equations were detailed. A comprehensive listing of the definitions of the
thermal and moisture domain equations is given in appendix 3.1 and 3.2. A method of
integrating the model with the building simulation program ESP-r was also given in
chapter 3. The new model which assimilated thermal and moisture interactions was
integrated with ESP-r as a modification of its external surface boundary condition. The
model’s integration was found not to be much computing burden, although the model
was running in tandem with ESP-r, at every time-step, taking ESP-r’s external

temperature as its boundary condition, solving and supplying the results as ESP-r’s
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new boundary condition. The model required some input data related to plants and soil,

which are unfamiliar to building simulation practitioners.

Details of model’s inputs and methods for obtaining them were briefed in chapter 4
where it is demonstrated as a guideline for deriving unfamiliar inputs of soil and plant.
A sensitivity analysis conducted to identify the degree of influence of the various input
variables on the model’s results was also described in chapter 4. By ranking the
various model inputs according to their influence on model results is expected to
provide guidelines concerning which one needed more careful consideration than
others. Plant data collections described as part of the validation studies in chapter 5

can be construed as supplementary to the data collection methods for the model.

Experimental validation studies conducted, on a test cell, for verifying thermal and
moisture domain results of the model and to compare the models’ results with
experimental data, were described in chapter 5, where the detailed results were also
presented. The results of thermal validation studies demonstrated that close match
exist for temperatures of CV7 temperature (RMSD range from 0.39 K to 0.82 K, for
six validation studies) which will be eventually used as the ESP-r boundary condition.
Plant and canopy CVs results showed some variations (relatively high RMSD) but also
indicated predictable natures of these deviations (high value of Pearson’s correlation
coefficient). For the six thermal validation studies, RMSD of CV1 plant temperature
deviations ranged from 2.1 K to 5 K whereas RMSD of CV2 canopy air temperature
varied from 2.1 K to 5.3 K. Values of Pearson’s correlation coefficients for the CV1
temperatures varied from 0.88 to 0.96 and that for C\VV2 temperatures varied from 0.84
to 0.94. For the four moisture domain validation studies conducted to compare the
moisture contents measured and simulated in CV2, CV3 and CV4, the results were
better for inner soil layers (average RMSD 0.016 m®/m? for both CV3 and CV4)
compared to the near top layer CV2 (average RMSD for CV2, 0.121 m*/m®). The
reason for the poorer result of CV2 is attributed to the possible influence of air space
at the moisture sensor probe. A drainage validation study conducted for the new model
was also described in chapter 5. Comparisons were done by running simulations with
different sets of soil input data and it was found that a set derived from a statistical
best fit procedure rendered the best results for drainage simulation.
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6.2 Meeting objectives of research

The following three research objectives were outlined at the onset of this thesis, which

are all achieved in this research. The objectives achieved are:

e A new green roof model has been developed based on the control volume
approach, which is capable of simulating the dynamic thermal and moisture

flows and the interactions between them.

e The model has been successfully integrated with the parent whole building

energy simulation program ESP-r and tested to be working with it.

e The newly developed green roof model has been validated with several

experiments conducted at different intervals over a half year period.

A methodology for collecting model’s inputs has been demonstrated which could
guide the practitioners in using the program. In addition to the usual weather file data,

the use of precipitation and irrigation data within the model has also been specified.

In addition to meeting the objectives, two additional achievements of the research
work are:
e The green roof module is self-contained with its matrix solver steps included,
thus with some tailored adaptations the model can be integrated with other

building energy simulation programs.

e The model also predicts drain rate of the green roof and could become a
valuable tool for modern landscapes requiring assessments of run-off
characteristics of buildings. However the model’s drainage function has
limitations as is evident from the validation results and it needs additional
refinement in terms of the empirical moisture functions as explained in section
5.7.2.

6.3 Features of the new green roof model

The method used for the development of green roof model involves dividing the green
roof elements into control volumes and identifying the governing thermal and moisture

exchange equations. These equations were further made into a set of time-discretised
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equations which were then solved for successive time steps. The control volume
equations were combined and a matrix of linear equations was formed for facilitating
simultaneous solving for state variables. The coefficients of these matrix equations
were defined in terms of thermal and moisture related properties of the various
elements of green roof. These coefficients were themselves time varying, so they were
determined at each time step by procedures defined for all the coefficients in the

model and by making use of the time-evolving parameters (as described in section 3.3).
The equations were solved by successive iterations. Within a successive iteration,
thermal and moisture equations were processed in succession ensuring the thermal-

moisture coupling.

The following are the key benefits of the model:

e The control volume model is capable of capturing inter-layer interactions and
thermal/moisture domain interactions. In particular the thermal moisture
coupling is rendered effective by the use of properties that are dependent on the
thermal and moisture state variables in the calculation of moisture and thermal
state variables respectively as demonstrated in the model’s equations in chapter
3, appendix 3.1 and appendix 3.2. For example, the thermal conductivity of
thermal equations is dependent on moisture content and the stomatal resistance
of moisture exchange is dependent on temperature and soil moisture content. In
addition, some properties which are used in both thermal and moisture
exchange calculations are dependent on either one or both of thermal moisture
state variables. For example, the aerodynamic resistance (used in moisture and
thermal domain calculations) is a function of temperatures and the vapour
conductivities (used in moisture and thermal domain calculations) are functions

of temperatures, moisture contents and matric potentials.

¢ Integrated in whole building energy simulation the model serves as a valuable

assessment tool for the building sector’s decision makers.

e The model is capable of predicting drainage rate and the delay in the run-off, as

has been demonstrated in section 5.7.2 and in figure 5.28. This feature of the
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green roof is much sought after now with the fast changing weather patterns

and is required to be simulated in urban landscape models.

e The model is self-contained, making it adaptable for a variety of host building
simulation programs. When integrated with a whole building energy program,
the model calculates the boundary condition required by the host program for
its green-roof carrying structure and the model in turn takes the building
structure temperature for its boundary condition for the following time step.
Currently the model uses only temperatures as boundary condition. However, it
would be possible to have both thermal flux and temperatures as boundary
conditions with some minor modifications within the control volume

formulated model.

e The model incorporates features of SVAT (soil-vegetation-atmosphere)
environmental models which are confidently established in the hydrology field.
Examples of such features are: the moisture infiltration model into the soil
defined by Richard equation[58], the moisture retention characteristics of the
model defined by van Genuchten [37] function and the plant- root’s moisture

uptake model.

The results of the validation tests confirm that the model is able to predict the thermal
moisture exchanges in the green roof fairly accurately. From the six thermal validation
studies conducted during the period August to December 2014, the results indicate
average RMSD on temperatures simulated as varying from 3.4 K at canopy air to 0.6
K at the soil bottom layer. The closeness of prediction at the soil bottom later is
significant as it is being used as a boundary condition linking the newly developed
model with ESP-r simulation program. Similarly for the four moisture validation, also
conducted during the same period, the results indicate average RMSD of simulated
moisture contents for the inner soil layer as 0.01 m®/m® whereas that of the top layer is
0.12 m*m®. Soil moisture sensors’ limitations on the surface measurements (as stated
in section 5.8) is considered to be the reason for inferior results at the surface. In

general results were better for unsaturated soil as compared to that for saturated soil.
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6.4 Model’s scope limitations

The following are some of the features for which improvements could be made:

Currently the model employs fixed five layers of soil as control volumes which
are suitable for common intensive green roof dimensions. It is preferable to
include features of adaptive gridding in the model which will give the user,
flexibility to model any size of green roof with additional accuracy and also to
adopt the required balance between the computational burden and the model’s

precision.

The model incorporates only one model for the soil moisture retention
characteristics (van Genuchten model[37]), which in turn requires its specific
and often hard to obtain input parameters such as the saturated moisture
content [m®m 2], the residual moisture content [m®m 3], o1 air entry parameter

and n the pore-size distribution index.

6.5 Suggestions for future developments

Based on the limitations listed in the section 6.3 the following areas of further

development are proposed.

To make the control volume numbers more versatile by including include
adaptive gridding and a choice of separate grid structure for thermal and
moisture domains. As the green roof sizes vary and continue to evolve the
model should adapt to the wide range of green roof characteristics such as
having mixed types of plants, constructed as green roof gardens and having

different types of substrates and drainage layers.

To develop an interface for the model that can be used to link the model to

building energy simulation programs with open data models, other than ESP-r.

To further develop the input data model to a database; this would be a
beneficial feature of the models since the green roof types are continuously
evolving and the users are often unaware of how to obtain inputs for green roof

simulations.
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e To expand the data model in order to enable schedule of input for plant
variables to be entered, such as time varying plant height and LALI. This could
be implemented by modifying the program to have a choice of selecting either

a single value of the variable or a time array of the variable.

e To expand the moisture domain calculations of the model by including other
choices of moisture retention models such as Campbell [8] in addition to the
existing van Genuchten model [37], so that the user can choose the type of
model according to the availability of input data.

e To further improve the drainage model [90] by incorporating adaptive
boundary conditions, i.e., to include a feature in the model to automatically
choose zero flux boundary conditions for non-saturated soil conditions (no
drainage) and zero potential boundary condition for saturated conditions
(drainage occurring). It is also preferable to include varying head for drainage
calculations which may be required for simulating the exponential type of
slowdown of drainage observed (section 5.7.2) in the drainage validation study.
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Appendix 1: Chronological list of green roof simulation models

Several research studies have been conducted concerning green roof performance. A
review of selected green roof models is presented in chapter 2. This appendix presents
an extended list of what has been briefed in chapter 2.

Table A.1 Green-roof simulation models

Year | Researchers Model brief

1982 | Nayak, J. K., Hourly heat flux calculated of a 'roof garden' which is
Srivastava, A., treated as an evaporative cooling system. Using an early

[91] Singh, U., Sodha, | days’ ‘ECIL-78’ computer
M. S.

1998 | Elena Palomo Del | Finite volume method to solve set of partial differential
Barrio equations depicting thermal and moisture exchanges in

[9] roof, soil and canopy sub models in Matlab simulation.

Equations for soil thermal conductivity and non-
isothermal vapour diffusivity serve as thermal-moisture
coupling

1998 | Eumorfopoulou, | Considered green roof as an added insulation to the roof
E., Aravantinos, affecting its U value

[92] | p.

2000 | Takakura, T., Numerical model with14 nodes and 14 differential
Kitade, S., Goto, | equations solved in CSMP built-in function (CSMP -

[93] |E Continuous System Modelling Program). Experimental

validation done in test cell. Evapotranspiration
measurements done by periodic weighing of a buried pot
in the test cell.

2001 | Niachou, A., Considered green roof as an added insulation to the roof
Papakonstantinou, | affecting its U value in TRNSY'S simulation.

[22] K., Santamouris, Experimental measurements were conducted in summer
M., of 2000 in a hotel situated in the extended Athens basin
Tsangrassoulis,

A., Mihalakakou,
G.

