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Abstract 

Towards Green Buildings: Energy Efficient Roof Systems for Buildings 

Dhruv Sangal 

Advisor: Hamidreza Najafi, Ph. D. 

The present work focusses on investigating the thermal performance of different energy 

efficient roof systems for buildings for different climates. Buildings constitutes about 40 

percent of total energy consumed by United States, and previous research shows that 20 

percent of the building cooling load comes through ceiling of a building. Thus, it is 

important to analyze different energy efficient roof systems which can help in reducing 

building cooling and heating load. The present study focusses on   three technologies – 

green roof, radiant barriers and photovoltaics. To analyze the performance of these 

systems, a detailed energy based mathematical model were developed in MATLAB. The 

results were first validated with experimental data obtained from previous research. A set 

of simulations were conducted to calculate the different system’s performance for a 

building for six different cities with different climates – hot and dry, hot and humid, cold, 

marine, mixed humid and subarctic.  

To investigate the performance of these systems further, an energy saving analysis was 

conducted associated with the temperature variation. The energy savings associated with 

radiant barrier was found to be highest than the savings associated with green roof and 

photovoltaic system for each climate.  However, in terms of environmental impact green 

roof provides more benefits. The savings of photovoltaic system is lowest, but it 

contributes to the generation of electricity which in turn can help in reducing building load 

on the grid. 
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A mathematical model for cost saving analysis was also developed and the benefits of 

these systems over conventional roof systems were discussed in detail. The results 

associated with energy savings analysis for these systems were compared to better 

understand their advantages and disadvantages over each other. It can be concluded that 

each system has its own advantages and disadvantages but all of them were able to reduce 

building load.  
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 Chapter 1  
   Introduction 

Buildings account for an annual energy consumption of 40 quadrillion Btu and about 38 

percent of carbon dioxide emission in the United States [1]. Previous studies show that 20 

percent of the building cooling load occurs through the roof. Figure 1, shows an 

approximate cooling load distribution for a building [2]. It is important to find measures 

that can help in reducing building cooling and heating loads as well as helping with 

reducing urban temperature, impervious surfaces, CO2 emission, etc. Retrofitting existing 

roof systems with innovative energy efficient and environmental friendly systems could be 

one of many solutions to resolve some of these problems.    

	

Figure 1: Building cooling load components [2] 
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Many technologies have been developed and tested such as – Building integrated 

photovoltaics [3], photovoltaic systems [4], photovoltaic-thermoelectric system [5], green 

roof [6], radiant barrier and thermal insulation [7], structurally insulated panels [8], 

radiative cooling and heating systems like movable insulation, selective materials with 

high reflectivity and emissivity like Nano-photonic structures and active or hybrid systems 

that uses air-flow or water as coolant [9]. In the present study, three of these technologies – 

green roof, radiant barrier system and photovoltaic systems are discussed in detail. An 

energy balance model is developed for each system to assess the thermal behavior and 

energy performance of each technology in different climate conditions. Furthermore, a 

simple cost model is presented to provide a basic idea regarding economical aspects of 

each technology.  The environmental aspects are also discussed in detail.  

 Green roof is a type of roof structure consisting of a vegetative layer, a soil medium 

(growing medium), a water-proofing membrane with a filter membrane, a root resistive 

layer and the roof structure. Researchers found green roof as an attractive alternative to 

conventional roof system as it helps in improving thermal comfort of the building and 

helps in reducing urban heat island effects, stormwater run-off and acoustical façade loads 

as well as improving building and atmosphere air quality. Studies conducted by Anon et al. 

[10] stated that the urban temperature can be reduced by 70C if all the conventional roofs 

are replaced by green roofs in any major city of the United States. Previous studies show 

that green roof serves as an insulator and thermal storage medium which can reduces the 

temperature of the building roof by 20 - 300C compared to a conventional roof system [11]. 

Radiant barrier act as a barrier against incoming radiation which reduces radiative heat 

gain and losses by the building. They are usually placed inside a ventilated or unventilated 

airspace near a low emittance surface. Previous researches suggest that radiant barrier 

performs better during summer season than winter season [12]. They further stated that 

radiant barrier placed over a ceiling insulation performs better than radiant barrier mounted 

on truss or raft [12]. The researches show a reduction of about 26-50% in heat flux through 

roof with radiant barrier than a conventional system during summer months [13]. 
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Photovoltaic panels are consist of cells connected in series or in parallel. They can be 

installed over a rooftop or on facades and glazing. Besides power generation which is the 

main task of photovoltaic panels, they provide shadow on the rooftop which reduces the 

heat gain through the roof. They can be further installed as the building material commonly 

known as building integrated photovoltaic panels (BIPV).  

1.1 Literature Review  

Several studies have been carried out on each of these systems to study the thermal 

behavior, energy performance, and cost considerations over conventional roof. This section 

gives a brief review of the previous studies corresponding to each of these technologies. 

1.1.1 Green Roof 
Green roof technology first came into the light in 1969 when it was implemented on a 

building in Stuttgart named Geno Haus (Metropolis Magazine [14])). Later in 1970, 

several studies were carried out to explore lightweight growing media and plants, drainage 

layer, water-proofing membranes and more to improve green roof technology [15]. During 

the 90s [16], Department of Defense and General Services Administration USA mandated 

to use green roof as a method to achieve higher environmental ratings for all their 

buildings. 

There have been many energy models developed for green roof in recent years, but the 

most commonly used model is FASST – Fast All-season Soil Strength by Frankenstein and 

Koenig 2004 [17,18]. They discussed about the numerical schemes to calculate ground 

moisture factor, ice content, surface and foliage temperature, freeze/thaw profiles, soil 

strength, surface ice or snow depletion, to understand the behavior of green roof and the 

major factors affecting its performances. They developed the model for both extensive and 

intensive vegetation. 
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Dominique et al. [19], developed a model to analyze the dynamic thermal behavior of 

green roof system and to find certain physical parameters of the system for Reunion Island. 

They performed experiments and computational simulations and a sensitivity analysis test 

to assess the model. They found the temperature of the building to be 50C and 70C lower 

for green roof system in comparison with conventional roofs. They also found that for a 

building with ordinary roof more energy is required for heating/cooling purposes. They 

showed that ordinary roof consumes about 40% more energy than a green roof when the 

indoor temperature is set to about 24oC. The Green Roof Research [20] center in 

Pennsylvania State University conducted a field experiment in Central Pennsylvania with 6 

buildings – 3 roofs were constructed by green roof and 3 built with dark roofs. The results 

were compared and discussed. It was observed that the maximum temperature difference 

between green roof and conventional roof was about 300 C (Gaffin et al. [21]). 

D.J. Sailor [22] developed a physical energy model based on FAAST for green roof and 

integrated it in EnergyPlus [23] to explore different aspects of green roof, namely 

vegetation characteristics, growing media depth, etc. Through several simulations, they 

found that the annual building energy usage when using green roof is lower than the 

conventional roof by approximately 2% for Chicago, IL and 9-11% for Houston, TX. They 

also found that the energy consumption for the building depends significantly on 

parameters such as leaf area index, soil depth and irrigation density.  

Rosenzweig et al. [24] conducted a study on extensive green roof for New York city. A 

reduction in the amount of 0.1 - 0.8 0C in the average surface temperature was observed 

when 50% green roof cover is in use. They also discussed about various benefits of green 

roofs on the environment. An experimental analysis on green roof system was conducted 

by Santamouris et al [25] in Athens to assess the system efficiency. They further conducted 

an energy saving analysis using a mathematical model. They found reduction in cooling 

load by 6 to 49 percent, and observed that the system does not help in heating season 

significantly.  
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Coma et al. [26] analyzed the sustainability and thermal behavior of extensive green roof 

for Mediterranean continental climate in Spain. They performed an experimental analysis 

on three cubicles where the only difference was the roof construction. They studied three 

different type of vegetation and concluded that during summer, the cubicle with green roof 

consumes less energy than a conventional roof with insulation by approximately 16% for 

rubber crumbs and 2.2% for pozzolana vegetation. For winter, they found that green roof 

consumes more energy compared with conventional roof. An experimental analysis was 

performed by Silva et al. [27] to analyze the thermal behavior of 3 different systems for 

Mediterranean climate. They validated their results with numerical model and the results 

were compared with a traditional roof system which showed 20% reduction in energy 

consumption.  

Wong et al. [28] conducted a field measurement on a low-rise commercial building in 

Singapore to analyze the direct and indirect thermal impacts of green roof gardens for 

tropical climate. They found a temperature difference of about 30oC between the roof with 

hard surface and shade and green roof. They performed an analysis for seven different 

types of vegetation and concluded that the temperature variation depends significantly on 

LAI or density of plants.  

Silva et al. [29] assessed the thermal behavior of a green roof system for Mediterranean 

climate. The numerical results were validated with experimental data to compare the 

energy performance of the green roof. They used three different types of green roofs and 

the performance of all the three green roofs were compared with a conventional roof. It 

was concluded that with no thermal insulation, a building with extensive green roof 

requires 20% less energy than a similar building with black roof and white roof. Intensive 

and semi-intensive green roofs also performed more efficient than the black and white 

roofs. 

Spala et al. [30] conducted an energy performance investigation using TRNSYS software 

for an office building in Athens. They noted a reduction in cooling load of the whole 



6	
	

	

building in the amount of 15% - 39% for summer period. They stated that green roof has 

significant effect on the energy savings during cooling season however, it does not play 

significant role during heating season. Liu et al. 2006 [31] also concluded from their study 

that green roof due to its ability to reduce heat gain performs better during cooling season 

compared to heating season.  

Xin Tang et al. [32] studied the green roofs thermal performance during winter. They also 

studied the impact of the phase change of water on thermal performance of the system. 

They developed a thermal transient model and validated it with experimental data. They 

stated that large temperature fluctuations can be reduced with green roofs. They also 

showed that compared to conventional roof system, green roof can reduce roof surface heat 

losses by 17.9% during heating season. 

Takakura et al. [33] studied the thermal benefits of green roof, for four different types of 

roof constructed with different surfaces – soil layer, concrete, soil layer with ivy and soil 

layer with turf, in summer. Both experimental and computer simulation were carried out.  

The results show a peak temperature difference of 150 C between the concrete roof and the 

ivy-covered roof. 

Kumar et al. [34] evaluated the green roof performance and impact of shading on its 

performance. A mathematical model was developed and validated with the experimental 

analysis data for green roof. He found a reduction of 5.10 C in temperature of the green 

roof with shading and a cooling potential of 3.02kWh per day.  

Onmura et al. [35], performed a field measurement test using roof lawn garden on a 

building in Osaka, Japan. They used a non-woven fabric material as planting material. 

They concluded that the roof surface temperature of the building reduced from 60 to 300 C 

during daytime and a reduction in heat flux by 50% is noted. They also carried out a wind 

tunnel experiment and a numerical unsteady analysis using a simultaneous transport model 

to justify that the temperature distribution through the thickness of the wall is influenced 

by the moisture content, heat flow and the water diffuses through the lawn. 
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1.1.2 Radiant Barrier 
Radiant barrier’s performance varies with different climate conditions. Previous studies 

suggested that radiant barriers perform better during hot season. They are found to be more 

effective in reducing heat flux during summer with an average reduction of heat flux in the 

amount of 25% compared to the 15% reduction in the winter months [13]. The first 

research on radiant barrier was performed in 1958 by Joy [36], where radiant barrier was 

placed inside an attic module on top of the ceiling. A reduction of 25-50% in heat flux 

during summer was found as the result of using radiant barriers. 

 Katipamula et al. [37], conducted a performance analysis on radiant barrier system for 

different configurations. They mounted radiant barrier on the truss or raft and placed them 

underside the roof deck or placed them on top of the ceiling inside attic. They found a 

reduction of 16-28% in heat flux for raft or truss configuration and a reduction of 30-35% 

in heat flux for the ceiling configuration. However, Fairey et al. [7] stated that there is not a 

significant impact of configuration on the performance of radiant barrier.  