2001 | Onmura, S., Numerical finite difference model calculating
Matsumoto, M., simultaneous transport of heat and moisture in a

[94] | Hokoi, S. combination of experiment and simulation. Thermal

moisture coupling implemented in transport equations.
Field measurement on a lawn garden set up in a three
storey building and wind-tunnel experiment to analyse
heat and moisture transport were done.
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2003 | Bass, B., Liu, K. Thermal effect of green roof and green walls modelled
K. Y., Baskaran, as additional insulation and shading in Visual DOE.
[95] |B.A. Field monitoring done on an experimental field site, the
Field Roofing Facility (FRF), at the National Research
Council (NRC) campus in Ottawa
2003 | Theodosiou, T. G. | Numerical finite elements model of 21 nodes dine in
Suncode PC. Planted roof simulation within a complete
[96] building analysis performed. Coupling is effected by
variation of some thermo-physical properties according
to time and water content. Validation done by the use of
real data taken from a building in the Mediterranean area
2003 | Wong Nyuk Hien, | Change in roof U value with and without green roof
Chen Yu, Ong measured. Thermal effects of rooftop garden under
[26] | Chui Leng, Sia tropical climate were investigated through the field
Angelia measurement
2005 | Lazzarin, R., Numerical finite difference model, with 3 nodes for soil,
Castellotti, F., 1 for drain and 1 for water-proof membrane and 1 for
[97] | Busato, F. concrete implemented in TRNSYS. A dedicated module
to simulate the green roof was developed. On site
measurements done covering two summer periods and
one winter period.
2006 | Chen Yu A new ‘Green Sol Air Temperature’ to calculate ETTV
was introduced and extensive field tests were conducted
[24] in Singapore.
2006 | Gaffin, S., It is a quasi-steady state energy balance model
Rosenzweig, C., neglecting heat storage term. Bowen ratio was used for
[98] Parshall, L., latent heat estimation. Experiment measurements
Beattie, D., conducted from six separate buildings, three with green
Berghage, R., roofs and three with dark roofs
Keefe, G.,
Braman, D.
2007 | Alexandri, E., It is a finite difference model of 17 nodes distributed
Jones, P. across layers of air, canopy, soil and concrete in which
[17] hourly calculations were performed. Thermal and air
moisture exchanges are modelled as parallel networks
with interactions. Experimental measurements
conducted on two test cells, one plain concrete and
another green roof, installed on a building roof
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2007 | Santamouris, M., This model considered green roof as an added insulation
Pavlou, C., to the roof affecting its U value and implemented in
[21] | Doukas, P., TRNSYS 15.1. Experimental investigation conducted on
Mihalakakou, G., | a green roof system in a nursery school building in
Synnefa, A., Athens
Hatzibiros, A.,
Patargias, P.
2008 | Martens, R., Bass, | A rooftop energy balance model for a green roof is
B., Alcazar, S. integrated into a building energy simulation tool in order
[23] to determine its performance. It was implemented in
ESP-r, as a modified convective coefficient, modified
using Bowen ratio to include evaporative heat loss.
Simulation based parametric studies conducted for
analysis.”
2008 | Sailor, D. It is implemented as ‘ecoroof” module in EnergyPlus,
which is using conduction transfer function scheme by
[6] solving two equations, one for foliage energy balance
and another for soil energy balance. Coupling done by
updating soil thermal conductivity as a function of
moisture content. Parametric and field tests conducted
on office buildings in Chicago and Houston.
2010 | Feng, Chi, Meng, | Energy balance equation consisting of elements of plants
Qinglin, Zhang, net photosynthetic energy, among others solved with a
[99] | Yufeng combination of experimental measurements. Summer
measurements conducted on a research building in
Guangzhou China
2011 | Ayata, T., A new equation for convective heat transfer between
Tabares-Velasco, | plant and air was developed. Convective coefficient was
[31] P. C., Srebric, J. expressed as a function of volumetric water content.
Experimental measurements conducted on test cell to
validate newly developed formula.
2011 | Ouldboukhitine, S. | Model was implemented in MATLAB by solving two
E., Belarhi, R., equations, one for foliage energy balance and another for
[43] | Jaffal, I., Trabelsi, | soil energy balance. Thermal moisture coupling
A introduced by relating moisture content with thermal
conductivity. Experimental verification conducted at a
1:10 platform
2012 | D’Orazio, M., Di Experimental measurements were used to assess thermal
Perna, C., Di transmittance U values. Summer and winter
[100] Giuseppe, E. measurements conducted on a real scale experimental
building in Ancona Italy
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2012 | Djedjig, R., This model involves solving three equations, 1st for
Ouldboukhitine, foliage energy balance, 2nd for soil energy balance and
[41] |s. E., Belarbi, R., | 3" for soil moisture balance. (1 and 2 include thermal
Bozonnet, E. capacitance terms). Coupling introduced by moisture
transfer equation. Experimental verification conducted at
a 1:10 platform
2012 | Hodo-Abalo, S., In this model numerical simulation and parametric
Banna, M., analysis were done to establish a relation for Solar Heat
[101] | Zeghmati, B. gain Factor (ratio of incident to transmitted solar
radiation) in terms of LAI and Biot number
2012 | Jaffal, I., It is a model solving two equations, one for foliage
Ouldboukhitine, energy balance and another for soil energy balance and
[42] | s E. Belarbi, R. | implemented as a new module in TRNSYS building
simulation
2012 | Permpituck, S., In this study overall heat transfer coefficient (U-Value)

Namprakai, P. of the roof lawn garden was estimated by using data
[102] from site measurements and simulated in VISUAL DOE
4.0 to determine annual benefits. Field test conducted on
a model situated at Phitsanulok Province, Thailand.
2012 | Tabares-Velasco, | Quasi-steady state equations modelling energy balance

P. C., Srebric, J. implemented where moisture thermal inter-related
[29] functions were included. Extensive experimental
verification conducted of all related equations
2013 | de Munck, C. S., | Green roof model implemented as part of a town energy
[32] | Lemonsu A, balance model interfacing with atmospheric model.
Bouzouidja, R., Experimental verifications done in Nancy, France
Masson, V.,
Claverie R.
2014 | Kokogiannakis, A combined experimental and simulation study at
[103] | G., Darkwa, J., Ningbo China in which measured green roof
Yuan, K. temperatures were used as modified boundary conditions
in ESP-r to simulate the carbon emission benefits in
summer and winter.
2014 | Djedjig, R., TRNSYS implemented vegetated building envelope
[7] Bozonneta, E, model which include green walls and green roofs. A
Belarbia, R. thermal moisture coupled model with experimental

verifications on a test system consisting of green roof
and green walls at La Rochelle France.
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Appendix 2: Code listing of ASCI| file used for data input

An example of the input text file, which can be used with the new green model is
given in this appendix.

#GR_input
***Plant
VARIABLE DESCRIPTION [UNIT]
plantLAT Leaf area index [-]
plantHt Plant height [m]
rhoLeaf Density of leaf[Kg/m3]
cplLeaf Specific heat of leaf[J/kg K]
leafThk Leaf thickness[m]
leafChDim Leaf dimensions (L,W) [m]
extinLong Long wave extinction coefficient[-]
stomatResMin Minimum Stomata resistance[s/m]
plantWiltPt Plant wilting point matric potential[m]
.0 0.4 700.0 3500.0 0.001 0.015 0.829 120.0 -80.0
***S0il
VARIABLE DESCRIPTION [UNIT]
soilHt Soil depth[m]
soilMinFr Soil mineral fraction[m3/m3]
s0il0rgFr Soil organic fraction[m3/m3]
MoistCont sat Saturated moisture content[m3/m3]
Clay fr Soil clay fraction[kg/kg]
MoistCont res Residual moisture content[m3/m3]
soilnIndex Soil '‘n’ index (van-Genutchen function)
-curve shape factor related to soil pore-size
istribution
soilAlphalIndex Soil ‘alpha’ index (van-Genutchen function)
-scaling parameter related to the inverse of
-the air entry pressure[cm-1]
hydCond sat Saturated hydraulic conductivity[m/s]
.4 0.45 0.1 0.45 0.2 0.067 1.4 0.02 1.25e-6 0.13 4.7
***Roof
VARIABLE DESCRIPTION [UNIT]
***Radiation
VARIABLE DESCRIPTION [UNIT]
reflCan Canopy reflectivity[-]
reflGround Ground reflectivityl[-]
refllLeafTis Leaf tissue reflectivity[-]
transmLeafTis Leaf tissue transmissivity[-]
emissLeaves Emissivity of leaves|[-]
emissSoil Emissivity of ground[-]
.25 0.15 0.3 0.2 0.96 0.95
***Site
VARIABLE DESCRIPTION [UNIT]
siteAlt Site Site altitude[m]
fracveg Fraction of vegetation[-]
00.0 0.95
***Simulation
VARIABLE DESCRIPTION [UNIT]
alphaGR weighing factor for Crank Nicolson
(mlalphaGR = 1 - alphaGAM)
.9
***Maintenance

S O = S e R P S e S S O S e e S o o o o e S O S o o = O, S o o o e Sk o ok ok o (0 S Sk o S o e e 3 o o ok
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VARIABLE DESCRIPTION [UNIT]

TimesPerDay time (1) Jan |these two together tells
TimesPerDay day (1) |how many times per day
TimesPerDay time (2) Feb | range TimesPerDay time 0 to
TimesPerDay day(2) | TimesPerDay day 0 to
TimesPerDay time (3) Mar |[1f TimesPerDay time=0
TimesPerDay day (3) |then TimesPerDay day=0 (no irrig)
TimesPerDay time (4) Apr |1f TimesPerDay time=1
TimesPerDay day (4) |then TimesPerDay day=1 to 4
TimesPerDay time (5) May |1f TimesPerDay time=2 to 4
TimesPerDay day (5) |then TimesPerDay day=1

TimesPerDay time (6) Jun | (more than once daily)
TimesPerDay day (6)

TimesPerDay time (7) Jul

TimesPerDay day(7)
TimesPerDay time (8) Aug
TimesPerDay day (8)
TimesPerDay time (9) Sep
TimesPerDay day(9)
TimesPerDay time(10) Oct
TimesPerDay day (10)

TimesPerDay time(l1l) Nov

TimesPerDay day(11)

TimesPerDay time (12) Dec

TimesPerDay day (12)

IrrQty Amount of irrigation each time [mm]
0000012111421000000000O00

.0

*x*xx% Weather data Solar radiation[W/m2]

Wind velocity[m/s]
Hourly Precipitation [mm]
Sky temperature [K]

S o 3 U1 O = o e e S S o o e S SE o SR SR e e S ok o o R D 3 D SR o e
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Appendix 3.1 Thermal model equations and coefficient tables

This appendix provides an organized documentation for all the coefficients, their
derivations and in some cases a few alternative choices, for the thermal domain
equations. Also the format of the equations for the thermal balances in each control

volumes is given.

Thermal Balance Equations

Thermal exchange matrix for eight control volumes:

TN [« Y[ Y (
o Tl
ﬂn a3 A \ i ﬁn b2 b13 b4 \ ) d
al a3 P bt b2 b3 b B Q
L I B S B2 b33 b3 b3S i a
a5l x| - b4 ba5  bap x It |+ o
&5 86 o g bS5 b5 b5 I S
®6 W67 a6 o b66 67 bes i b
k an ay ool \ b7 b8 bwj 15 a
) ¢ J\ )\
1. Canopy plant
Energy Balance
P _ _ _
ppcdeAI - ¢rad,so| + ¢rad,|ong + ¢c0nv,a—p ¢conv, p—ca ¢trans p—ca

dt
¢rad,sol = [1_ s — (1_ s )pra ](1+ 2-s:org )¢s

¢rad,|ong = hr,sky(Tsky _Tp)+ hr,sl(Tsl _Tp)

C
¢conv,a—p =0y pa p (Ta _TP)
ea
¢conv,p—ca =2LAl pcarcp(Tp _Tca)
B PSP (-
¢transp—ca =2LAl M(ep eca)
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Energy Balance CV1 Plant leaves
mnrT—=

drT,
p’CM—a‘;’?='M+f,d“ R o o

Drsa s Solarradiation= optical
properties of plantand ground
@ Dra3ing lONg-wave exchange with
V3 sky and ground. .
Deomiop CONVection gain from
cv4 ambientair
CVS E Deonipc= CONvection lossto
cVv6e canopy air
=~ E] Dyase 52 transpiration heatloss

Coefficient form

#aCp]
o At
[a”‘ rl+Al T:"‘

CpdLAT 12 C 2LAIp,Cy ]
[(_’,L+ "“"A“"“":‘.’-?\“*'“”!Z-mf = ,.:::r = T;’A‘

= [‘,21“;‘;1203'0. TLA
gt T
[(l —0)0, ]T"
[L - (1~ a)k! i (1 = a)h“l (1~- 0)0/&;-%, -(1- 21«410. ]

o -0’2"""+C’"]7?-

+[(1—a)hi ) T
+[(1 = a) ([1 =7 = (1= m)pro] (1 + Tupry)) & + @ ([1 — 7, — (1 — 7, )pra) (1 + Tupry)) 6,72

- [(1 - n)h:mr_,,' + nh“NT"m']

1 ) 2EAICra [ 2LAIpCra ‘,,A,]
7(r +rn)t e 4 r)itaL "

o= 2LAlp.C,. e 2LAIpCra  yins
e+t ™ Are + 1o
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p
rEHAE

PaC;
(a11) —ao 2h

Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input | Param | Calcul | Info
eters ated
Variab
les
o fractional vegetation coverage 0.98 - Of
Cp air specific heat 1005 J/kg K Cpy
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
poair density (Note 6) p= p 27316 1293 1.16 kg/m’ Pu
101325 T :
rlAtaerodynamic heat transfer Reference [104] 13.7 s/m h
coefficient uz
nZ-4
=) s e ()
e = Ty, h—a)) Tath—a) |7P h
k =von Karman’s constant = 0.41
z=reference height of measurement of wind velocity uz (2m)
h=plant height
d = zero plane displacement = 0.64 h
z, = roughness length =0.13 h
o = canopy diffusion coefficient 2.5 for agricultural crops
(Alternative) Reference [105] [55] 58.5 W/m2 | L CPa Ta
rl+Ataerodynamic heat transfer K z pa Ta
coefficient [ln (Z - ‘ZiH‘l' ZH iy [l ( —d+ Zm) + lpm] u
Tea = Zu
k = von Karman’s constant = 0.41
z=reference height of measurement of wind velocity u
d = zero plane displacement = 0.65 L; L is the plant height
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zn, = surface roughness parameters for momentum =0.1 L
zy, = surface roughness parameters for temperature = 0.2 z,,,

Yy = atmospheric stability correction factors for heat
U, = atmospheric stability correction factors for momentum

parameter: (Note 1)
_ kzgH

T PaCPa Taud

ea
uk

zZ—d+zZm
Zm

us= friction velocity=
[in(=552)m]

For stable conditions (s positive)

Y =Ym =6Mm(1+5s)
For unstable conditions (s negative)

H = sensible heat = p“r& (Ta - Tp) between canopy plant Tp and ambient air Ta

Values for this correction factors are to be determined according to the value of a stability

Y = =2 I [FEOTL = 06y,
al2 %‘i“l + ahﬁf;ﬁ‘y + ahl’f' + aof 2 rn:ig,f: +al Ligff, Cpa
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Parameters | Calculated | Info
Variables
LAI Leaf Area Index Input by user by selecting plant type. The plant database — also include seasonal schedule 3 m°/m” LAI
p, plant leaf density Plant DB; seasonal schedule 400 kg/m3 Pp
Cp plant leaf specific | Plant DB; seasonal schedule 2000 J/kg K G
heat
Cp, canopy air 1005 J/kg K Coa
specific heat
Cp, ambient air 1005 J/kg K Coa
specific heat
d average leaf Plant DB; seasonal schedule 0.001 m d
thickness
os fractional 0.98 - Of
vegetation coverage
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Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Parameters | Calculated | Info
Variables
Pe; CANOPY air b= p 27316 1.293 1.18 kg/m3 Pea
density 101325 T
Ou ambient air = p 27316 1293 1.16 kg/m3 Do
density 101325 T
hy sy radiation Sub — based on previous time values of plant temperature and sky temperature 5.6 wW/m’K | LAl o Tsky
transfer coefficient k, Tp
3

sky -plant By =4 (1—1)0 (Tsky2+ Tp)

o Stefan Boltzmann constant = 5.6704 x 10°® W/m2 K*

7, longwave transmittance

7, = e~Ua 4D

k; Coefficient of extinction-long wave given by

Leaf distribution horizontal kl=1

Leaf distribution 45 degree kl=0.829

Leaf distribution vertical kl =0.436

spherical leaves kl = 0.684

Emissivity to be included-Note 7
h, ;1 radiation Sub — based on current values of plant temperature and soil surface temperature 5.4 wW/m’K | LAl o] Ts1
transfer coefficient Tsy + Tp\ ki T,
soil surface - plant hos=40-1)o (T)

Emissivity to be included-Note 7
ri+Ataerodynamic As defined above 58.5 W/m2K | L CPa Ta
heat transfer z pa Ta
coefficient u
ro aerodynamic heat | Reference : [106] 104 s/m LAI
transfer coefficient w
between plant and . h

canopy air

Te =

) 0.012 LAI [1 - exp (5F)] \/%

o =wind attenuation coefficient for canopy = 2.5 for agricultural crops
LAI = leaf area index
uh = wind velocity at plant height, given by
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z—d
n(*%%)
z=reference height of measurement of wind velocity uz (2m)
h=plant height
d = zero plane displacement = 0.64 h
z, = roughness length =0.13 h
w= leaf width

(Alternative)

r. aerodynamic heat
transfer coefficient
between plant and
canopy air

Sub -
For r.:[107] [55]
(note 3)
d, 1/2
T, =7.392p (7>
where dc is the characteristic dimension (m) of the leaves (leaf width as in [108] Note 5)

uis wind speed (m s 1 ) within the canopy layer, and 7.4 is a coefficient (mzs % mol ) specific
for thermal diffusivity and viscosity of air and p is the molar density at canopy air temperature

Wind velocity within canopy is determined as follows:
Wind velocity at the canopy top:
u(l) = () In (L d)
In (ﬂ)

Zm
L is the canopy height
u(z) is the wind velocity at instrument height z
d is the zero plane displacement given by 0.65L
Z, is the momentum roughness parameter given by 0.1L
(Assumed for a PAI of 3; small difference for other values of PAI exist, details in fig 5.5 p70 in
[55]

Zm

Wind velocity within canopy is determined as:
u(z.) = u(L)exp [a (T - 1)]
z. is the height within canopy

0.2 LAI L)1/2

drag coefficient a is given by: a = ( p

116.7

s/m
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1/3

6d.> L)

mean distance between leaves |, is given by :I,;, = ( AT
A

For a start canopy wind velocity at 0.8L is taken as a representative value (note 4);
z,=0.8L
u = u(z.) in the first equation in this section

Alternative arrangement: to consider 50% time as forced laminar (as above) and 50% time as
free convection.

a2
Forced convection: 7, forcea = 7.392 p (:‘)

Free convection [55]:

1/4
Te free low = 20.639 p (%) for top surface (assuming Tp>Ta)

Te free high = 42.866 ﬁ(

heat flowing downward)
If Tp<Ta, equations are just exchanged between top and bottom surface. So in the general
formulation of the coefficient 1 LAl is to be assigned lower resistance and 1 LAl is to be assigned
higher resistance (total area 2 LAl)
The coefficient element (Sth) of (a12), in this case need to be modified from
2LAIp, Cpq

Té+At

dc
Tpy—T,

1/4
) for bottom surface (assuming Tp>Ta higher resistance for

a

to

2LAIpo Cpa [a LAIp,Cpo LAl P, Cp,

t+At rt+At rt+At
e forced e free low e free high

Alternative equation [109] (note 2)
5[z —di
. e [

. 2
. [1 N 4.7 (z — dlz)g(Tp - Ta)]
us T,

Te

u wind velocity (m/s) from weather file
z instrument height for u (m) usually 2m
k von Karmen constant (0.41)

g acceleration due to gravity 9.81 m/s2
di zero displacement di = 0.56 x CH m

s/m
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z, roughness height z, = 0.3(CH-di) m
CH = crop height m (input by user by selecting plant type and CH will be included in plant
database)

Alternate equation for re [45]
(http://www.fao.org/docrep/X0490E/x0490e06.htm#aerodynamic%20resistance%20%28ra%29)

Zom Zoh

In [zm — d] In [zh —d
Ta= k2 u,

where

r, aerodynamic resistance [s m'l],

Z, height of wind measurements [m],

z,, height of humidity measurements [m],

d zero plane displacement height [m],

Z,m roughness length governing momentum transfer [m],

Z,hn roughness length governing transfer of heat and vapour [m],
k von Karman's constant, 0.41 [-],

u, wind speed at height z [m s

Alternate equation for r. [9] [71]

al™

- (UT, = Ta| + buz)"

Te

| - leaves characteristic length
u - wind speed.
a, b, m and n are empirical coefficients (a = 1174, b=207,m=0.5,n=0.25fortomato crops).

Alternative equation for r.in terms of h. (h, = prﬁ) [110] and [111]

e For free convection from vertical leaves: Nu = 0.480 Gr”*

e For free convection from the upper surface of a horizontal leaf warmer than the air, or
to the lower surface of such a leaf cooler than the air: Nu = 0.497 Gr”*

. For free convection from the lower surface of a warmer-than-air horizontal leaf, or to
the upper surface of a cooler-than-air horizontal leaf: Nu = 0.249 Gr %

e  For forced convection to or from a leaf having a uniform heat flux from its surface and
with the fluid flowing parallel to its surface: Nu =0.812 Re'?
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e  For forced convection to or from a leaf having a uniform-temperature surface in
parallel flow: Nu = 0.595 Re'/?
e  For a horizontal flat leaf in forced convection in parallel flow: Nu = 0.032 Re
Gr/Re2<0.1 Forced flow; laminar if Re<5e4; turbulent if Re> 5e4
Gr/Re2>16 Free flow; laminar if Gr<1e8; turbulent if Gr> 1e8

0.8

Parkhurst 1968 provide list of definition of characteristic lengths for various leaf shapes

Nu:E;Rezu_f’L;Grzw

k u u?
L = effective dimension in the direction of air flow; u wind velocity; g acceleration due to gravity,
The physical properties of air are to be taken at the mean of the air and leaf temperatures: k =
thermal conductivity, B temperature coefficient of volume expansion, u absolute viscosity and p
density

Alternative formulation as in FASST model [112] (eq 7 pg6, original equation for sensible heat
transfer need to be changed in the format of FASST; eq 7,10,11 and 12 are required to complete
the model.)