A study conducted by Asadi et al. [38], suggested that ambient temperature and solar 

radiation are the main parameters that affect the performance of radiant barriers. However, 

a study conducted by Medina et al. [12] concluded that solar radiation does not have 

significant impact on the performance of radiant barrier and it just act as a driven force on 

ambient temperature and humidity which in turn affect the performance of the system. 

Winiarski et al. [39], developed quasi static model to analyze the heat flow inside the attic. 

They further tested their results with experimental data and found that during typical 

summer, the system with radiant barriers could reduce heat flux between 35% and 43%.  

Al-Asmar et al. [40] investigated the performance of radiant barrier systems for residential 

buildings during summer. They built an attic where roof temperature varied from 1200 F to 

1600 F and attic ventilation varied from 0 to 2.0 cfm/ft2. A total of 72 steady-state 

experiments were conducted and nominal insulation level R-11 and R-19 were used. They 
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found that, as the result of using radiant barriers, heat gain reduction of 17% - 26% can be 

realized in attics with no ventilation and 24% - 42% in attics with ventilation.   

Medina et al. [41] conducted an experimental and simulation study to analyze the 

performance of radiant barriers for three different insulation level on two houses with same 

floor plan and thermal profiles. They developed a heat and mass transfer model and 

concluded that with increase in level of insulation the reduction in heat transfer decreases, 

for resistance level of 1.94, 3.35 and 5.28 m2K/W the radiant barriers resulted in heat flow 

reduction of up to 42%, 34% and 25% respectively.  

In another study by Medina et al. [12], a vented attic was simulated during cooling season 

for 3-month period. They used R-19 insulation level. They stated that radiant barrier can 

reduce heat flux through the ceiling by 36.8% for Tropical climate of Savannah while for 

Mediterranean climate it can reduce only up to 2.3%. They also suggested that solar 

radiation does not affect the performance of radiant barrier significantly.   

Asadi et al. [42] conducted an experimental study on a roof-mounted radiant barrier to 

evaluate the thermal performance of the system for residential buildings. They performed 

the experiment on two houses with same floor plan and structure. They installed 

thermocouples in each layer of roof and measured the temperature hourly. They concluded 

that the energy loads can be reduced by 8 - 25% depending on the climate condition. They 

also showed that ambient temperature had the biggest impact on the performance of the 

system among all other climatic parameters. 

Lee et al. [13] performed a review analysis on thermal insulation and radiant barrier 

systems in buildings. They reviewed different parameters that mainly affects the 

performance of radiant barrier system such as air temperature of attic, heat flux and 

thermal load. They stated that on an average during summer time, radiant barriers can 

reduce heat flux through the roof of a building by 26% - 50% which results in cooling load 

reduction of 6% - 16%. They concluded that radiant barrier is more effective in summer in 

comparison to winter.  
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1.1.3 Photovoltaic Panels 
Photovoltaic panels, are one of the most reliable technologies available in market today. 

They not only produce electricity using solar radiation, but also provide shading to the top 

surface of roof, reducing heat transfer through the roof. They can be further used as 

building material, known as building integrated photovoltaic panels (BIPV), reducing the 

building load. 

Yang et al. [43] investigated the performance of BIPV with an air gap between the PVs and 

building structure experimentally for the city of Hong Kong. The air gap was given to 

allow cooling of PVs and to increase the efficiency. The system consisted of 100 PV 

panels for a 55m2 integration area. They showed that the annual energy output is around 

6,878kWh. 

Chow et al. [44], developed a 260 m2 BIPV model by ESP-r software to analyze the 

performance of BIPV. The modules were mounted on top of a building with an air-gap of 

250mm. Three different systems were considered – PV/C (BIPV and cooling of cells), 

PV/T (BIPV and air heating) and BIPV. They found annual energy production for these 

systems to be 83,689 MJ, 83,584 MJ and 83,205 MJ respectively. 

Perez-Alonso et al. [45], conducted a study to evaluate the performance of a BIPV system 

through neural networks. The PV application was integrated into a 1024 m2 building. The 

system was divided into two zones of 192 m2 and covered with twelve opaque, a-Si thin 

film PV panels. They stated that the electricity production of the system was 8.25 kWh/m2 

per year and the overall system efficiency was found to be 4.7 percent in respect to the 

nominal module efficiency of 5.8 percent. The system was successfully modelled using 

Artificial Neural Network.  

Pantic et al. [46] examined three different configurations for BIPV systems. The first 

configuration consists of an unglazed BIPV system with air flow underneath it, the second 

was 1.5m vertical solar air collector with BIPV and the third configuration was PV panels 
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with glazing over it. They found that the second and third configurations had more thermal 

efficiency than the first one, however, the electricity generated by third configuration was 

found to be decreased due to excessive high PV panel temperature. 

Agrawal et al. [47], examined the performance of the BIPVT system with an air blower of 

1.3 kg/s constant mass flow rate, for four parallel and serial connections. They found the 

thermal and electrical exergies to be 1,531 kWh/y and 16,209 kWh/y respectively. They 

reported thermal efficiency of the system as 53.7 percent. They concluded that the parallel 

combination had better performance than serial combination for constant air velocity 

however, for constant mass flow rate of air, the serial combination performed better. In 

another study by Agrawal et al. [48], the system was thermally modelled for two different 

climates – cold and moderate. They conducted the study to determine the temperature of 

solar cell, duct air and room temperature. BIPVT was applied on top of a laboratory with 

six fans of 12W each. They concluded that the system is favorable for both moderate and 

cold climate. The electrical efficiencies were found to be between 12.5 percent and 16 

percent while the thermal efficiency was found to be around 50-54 percent. 

Vats et al. [49], investigated the performance of BIPVT systems for both roofs and facades 

with and without air duct. They found that the temperature difference between the semi-

transparent and opaque system PV modules with air duct was 1.130C while for system 

without airduct the difference was 9.550C. They also stated that with increase in mass flow 

rate of air the temperature of the room also increased. 

Ban-Weiss et al. [50], evaluated the electricity production and cooling energy effects of 

BIPV system. They found that the solar absorption of the rooftop decreased from 0.75 to 

0.38 after BIPV installation. They stated that the daily output range of the system was 0.15 

kWh/m2 in winter and 0.4kWh/m2 for summer. The average system efficiency was found to 

be 4.6 percent for the entire evaluation period. They also stated that for an office building 

in Phoenix, AZ, the annual cooling and heating energy saving was found to be 9.6kWh/m2 

and 2.9MJ/m2 respectively. 
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Yang et al. [51], evaluated a BIPVT system experimentally. They tested a BIPVT 

prototype with single inlet and developed a control volume model. The model was used to 

study improved designs with multiple inlets. In first scenario, they used two inlets and 

found that the thermal efficiency increased by 5 percent and found the peak PV module 

temperature to be decreased by 1.50C. In second scenario, the vertical solar glazed air 

collector was placed at the end of the system. It was found that the thermal efficiency 

increased by 10 percent. 

Ordens et al. [52], developed a model of BIPV systems to assess six different types of PV 

technologies – P-Si, m-Si, amorphous silicon, cadmium telluride, hetero-junction with 

intrinsic thin layer and copper indium diselenide. They stated that the total annual energy 

generation were between 42.6 MWh and 144.5MWh for a typical middle-class Brazilian 

residential model of area 1200m2. 

Ruther et al. [53], evaluated the reduction in potential energy demand of the building using 

BIPV system. The nominal power was found to be in the range of557 KWp - 1670 KWp for 

different PV energy fractions. The yearly energy generation was found to be in between 

654.8 MWh and 1963.2 MWh for different fractions.  

Kamel et al. [54], developed a BIPVT system in TRNSYS. The air source heat pump 

system was used for an archetype sustainable house. They found the maximum efficiency 

to be 16 percent. They studied the model for two different flow rates of 0.4 and 0.1 on the 

heat pump and found reduction in CO2 emission and a profit of $24 per month was found 

for the year of 2014. 

Friling et al. [55], investigated mathematical modelling of the heat transfer of BIPV. They 

compared their results with experimental data [56]. They stated that the heat transfer 

increased with the increase in forced ventilation and both the fins and a high forced 

velocity in the air gap increases heat transfer for BIPV. 
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Eke et al. [57] performed a shading effect analysis of BIPV system. The building consisted 

of five floors with three a-Si-modules on each array of the floor. They found that the 

annual difference between the energy consumption was 16 percent and monthly difference 

by 10-24 percent. They stated that shading has a significant impact on the performance of 

the system and the energy ratings decreases with decrease in declination angle. 

Drif et al. [58], developed a method for the assessment of energy losses related to partial 

shading of BIPV system. They divided the system into 9 sub-arrays with each array 

consisted of 2 parallel strings with 10 PV modules in every string. They stated that the 

energy generated by 1 sub-generator was found to be 12.41 kWh for a day theoretically. 

They found energy losses due to shading to be 1.79kWh, which corresponds to 14.4 

percent of the total energy generated by BIPV. 
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1.2 Objective and Statement of Work  

The objective of this work is to study and analyze the thermal behavior, energy 

performance, environmental benefits and cost of green roof, radiant barrier and 

photovoltaic systems. The energy balance model for each technology was developed and 

integrated in MATLAB. A conventional roof model is also developed and integrated in 

MATLAB with dark and white roof to analyze the performance better. The simulations are 

done for six different climates – subarctic (Anchorage, Alaska), hot and humid 

(Melbourne, Florida), cold (Madison, Wisconsin), hot and dry (Los Angeles, California), 

marine (San Francisco, California), mixed humid (New York city) of United States. 

Advantages and disadvantages of each technology over one other are also discussed in 

detail. 
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Chapter 2 
Green Roof 

2.1 Introduction 
A typical green roof is constructed of a foliage layer (vegetation), filter membrane, 

growing medium, a root resisting membrane and a drainage layer. The structure of a green 

roof is illustrated in Figure 2. A green roof serves as a thermal mass which protects the 

building from intensive temperature variations and reduces heat gain through the roof. The 

vegetation and soil serve as a barrier, and absorb sunlight, which is further used for a 

natural process of evapotranspiration and filter water from rain or storm, mitigating water 

runoff and sewage overflows. The filter membrane prevents drainage clogging and the 

drainage layer aerates the substrate by providing adequate flow of water off the roof during 

and after rain. The root resistance membrane helps in restraining root penetration into the 

roof membrane [59]. 

Figure 2: Schematic of typical structure of green roof 
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Green roof systems could be extensive or intensive. They are distinguished based on the 

vegetation type, soil depth like extensive green roof usually use a very shallow growing 

medium to support plants with a soil depth of about 12 inches while intensive green roof 

uses deeper soil and diverse plants such as trees and shrubs. Extensive green roof does not 

require much maintenance compared to intensive green roof which require maintenance on 

a regular basis.  

There are several parameters that play significant roles in determining the performance of 

green roofs, namely Leaf Area Index (LAI), type of vegetation, type of soil, fractional 

coverage, reflectivity (albedo), stomatal resistance and thickness of each layer. These 

parameters are briefly introduced as follows. LAI is the dimensionless ratio of projected 

leaf area for a unit ground which typically varies between 0.5 – 5. Fractional coverage 

represents the fraction of roof covered by the leaves. There are several different types of 

vegetation for green roof applications. Sedum is known as the most commonly used 

vegetation. Other vegetation that can be used are recycled rubber crumbs, pozzolana, 

heliconia, shrubs and so on. Soil is distinguished basically in two types of dry soil and wet 

soil. Stomatal resistance dictates the rate at which plants transpire moisture through its leaf 

stomata. 

2.2 Thermal Model 
A schematic of energy balance of a green roof system is illustrated in  

Figure 3. The energy balance model is divided into two parts: Foliage-Outside air and 

Foliage-Ground system, which is based on Frankenstein and Koenig [17] – FAAST model 

for low vegetation. The model is modified based on the needs of this research. A low 

vegetation type short grass is chosen for the model with dry soil. The model is integrated 

into MATLAB to analyze the thermal behavior of the system. 
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Figure 3: Green roof energy balance- L: latent heat flux, Is incoming short-wave 

radiation, H: convection heat flux, Iir: incoming long-wave radiation. (Subscripts g 

and f refer to the ground and foliage respectively) 

2.2.1 Foliage – Outside Air Interface 
The foliage component consists heat transfer through vegetation, soil medium and 

protective layers. The energy balance equation can be given as: 

…… ( 1)	

The first term in the above equation represents the incoming longwave flux absorbed by 

the foliage, where longwave emissivity of foliage 𝜀. is a function of the type of season and 

vegetation. 𝜎. is the fractional coverage which is a function of vegetation type and season. 

𝐼",$% represents the incoming short-wave radiation absorbed by the foliage and includes 

normal and diffuse solar irradiation which are obtained from TMY3 [60] database for 

respective climates. The second term represents the longwave radiation emitted by the 

foliage, where 𝜎 is the Stefan-Boltzmann constant, 𝑇. represents temperature of the 
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foliage. The third term represents the total solar heat flux absorbed by the foliage. Here, 𝛼. 

represents reflectivity of the foliage. The fourth term in the equation represents the total 

longwave radiation emitted and absorbed by the foliage, where	𝑇- represents the ground 

temperature. 𝐿. represents the latent heat flux of the medium and 𝐻. represents the 

convective heat flux of the medium. 

The fractional coverage 𝜎. [61] can be calculated as:

……………	( 2)	

Where 𝜎.,1+S and 𝜎.,1$% represents the maximum and minimum fractional coverage 

values, different for different vegetation. The term 𝐹 𝑇-  can be calculated as:

……………………………………………… ( 3) 

The incoming infrared longwave radiation (𝐼&,$%) [62] can be calculated as:

……………………………………………………………………………………………			( 

4)Where 𝜀" represents the total emissivity [63], a function of clear sky emissivity 𝜀E" , 

emissivity of clouds 𝜀E&  and sky cover factor (obtained from TMY3). The total emissivity 

can be calculated as: 

…………………………………………………………………………….	( 5) 

Where the value of clouds emissivity is obtained from Ref [64] as 0.976 and the clear sky 

emissivity is calculated as: 
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…………………………………………………………………………			(	6)	

Where 𝑏( is 0.433 [65] and 𝑒+ represents the vapor pressure (Pa), it can be calculated using 

Buck [66] algorithm: 

……………….	(	7)	

Where RH represents the relative humidity obtained from TMY3 database, 𝑒+: represents 

saturated vapor pressure at 273.15K which is equal to 610.78 Pa, 𝑇+1Z represents ambient 

air temperature obtained from TMY3 database, x and y are calculation parameters that are 

considered as 17.267 and 35.86 respectively. 

The calculation parameter 𝜀5 can be calculated as: 

……………………………………………………………………………………	(	8)	

 The convective heat flux (𝐻.) [67] between the foliage and the atmosphere is given 

as: 

………………………			(	9)	

Where 𝐶.,/ denotes bulk transfer coefficient, 𝑒: is the correction factor (2.0 W/m2) [68], the 

1.1 is a constant heat transfer coefficient [22,67], Leaf area index is denoted by LAI, air 
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specific heat and density of air is denoted by 𝑐*,+ and 𝜌+., respectively, 𝜌+. is calculated 

as: 

………………………………………………………………………………………………	(	10)	

where 𝜌+ and 𝜌. (kg/m3) denote air density at the instrument height and at foliage 

temperature respectively. The foliage air temperature [69] is given as: 

………………..	(	11)	

The bulk transfer coefficient (𝐶.,/) [70] is given by: 

………………………………………………………………………	(	12) 

Where 𝑊+. denote foliage wind speed (m/s), given as: 

…………………………………………………	(	13)	

where 𝑤( calculation variable for wind speed (m/sec) which is obtained from TMY3 

database and 𝐶3%
.  is the indication of momentum transfer between the atmosphere and 

foliage at near neutral stable condition [17], it can be calculated as: 
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……………………………………………………………………………			(	14)	

Where k is von Karmen constant set equal to 0.4, 𝑍+ and 𝑍] represents the height of 

instrument and displacement height respectively. 𝑧9
. represents the length of foliage 

roughness and it can be calculated as: 

……………………………………………………………………………………………..		(	15)	

Where 𝑍. represents the height of the foliage, depends on the type of vegetation. The 

displacement height can be calculated as: 

…………………………………………………………………………………………….			(	16)	

The latent or evaporative heat transfer (𝐿.) between the foliage and the atmosphere is 

calculated as: 

…………………………………………….		(	17)	

where l denotes either the latent heat of evaporation or sublimation (J/kg), 𝑄.,"+/  is the 

saturated foliage mixing ratio, 𝑄+. is the air within the foliage mixing ratio, and 𝑟(( is 

known as aerodynamic resistance, calculated as: 

…………………………………………………………………………………………………			(	18)	

where 𝑟+,2 and 𝑟",? represent atmospheric resistances [69,70] which can be given as: 
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………………………………………………………………………………………………	(	19)	

……………………………………………………………………………………………	(	20)	

where 𝑟",?1$% denote minimum stomatal resistance, 𝑛5, 𝑛6, 𝑛7 are based on the work done 

by Koenig [17]. The latent heat of evaporation by Balick et. al [71] is given as: 

…………………………….	(	21)	

The air mixing ratio within the foliage is given by: 

………………………	(	22)	

Where 𝑀- is the ratio of soil porosity and moisture content per unit volume (ranges 

between 0-1) [17], 𝑄+ is the mixing ratio given by Balick [71], 𝑄.,"+/  and 𝑄-,"+/ are the 

saturated mixing ratios at foliage surface temperature and ground temperature respectively. 

They are given as: 

………………………………………………………………………………………………..		(	23) 
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……………………..		(	24)	

……………………….	(	25)	

where 𝑄-,"+/(𝑇-,1^5) , 𝑄(𝑇.,1^5) are saturated ground and foliage surface mixing ratio at 

(m-1)th  time step. They are the ratio of mass of dry air and mass of water vapor in a parcel 

of air at saturated ground and foliage surface temperature.  

2.2.2 Foliage – Ground Interface 
The energy flux exchange between foliage and ground is analyzed below. The fluxes due 

to, precipitation, phase change of soil water and vertical transport of water in the soil are 

neglected. The overall energy balance can be given as: 

…		(	26)	

Where (1 − 𝜎.) is the radiant flux not intercepted by vegetation, 𝛼- denote ground albedo, 

ranges between 0.23-0.40, 𝑘 is the thermal conductivity of the surface, 𝐻- and 𝐿- are 

convective and latent heat flux for ground respectively and ∆𝑧 denote thickness of surface 

node. 

The convective heat flux (𝐻-) between the surface of the soil and air is given by: 

…………………………………………			(	27)	

where 𝐶3
- is the sensible heat transfer coefficient, which is a linear function of the ground 

transfer coefficient (𝐶3%
- ) as well as the atmosphere foliage interface (𝐶3%

+.) and sensible 
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heat exchange correction factor (Γ3) [17], it is calculated as:

………………………………………………………			(	28)	

…………………………………………………………………………………	(	29)	

Where 𝑧9
- is the ground roughness length (= 0.001m) for all soil types, 𝑟E3 is the Schmidt 

number (= 0.63), and 𝐶3%
+. denote bulk transfer coefficient for near-neutral stability 

condition. 

The latent heat transfer (𝐿-) at the foliage and ground interface can be determined as: 

…………………………………………………………………….	(	30)	

Where 𝜌+- denote air density near ground, 𝑄- is the ground surface mixing ratio, 𝐶,
- is the 

latent heat transfer coefficient, given as: 

……………………………………………………………..	(	31)	

Where Γ3 = Γ,, 𝐶,%%
-  is the near ground transfer coefficient for near neutral condition, it is 

same as bulk transfer coefficient near ground (𝐶3%
- ) with 𝑟E, (Prandtl number = 0.71) in 

place of 𝑟E3 . 

In solving equation (1) and (26), the fourth order terms are linearized as:

………………………………………………………	(	32)
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…………………………………………………….	(	33)

………………………………………………………………………………………..			(	34)	

Where 𝑇6 is the ground temperature below the roof. The final equations after linearization 

are:    

 ………………………………………………………..  (	35)	

…………………………………………………………………………………		(	36)	

Where the coefficients in above equations can be found by combining the energy balance 

equations as described in the reference [17]. 

The thermal model of green roof was integrated in MATLAB. Fsolve function of 

MATLAB simulation software was used to solve for temperature of foliage and roof 

surface. Analysis was done for a building for six different climates, all the meteorological 

data was obtained from TMY3 database. The zone below the roof structure is set to a 

constant set-point temperature.  

The height of the vegetation, emissivity of foliage and reflectivity of the foliage are 

described in Appendix A. 

2.2.3 Conventional Roof Structure 
A typical conventional roof system is shown in Fig. 4. The energy balance of the system is 

calculated as: 
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……………………			(	37)	

The first term depicts the short-wave radiation incidents on the roof surface. The second 

term represents the outgoing short-wave radiation, where α represents the reflectivity of the 

surface. The third term depicts the incoming longwave radiation absorbed by the surface. 

The fourth term represents the outgoing radiative heat flux, where 𝜀" is emissivity of the 

roof surface. The fifth term represents the free or forced convection off the roof surface and 

last term represents the conductive heat flux through the roof slab to room zone. 

Figure 4: schematic of a typical conventional roof	

The convective heat flux off the top of the roof surface can be calculated as: 
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………………………………………………………………………………		(	38)	

Where 1h  is the convective heat transfer coefficient for forced and natural convection, 

calculated based on the wind profile. The conductive heat transfer through the roof surface 

is given by: 

………………………………………………………………………………….	(	39)	

The model was integrated in MATLAB to solve for the temperature of roof surface. The 

meteorological data was obtained from TMY3 database [60]. The calculation for longwave 

radiative flux and short-wave radiation was same as described in green roof model. 

Analysis was done for a building for six different climates in the United States. Two types 

of conventional roof systems were considered, one with dark surface and other with white 

surface. The roof structure considered was a bitumen roof structure. 

2.3 Energy Model 
The energy performance of a system can be determined by calculating the energy 

consumed by the building per unit area. The energy consumed by a building due to the 

heating/cooling load added through the roof is the summation of all the heat fluxes times 

the time step in hour. The heat flux of a given roof is calculated as: 
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THeat flux
R
D

=
……………………………………………………………………………………...................		(	40)	

Where ∆𝑇 denotes the difference between the set-point temperature and the surface 

temperature of the roof slab and R denotes the roof support bulk thermal resistance 

(K.m2.W-1). The thermal resistance values vary with climate zones.  

The energy consumed by a building can be found as: 

…………………………………………..		(	41)	

The energy saving is the difference between the energy consumed by the conventional roof 

system and green roof. The more optimized energy saving calculation can be done by 

dividing the difference between the energy consumed by conventional roof system and 

green roof by the coefficient of performance. 

2.4 Cost Model 
The capital cost of green roof varies widely depending on various factors including roof 

size, location, growing medium depth, ease of access for installation and maintenance, 

availability of labor forces, structural support, type of warranty and type of vegetation. The 

cost of extensive green roof and intensive green roof is about $10 - $30 and about $40 plus 

(/ft2) more than the cost of a conventional roof [72,73], respectively. 