(a13) 2 LAl pg Cpq
i
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
LAI Leaf Area Index Input by user by selecting plant type. The plant database — also include seasonal schedule 3 m%/m’ | LAl
Cpa air specific heat 1005 J/kg K Cpa
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
P Canopy air density o= p 27316 1.293 1.18 kg/m3 Pea
101325 T :
r. aerodynamic heat transfer (Defined above) re=116 | s/m
coefficient d\? 7
Te = 7.4 ﬁ (7)
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(a14) —aht4" (as defined above)

Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les

‘b’ coefficients use time varying parameters one time step prior to that in ‘a’ coefficients

In addition, wherever present, multipliers a change to 1-a.

b11 = (1 - @ht gy, (1—a)o; 22

ea

_ ppCpd LAI pCp, 2 LAl pg Cyq
b12 =+F—— = (1 - Dhf gy — (1= Dhisy = (1= a)o; . (1- “)r—g
2 LAl p, C
b13 = (1 — o) = Pa Zpa

T

b14 = (1 — @)kl
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(c11)

-(1 —a) ([1 -1, —(1- Tz)PTa](l + Tsprg)) di+a ([1 -, —(1- Tl)pra](l + Tsprg)) ¢st+At_

+[(1 = @Rt gy Tl + a hELRS TEM

—[(1—a)2LA1panae{,]—[a 2 LAI panaA {)Mt]
y (e + 1)t y (e + r)ttat
n [(1 —a) 2 LAI paCpq eg] [ 2 LAI panaA 3+At]
y (e + 1) y (re + r)t+At |

Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Canopy radiation absorption [1—75— 1 —1)pral(1 + 75p1y) 0.77 - k,
Tt
Function of LAI, coefficient of short wave extinction, coefficient of long wave extinction, pr
canopy reflectivity and ground reflectivity pry
prg
Short wave transmittance: T = e~ (sLAD
Coefficient of extinction-short wave kg = [(1 — )% — pr?]Y/?k,
k; Coefficient of extinction-long wave; T, pr; transmittance and reflectance of leaf tissue
(Plant DB)
k; Coefficient of extinction-long wave (leaf distribution horizontal-kl = 1, leaf distribution 45
degree-kl = 0.829; leaf distribution vertical-kl = 0.436; spherical leaves-kl = 0.684)
Approximately: kg = 0.74k,
Further approximation: for horizontal leaves kg = 1.10; for vertical leaves kg = 0.29
short wave reflectance pry = (1 — 1))pr,
pr, Canopy reflectance Plant DB
pry Ground reflectance Soil DB
y psychometric constant y = 0.000665 P ; P- atmospheric pressure (Pa) 67.4 Pa/K P
Cpa canopy air specific heat 1005 J/KgK Cpa
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
P Canopy air density p= p 27316 1.293 1.18 kg/m3 Pea
101325 T
¢! solar radiation Data from weather file; values to be used are those of immediate past and previous-to-that | 250,24 W/m2 b,

174




time steps 0
(of
two
time
steps)
ht o, TE, Data of previous two time steps 1610, | w/m’ | LAl Ta
Sub — based on current values of plant temperature and soil surface temperature 1615 ki To
Tsy + Tp\ (of
hr,sl =4 (1 - Tl) g (T) two
time
T; longwave transmittance steps)
7, = e~(kiLAD
(r, + 1)t air resistance + stomatal re s/m I min T
resistance Air resistance as previously defined: 40.48 b, T,
1/2
=745 (%) / 40.21 I(_:AI Zp
Stomatal resistance:[9] [29]-Table 5 i Ci ca
ri= 113.7 G
% +C, i i i 1123 Ca
Tmin | S (1+4C3[Ty— Ta]?) A+ C4[ €O, —20012) (14 Cs [ ey — eq] 2) Cs
7141 TG co,
I'min Minimum possible value depending on plant physiology
Other plant dependent variables: LAI, C;, C,, C5, C4, Cs
Environmental variables @, (solar radiation), Tp (plant temperature), Ta (medium
temperature), CO, (PPM concentration of CO,), ey(vapour pressure at plant temperature),
€ca (vapour pressure at canopy air temperature)
e}, vapour pressure at plant . = ﬂ610 8 ex 17.27 t, ] 1050, Pa tp
temperature P 7100 " exp t, +237.3 1120 RH
RH relative humidity (%) from weather data (of
t, plant temperature °C two
time
steps)
el vapour pressure at canopy air e, = —H610.8 exp [ 17.27 t, ] 1155, Pa t,
temperature 100 tq +237.3 1230 RH
RH relative humidity (%) from weather data (of
t, canopy air temperature °C two
time
steps)
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Notes on unresolved matters canopy plant
1. Convection transfer with outside air not in the equation.
Possibility to replace Tsky with To to be checked later.
Problem: What is the area to be used in the upper part of plant?

2. Equation for external aerodynamic resistance re for plant using zero displacement and
roughness height related to whole canopy; it should be at the leaf level.

3. Inconsistency noted between Flerchinger formula (307) and Campbel formula (7.4) Unit
conversion between m%s/mol to s/m is 7.4*44.6(mol/m* molar density of air)=330.04 (not
307)

Resolved now

Molar density need to be calculated at current temperature and pressure as

~ p 27315
p =446 1013 T

p pressure in kPa and T temperature in K

Alternately, formula in terms of properties (properties of air to be taken at the current
temperature of air; e.g. table A1, Campbell)

g d 0P \y) b, d
1 d
ThH = 1/2 0
1 v1/3 Ju
0.664 Dy () (D_H)

4. Arepresentative height within canopy is to be determined to use a single value of canopy
wind velocity

u(z.) = u(h)exp [a (%C - 1)]

5. leaf characteristic length is stated as( length + width)/2 in SiB

6. Itisto be decided whether air density need to be taken as time invariant or as a function of
temperature (as in Campbell book and in Bittelli paper) or even as a psychometric function
depending on temperature and humidity or vapour pressure (CIBSE)

7. Appropriate emissivity to be included in long wave radiation exchanges (eq 14,15,17
Tabares-Velasco 2012)
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2. Canopy air
Energy Balance

dT,
panI d ¢ cony, p—ca ¢conv,ca—sl + ¢c0nv.a—ca

¢conv,p—ca =2LAl pca—Cp(Tp _Tca)
__PaCP
¢conv,ca—sl rSI - + r ( )
C
¢conv,a—ca = p?—p (le _Tca)

ea

Coefficient form

[ o A'(‘ﬁ- Tl

201 | s
[ AL 5| T, *

-
” C'pl I" 2l P, mCp
7 : 1+ + 2"’” IQAI t+a l&-’il+',‘+~) T:.“

?.\t + '.‘QA‘)

[ ( 2C'p i rr.ﬁl

[1-a] 7

- [u - u)aLAlf"—r.—-c:"] )

T, Sy A ¢; SRy W ¢ I8 P
il (1 —a) Toa! (1 —o)2rAl ! = (-t—-*"') e

[(1'0) pCP ] '

Energy Balance CV2 Canopy air

- Thermal exchanges

dr,
pscp 17:.' =¢W-u _¢enw-:l +¢m—w

Deompc2 CONvection gainfrom
plant

@ Dpicaey CONVection lossto
ground

convection gain from
outside air
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(a21) —a PeoCP (all variables as defined previously)

i
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input | Param | Calcul | Info
eters ated
Variab
les
(a22) T LArIthth (all variables as defined previously)
e
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
(a23) e
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
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les

| plant height Input by user —to be in plant database 0.4 m L
At simulation time step Input by user 1800 s At
Cpa canopy air specific heat 1005 J/kgK
Time variant data Defining Equations and Remarks Initial Unit ta Couple
Value Input Calcul Info
ated
Variab
les
P, Canopy air density _p 27316 1293 1.18 kg/m3 pca
P=T01325 T
r.1-, SOil to canopy air resistance Choudhury and Monteith [66] s/m
In (Z Zod) h exp(a) —a zol —a(d + zo)
Ts1—q = exp —exp| ———
ak?u,(h—d) [ < h ) ( h )]
u, = wind velocity[m/s] at measurement height z [m]
h=lant height [m]
d= zero plane displacement =0.64 h [m]
zo=roughness length at canopy top = 0.13 h[m]
zol=roughness length at soil surface = 0.01 [m]
k=von Karmen constant = 0.41
a=diffusion coefficient =2.5
r soil surface resistance van de Griend [67] s/m
Ty = rslea(‘gmin_‘g)
rs1 = minimum surface resistance = 10 s/m
a=diffusion coefficient 35.63
B=s0il moisture content [m*/m’]
Oin=minimum soil moisture content [mg/ma] =0.15
hs;, convective heat transfer Ref FASST model [112] 2.83 W/m2 | u(z) p T,
coefficient (alternative for h=(eo+ paCpa Ciu) K z R Te
resistance definition above) e, = windless exchange coefficient for sensible heat (2.0 W/m?) o C
(h = %} Do = RLTQ; p=101.3 x 10° Pa (default); R = 286.9 J/kgK L

u = wind velocity at canopy; given by: u = 0.83 g, W' /C,{n + (1 - af)W'

of= fractional vegetation coverage
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W’ = u(z) or 2 m/s if u(z) is less than 2
C,{n bulk transfer coefficient at the top of the foliage; given by:
2
[ 1
k

I (5572)]

k=von Karmen constant = 0.41
z = height of measurement of air temperature (and wind speed)

f _
Chn_

Z({= foliage roughness height given by : 0.131 L%%°7 , L height of foliage
Z, = foliage zero displacement height given by : 0.701 L%975

The bulk transfer coefficient for sensible heat is given by:
¢i = [(1=op)Cin + o €]

I, stability correction factor for non-neutral conditions, which depend on bulk Richardson
number:
R: _ZQZ(Ta_ Tsu)

= (Tq + Tg,) u?

T, = 1ifRyp=0; T}, = if Rip< 0; Ty, = ———— if 0<Ryy< 0.2

1
(1-16 Ryp)°® (1-5Rip)

k

In (%)
g =%
hn Tch

ren= Schmidt number = 0.63 (assumed for all soil types)
zg= ground roughness height is assumed as 0.001 m for all soil types

c
Alternative 1: In terms of ry (hg; = pr_p ) ; rq is the ground to canopy air resistance Ref SiB2
d

[19]
C, f’l“ 1 p
Tq s B Km Z
It is to be calculated in an offline program together with other two resistances; r, plant to
canopy air and r, canopy air to outside air
Input: Plant properties (l,, I, X, LAl) heights (z,, z4, z, 25, Z, Z,) and empirical constant G;
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and G,

Output: Only once calculation to populate a table for N types of plants x 17 LAl values (0 to
8 in steps of 0.5) and x 5 aerodynamic parameters (C1, C2, C3, zo and d)

The main program to access this matrix to obtain current value of aerodynamic parameters
and to calculate the respective resistances

__G _ G
T, = i andr, = o
B e i e e e i e SRS
Conventional constant stress Qyer
{log-tnear profie}
Zjmmmeemmmenananan
Turtaulent transition layer
(acipmton logAnear profio)
z'---- ----------
Canopy Air Space
? 2yt Bevres (upmer segment)
PIL T Y S
Canopy Ar Space
(lower sagrment)
z Rl et A
Batow Cancpy Alr Space
zl

e (Ref Sellers et al 1995)

Alternative formulae for hsu and ha from [113]

ﬁ _ gﬂllTp - Ta|
Re? u?

g=9.81 m/s’
B=coefficient of thermal expansion (3.42 x 102 K™ for air)

I=characteristic length (,/leaf area

u = wind velocity m/s
Free convection if Gr/Re2 >16
Forced convection if Gr/Re2 <0.1
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Other cases leads to mixed convection

For mixed convection:
1174 195

= T =Tl + 207 12055

For forced convection

142
] " e
au

h =381l

o thermal diffusion coefficient (mz/s)
Values

hs1=296
hy =2.94

Alternative detailed equation set in [114] eq 7.19,7.12, etc

(a24) — % (as defined previously)
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
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b21 (1 - ) 22

ex

b22 (1 — ) 2LAlPatP r”;lcp

e

b23 paZIt)aL _ (1 _ a) pz;fp _ (1 _ a) ZLAlﬁana _ (1 _ a) PoCP

t

ex e To1-a 17§
b24 (1 — ) 22—
i—atTh
(c21) ‘ (No C coefficient for this CV) (Note 2)
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
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Notes on unresolved matters canopy air