The cost of retrofitting green roof to a small buildings and single family residential homes 

is about $10-30 per square foot with a cost of waterproofing membrane of about $7-12 per 

square foot. On the other hand, the cost of retrofitting to a commercial and multi-family 

residential building is about $8-15 per square foot with a waterproofing membrane of about 

$7-15 per square foot [72,73]. Maintenance of green roof includes harvesting cuttings, 

weeding, growth medium inspection. An extensive green roof requires about three 

maintenance visits per year during the installation period. The cost of annual maintenance 
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of green roofs is more than the maintenance cost of black roof by 21 - 31 cents (/ft2). 

However, maintenance requirement decreases with time. The total cost of retrofitting green 

roof into an existing building can be calculated as: 

……………………………			(	42)	

Where COf is the green roof (/ft2) cost, Cg is the total cost of maintenance per year, Chg is 

the cost of waterproofing membrane (preferably PVC) and incentives is the amount 

obtained from federal/state funded energy programs such as tax credit and loan programs. 

Incentives varies between $0.30-$1.80 per square foot for Florida depending upon the 

amount of energy reduction and technology [74,75]. 

The cost of conventional roof system depends on the type of roof structure, local market, 

the ease of access to the roof, size of the job. The two roofs type considered were modified 

bitumen roof with mineral surface cap sheet (dark roof) and modified bitumen roof with 

white coating over a mineral surface (white roof). The cost of dark roof was found to be 

1.5-1.9$/ft2 while the cost of white roof was 1.5-1.95$/ft2 [76]. The total cost of white roof 

was found to be 0-20% more than the dark roof depending upon the market, size of the job, 

the protective layers, the thermal resistance of the insulation added to the system [76].  

For a 200m2 building, the installation cost of an extensive green roof with a waterproofing 

membrane will be around $54,400 (installation cost - $17.2 per square foot, waterproofing 

membrane cost - $10 per square foot). The maintenance cost for green roof is about $580 

per year. However, the cost significantly decreases if the installation is incorporated into 

the original design of new construction. However, the installation cost of a dark roof and 

white roof is about $4000 and $4050, respectively.  

2.5 Results and Discussion 
In this section, at first, a simulation is conducted to assess the accuracy of the model with 

available experimental data from Ref [20,21] and Ref [22]. Then, a set of simulations are 
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performed for a 200 m2 building for six different climates – sub-arctic (Anchorage, AK), 

cold (Madison, WI), hot and dry (Los Angeles, CA), hot and humid (Melbourne, FL), 

mixed humid (New York city) and marine (San Francisco, CA). The energy balance model 

for both green roof and conventional roof was integrated in MATLAB. The constant 

parameters considered for each simulation are provided in Table 2. The energy 

performance of green roof for the six climates are evaluated. A brief discussion on the 

different benefits of green roof over conventional roof systems is also presented. 

2.5.1 Model Validation 
The energy balance model for both green roof and standard roof was first validated through 

comparison with experimental results from Ref [21]. For this simulation, extensive type of 

green roof with a drainage layer of 0.08m, covering up to 90-100% of the surface was 

chosen. The analysis is performed for the period of July 1st-21st. Figure 5 depicts the 

thermal behavior of a typical standard roof and a comparison between the temperature 

values of the model developed and the results from Ref [21], it shows similar trend 

between the temperature values, while Figure 6 depicts the thermal behavior of green roof 

and a comparison between the temperature values of the model developed with the results 

from Ref [24]. The parameters used for the simulation are stated in Table 1. The 

temperature variation shows a similar trend with a ±2-30C difference which may be due to 

the difference in the meteorological data that are used. 

Table 1: Green roof validation model parameters 

 Validation Model 
[21] 

Validation Model 
[22] 

Parameters Values Values 

Albedo of foliage	(𝛼.) 0.3 0.3 

Albedo of ground (𝛼-) 0.34 0.34 

Emissivity of foliage (𝜀.) 0.9 0.9 
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Emissivity of ground (𝜀-) 0.95 0.95 

Leaf Area Index (LAI) 5 5 

Thermal conductivity of conventional 
roof (k – W/m.K) 

0.0246 0.05 

Specific heat of air (𝐶*+ - J/kgK) 1005.6 1005.6 

Gas constant (R – J/kg.K) 286.9 286.9 

Schmidt number 0.63 0.63 

Instrument height (𝑍+ - m) 0.3 0.05 

Instrument height – relative humidity 
(𝑍03 - m) 

0.3 0.1 

Vegetation height (𝑍. - m) 0.3 0.3 

Ground roughness length (𝑧9
- - m) 0.001 0.001 

Residual moisture content (𝜃0 - m3/m3) 0.01 0.01 

Maximum moisture content (𝜃1+S - 
m3/m3) 

0.32 0.32 

Minimum stomatal resistance (𝑟",1$% - 
s/m) 

200 200 

Moisture factor (relative humidity 
other than 1) (𝑀-) 

0.87 0.87 
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Figure 5: standard roof temperature variation: a comparison with experimental data 

from Ref [21] 

	

Figure 6: green roof temperature variation: a comparison between developed model 
and referenced model [21] 
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The energy performance model is validated with the energy saving analysis performed 

using EnergyPlus by D.J Sailor et al. [22] for a building located in Chicago, Illinois for the 

entire year. The comparison between the energy saving analysis for green roof is shown in 

Figure 7, for a building with total floor area of 4,000 m2 with a square footprint and a solar 

reflectivity of 0.30 for the roof surface. The results of the EnergyPlus simulation in Ref 

[22] shows an annual saving of about 65.1 GJ in comparison to 60.4 GJ calculated by the 

presented model [22]. 

Figure 7: Annual Energy Performance Assessment of Green Roof, Chicago, Illinois 

[22] 

2.5.2 Performance Evaluation 
The thermal behavior of a 200 m2 flat roof with a square footprint covered with Sedum 

vegetation for six different climates of the United States are studied. The simulation is 

done in two parts: an annual simulation of the model to assess the energy performance and 

a simulation for a typical month of summer and winter weather. The thermal behavior is 
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compared with the thermal behavior of a roof with dark surface and with white surface. 

The six climates considered are sub-arctic (Anchorage, AK), cold (Madison, WI), hot and 

dry (Los Angeles, CA), hot and humid (Melbourne, FL), mixed humid (New York city) 

and marine (San Francisco, CA). 

Table 2: Green roof main model parameters 

 Main 
model 

Parameters Values 

Albedo of ground (𝛼-) 0.4 

Emissivity of ground (𝜀-) 0.92 

Leaf Area Index (LAI) 5 

Thermal conductivity of conventional roof (k – W/mK) 0.02464 

Thickness of roof structure (m) 0.3 

Thermal resistance of soil (W/m2K) 0.732 

Thermal resistance of filter membrane (W/m2K) 0.014 

Thermal resistance of drainage layer (W/m2K) 0.7575 

Thermal resistance of water-proofing membrane (W/m2K) 0.0105 

Thermal resistance of root-resistant layer (W/m2K) 0.00071 

Specific heat of air (𝐶*+ - J/kgK) 1005.6 

Gas constant (R – J/kgK) 286.9 

Schmidt number 0.63 

Instrument height (𝑍+ - m) 0.05 
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Instrument height – relative humidity (𝑍03 - m) 0.1 

Ground roughness length (𝑧9
- - m) 0.001 

Residual moisture content (𝜃0 - m3/m3) 0.01 

Maximum moisture content (𝜃1+S - m3/m3) 0.32 

Minimum stomatal resistance (𝑟",1$% - s/m) 200 

Moisture factor (relative humidity other than 1) (𝑀-) 0.87 

Set-point temperature (winter month - K) 292.15 

Set-point temperature (summer month - K) 297.15 
 

2.5.2.1 Subarctic climate 
The subarctic climate has long and cold winters with summers with moderate temperature. 

The city of Anchorage, Alaska has subarctic climate. The summers in Anchorage are 

mostly cloudy and cool while the winters are extremely snowy, long and cold. The 

temperature hardly goes over 293.15K. The summers lasts for almost four months with an 

average daily high temperature of 288.15K [77]. The winter season has an average daily 

high temperature of 273.15K [77]. The hottest day of the year 2017 is July 20th while the 

coldest day is January 17th. 

The variation of green roof surface (membrane) temperature with respect to ambient 

temperature for the month of January and July, are shown in Figure 8 and  Figure 9. 
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Figure 8: variation of green roof Surface Temperature and Ambient temperature for 

January	

The green roof surface temperature stays below the ambient temperature for most of the 

time for both months. The mean temperature of vegetation layer is higher than surrounding 

air during daytime and lower then ambient air during night time due to solar radiation 

absorption during daytime and evapotranspiration during nighttime. For January, the 

surface temperature is below the ambient temperature for most of the time due to solar 

shading by the foliage and evapotranspiration, however, sometime during daytime it either 

reaches near to the ambient temperature or above the ambient temperature, it is a 

consequence of vegetation layer insulation.  
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Figure 9: variation of green roof Surface temperature and Ambient temperature for 

July	

For the month of July, the surface temperature is below the ambient temperature which is 

believed to be the result of solar shading and evapotranspiration. The reduction in 

temperature is due to the roof’s high thermal mass. 

A comparison between the roof surface temperature for a green roof and a conventional 

roof system with dark surface and white surface are plotted for the months of January and 

July in Figure 10 and Figure 11 respectively. 

As seen, the range of temperature variation for green roof is well below the conventional 

roof for both seasons. For a typical winter day (January 17th), the dark roof and white roof 

surface temperature varies between 241K - 278K and 241K - 274K respectively, however 

on the same day the green roof temperature varies from 263K - 272K. It can be observed 

that Anchorage has very short days and long night during winter as the maximum high 

temperature during a typical winter day is at around three in afternoon for both dark and 

white roof.   
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Figure 10: Surface temperature variation for Green roof and Conventional roof, 

January	

Figure 11: Surface temperature variation for Green roof and Conventional roof, July	
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During the month of July, dark roof surface temperature goes well above the green roof 

temperature reaching up to 330K while the green roof surface temperature goes up to 

289K. For a summer day (July 20th), the dark roof and white roof surface temperature goes 

up to 310K however, the green roof surface temperature stays well below the dark roof and 

white roof surface temperature during daytime. It can be observed that the green roof acts 

as an insulator during daytime, reducing the amount of heat flux going into the building 

and act as an energy storage medium by restoring the accumulated heat at night.  

An annual simulation is performed to estimate the energy consumed by green roof versus a 

conventional dark roof and white roof.  

Figure 12 and  

Figure 13 shows the amount of annual energy saved compared with a conventional dark 

roof and white roof for a 200 m2 building located in Anchorage, AK, respectively. 

For the energy savings calculation, five months of summer season and seven months of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is high due to the large difference between the average surface 

temperature of the conventional roof and green roof, however, during summer month the 

saving is low compared to winter months due to the very small difference between the 

average surface temperature of conventional roof and green roof. It can be further observed 

that green roof is able to reduce large temperature fluctuations. Overall, using green roof 

results in annual heating/cooling load in the amount of 16.6GJ and 15.4GJ over dark roof 

and white roof, respectively.  A more accurate saving can be determined by dividing the 

savings by the coefficient of performance of a typical cooling/heating unit. The net savings 

for green roof over dark roof and white roof are 5.53GJ and 5.13GJ respectively. 
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Figure 12: monthly energy saving for green roof over dark roof	

 

Figure 13: monthly saving of green roof over white roof	
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A comparison between the savings of green roof over dark roof and white roof is shown in 

Figure 14. 

Figure 14: Energy savings of green roof over dark roof and white roof	

2.5.2.2 Cold climate 
The city of Madison, WI is chosen for cold climate. The summers in Madison are warm 

and wet while the winters are extremely cold, dry and windy. The temperature hardly goes 

over 291.15K. The summers lasts for almost five months with an average daily high 

temperature of 294.15K [78]. The winter season has an average daily high temperature of 

277.15K [78]. The hottest day of the year 2017 is July 19 while the coldest day is January 

28. 