1. Sign of stability parameter determined in Bittelli’s program as below.
e r, determined with  and , taken as zero

e sdetermined using ry

e according to sign of s, Yy and Y, are determined

e This loop is repeated 3 times to finalize ry

2. No C coefficient for this CV, but it does not affect the solution
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3. Soil Upper layer CV3 (S1)
Energy Balance

dT,
CSlS]‘ d; = ¢s,sl + ¢Iw,sky—51 + ¢Iw, p-sl + ¢conv,a—sl - ¢evap,sl—a - ¢cond,sl—sz + ¢vap,sl—52

Cs1 = volumetric specific heat of soil composition
D= (z’s — 7,0, )¢S

Dy = hr,sky—sl(Tsky _Tsl)

Byt = T st (Teg — Tet)

Bups = L=, (T, - T,

C
¢conv,a—sl = P pa (Ta _Tsl)

(ry +r.)
Dovapsia = % (e,—e,)
Prona = /1(;—12- ; Bronsst s = Asteo %
bap = LKy ?j—-lz-+ LKy, (jj_l/z/ ,

Tsl _Tsz +L VgV

K
S1S2 vwmslsz 5182

¢vap,sl—52 = LKVT_m—slsZ

Properties with subscript s1s2 are averages of properties at soil s1 layer and soil s2 layer

Length S1S2 = (S1+52)/2
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Coefficient form

—fa(1=m) h:’;‘}:,] Ferns

27Cp +AL
[ AT piaa | T

CayS
+ [_Alf—‘ +an’|'f“-.| +a (l - 77) Ji-ll] +
PaCpa ’\‘-:2' s LK:‘?.»---I-! +A¢
[ A e T OS1sn O sisz |

'\:TS‘ LKvT.m-nlﬂ. +At
*[ T Tk vl R

[(1—a)(1=n)hl, 4| T}
/58

+[0 o) 20
-l-c

[% —(1—a) nhf.',..,_,, —(1=a)(l - n)h,.‘,,_,,] -

o = P-CP o A:m -— LI\'TJ'I‘J'IQ]
[ ¢ )(r’ = 5152+(1 2) S182 T

LK}

old T _m—xlad

[“ B i v T L b ] Ta

+ [(l o “) (70 i T,Pl".)¢: +"(r' - T,pr,)qy,*“] + [(l —a) T”"'.dy-alr + nnhr.aly—ﬂrc:?‘l

_[(l 7(r.'_‘+r‘) — (el — m)] [ -y(r'*A‘+r'+N) (erm:_e:;m)]

"mun--ha . 7 I,K:.:,ﬂ_,,,, JEFAL _ t+Al
U ( n) Sls2 (° sl u’lﬂ) + o Slsz ("Ol —Va )

Energy Balance CV3 Soil upper layer

=
= Thermal exchanges
dr,
c Sl—— —' aal +'h.al7—ll +‘3uy—al ‘-u-n T Vespst-es _'-Mﬂ +‘m2—d
1 solarradiation atuncovered
cvi e

@ Oy long-{/vave exchange with sky

. 3] Dopcaser convection gainfrom
canopy air

1<z evaporationlossto
canopy air

d:m,m conductio‘n loss

El %&‘ff‘ latentheat gainfrom
r exchange
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(a32) | —a(1 — )AL,
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
7, longwave transmittance 7, = e~k LAD 0.08 - LAl
k; Coefficient of extinction-long wave (leaf distribution horizontal-kl = 1, leaf distribution 45 ki
degree-kl = 0.829; leaf distribution vertical-kl = 0.436; spherical leaves-kl = 0.684)
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
hitA%, radiation transfer perat 1 (Tp + T51>3 53 W/m2 Tp
coefficient TPt 11 1 ° 2 K Tsl
€5 €p
€, emissivity of canopy surface assumed 0.96 (Campbell 1998 table 11.3)
(a33) —a %
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Cp, canopy air specific heat 1005 J/kgK Cp,
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
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p 27316

Pea Canopy air density 1.18 kg/m3 Pea
=————F— 1.293
P=101325 T
r,y aerodynamic resistance on soil FASST model as in (a23)
surface
Alternative equation Ref [8] 40 s/m

1 Zref —d — 2Zy
T”_u*k[ln<T + ¢y

k —von Karmen constant (0.41)
u* is the friction velocity given by

Zyef —d — Zy -
u =uk|in|—— |+ du

Zm
u is the wind velocity (m/s) at measurement height z,.; (m)
zy - surface roughness factor for heat flux (0.1 m)
zw - surface roughness factor for momentum flux (0.1 m)
d — zero pane displacement (m)
&y is the atmospheric stability correction factor for the heat flux
dw is the atmospheric stability correction factor for the momentum flux

by = oy = =¢f

z—zy—d

- A
fis aconstant (4.7)
A'is the Monin—Obukhov’s stability parameter given by
u*3ChT,

kgH
Ch is volumetric heat of air (1200)/m’K )
T, is air temperature
g is the gravitational constant
k is the von Karman constant
H sensible heat flux at surface (estimate)

or

simplified equation without considering atmospheric stability:

Zy —d zy —d
n[22E] n[E
i k2 U,

zm - measurement height for wind speed Uz, (m/s) (typically 2m)
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zy - measurement height for air temperature (also typically 2m)

k - von Karmen constant 0.41,

Zom - roughness length parameters for momentum (=0.123 h, crop height)
Zow - roughness length parameters for sensible heat transport (=0.1 zgy,)

d - zero plane displacement height.(=2/3 h,,)

r, — soil surface resistance Ref: [56] 44 s/m 0, 0 soil
moistu
O\ 1° re
ry =100 (0.413 3)
0 volumetric soil water content m3/m3
6, volumetric soil water content at saturation m3/m3 (soil property) e.g.0.56 (Bittelli)
Alternative: 3 formulae listed in [8] p5
(a34) (5151 LAt pLtAL PaCla AslszHAt L K% o152
AL +at higy s +a(l—t)hih +arat,j'At+ B a S152 + a S1.52
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
7, longwave transmittance 1, = e~ (ki lan 0.08 - LAl
k; Coefficient of extinction-long wave (leaf distribution horizontal-kl = 1, leaf distribution 45 ki
degree-kl = 0.829; leaf distribution vertical-kl = 0.436; spherical leaves-kl = 0.684)
S1 soil upper layer thickness 0.1 m SU
S1_S2 distance between soil upper §1§2 = (51 + 52) 0.1 m suU
layer and lower layer centres - 2 SM
At simulation time step 1800 s At
Cpa canopy air specific heat 1005 J/kg K Cpa
C,1 volumetric specific heat Cs = pmCimXxm + pwCiwxyw + paCaXq + pPoCox, 1.9e6 | J/m3K | X Prs Cn | Xw
subscripts m, w, a and o indicate mineral, water, air and organic fractions of soil; x is the Xa Pw Cw | =6su
volumetric fraction Xo Pear Ca
(Campbell table 8.2) Por Co
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
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Value Input Param | Calcul Info
eters ated

Variab

les
hitRy_s; radiation transfer At Toky + Ts1)° 5.9 W/m?2 Tsky
coefficient (note 1) hrsky-s1 = €g 4 © ( 2 ) K Tsu

€, emissivity of soil surface assumed 0.95 (Campbell 1998 table 11.3)
hitA%, radiation transfer perat 1 . (Tp + T51>3 5.3 W/m2 Tp
coefficient Tp=s1 T 1 | 2 K Tsu
RS
€, emissivity of canopy surface assumed 0.96 (Campbell 1998 table 11.3)
P Canopy air density o= p 273.16 1.293 1.18 kg/m3
101325 T
r,, aerodynamic resistance on soil | As defined above 420 s/m
surface (Note | s/m
r, soil surface heat/mass transfer 2)
resistance 44
Asls2 — average thermal Ref: [56] [115] 2.62 W/mK | V, Pw 0., moistu
conductivity of soil of upper and 0 \> cont Vo, O re
middle layers As1 = A+ 28V ( p_) + (A= B)exp <_ <p_) ) m, conten
w w t

0 volumetric soil water content in the layer (s1,s2 ...s5)
p., Water density = 1000 kg/m?

0.57 + 1.73 V; + 0.93

- 1-0.74V,—049V,
B =0.03+0.7 V2
2.6

cC=1+ —(mc)l/z
V —volumetric fractions
subscripts w — water, g- quartz, m-minerals, s — solids (g+m)
Vi = Vg + Vi
m. — mass fraction clay (Campbell)

-28V(1-V)

Some sample soil data from Bittelli [8] :

Name of the soil Imperial Valley Wat Cont [m*/m?]
Textural Class silty clay loam 0.45

Mass Silt [g/g] 0.1 0.4

Mass Clay [g/g] 0.48 0.35

Bulk Density [g/cm’] 1.4 0.3

Particle density [g/cm’] 2.65 0.25
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A1 + A
15 = (%‘92)

In terms of composition
Ey Viydw + Fy VgAq + B Vip Ay + F, Vodo + Fy Vodg
s1 FyVi+ FgVy+ EgVin+ RV, + E, V,
F —shape factors
V —volumetric fractions
A —thermal conductivities
subscripts w — water, g- quartz, m-minerals, o — organic matter, a- air, g- gas

KEHAL _ . sothermal vapour

conductivity[62]

dp
Kmp = Dva—’;sh Ne

Dv- vapour diffusivity in soil [mzs’l]
D, = t4a,D,

Da- diffusivity of water vapour in air

It is given by:
2

Da=Do|-=—
a=ro (273.15) .
Do- reference value of diffusivity = 2.12e-5 m”s-

T — temperature of medium [K]

av — air filled porosity [-]
porosity can be calculated as: av=0s-0
Bs-saturated moisture content [mgm’g] and 0 current moisture content [mam'3]

1= turtosity factor[-] is given by:
(@)’
T, =
9 (6,)?

pys- Saturated vapour density [kgm'a] at a given temperature T K is given by:
6(31.3716—w—7.924—959—3T)

=1le—3
Pus T
M- molar mass of water 0.018015 kg mol™
g- acceleration due to gravity 9.81 ms-2
R- universal gas constant 8.314 ) moil™* K*
T — soil temperature in K

h- relative humidity [-]
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expressing it in terms of soil matric potential Y[m] :
(%)
h =e\ RT

Ne enhancement factor [60]

4
0 =95+32 g5 e<_ <1+j_f£)9i] )
0

where 0 - moisture content [m3/m3], 6, - saturated moisture content [m3/m3] and fc is soil’s
clay fraction

Alternative definition for K,  as:
Kyt m=hsDv as per reference [56] ;
terms in detail in the next four
rows

he1s, relative humidity of the gas h = exp (M) 0.9999 | - Pey
o . RT
filled in the soil po.re (average Mw molecular weight of water 0.018 kg/mol 2 Tsy
value of that of soil upper layer . Wem
and soil middle layer) R universal gas constant 8.314 J/mol K T
¥ U — soil water potential at the layer J/kg sm

T soil temperature at the layer K

hergy = (%)
Ss152 Slope of saturated vapour = 5307 ev 0.21 kPa/K Te
pressure with temperature ToT2 Tom

6109.74
i exp(26.6904— —0.00916189 T
(average vaI.ue c.>f that of soil upper ev = saturated vapour pressure ev = ( L ) Pa
layer and soil middle layer) 10
Ss1 1 Ss2

Ss1s2 =\ 7 5

L Latent heat of water L =2.54310°)/kg 2.54e | J/kg
6

DA Apparent vapour diffusivity _p 0.622 p, [Va - u]” 1.48 e- | kg/m/s T
(average value of that of soil upper v—"a p 1—u 9 /kPa Tem

layer and soil middle layer)