The variation of Green roof surface (membrane) temperature with respect to ambient 

temperature for the month of January and July, are shown in Figure 15 and  Figure 16. 
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Figure 15: Surface temperature variation of green roof and Ambient temperature, 

January	

Figure 16: Surface temperature variation of green roof and Ambient temperature, 

July	
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The green roof surface temperature during January reaches near or above ambient 

temperature, it is due to the insulation property of green roof, however during July month 

the green roof surface temperature stays well below the ambient temperature due to 

evapotranspiration process during nighttime and shading provided by vegetation and high 

thermal mass during daytime.  

A comparison between the roof surface temperature for a green roof and a conventional 

dark and white roof are plotted for the months of January and July in  

Figure 17 and Figure 18. During January, the surface temperature of green roof stays 

below the surface temperature of dark and white roof in daytime, this is due to the 

evapotranspiration and shading provided by the vegetation to the roof structure. During 

night time, the green roof surface temperature is higher than the dark and white roof which 

is due to the high thermal capacity of the green roof. The dark and white roof surface 

temperature goes up to 320K and 280K during daytime respectively and up to 284K and 

221K during nigh time respectively. The green roof surface temperature reaches up to 

281K during daytime and down to 240K during nigh time thus reducing large temperature 

fluctuations. For a typical winter day (January 28), the dark and white roof surface 

temperature reaches up to 300K and 272K respectively in day time however, the green roof 

surface temperature goes up to 268Kwhich is less than the dark and white roof surface 

temperatures.  

During the month of July, the dark and white roof surface temperature goes up to 340K – 

223K and 290K - 225K respectively, however green roof surface temperature varies 

between 285K – 280K, thus reducing large temperature fluctuation. During a typical 

summer day (July 19), the dark and roof surface temperature goes up to 325K and 305K 

respectively while the green roof surface temperature stays around 300K. It can be 

observed that green roof helps in reducing large temperature fluctuation in cold climate and 

it can also provide thermal comfort to the building both during summers and winters thus 

can help in reducing heating/cooling loads of the buildings. 
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Figure 17: Surface roof temperature variation of Green roof and Conventional dark 

and white roof, January

Figure 18: Surface roof temperature variation of Green roof and Conventional dark 

and white roof, July 

An annual simulation is performed to estimate the energy consumed by green roof versus a 

conventional dark roof and white roof.  
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Figure 19 and  

Figure 20 shows the amount of annual energy saved compared with a conventional dark 

roof and white roof for a 200 m2 building located in Madison, WI, respectively. 

For the energy savings calculation, five months of summer season and seven month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is high due to the large difference between the average surface 

temperature of the conventional roof and green roof, however, during summer month the 

saving is low compared to winter months due to the very small difference between the 

surface temperature of conventional roof and green roof. However, in winter months, the 

rate of heat flux going out of the building is less for green roof than conventional roof thus 

high savings can be realized. 

Overall, using green roof, results in annual reduction in cooling/heating loads in the 

amount of 9.69GJ and 11.5GJ over dark roof and white roof, respectively.  A more 

accurate saving can be determined by dividing the savings by the coefficient of 

performance of a typical cooling/heating unit. The net savings for green roof over dark roof 

and white roof are 3.23GJ and 3.83GJ respectively. 
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Figure 19: Monthly energy savings for green roof over dark roof 

 

Figure 20: monthly energy savings for green roof over white roof	

A comparison between the savings of green roof over dark roof and white roof is shown in 

Figure 21. The savings of green roof over dark roof is higher than savings of green roof 

over white roof during summer months since white roofs performs more efficiently In 

summer months as it has a low absorptivity with regard to the solar irradiation. However, 

during winter the savings of dark roof over white roof is higher than the savings over dark 

roof as dark roof is a more efficient option for winter months with high absorptivity. 
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Figure 21: Energy Savings for green roof over dark and white roof	

2.5.2.3 Hot and dry climate 
The hot and dry climate has very high temperature and very low humidity and 

precipitation. The difference between day and night temperature can go up to 15 – 20K. 

The wind speed is very high with dust and the soil is usually loose and sandy. The city of 

Los Angeles, CA is chosen for this climate. The summers lasts for almost nine months with 

average daily high temperature of 300K while winter lasts for only three months with 

average daily high temperature of 294K. The hottest day of the year 2017 is August 25 

with an average daily high of 302K while the coldest day of the year is December 25 with 

an average high temperature of 292.5K [79]. 

The variation of Green roof surface (membrane) temperature with respect to ambient 

temperature for the month of December and August are shown in Figure 22 and Figure 23. 
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Figure 22: Surface temperature variation of green roof and Ambient temperature, 

December

 
Figure 23: Surface temperature variation of green roof and Ambient temperature, 

August 
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The green roof surface temperature stays below the ambient temperature for most of the 

time for both months. For January, the surface temperature is below the ambient 

temperature for whole time due to solar shading by the foliage and evapotranspiration, 

however, during summer month the surface temperature goes above the ambient 

temperature due to high fluctuation in incoming longwave radiation absorbed by the 

surface. 

A comparison between the roof surface temperature for a green roof and a conventional 

dark and white roof are plotted for the months of December and August in Figure 24 and 

Figure 25. During December, the green roof surface temperature stays below the surface 

temperature of dark and white roof in daytime. During night time, the green roof surface 

temperature stays above the dark and white roof, this is due to the property of green roof to 

act as a storage medium. The dark and white roof surface temperature goes up to 340K and 

315K during daytime respectively and down to 252K and 254K during nigh time 

respectively. The green roof surface temperature reaches up to 293K during daytime and 

down to 277K during nigh time thus reducing large temperature fluctuation. For a typical 

winter day (December 25), the dark and white roof surface temperature reaches up to 325K 

and 298K respectively in day time however, the green roof surface temperature goes up to 

288K, well below the dark and white roof surface temperature. It can be observed that Los 

Angeles has long days and short night with maximum high temperature of 325K at around 

ten in morning.    

During the month of August, the dark and white roof surface temperature goes up to 340K 

– 258K and 318K - 259K respectively, however green roof surface temperature goes up to 

317K – 262K, thus reducing large temperature fluctuation. For a typical summer day 

(August 25), the dark and roof surface temperature goes up to 320K and 302K respectively 

while the green roof surface temperature stays around 292K. 
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Figure 24: Surface temperature variation for green roof with respect to dark roof and 

white roof, December	

Figure 25: Surface temperature variation of green roof with respect to dark roof and 

white roof, August	
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An annual simulation is performed to estimate the energy consumed by green roof versus a 

conventional dark roof and white roof. Figure 26 and Figure 27 show the amount of annual 

reduction in cooling/heating load compared with a conventional dark roof and white roof 

for a 200 m2 building located in Los Angeles, CA, respectively.	

For the energy savings calculation, nine months of summer season and three months of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is high due to the large difference between the average surface 

temperature of the conventional roof and green roof, however, during summer months the 

saving is low compared to winter months. It can be further observed that green roof is able 

to reduce large temperature fluctuations.  

Overall, using green roof results in annual reduction in cooling/heating load in the amount 

of 8.8GJ and 10.7GJ over white roof and dark roof, respectively.  A more accurate saving 

can be determined by dividing the savings by the coefficient of performance of a typical 

cooling/heating unit. The net savings for green roof over white roof and dark roof are 

2.91GJ and 3.56GJ respectively. 
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Figure 26: Monthly Energy Savings of green roof over dark roof 

Figure 27: Monthly energy savings of green roof over white roof	

A comparison between the savings of green roof over dark roof and white roof is shown in 

Figure 28. 
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Figure 28: Monthly energy savings of green roof over dark and white roof 

It can be observed that the savings over dark roof is higher than savings over white roof for 

most of the year. 

2.5.2.4 Hot and Humid 
The hot and humid climate has high temperature with strong sun glare, high humidity. It 

has long monsoon periods with heavy rain and high wind speed. The city of Melbourne, FL 

is chosen for such climate. In Melbourne, the summers are long and hot while the winters 

are short with cool breeze. The summers almost lasts eight months with average daily high 

temperature of 303K while the winters last for four months with average daily high 

temperature of 297K. The rain falls throughout the year with average annual rainfall of 

51.97 inch [80]. The hottest day of the year is July 23 with average daily high temperature 

of 305K and the coldest day of the year is January 15 with average daily high temperature 

of 294K. 

The variation of Green roof surface (membrane) temperature with respect to ambient 

temperature for the month of January and July, are shown in Figure 29 and Figure 30. 
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Figure 29: Surface temperature variation of green roof surface temperature and 

Ambient Temperature, January 

Figure 30: Surface temperature variation of green roof surface temperature and 

Ambient Temperature, July	
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The green roof surface temperature stays below the ambient temperature for most of the 

time for both months.  

A comparison between the roof surface temperature for a green roof and a conventional 

dark and white roof are plotted for the months of January and July in Figure 31 and Figure 

32. As seen in Fig. 31, in January, the green roof surface temperature stays well below the 

surface temperature of dark and white roof in daytime and in night time, the green roof 

surface temperature stays above the dark and white roof. The dark and white roof surface 

temperature goes up to 338K and 316K during daytime respectively and down to 250K and 

252K during nigh time respectively. The green roof surface temperature reaches up to 300 

K during daytime and down to 275K during nigh time thus reducing large temperature 

fluctuation. For a typical winter day (January 15), the dark and white roof surface 

temperature reaches up to 320K and 305K respectively in day time, however, the green 

roof surface temperature goes up to 293K, well below the dark and white roof surface 

temperature.   

	
Figure 31: Surface temperature variation for green roof with respect to dark roof and 

white roof, January 
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Figure 32: Surface temperature variation for green roof with respect to dark roof and 
white roof, July 

During the month of July, the dark and white roof surface temperature varies between 

337K – 260K and 318K - 259K respectively, however green roof surface temperature goes 

up to 298K – 288K, thus reducing large temperature fluctuation. For a typical summer day 

(July 23rd), the dark and white roof surface temperature goes up to 338K and 316K 

respectively while the green roof surface temperature stays around 298K well below dark 

and white roof surface temperature. It can be observed that green roof can reduce high 

fluctuation in temperature and provide thermal comfort the building in both summer and 

winter thus it can help in reducing building heating/cooling loads 

An annual simulation is performed to estimate the energy consumed by green roof versus a 

conventional dark roof and white roof. Figure 33 and Figure 34 shows the amount of 

annual energy saved compared with a conventional dark roof and white roof for a 200 m2 

building located in Melbourne, FL, respectively. 
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For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. The 

savings fluctuate all over the year due to the climate of Melbourne, FL with very hot and 

humid days and slightly cool nights, thus causing a fluctuation in average surface 

temperature of the building.  

Overall, using green roof results in annual reduction in heating/cooling load in the amount 

of 7.22GJ and 7.12GJ over dark roof and white roof, respectively.  A more accurate saving 

can be determined by dividing the savings by the coefficient of performance of a typical 

cooling/heating unit. The net savings for green roof over dark roof and white roof are 

2.4GJ and 2.37GJ respectively. 
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Figure 33: Monthly energy savings of green roof over dark roof	

Figure 34: Monthly energy savings of green roof over white roof	
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A comparison between the savings of green roof over dark roof and white roof is shown in 

Figure 35. The green roof savings over dark roof is higher than the savings over white roof 

for most of the year due to long summer and short winter as energy consumed by dark roof 

is higher than white roof in summer time.   

Figure 35: Monthly energy savings of green roof over dark and white roof	

2.5.2.5 Mixed humid climate 
The mixed humid climate has intermediate humidity with more than 20 inches of annual 

rainfall and less than 5,400 annual heating degree days. The city of New York is chosen as 

an example for such climate. The summers in New York are warm and humid while the 

winters are very cold and windy. The summer season lasts for almost eight months with an 

average daily high temperature of 297K while the winter lasts for four months with an 

average daily high temperature of 282K. The hottest day of the year is July 21 with average 

high of 302K and the coldest day of the year is January 29 with an average high of 277K 

[81]. 
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The variation of Green roof surface (membrane) temperature with respect to ambient 

temperature for the month of January and July, are shown in Figure 36 and Figure 37. 

Figure 36: Surface temperature variation of green roof surface temperature and 

Ambient Temperature, January

Figure 37: Surface temperature variation of green roof surface temperature and 

Ambient Temperature, July 
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The green roof surface temperature stays below the ambient temperature for most of the 

time for both months.  

A comparison between the roof surface temperature for a green roof and a conventional 

dark and white roof are plotted for the months of January and July in Figure 38 and Figure 

39. During January, the roof surface temperature of green roof stays below the surface 

temperature of dark and white roof in daytime and during night time, the green roof surface 

temperature stays above the dark and white roof. The dark and white roof surface 

temperature goes up to 312K and 298K during daytime respectively and down to 243K and 

242K during nigh time respectively. The green roof surface temperature reaches up to 

283K during daytime and down to 258 K during nigh time thus reducing large temperature 

fluctuation. For a typical winter day (January 29), the dark and white roof surface 

temperature reaches up to 309 K and 293 K respectively in day time, however, the green 

roof surface temperature goes up to 281K, well below the dark and white roof surface 

temperature.  

During the month of July, the dark and white roof surface temperature varies between 

352K – 259K and 321K - 258K respectively, however, green roof surface temperature 

varies between 298K – 276K, thus reducing large temperature fluctuation. For a typical 

summer day (July 21), the dark and white roof surface temperature goes up to 321K and 

311K respectively while the green roof surface temperature stays around 298K. 
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Figure 38: Surface temperature variation for green roof with respect to dark roof and 

white roof, January	

Figure 39: Surface temperature variation for green roof with respect to dark roof and 

white roof, July	
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An annual simulation is performed to estimate the energy consumed by green roof versus a 

conventional dark roof and white roof. Figure 33 and Figure 34 shows the amount of 

annual energy saved compared with a conventional dark roof and white roof for a 200 m2 

building located in New York city, respectively. 

For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered.  

Overall, using green roof results in annual cooling/heating load reduction in the amount of 

10.2GJ and 9.91 GJ over dark roof and white roof, respectively.  Considering a typical 

COP value for the cooling/heating systems, the net savings for green roof over dark roof 

and white roof can be found as 3.4GJ and 3.3GJ respectively. 

Figure 40: Monthly energy savings of green roof over dark roof 
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Figure 41: Monthly energy savings of green roof over white roof	

A comparison between the savings of green roof over dark roof and white roof is shown in 

Figure 42.  

Figure 42: Monthly energy savings of green roof over dark and white roof 
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2.5.2.6 Marine climate 
The marine climate has cool summers and cool winter with slight variation in temperature 

and wet and windy over the year, overall it has a moderate climate. The city of San 

Francisco, CA is chosen for such climate. The summer season lasts for almost seven 

months with an average daily high temperature of 293K and winter season lasts for five 

months with an average daily high temperature of 288.15K. the hottest day of the year is 

September 20 with an average daily high temperature of 295K while the coldest day of 

year is January 3 with an average daily high temperature of 286K [82].  

The variation of Green roof surface (membrane) temperature with respect to ambient 

temperature for the month of January and September, are shown in Figure 43 and Figure 

44. 

Figure 43: Surface temperature variation of green roof surface temperature and 

Ambient Temperature, January 
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Figure 44: Surface temperature variation of green roof surface temperature and 

Ambient Temperature, September	

The green roof surface temperature stays below the ambient temperature for most of the 

time for both months. A comparison between the roof surface temperature for a green roof 

and a conventional dark and white roof are plotted for the months of January and 

September in  

Figure 45 and Figure 46. During January, the roof surface temperature of green roof is 

below the surface temperature of dark and white roof in daytime and in night time, the 

green roof surface temperature stays well above the dark and white roof. The dark and 

white roof surface temperature goes up to 345K and 318K during daytime respectively and 

down to 251K and 252K during nigh time respectively. The green roof surface temperature 

reaches up to 284K during daytime and down to 277K during nigh time thus reducing large 

temperature fluctuation. For a typical winter day (January 3), the dark and white roof 

surface temperature reaches up to 319K and 298K respectively in day time however, the 
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green roof surface temperature goes up to 282K, well below the dark and white roof 

surface temperature. 
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Figure 45: Surface temperature variation for green roof with respect to dark roof and 

white roof, January	

Figure 46: Surface temperature variation for green roof with respect to dark roof and 

white roof, September	
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During summer time, the dark and white roof surface temperature varies between 339K – 

254K and 313K - 255K respectively, however green roof surface temperature varies 

between 292K – 287K, thus reducing large temperature fluctuation. During a typical 

summer day (September 20), the dark and white roof surface temperature goes up to 321K 

and 300K respectively while the green roof surface temperature stays around 288K. 

An annual simulation is performed to estimate the energy consumed by green roof versus a 

conventional dark roof and white roof. Figure 47 and Figure 48 show the amount of annual 

energy saved compared with a conventional dark roof and white roof for a 200 m2 building 

located in San Francisco, CA, respectively. 

For the energy savings calculation, seven months of summer season and five month of 

winter season with a set point temperature of 297.15K and 292.15K are considered.  

It can be seen that using green roof results in annual decrease in the cooling/heating load in 

the amount of 7.62GJ and 12.5GJ over dark roof and white roof, respectively.  Considering 

a typical COP for the cooling/heating systems, the actual energy savings for green roof 

over dark roof and white roof can be found as 2.54GJ and 4.16GJ respectively. 



69	
	

	

Figure 47: Monthly energy savings of green roof over dark roof 

Figure 48: Monthly energy savings of green roof over white roof	

A comparison between the savings of green roof over dark roof and white roof is shown in 

Figure 49.  
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Figure 49: Monthly energy savings of green roof over dark and white roof	

2.5.3 Benefits of Green Roof 
Green roof offers wide variety of benefits from serving as insulation which results in 

decreasing the heating/cooling loads to environmental benefits such as reduction in 

Stormwater runoff and Urban Heat Island effect as well as improving air quality and 

providing aesthetics to the building. The impact of green roof in reducing the heating and 

cooling load is already discussed in above section. Green roof acts as an insulator in 

daytime and as an energy storage medium during nigh time, reducing the large fluctuations 

in temperature and thus reducing the cooling and heating loads of the building. 

During storms and rain or melting of snow, the water that falls on the impervious surfaces 

of a conventional roof increases wet weather flows or flash flooding which reduces water 

quality. The contaminants can be fertilizers from farms, oil or grease from roads, sediments 

from construction sites and bacteria from farm animals. According to Environmental 

Protection Agency, the stormwater runoff can lead to increase in temperature of rivers and 
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streams up to 3-7oC which in turn could harm the temperature-specific aquatic species [83]. 

According to the report of United States General Services Administration, peak flow rates 

of Stormwater can be reduced up to 65% and the time of runoff to sewers can be increased 

by three hours using green roofs, depending upon the distance water need to travel and the 

size of the roof [84]. 

The volume of runoff can be calculated by multiplying the surface area of the building by a 

coefficient of runoff and depth of rainfall [85]. This calculation gives us a close 

approximation of how much of water will runoff. It is given as:	

………………………….	(	43)	

Where runoff coefficient (C) [86] for a conventional roof system can be calculated as:

……………………………………………………………………	………			(	44)	

Where 𝐶$1* represents the runoff coefficient of impervious surfaces such as roofs, 

concrete street, parking lots, it ranges from 0.75 - 0.95 [86], 𝐶*,0 represents the runoff 

coefficient of pervious surfaces like lawns and gardens, ranges from 0.05 - 0.35 [86], 𝐴$1* 

and 𝐴*,0 represents the area covered by impervious surfaces and pervious surfaces 

respectively. The runoff coefficient for green roof can be calculated as:	

imp per green
imp per green

total total total

A A AC C C C
A A A

= + +
………………………………………………………..	(	45) 

Where 𝐶-0,,% and 𝐴-0,,% represents the runoff coefficient of green roof and area covered 

by green roof. 𝐶-0,,% ranges from 0.1 – 0.3 [86]. 
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The volume of runoff for the six different climates for conventional roof system and green 

roof is given in Table 3 and  

Table 4 respectively. To analyze the green roof effect on stormwater runoff, volume runoff 

for six different climates was calculated. The 𝐶-0,,% was set to 0.1, 𝐶$1* set to 0.8, 𝐶*,0 

was set to 0.2.  

Table 3: Volume Runoff for conventional roof for different climate	

City Climate 
Surface Area 

(m2) 

Runoff 
Coefficient 
for 
conventional 
roof 

Rainfall 
Depth 

(ft.) 

Volume 
Runoff 

(gallons) 

Aimp Aper Atotal    

Anchorage, 
AK 

Sub-
arctic 

225 15 240 0.7625 

7.5 92087.85 

Los 
Angeles, 

CA 

Hot and 
dry 1.55 19031.49 

Madison, 
WI Cold 7.28 89386.61 

Melbourne, 
FL 

Hot and 
humid 4.33 53165.38 

New York Mixed 
humid 3.85 47271.10 

San 
Francisco, 

CA 
Marine 1.96 24065.62 
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Table 4: Volume Runoff for green roof for different climate	

City Climate 
Surface Area (m2) 

R
un

of
f 

C
oe

ff
ic

ie
nt

 

R
ai

nf
al

l 
D

ep
th

 (f
t.)

 

V
ol

um
e 

R
un

of
f 

(g
al

lo
ns

) 

Aimp Aper Agreen Atotal 

Anchorage, 
AK 

Sub-
arctic 

25 15 200 240 0.178 

7.5 21497.23 

Los 
Angeles, 

CA 

Hot and 
dry 1.55 4442.76 

Madison, 
WI Cold 7.28 20866.64 

Melbourne, 
FL 

Hot and 
humid 4.33 12411.06 

New York Mixed 
humid 3.85 11035.24 

San 
Francisco, 

CA 
Marine 1.96 5617.94 

 

A reduction of approximately 23% was found in volume runoff when green roof was used. 

Thus, green roof does help in reducing stormwater runoff. 

Urban Heat Islands (UHI) refers to the high ambient temperature in cities compared to a 

nearby suburban or rural areas, due to the slow release of solar radiation by the clustered 

buildings and the paved surfaces. According to Borden and Cutter [87], UHI is among the 

major causes of natural hazard mortality in United States. It also causes increase in energy 
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consumption due to increase in building cooling requirements. As discussed earlier, green 

roofs have lower temperatures than a conventional roof. The conventional roof store and 

emit more solar energy than a green space such as plants do, this results in the disturbance 

of the surface energy balance in urban areas. It is mainly dependent on the albedo of the 

surface and the heat capacity of the material. Heat island effect can be reduced using green 

roofs since it reduces the high heat capacity of the area and area of low reflectivity [24]. 

The surface temperature of the roof of a building is one of the major parameter to assess 

the urban heat island effect, however it is difficult to calculate the overall temperature 

The average difference between the surface temperature of conventional dark roof and 

green roof was calculated for the six different climates to understand the effect of green 

roof on urban heat island effect. The calculation was performed for the hottest day of the 

season for each climate. The results are tabulated in Table 5. 