P - total gas pressure (kPa),
D, = (2.22+0.158T,) » 1075 (mz/s) vapour diffusivity in the air at temperature Tc
u=0.05
v=1.5

Dvgqy + Dvg,
D = (2 222)

2
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a35 t+At
(a35) —qlasz o LKviomesise (all variables as defined previously)
51 52 s1
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated

Variab
les

Time variant data Defining Equations and Remarks Initial Unit Required data Couple

Value Input Param | Calcul | Info
eters ated

Variab
les

b32 1-a)(1- Tl)hﬁlp_sl

b33 (1 — ) e

r[tlv+r§'
Cs1 51 PaCD yy ¢ LK1§ —m-—s1s.
b34 sAl—t -1-w1 hrt“,sky—sl -1-o@a- Tl)hﬂt“,p—sl -1-w rg,+ :Sf -1- a)ssll_—sszz + (11— ﬁ
As1sa" L Kyp—m—sis2
1 _ s1s2 _ 1 _ vT—m—sls
b35 ( a) 51.52 ( a) 51.52
(c31) PaCPa
[(1 —a)(ts— 75 prg)d)st + a(ts — 75 prg)(ﬁst”t] + [(1 = @) T hf gy Toiy + @ Ty hﬁf;ﬁ;_suT;{yM —-1(1- a)m ef, —eb)
av S

PaCPq +At _ ett1+At)] +la-o L

—° y (At + rf+An) (et

t
Kvw—m—slsz

51.52

W51 — ¥s52)

o

t+At

vp-m—s1s2

5152

(vt = vz
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Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
T, Short wave transmittance: As defined in (c11)
T, Long wave transmittance As defined in (al12)
pr, ground reflectance As defined in (c11)
Cp, specific heat of air 1005 J/Kg K Cpa
y psychometric constant y = 0.000665 P ; P- atmospheric pressure (Pa) 67.4 Pa/K P
L Latent heat of water L =254310°J/kg 1/kg L
SU soil upper layer thickness 0.1 m SuU
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
¢ solar radiation Data from weather file; values to be used are those of immediate past and previous-to-that | 250,24 W/m2 (o8
time steps 0
(of
two
time
steps)
ht sky-su radiation transfer As defined in (a 34)
coefficient
Tsky Note 3 Ts_ky
pair density (Note 6) = p 27316 1.293 1.16 kg/m’ Pu
101325 T :
r,, aerodynamic resistance on soil | As defined above
surface
r, soil surface heat/mass transfer
resistance
e.., Eca vapour pressure at SU and | working variables at moisture transfer part of the model [
canopy air €ca
ev — saturation vapour pressure exp(26.6904—@—0.00916189 T) 3.17 kPa T
ev = saturated vapour pressure ev = o kPa
Kﬁlp—m—.n.sz - isothermal vapour Kop.m = Dy pvs@h
conductivity[62] RT
where all the definitions are as described above for the coefficient (a34)
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Alternative form of vapour
pressure dependent vapour flux is
by the relation[8]

hsl - hsz
sls2 SlS 2

ev -saturated vapour pressure

Lev,,.,Dv

D! Apparent vapour diffusivity

As defined in (a34)

hs,, hg; relative humidity at S1 and
canopy air

h= f ratio of vapour pressure to saturated vapour pressure
v
As defined in (a34)
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Notes on soil upper layer

1. Emissivity to be included in radiation transfer coefficient, but transmittance functions to be
shown separately for clarity; also to be in consistent with CV1 coefficient definitions.

2. rav from FASST model is 420 s/m much higher than boundary layer. It do make sense, but
need to check against others (3 models: Deardorff, Sellers and Pitman models)

3. The effective sky temperature is about 10-20 degrees below the ambient temperature at
ground level at clear sky conditions and close to and just below (1-2 deg) the ambient
temperature during cloudy conditions (ref:
http://sel.me.wisc.edu/trnsys/mailinglist/archive2003/msg00095.html) & Infrared
Handbook by W. L. Wolfe and G.J. Zissis
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4. Soil Middle layers CV4-CV6 (S2-5S4)
Energy Balance

c, 5200

dt ¢cond,sl—52 - ¢cond,52—s3 - ¢vap,sl—52 + ¢vap,52—53

Cs2 = volumetric specific heat of soil composition

dT
=1—;
¢cond dZ
¢cond sl-s2 — /15152 (T51 _TSZ)
’ S1S2
¢cond $2-s3 — /15253 (TSZ _ng)
' S2S3
= LhsDv— + LevDv— ;
ap = LNSD I, Levoy &
dz dz
Tsl _T32 Va—Vs

sLs2 4 | K sl V2
S1S2 vmslsz 6182

¢vap,sl—52 = LKVT_m—5152

+L Vo =W

Buan o3 = LK _ === SS 4 | K _

vap,s2-s3 vT _m-s2s3 8283 Vi _m-s2s3 8283
Properties with subscript s1s2 are averages of properties at soil s1 layer and soil s2 layer
Properties with subscript s2s3 are averages of properties at soil s2 layer and soil s3 layer
Length S1S2 = (51+52)/2

Length S2S3 = (S2+S3)/2

197



Coefficient form CV4 (S2)

Coefficient form CV5 (S3):
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Coefficient form CV6 (S4):
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(a44) Ay L Kot 15

—a=2Z 4 ¢ (All variables defined previously)
51 52 5152
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
(345) CSZ 52 Ag-{sAZt Ag-{sAZt L K:E;"r%—suz L Kﬁﬁfl—gﬁ
A P OSis2t %S2s3” YT sis2 5253
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Cs2 Cs = PmCimXm + PwCowXuw + PaCuaXq + pPoCoXx, 0.9e6 J/m3K | X, Pms Cm | Xuw
Xa Pws Cu =0,
Xo Pcas Ca
Po, Co
S2 0.1 m S2
S2S3 0.1 m S3
At 1800 s At
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
2 z :
Aoz A1 =A+28V, ( i) + (A—B)exp (— (Q) ) 262 | Wimk 3“ P gsz Temsm
Pw Pw m s3
m¢ conten
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t
Aipes = (%)
Kot m-s2s3 As defined for the previous CV
t+At t+At
(a46) - LK"TM (All variables defined previously)
52 53 52 53
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
A'SFISZ L KvtTim—slsz
ba4 (1 0() 51,52 (1 a) 51.52
b45 CSZ 52 _ (1 _ a) /15152 _ (1 _ a) AstZsS + (1 _ a) LKvtT,m—slsz + (1 _ a) LKvtT,m—5253
At 51.52 52.53 51.52 52.53
AL LKt
1 _ s2s3 1 _ vT_m—s2s3
bas ( a) $2.53 ( a) $2.53
(C41) L K1§1p m-—s1s2 L Klfl[) m-—s2s3 lfl‘zATgl—SISZ 1517}&‘51—5253
Q- —ro— Wi — )+ 1 —a) 55 W5 —¥&) — C—io (W™ —pg™) + a3 (32 — ™)
(All variables defined previously)
Time invariant data | Defining Equations and Remarks | Initial | Unit | Required data | Couple
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Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
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5. Soil Lower layer CV7 (S5)
Energy Balance

dT

C,.S5
dt

= ¢cond,s4—55 - ¢cond,55—x - ¢vap,54—55

Css = volumetric specific heat of soil composition

dT

’

=1
¢cond dZ

¢cond,s4—55 = As4s5

¢cond,55—x S5x

S5X
dT

vT_m E

¢vap =LK

¢vap,s4—ss = LKVT_m—s4s

Conduction on both sides of soil lower layer is ¢
only with the soil mid layer
Coefficient form

e '\’n::".' L"“:‘;'ﬁ—ol-\ -'Q?Al
5485 S485 pY
Ca8S MR AR LK s vean
*[ ar tO5iss tOsX O Siss |08
A2 | usan
+ | —tr S.')," 7:
iy LK?
[+(1 —.wjm_s;‘b':& ~{1 - a) —--——-;GS""] TS
('..S) I-h\ ’\'-6.: LK:T m—adat
f[ Al -(l-lllg.m—“—ﬂ)EiTJ(I-Q\——_S_'S,‘I n
A
+ {1l =a) —55—\. T:
LK ERES
(3= 0) =g (Vo = Wha) —o——gegc=t (vt — yiz )

(Ts4 —
S4S5

(Tss _Tx)

+ LK

Te)

dy
w-mdz
Ts4 _TSS Ve —¥ss
S4S5 WM 5485

onsidered. Vapour exchange is assumed to occur

5 + LK

Energy Balance CV5 Soil lower layer

. Thermal exchanges
dr,
Cc.558a . = =
cva (g ,5‘¢ Rontrt-ct ~ Psageta ~ Aguis-n
A EI Biiias CONBUCON GRIAKOM
»}*ﬁ C‘V2I S0UmMIade layer
Chunist CONIILHN105310 1008
cvs ] Somasas tatortreatioas oy
cva VBDOUT EXChANge 10 Mmidle Layer
V5 1]
cve
v

4E
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t+At t+At
(a55) -« Asiss + LKyt m—sass (All variables defined previously)
S4_S5 S4_S5
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
(356) CSS S5 a /121—?515 + a Ag-sl?t a L Kﬁ%—sz}ss
At 54 S5 S5X 54 S5
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Cs5 Cs = PmCimXm + PwCwxuw + paCoXxq + poCox, 0.9e6 J/m3K | Xm Pm G | X
Xa Pw: Cw =05
XO pca: Ca
pOI CO
S5X SEX = (55+X) 0.2 m S5
X —thickness of roof support X
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les

204




Assx thermal conductivity Ao = (Ass + Ax) A
average value of that of S5 o8 2
layer and roof support (Note 1)
t+AL
(a57) - /1;% (All variables defined previously)
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les

lt
b55 (1—a)=E— (1—a

54_S5

t
b56 Css S5 _ (1 _ (X) 15455 _

At 54.S5
b57 (1 —a) Risx
S5X

t
) L KvT_m—s4ss
54_S5

t t
(1 _ (X) lsj + (1 _ (X) L KvT_m—s4sS

S5X S54_S5
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(CS1) L K]E¢_m—s455 t t L KTEI‘Z?TEI.—S‘I—SS t+At t+At . . .
- (1-a) o255 (WY5s —Yss) — a— (1/)54 — e ) (All variables defined previously)
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
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Notes on soil lower layer

1. Toinclude in the coding to read A,from the ESP-r for future versions of coupling by both
boundary temperature and boundary flux
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Appendix 3.2 Moisture model equations and coefficient tables
This appendix provides an organized documentation for all the coefficients and their

derivations for the moisture domain equations in soil. Also the format of the equations for the

moisture balances in each control volumes is given.

Moisture Balance Equations

Moisture exchange matrix:

eattit t

/m1l m12 mi3 st nll n12 ni13 Ps1 ql yl

m22 m23 m24 X | ps2*t| = n22 n23 n24 x| Ps2t + q2 = y2

m33 m34 m35 Ps3tt n33 n34 n35 Ps3t q3 y3

m44 m45 ma6 Psatit n44 nd5 n46 Psat q4 v4

g m55 m56 m57 Ps5tt n55 n56 n57 Ps5* a5 y5
llJXHA( ll)xt

The matrix shown is for soil layers only.

Two rows representing equations for plant and canopy air CVs are absent for moisture
differential equations. However the effects of precipitation through-fall, interception, canopy
transpiration are included with reference to soil moisture balances.