Table 5: Effect of Green Roof on Surface temperature of the roof surface 

City Date Temperature difference 
𝑇k3$ (K) 

Anchorage, AK July 20 11 
Los Angeles, CA August 25 27 
Madison, WI July 19 24 
Melbourne, FL July 23 13 
New York July 21 21 
San Francisco, CA September 20 21 

  

Another benefit of green roof is its durability compared to a conventional roof during 

storms and hurricane [88]. It also offers habitat for urban wildlife, aesthetics, economic 

development, acoustics to the building and improvement in air quality. According to a 

study, a 40,000-square foot green roof can avoid 5 tons of carbon emission than a 

conventional system [89]. According to studies [84], green roof has more life than a 

conventional roof, it requires about twice the number of years needed to replace or repair a 
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roof, since it protects the roof structure from direct UV radiation and from high 

temperature fluctuations, which over time causes contraction and expansion in membrane. 

Cash et al. [90] stated that the durability of the roof depends on the temperature and other 

properties of roof material. According to Fisher et al. [91], rate of thermal oxidation is 

twice for an increase of 10oC. For an increase of 10oC in temperature, rate of oxidation is 

double or a 10oC increase in temperature will cause 50% increase in rate of degradation. 

The rate of degradation is a function of temperature and time (hourly), if the surface 

temperature is below the set-point temperature the rate of degradation is set to 1 otherwise, 

it can be calculated as an exponential expression of base 2 (case A) and 1.5 (case B) [92], it 

is given as: 

	 ( )( )2 102 gT TRateof Degradation -= ……………………………………………………………………		( 46) 

	 ( )( )2 101.5 gT TRateof Degradation -= …………………………………………………..	…………………	(	47)	

The rate of degradation was calculated for the six different climates for both the 

conventional dark roof and green roof for both the exponential base forms. 
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Table 6: Rate of Degradation	

City	

Degradation	hour	(hr)	 Difference	 Protection	
(%)	

Case	A	 Case	B	 	 	 	 	

G
re
en

	ro
of
	

Co
nv

en
tio

na
l	

ro
of
	

G
re
en

	ro
of
	

Co
nv

en
tio

na
l	

ro
of
	

Ca
se
	A
	

Ca
se
	B
	

Ca
se
	A
	

Ca
se
	B
	

Anchorage,	
AK	 8760	 12427	 8760	 10257	 3667	 1497	 14.59	

Los	
Angeles,	

CA	
8769	 19178	 8763	 12641	 10409	 3878	 30.6	

Madison,	
WI	 8788	 15575	 8776	 11336	 6787	 2560	 22.5	

Melbourne
,	FL	 9835	 23059	 9346	 13952	 13224	 4606	 33.01	

New	York	 8769	 13266	 8764	 10724	 4497	 1960	 18.2	

San	
Francisco,	

CA	
8761	 9095	 8758	 8927	 334	 169	 1.8	
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Chapter 3 
Radiant Barrier 

3.1 Introduction 
Radiant barriers are thin aluminum sheets that are attached to a mesh of fiberglass facing 

the airspace. They are usually attached to plywood or Kraft paper, underside of the decking 

material. They can be installed in rafters also which supports the deck or horizontally on 

the ceiling. According to a research [12], barriers installed over the ceiling can reduce the 

rate of heat transfer more than 5% in addition to a barrier installed in rafts. They also 

suggested that the efficiency of the horizontal radiant barrier decreases with time due to 

surfacing of dust. 

Radiant barriers work more effectively in summer time, especially when air channel ducts 

are installed in the attic. During cooling season, radiation is the major heat flow component 

that flows downwards through roof and can be blocked inside attic by radiant barrier. 

However, in winter, convection driven heat flows are the major components, they travel 

upwards from room to top of the roof, thus, radiant barrier does not work effectively. 

Moreover, during daytime in winter it blocks radiant heat from solar radiation, which is 
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undesirable hence making it less effective in heating season. The structure of a roof with 

radiant barrier is shown in  

Figure 50.  

 

Figure 50: schematic of a typical structure of a roof with radiant barrier 

	

3.2 Thermal Model 
A typical structure of an attic with radiant barrier is illustrated in Figure 51. Radiant barrier 

is installed on the top of the ceiling facing the airspace upwards. Flow of air is injected into 

the airspace at a regular speed. The energy balance model includes convective heat transfer 

off the surface (natural or forced), radiative heat transfer absorbed by the roof slab, 

conductive heat transfer through the roof deck, convection and radiation off the bottom 

surface of roof deck, convection and radiation heat transfer off the insulation (radiant 

barrier), convection inside the attic, conductive heat transfer through the insulation to 
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ceiling, conductive heat transfer through the ceiling slab and into the indoor zone and 

convective heat transfer off the bottom of the ceiling slab in the zone. 

	

Figure 51: Schematic of a typical radiant barrier structure inside an attic 

The energy balance equation for the surface of the roof decking can be given as: 

( ) ( )1 0r sol air r drad
roof

h T T T T
R

-- + - =
………………………………………………….		………………….(	48)	

Where 𝑇0 represents the roof slab surface temperature, ℎ0+] represents the radiative heat 

transfer coefficient for the radiation absorbed by the roof surface, 𝑇"9&^+$0 represents the 

sol-air temperature, 𝑇] is the surface temperature of the bottom side of the roof slab and 
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𝑅099. represents the thermal resistivity of the roof slab. The sol-air temperature can be 

calculated as [93]: 

rr
sol air amb

G IT T c
a

-
-

= +
   

Where 𝑇+1Z is the ambient air temperature obtained from TMY3 database, α represents the 

absorptivity of the roof slab, G is the global horizontal irradiation (W/m2) obtained from 

TMY3 database, 𝐼00 represents the total longwave radiation absorbed by the surface, it is 

the difference between the longwave radiation absorbed by the surface and longwave 

radiation emitted by the surface and c represents the convective heat transfer coefficient 

(natural or forced). 

The radiative heat transfer coefficient (ℎ0+]) can be calculated as: 

 

Where ε is emissivity of the surface, 𝜎 is the Stefan-Boltzmann constant, 𝑇"mn is the sky 

temperature and it can be calculated as: 

 

Where Horizontal irradiation is a function of sky emissivity and dry bulb temperature. 

The energy balance equation for the bottom surface of the roof slab (𝑇]) is given as: 

 

Where ℎ],Em represents the convective heat transfer coefficient, 𝑇] represents the 

temperature at the bottom surface of roof slab, 𝑇0Z is the temperature at the top surface of 
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the insulation, 𝑇9 represents the temperature of the airspace (attic) in upper part, E is the 

radiative heat transfer inside the attic, it can be calculated as: 

 

Where 𝜀] and 𝜀0Z represent the emissivity of the bottom surface of roof slab and emissivity 

of the insulation, respectively. 

The heat transfer coefficient ℎ],Em can be calculated as: 

 

The energy balance equation for the upper part of the attic (𝑇9) is given as: 

 

Where 𝑇+ is the attic air temperature, 𝑚 is the airflow rate inside the attic, it is a function of 

density and velocity. 

The energy balance equation for the  attic (𝑇+) is given as: 

 

Where 𝑇0Z represents the temperature of the insulation, ℎ0Z represents the convective heat 

transfer coefficient, it can be calculated as [7]:  

 

The energy balance equation for the top surface of the insulation (𝑇0Z) is given as: 
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…………… (49) 

Where 𝑇E,$&$%- represents the temperature of the ceiling, 𝑅E,$&$%- represents the thermal 

resistivity of the ceiling. 

The energy balance equation for the ceiling (𝑇E,$&$%-) is given as: 

…………… …  (50) 

Where 𝑇o9%, represents the set-point temperature of the conditioned zone (inside the 

room), ℎE,$&$%- is the convective heat transfer coefficient inside the zone. 

The convective heat transfer (forced or natural) coefficient can be calculated as: 

Forced Convection (wind speed): 

…………………………………………………………………….. (51) 

Natural Convection when upper surface is hot and lower surface is cold: 

        when 104 <= Ra <= 107………………………   (52) 

      when 107 <= Ra <= 1011………………………   (53) 

Where L is a ratio of the area of the surface to the perimeter of the surface. 
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The thermal model of the radiant barrier system was integrated in MATLAB.  Fsolve 

function of MATLAB simulation software was used to solve for the temperature of the 

roof slab, attic and ceiling. Analysis was done for a building for six different climates, all 

the meteorological data were obtained from TMY3 database. The zone below the roof 

structure is set to a constant set-point temperature. 

A thermal model can be also developed for the conventional roof (without radiant barrier). 

The only difference is in the resistance through the radiant barrier which must be 

eliminated.  

The energy performance of the radiant barrier system can be estimated by calculating the 

energy consumed by the building with radiant barriers. The energy saving is the difference 

between the energy consumed by the conventional roof system and building with radiant 

barrier system.  

The cost of the radiant barrier systems depends upon the material and contractor. The cost 

for a single-sided radiant barrier was found to be 10-25 cents per square foot, while the 

cost for a double-sided radiant barrier was 15-50 cents per square foot [94]. The 

installation cost depends on the contractor, on a regular basis it was found to be 10 cents - 

$1 per square foot [94], sometimes, the installation cost is considered as Do It Yourself 

(zero) as it does not require any professional to install (depends on the building size). 

The cost of a 200 m2 building with radiant barrier installed on the floor of the attic is about 

$2,152, however the cost of a conventional white roof building is about $4,000.  

3.3 Results and Discussion 
In this section, at first, a simulation is conducted to assess the accuracy of the model with 

available experimental data from Ref [7]. Then, a set of simulations are performed for a 

200 m2 building for six different climates – sub-arctic (Anchorage, AK), cold (Madison, 

WI), hot and dry (Los Angeles, CA), hot and humid (Melbourne, FL), mixed humid (New 

York city) and marine (San Francisco, CA). The energy balance model for both roof with 
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radiant barrier and conventional roof are integrated in MATLAB. The constant parameters 

considered for each simulation are provided in Table 8.  

3.3.1 Model Validation 
The energy balance model for roof with radiant barrier is first validated through 

comparison with experimental results from Ref [7]. For this simulation, a radiant barrier is 

installed on the floor of the attic facing towards the deck of the roof. The radiant barrier 

used is a type of foil radiant barrier. The analysis is performed for a typical system with 

different ventilation air-flow rate for Florida climate. The constant parameters used for the 

simulation are given in Table 7 Figure 52 depicts the ceiling heat flux of a building with 

different ventilation airflow rate. The slight variation in result is may be due to difference 

in meteorological data used for the simulation.  

Table 7: Radiant barrier validation model parameter 

 Validation 
Model [7] 

Parameters Values 
Sol-air Temperature (0F) 150 

Emissivity of decking 0.75 

Emissivity of insulation 0.11 

Thermal resistance of roof (Btu/hr.ft2F) 1.0 

Thermal resistance of ceiling (Btu/hr.ft2F) 8.2 

Set-point temperature (0F) 75 
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Figure 52: Ceiling heat flux variation with Experimental data for different airflow 
rate 

	

3.3.2 Performance Evaluation 
The thermal behavior of a 200m2 flat roof with a square footprint with radiant barrier 

installed on the floor of the attic facing towards the roof deck for six different climates of 

United States are studied. The simulation is done in two parts – an annual simulation of the 

model to assess the energy performance and a simulation for a typical month of summer 

and winter weather conditions. The thermal behavior is compared with the thermal 

behavior of a conventional roof system. The vent airflow rate is set to 1.27 (1/s) m2, 

however, for extreme cold climate the ventilation airflow rate is set to zero so that the 

radiant barrier and attic doesn’t freeze. The six climates considered are sub-arctic 

(Anchorage, AK), cold (Madison, WI), hot and dry (Los Angeles, CA), hot and humid 

(Melbourne, FL), mixed humid (New York city) and marine (San Francisco, CA). 
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Table 8: Radiant barrier main model parameters 

 Main Model  
Parameters Values 

Albedo of roof surface 0.2 

Emissivity of decking 0.75 

Emissivity of insulation 0.11 

Thermal resistance of roof  7.93 

Thermal resistance of ceiling 4.40 

Thermal conductivity of conventional roof (W/mK) 0.0246 

 

3.3.2.1 Subarctic climate 
The variation of roof surface (membrane) temperature of a roof with radiant barrier with 

respect to conventional roof surface temperature for the month of January and July, are 

shown in Figure 53 and Figure 54. 
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Figure 53: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, January 

	
Figure 54: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, July 
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The surface temperature of the roof with radiant barrier is well below the conventional 

white roof for the whole time, it is due to the ability of radiant barrier to reflect high 

amount of radiant heat that usually passes through the ceiling into the building for a 

conventional system. During winter months, the conventional roof surface temperature 

goes up to about 320 K, however, the roof with radiant barrier has a maximum temperature 

of 307 K. During summer months, the surface roof temperature of a conventional roof 

reaches to 333K while the surface temperature of the roof with radiant barrier goes up to 

306K.  