1. Top soil layer

Moisture Balance

co¥ -9 K\P[a—‘”ﬂ}KT@WO—Ev =S
ot oz 0z 0z

w = soil matric potential [m = (J/kg) / g = kPa/g]
0 = soil moisture content [m*m]

CG:S—H Specific Water Content also known as Capillary Capacity or Differential
14
Water Capacity [m™]
S = root uptake [s*= m* (water)/m*(soil) s] which accounts for transpiration
Ky = isothermal liquid-vapour conductivity

KY =K , +K,,

Kr,= isothermal liquid conductivity (usually denoted as K, hydraulic
conductivity)

[ms™]
K.,= isothermal vapour conductivity [ms™]
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KT = thermal liquid-vapour conductivity
KT =Ky + K,y
Kr= thermal liquid conductivity [m*K™s™]
Kyr= thermal vapour conductivity [m*Ks™]

PO= precipitation reaching soil top after canopy intercept
[ms™ = m* (water)m™?(surface area) s™]

Ev = soil top evaporation [ms™ = m® (water)m?(surface area) s™]

Coefficient form

CV3: Soil Upper layer
cvi [
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0.622
Pa_m(rg+rg)t+At

Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
Pa_m Ref: [73] 10.13 m z
atmospheric pressure in m [116]
atmPresGR_m
293 — 0.00652\>2° 1
Pa = 101325« < 293 ) 9.81+ 1000
z=site altitude [m] (siteAlt)
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
ry Aerodynamic resistance as defined in thermal coefficient table a1l s/m u T(3)
aerodynamic resistance in canopy L
air LAI
dc
r, surface resistance at soil Ref [56] s/m 0, 0 (s1)
0, 1.5
rs =100 <0.413 E)
Os = saturated moisture content m3/m3
0 = current soil moisture content m3/m3
(m12) S1Cet, KWHA
At “Ts182
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les
S1 height of soil top layer S1=soilHt/5 ; currently soil height (SoilHt) is divided into five equal layers 0.06 m soilHt
$1=52=53=54=S5
S1_S2 centre to centre distance S1_S2=(S1+S52)/2 0.06 m
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between S1 and S2 layers

At simulation time step

Input by user

1800

At

Time variant data

Defining Equations and Remarks

Initial
Value

Unit

Required da

ta

Input

Param
eters

Calcul
ated
Variab
les

Couple
Info

€L, Specific Water Capacity

'Ref: [117] and Cours de Physique du sol [118]

, 06
C051 = ﬁ

_a(8s—6,)(n— D(ayp)" !

¢6 [+ @) e/

n — parameters of soil’s moisture retention curve, dimensionless
a curve shape factor related to soil pore-size distribution [37]
currently taken as 1.56 (HyDRUS1D case studies)

a- parameters of soil’s moisture retention curve, [m'l]
a scaling parameter related to the inverse of the air entry pressure
currently taken as 3.6 m*

Bs — saturated moisture content of soil m*> m?
currently taken as 0.43

Or — residual moisture content of soil
currently taken as 0.05

0.0009

Os
Or

KWL At Isothermal liquid vapour
conductivity

Ref: [73]
(60]

KW=K,+K

K,y isothermal vapour conductivity and
K isothermal liquid conductivity, or simply liquid conductivity (liquid conductivity is
generally pressure driven)

D, My
Ky = —2 pys—=h
vy D Pus RT

6.3%e-
16

-1
ms

Bs
Or
Ks

D
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Dv- vapour diffusivity in soil [mzs’l]
Dy, = t4a,D,

Da- diffusivity of water vapour in air

It is given by:
2

ba=Do (273.15) -
Do- reference value of diffusivity = 2.12e-5 m”s-

T — temperature of medium [K]

av — air filled porosity [-]
porosity can be calculated as: av=0s-0
Bs-saturated moisture content [mam'a] and 0 current moisture content [m3m'3]

T,= turtosity factor[-] is given by:
(a,)"?
Ty = ——5—
9 (6,)?

pw- density of water [kgm’a'] at a given temperature t°C is given by:
pw = 1000 (1 —7.37e — 6 t? + 3.79¢ — 8 t%)

pys- Saturated vapour density [kgm'a] at a given temperature T K is given by:

e(31.3716—w—7.924—959—3T)

=1le—3
pUS T
M- molar mass of water 0.018015 kg mol™
g- acceleration due to gravity 9.81 ms-2
R- universal gas constant 8.314 ) moil™* K*
T — soil temperature in K

h- relative humidity [-]
expressing it in terms of soil matric potential Y[m] :

h= e(%)

Liquid conductivity K is given by
2
K =K, Set [1— (1 - set/m)"]

Ks- saturation liquid conductivity [ms’l]
Se - -effective saturation [-] given by:
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6 —06r
“os—er
B-current moisture content [m3m’3]
Or-residual moisture content [m3m’3]
Bs-saturated moisture content [m3m'3]
L- is a pore connectivity parameter usually taken as 0.5 [-]
m is alternate form on soil n index :

Se

m=1--—
n

(m13) —a%ﬁf (all terms previously defined)
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul Info
eters ated
Variab
les

‘n’ coefficients use time varying parameters one time step prior to that in ‘m’ coefficients

In addition, wherever present, multipliers a change to 1-a.

Sign change for all terms except for the one carries At
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0.622

nll = (1 - Q)W
51 cot KW¥!
12 = s1 1— s1s2
" 95
Ktpstlsz
n3=0-05 s

(a1)
—(1 - a)K¥L,
KTstlsZ
—(1 -
)

-1-a)

P_m (r, + 1)t Csim — @ P_m (1, + r,)t+At
—(1—a) S1 8%, — aS1 5548 -

t+At
-« Klyslsz

KT
S1.52

t t t+At t+At
Tsl - Tsz) -« (Tsl - TSZ

+(1 — @)POt + a PO*AL
0.622 0.622

t

et+At

S1m

Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
P_m atmospheric pressure in m P_m=P/(9.81*1000) 10.07 m
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input | Param | Calcul | Info
eters ated
Variab
les
KTE 5, Thermal liquid vapour Ref: [73] Initial m’s'K" | fc T
conductivity [115] value 0
(Non-isothermal liquid vapour [60] not Os
conductivity) requir U]
KT= Kyt + K1 eas K
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Kyt - Thermal vapour conductivity
K.r- Thermal liquid conductivity

DV dp'US
Kyr =—n.h
VT o Ne aT

Dv- vapour diffusivity in soil [mzs’l]
pw- density of water [kgm’?’]
ne -enhancement factor [-]
4
0 [— 1428)¢ }
Ne=95+3,--85¢ [( fc)‘gs]

S
fc-clay fraction by mass [kg/kg]

h- relative humidity [-]
In terms of soil matric potential [m] :

h= e(%)

pys- saturated vapour density [kgm’a'] at a given temperature T K is given by:

7.‘324‘358—3T)

(31.3716—M—7.924—9Se—3T)
e T
=1le-3
pUS T
6014.79
Apys. (31.3716— &) —7.924953—3(T+1)) (31'3716_w_
is calculated as 1e — 3 —1le—3
dr (T+1) T

1dy
Kir =K (1,[) Gwrﬁﬁ)
K —isothermal liquid conductivity [ms’l]
- matric potential [m]
Gy 1- gain factor for sand =7 [-]
Y, surface tension at 25°C = 71.89 g/s2

% = 0.1425 — 4.76e — 4 t [g/s*/°C]

only
used
in GRq
coeffs
and it
is
calcula
ted
there.

PO! precipitation reaching soil Ref: [90]
after intercept
P LAI |11 71
- B b Pgross
1+
a LAI
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P; - intercepted precipitation [cm]

LAI - leaf area index [m?*/m’]

Pgross - 8ross precipitation [cm]

a - empirical coefficient[cm]; for agricultural crops a=0.25 cm
b - soil cover fraction

PO alternative

Ref: [19]

[119]

The flow chart of precipitation interception (include precipitation and irrigation) is shown
along with the notes at the end of this section.

Formulae used within the routine are:
1. Canopy saturation storage height = 0.0001*LAl
2.  xs-Proportion of grid area where the sum of intercepted rain and existing canopy
water storage exceeds the saturation storage height

_ -1 Se—Mes — My, Cp

xs = —log | —F——————
b ap(1-68,)P  ap

ap, Cp and b are coefficients describing special distribution of precipitation; they are
taken as constants; a,=0.0001; c,=0.9999; b=20
S.-canopy water saturation height
M¢-canopy interception snow
M_s-Canopy interception water
6, — canopy through fall coefficient
P precipitation

3. §8,is given by:

Sp=1-V+Ve flr/V

V — canopy cover fraction

K, — extinction coefficient for rain fall (same as that for shortwave radiation)
Ly — LAl

4. Kpisgiven by:
Ky =¢1+ ¢,
1 =0.5-0.633 y, — 0.33 x,2
¢, = 0877 % (1 —2¢,)
X1, is the leaf angle distribution factor (0 for spherical leaves, 1 for horizontal leaves
and -1 for vertical leaves)

m>/m

/s
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5. direct through fall D; = ép P
6. canopy drainage through fall

a
Dc=P(1— (Sp)?p(l —e7P%) + cpxg — (Sp — Mes — My )xs

Input for the subroutine:
e  Current time precipitation (weather file),
e plant LAI,
e  canopy water store and snow store from previous calculations, if any,
e leaf angle distribution factor,
e  canopy cover fraction,
e temperature of water precipitation (taken as ambient wet bulb temperature),
e canopy plant temperature
output from the sub:
e intercepted water reaching soil top
e a modifies value of canopy plant temperature
The routine, currently do not calculate evaporation loss from the storage water on leaves as
it is assumed to be very minimal during precipitation ; vapour pressure deficiency will be
very small as the relative humidity is expected to be close to 100% during raining..

St root uptake

Ref: [73]
[120]

Root uptake calculation requires transpiration which needs to be determined in
evapotranspiration calculation, prior to calling moisture coefficient routines in the program.

Root uptake [m*/m>/s ] or [/s] at a layer is given by:
S, =T, a(®) b(2)
Tp — transpiration rate [m*/m*/s]or[/s]

a() - stress response function (Feddes 1978) of value between 0 and 1 and given by the
current value of matric potential.

a

m3/m

/s

3

Wilt

Layer




h1 - oxygen deficiency limit -0.1m to -0.15 m (taken as -0.1)

h2-h3 optimum no stress condition -0.25m and —3.2m

(to adapt to the quick drain condition of green roof higher end of the limits as given in
Feddes 1978 is taken)

h4 — wilting point limit ; some draught resistant plants can have a very low limit. Published
values range from -80m to -160m. If no user input a value -80m is taken

b(z) — fraction of root uptake along the root zone depth

A linear distribution along the top four layers is taken. A more detailed ‘s’ shaped function
is not used as the artificial conditions in a green roof is expected to produce more root
densities evenly spread along the depths.

b(1) = (soilHtS1 + soilHtS5 / 4) / soilHt , etc

t . . €s1
e, soil vapour pressure in m e =1 m
lm pourp S1.Mm ™ 98141000

soil vapour pressure e, in Pa
€51 = €51 sat * RH

Saturated vapour pressure [Pa] in terms of temperature t °C is given by:
17.27t

€51 sqr = 610.8 % e[t+237.3

. - [M
Relative Humidity RH = el rT

- matric potential [m]

M- molar mass of water 0.018015 kg mol™
g- acceleration due to gravity 9.81 ms->

R- universal gas constant 8.314 ) moil™* K*
T - soil temperature in K

Evapotranspiration: mg/m2
[45] /s
Potential evapotranspiration by Penman-Monteith combination

P
1 AR, — G) B (eq —€q)
A Te Te
A+y(1+ra) A+y(1+ra)

ETo = ETrqq + ETgero =

A-latent heat of vaporization[J/kg], given by:
A =1e6(2.501 —2.361le—31)
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t temperature in canopy airin °C

A-slope of saturation vapour pressure curve [Pa/°C]
4098 e,

~(t+237.3)2

e, is saturation vapour pressure [Pa]given by:
17.27t

e, = 610.8 * e[t+237.3
eq4- actual air vapour pressure (canopy air)[Pa]

. -1

r. - crop canopy resistance [s m™]
. . -1
r, - aerodynamic resistance [s m ]

y-thermodynamic constant gamma [Pa/°C] given by:
1005 P

Y =0622" 2
P- atmospheric pressure [Pa]

cp specific heat of moist air 1013 [J/kg K]

Rn — solar radiation reaching soil top [W/mz]
G - conduction heat down ward at soil surface [W/m?]

Evapotranspiration is divided into transpiration (T,) and evaporation (E,)as follows:
T, = ET.SCF
E, =ET.(1-SCF)

SCF — soil cover fraction given by:

K
SCF =1—e L4l
k-extinction coefficient [-]

Notes

1. As per definition CO is time varying unlike for the comparable term in thermal side, strictly speaking it should have both p-value and f-value. But only one value is used, to help
cancel terms in equation manipulation. For both m coefficient and n coefficient it is calculated for time step t. To see the stability issue during code testing stage
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Sub call from GRq coefficient

Calculate number of loops based on sub sim time

Start iteration

calculate precipitation for sub time step

saturation storage height= LAI*.0001

excess = cumulative storage - saturation height

add excess to through fall

calculate direct through fall

calculate canopy drain through fall

calculate total through fall

intercept=precipitation-through fall

add intercept to canopy cumulative storage

calculate temperature change on canopy

add intercepted precipitation to cumulative variable

iteration

back to coefficient sub

Flow chart of subroutine calculating precipitation-interception for alternative calculation of PO (Stull 2011)
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2. Soil mid layers (S2, S3, S4)

Moisture Balance

cov_ 9 K‘P[a—"”+1}+KTa—T S
ot oz 0z 0z

All terms are similar to soil top layer. Moisture exchange with air is absent.

Coefficient form for S2

CV4: Soil Middle layer
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All terms are previously defined

(m22) _KeHY
S1_S2
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
(m23) 5265 KYLat kYot
At S1.52 S2_S3
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
(m24) _ kwgy
S2_53
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
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Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
‘n’ coefficients use time varying parameters one time step prior to that in ‘m’ coefficients
In addition, wherever present, multipliers a change to 1-a.
Sign change for all terms except for the one carries At
= (1 — o) K¥%s2
n22=_1-a) 5152
n23 = 52C05 KWhe  KWhe
At 51.52 5253
n24=(1-a K¥sass
( ) $2_53
(92) +(1 — )KP s, — (1 — )KWh e + a KPEA -a KPHEE
KTstlsZ KTstZS3
-1-a) 5152 TH—TH) +(1—a) $2.53 TS —Td)
KTHS* A A KTHS A A
Tt+ t Tt+ t) _ Tt+ t Tt+ t
%5152 ( *52.53 ( 5%
—(1 - a) S28t, — aS2 SLFAE -
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
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3. Soil bottom layer (S5)

Moisture Balance

cov_ 9 K‘y[a—"”ﬂ}KTa—T S
ot oz 0z 0z

All terms are similar to soil mid layers, except for drainage term

Coefficient form for S5

CV5: Soil Lower layer
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All terms are previously defined except for drainage term

n S5 Cét, Kwirat
(nse) e
Time invariant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
X height of drainage layer FLL [12]Jrecommends min aggregate layer height 6 cm 0.08 m
Time variant data Defining Equations and Remarks Initial Unit Required data Couple
Value Input Param | Calcul | Info
eters ated
Variab
les
Kl{—'sfs’f?f 1. Ref:[121] 0.0005 | m/s

Example of hydraulic conductivity of sandy gravel 4.5e-4 to 5e-4 m/s
2. Ref:[122]

Adapting one of many best fit equations for hydraulic conductivity [K(i)] in terms of
hydraulic gradient (i) for coarse and fine aggregates.

Aggregate no: 8

Type of aggregate: Gravel

Size range (mm): 9.5t0 19.1

Hydraulic conductivity (m/day): K = 9003 i~%4

hydraulic gradient across drainage layer is determined as
i=* (Abs(matricPotGRp(5)) / SoilHtS5Gr)
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Appendix 4: Integration of new green roof model with ESP-r;
ESP-r modifications

The new green roof model is integrated with ESP-r in a manner by which it

modifies, when called, the ESP-r’s boundary condition of an exposed roof

surface to that defined by the green roof model. Accordingly a few

modifications are required at the ESP-r program. This appendix presents

information in addition to the description of ESP-r integration in section 3.4

Table A4: Alterations in ESP-r facilities for green roof model integration

No

Source code location

ESP-r modules

Type of change

1

esrucom/egeometry.F

EGOMIN

EMKGEO

GEOREAD

EGOMIN and GEOREAD read
zone geometry data from user
constructed file; EMKGEO writes
GEN type of geometry file;
Changes involve adding
“GREEN_R’ as surface attributes
concerning ‘other sides’ of surfaces
in these routines;

esrucom/emkcfg.F

EMKCFG

This routine is to create a
configuration file; it calls a routine
CONXINF which return a string
variable CXSTR; green roof related
lines added where it identifies the
concerned surface attribute

esrucom/emkcfgg.F

EMKCFG

GTK system related copy of the
above which is for X11

esrucom/esru_misc.F

SURADJ

This routine return information
about connection between surfaces;
adding lines to return description
concerning bottom of green roof
temperature

esrucom/esystem.F

ERSYS_mmode

This routine reads a system
configuration file which defines
building and plant details for
simulation; it calls a routine
CONXINFO which return a string
variable CXSTR; green roof related
lines added where it identifies the
concerned surface attribute
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Table A4 (Contd): Alterations in ESP-r facilities for green roof model integration

6

esrudbm/esystemg.F

ERSYS_mmode

CONXINFO

GTK system related copy of the
above which is for X11

esruprj/edgeo.F

EDZONE

EDSURA

EZIPIN

EDZONE is the main routine for
editing zone attributes and saving to
a geometry file; EDSURA edits
zone surface attributes in a common
block G5; EZIPIN reads zip format
geometry data into common blocks;
in all these routines lines added to
accommodate additional surface
attribute namely GREEN_R

esruprj/edonecon.F

EDACONN

CONXMENU

EDACONN edits connection
attributes in variables in common
block C3; CONXMENU return
description of interconnection
description in string variable
CXITM; lines added to include
green roof attribute

esruprj/edtopol.F

EDCONN

CONFIG

ESACON

These routines are part of a
collection of support facilities for
editing model topology lists; lines
added for editing checking and
clearing green roof related surface
attribute
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Appendix 5: Sensitivity analysis results

A sensitivity analysis was conducted for the model to evaluate the
comparative influence of the model inputs on the model output, the method
and the results of which are described in section 4.8, to give a comparative
illustration the charts in section 4.8 have been scaled to a common y-axis size.
Some of the charts presented in chapter 4, show almost no response of the
output for the changes in the particular input. This appendix presents the same
results of the sensitivity analysis, but without any scaling, illustrating that all

input variables’ variations influence the output, although in varying degrees.

LAI sensitivity
302.5

302

301.5 AVA

VL
301 \
300.5

300 \\\

299.5 \

299 T T T T T T

Temperature at lowest layer of green roof
[K]

LAI [-]

Figure A5.1: Sensitivity analysis results for LAI
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S

299-8 T T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Plant Height [m]

Temperature at lowest layer of green
roof [K]
w
8
~

Figure A5.2: Sensitivity analysis results for plant height

300.44

300.435 )\

300.43 \\

300.42 ‘&

Y

roof [K]

300.415

Temperature of the lowest layer of green

300.41 T T T T )
500 600 700 800 900 1000

Density of plant leaves [kg/m3]

Figure A5.3: Sensitivity analysis results for density of plant leaves
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300.445
300.44
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S 30043
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300.425 \/ \‘V\,\f/\—
300.42

300.415 T T
2000 2500 3000 3500 4000 4500

Specific heat of plant leaves [J/kg K]

Temperature of the lowest layer of green

Figure A5.4: Sensitivity analysis results for specific heat of plant leaves
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300.44
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300.38 \
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Thickness of plant leaves [m]

Temperature of the lowest layer of green
roof [K]

Figure A5.5: Sensitivity analysis results for thickness of plant leaves
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Temperature of the lowest layer of green
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Figure A5.6: Sensitivity analysis results for width of plant leaves
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Figure A5.7: Sensitivity analysis results for coefficient of extinction for long
wave radiation
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Figure A5.8: Sensitivity analysis results for minimum stomatal resistance of
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Figure A5.9: Sensitivity analysis results for soil height
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Figure A5.10: Sensitivity analysis results for soil mineral fraction
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Figure A5.11: Sensitivity analysis results for soil organic fraction
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Figure A5.12: Sensitivity analysis results for soil’s saturated moisture content
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Figure A5.13: Sensitivity analysis results for soil’s residual moisture content
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Figure A5.14: Sensitivity analysis results for soil’s alpha index
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Figure A5.15: Sensitivity analysis results for soil’s ‘n” index
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Figure A5.16: Sensitivity analysis results for saturated hydraulic conductivity
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Figure A5.17: Sensitivity analysis results for reflectivity of canopy
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Figure A5.18: Sensitivity analysis results for soil’s reflectivity
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Figure A5.19: Sensitivity analysis results for leaf tissue’s reflectivity
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Figure A5.20: Sensitivity analysis results for transmissivity of leaf tissue
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Figure A5.21: Sensitivity analysis results for emissivity of leaves
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Figure A5.22: Sensitivity analysis results for emissivity of soil surface
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Appendix 6: Thermal validation testl results in detail

Thermal validation results of the new green roof model for the test dates of
August 17-18, 2014 have been presented in section 5.7.1, figure 5.18,which
presents the evaluation of the nine temperatures (seven control volumes and
two boundary conditions). Although numerical indices such as RMSD have
been provided in section 5.7 the comparison of the measured and simulated
charts in figure 5.18 is not easy because of the high number of data displayed.
This appendix presents the results of the same validation study in more detail
for illutration purposes. For each of the control volumes, the measures and

simulated temperatures are provided in separate charts.
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Figure A6.1: Comparison of measured and simulated temperatures of control
volume 1- Plant, in the thermal validation test 1 (Aug 17-18)
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Figure A6.2: Comparison of measured and simulated temperatures of control
volume 2- Canopy air, in the thermal validation test 1 (Aug 17-18)
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Figure A6.3: Comparison of measured and simulated temperatures of control
volume 3- Soil top layer, in the thermal validation test 1 (Aug 17-18)
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Figure A6.4: Comparison of measured and simulated temperatures of control
volume 4- Soil layer 2, in the thermal validation test 1 (Aug 17-18)
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Figure A6.5: Comparison of measured and simulated temperatures of control
volume 5- Soil layer 3, in the thermal validation test 1 (Aug 17-18)
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Figure A6.6: Comparison of measured and simulated temperatures of control
volume 6- Soil layer 4, in the thermal validation test 1 (Aug 17-18)
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Figure A6.7: Comparison of measured and simulated temperatures of control
volume 7- Soil bottom layer, in the thermal validation test 1 (Aug 17-18)
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