An annual simulation is performed to estimate the energy consumed by roof with radiant 

barrier versus a conventional white roof. Figure 55 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in 

Anchorage, AK. 

For the energy savings calculation, five months of summer season and seven month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is low due to the small difference between the average surface 

temperature of the conventional roof and roof with radiant barrier, however, during 

summer month the saving is high compared to winter months due to the high difference 

between the average surface temperature of conventional roof and roof with radiant barrier. 

Another major reason for low savings during winter months is due to condensation inside 

the attic which reduces the thermal resistance of the barrier and roof structure. Overall, 

using roof with radiant barrier results in annual reduction in heting/cooling load in the 

amount of 20.6GJ over conventional white roof.   
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Figure 55: Monthly energy savings 

3.3.2.2 Cold climate 
The variation of roof surface (membrane) temperature of a roof with radiant barrier with 

respect to conventional roof surface temperature for the month of January and July, are 

shown in Figure 56 and Figure 57. 
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Figure 56: Surface roof temperature variation of roof with radiant barrier and 
Conventional white roof, January 

	

Figure 57: Surface roof temperature variation of roof with radiant barrier and 
Conventional white roof, July 
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The surface temperature of the roof with radiant barrier is well below the conventional 

white roof for the whole time, it is due to the ability of radiant barrier to reflect high 

amount of radiant heat that usually gets lost through the ceiling into the building for a 

conventional system and due to the moisture. During winter month, the conventional roof 

surface temperature goes up to about 305 K high however, the roof with radiant barrier has 

a maximum temperature of 294 K. During summer month, the surface roof temperature of 

a conventional roof reaches to 339K while the surface temperature of the roof with radiant 

barrier goes up to 300K, which is well below the conventional roof for both day and night 

time.  

An annual simulation is performed to estimate the energy consumed by roof with radiant 

barrier versus a conventional white roof. Figure 58 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in Madison, 

WI. 

For the energy savings calculation, five months of summer season and seven month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is low due to the condensation inside the attic which reduces the 

thermal resistance of the barrier and roof. Another major reason for low savings during 

winter months is due to structure small difference between the average surface temperature 

of the conventional roof and roof with radiant barrier, however, during summer month the 

saving is high compared to winter months due to the high difference between the average 

surface temperature of conventional roof and roof with radiant barrier. Overall, using roof 

with radiant barrier results in annual reduction of cooling/heating load in the amount of 

15GJ over conventional white roof.	
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Figure 58: Monthly energy savings 

	

3.3.2.3 Hot and dry climate 
The variation of roof surface (membrane) temperature of a roof with radiant barrier with 

respect to conventional roof surface temperature for the month of December and August, 

are shown in Figure 59 and Figure 60. 



93	
	

	

	
Figure 59:Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, December 

	
Figure 60: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, August 
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The surface temperature of the roof with radiant barrier is well below the conventional 

white roof during the entire time. In hot climate, the roof usually absorbs solar radiation at 

a higher rate than it can dissipate, thus increase in heat flow into the building and increase 

in attic temperature. Conventional roof system with insulation can only slow down the 

process, however, roof with radiant barrier is able to reflect high amount of radiant heat. 

During winter month, the conventional roof surface temperature goes up to about 327 K 

high however, the roof with radiant barrier has a maximum temperature of 300 K. During 

summer month, the surface roof temperature of a conventional roof reaches to 340K while 

the surface temperature of the roof with radiant barrier goes up to 301K, which is well 

below the conventional roof for both day and night time.  

An annual simulation is performed to estimate the energy consumed by roof with radiant 

barrier versus a conventional white roof. Figure 61 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in Los 

Angeles, CA. 

For the energy savings calculation, nine months of summer season and three month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. The 

average ambient temperature in Los Angeles is about 294K due to which the savings over 

the year is high. The heat flux going in/out of the conventional roof building is always 

higher than the heat flux of roof with radiant barrier. Overall, using roof with radiant 

barrier results in annual decrease in heating/cooling load in the amount of 26.1GJ over 

conventional white roof.	
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Figure 61: Monthly energy savings 

3.3.2.4 Hot and Humid 
The variation of roof surface (membrane) temperature of a roof with radiant barrier with 

respect to conventional roof surface temperature for the month of January and July, are 

shown in Figure 62 and Figure 63. 
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Figure 62: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, January 

	
Figure 63: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, July 
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The surface temperature of the roof with radiant barrier is well below the conventional 

white roof for the entire time. It can be observed that the solar loads do not drive the 

performance of radiant barrier alone, instead it is a combination of solar loads which drives 

the humidity and ambient temperature.  During winter months, the conventional roof 

surface temperature goes up to about 325 K high however, the roof with radiant barrier has 

a maximum temperature of 302 K. During summer month, the surface roof temperature of 

a conventional roof reaches to 313K while the surface temperature of the roof with radiant 

barrier goes up to 304K.   

An annual simulation is performed to estimate the energy consumed by roof with radiant 

barrier versus a conventional white roof. Figure 64 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in 

Melbourne, FL. 

For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is low due to small difference between the average surface 

temperature of the conventional roof and roof with radiant barrier, however, during 

summer months the saving is high compared to winter months due to the high difference 

between the average surface temperature of conventional roof and roof with radiant barrier. 

Another major reason for low savings during winter months is due to small reduction in 

ceiling heat flux due to high humidity and less evaporation inside the attic which reduces 

the thermal resistance of the radiant barrier. Overall, using roof with radiant barrier results 

in reducing the annual heating and air-conditioning load in the amount of 20 GJ over 

conventional white roof.	
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Figure 64: Monthly energy savings 

3.3.2.5 Mixed humid climate 
The variation of roof surface (membrane) temperature of a roof with radiant barrier with 

respect to conventional roof surface temperature for the month of January and July, are 

shown in Figure 65 and Figure 66. 
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Figure 65: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, January 

	
Figure 66: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, July 
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The surface temperature of the roof with radiant barrier staysbelow the conventional white 

roof for the whole time During winter month, the conventional roof surface temperature 

goes up to about 316 K, however, the roof with radiant barrier has a maximum temperature 

of 298 K. During summer month, the surface roof temperature of a conventional roof 

reaches to 375K while the surface temperature of the roof with radiant barrier goes up to 

303K.   

An annual simulation is performed to estimate the energy consumed by roof with radiant 

barrier versus a conventional white roof. Figure 67 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in New York 

city. 

For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered 

Overall, using roof with radiant barrier results in annual reduction in heating and air-

conditioning loads in the amount of 14.6 GJ over conventional white roof.	
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Figure 67: Monthly energy savings 

3.3.2.6 Marine climate 
The variation of roof surface (membrane) temperature of a roof with radiant barrier with 

respect to conventional roof surface temperature for the month of January and September, 

are shown in Figure 65 and Figure 66.	
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Figure 68: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, January 

	
Figure 69: Surface roof temperature variation of roof with radiant barrier and 

Conventional white roof, September 
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The surface temperature of the roof with radiant barrier is well below the conventional 

white roof for the whole time. During winter months, the conventional roof surface 

temperature goes up to about 339 K, however, the roof with radiant barrier has a maximum 

temperature of 313 K. During summer month, the surface roof temperature of a 

conventional roof reaches to 331K while the surface temperature of the roof with radiant 

barrier goes up to 302K.   

An annual simulation is performed to estimate the energy consumed by roof with radiant 

barrier versus a conventional white roof. Figure 70 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in San 

Francisco, CA. 

For the energy savings calculation, seven months of summer season and five month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. The 

savings over conventional white roof fluctuates over the year due to high convective heat 

transfer, for heat flow through the insulation to attic air and reduction in attic air 

temperature, thus no significant reduction in ceiling heat flux. The results show that  using 

roof with radiant barrier reduce heating/cooling loads in the amount of 21 GJ over 

conventional white roof.	
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Figure 70: Monthly energy savings 
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Chapter 4 
Photovoltaics 

4.1 Introduction 
Photovoltaic panels, are one of the most reliable technologies available in market today. 

They not only produce electricity using solar radiation, but also provide shading to the top 

surface of the roof, reducing some amount of heat entering the building. They can be 

further used as a part of building construction material nowadays, reducing the building 

load. 

There are several types of PV technologies available in market, but there are two 

technologies which are used most – crystalline solar cells and thin film solar cells. 

Crystalline solar cells are built from crystalline silicon as single crystalline wafers or poly 

crystalline wafers. Mono-crystalline cells have higher efficiency than poly-crystalline cell 

by about 14-18 percent [95] though they are same in size but expensive compared to poly-

crystalline cell. They have an efficiency of about 22 percent [96,97]. They are known to be 

uniform in nature while poly-crystalline cell has hundreds of reflective facts. Thin film 

solar cells are built from thin layers of semiconductors coupled to a solid backing material. 

They are more flexible, easy to handle, cheaper than conventional cells, however, they are 

less efficient and has complex structure. 

Building integrated photovoltaics are the photovoltaic modules integrated in the building 

envelope, they are the part of building material replacing conventional building material. 

They can be installed on the roof as well as on the façade. They are the integral part of the 

building energy system.  
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4.2 Thermal Model 
A typical structure of a roof mounted photovoltaic panel is illustrated in Figure 71.	

	

Figure 71: schematic of a typical structure of the system 

The PV system is installed to the roof of the building. The outdoor air enters from the left 

of the system and exits from the right. During this process, it absorbs the heat from PV 

modules thus reducing their temperature which results in increase in efficiency and 

lifetime. Sometimes, a fan and an air duct can be installed to the system to use the heated 

air during winter to reduce the heating load. For our system, a fan is installed to regulate 

the air inside the channel. 

The rate of solar energy available on the PV panel is equal to the sum of the overall heat 

transfer losses from the top surface of the photovoltaic cell to the surroundings, the overall 

heat transfer from the photovoltaic cell to the back surface of the tedlar, and the rate of 

electrical energy produced and can be represented as: 

𝜏- 𝛼E𝛽E𝐺 + 𝛼s 1 − 𝛽E 𝐺 𝐴*? = 	𝑈/ 𝑇E,&& − 𝑇+1Z 𝐴*? + 𝜀-𝜎𝐴*? 𝑇E,&&u − 𝑇"mnu +

𝑈s 𝑇E,&& − 𝑇Z" 𝐴*? + 𝜏-𝛽E𝜂,& ……………………………………………………… .……			(54)
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In the above equation, the left side represents the amount of solar energy available on the 

PV cell. Where the term 𝜏- represents the transmissivity of the glass, the terms 𝛼E and 𝛼s 

represents the absorptivity of the solar/photovoltaic cells and the tedlar respectively, and 

the term 𝛽E refers to the packing factor of the solar/PV cell, the fraction of area of the 

absorber plate covered by the solar cells. The first term in above equation stands for the 

convective and the conductive heat transfer losses through the top surface of the PV cell, 

the second term represents the conductive heat transfer from the PV cell to the back surface 

of the tedlar, and the last term represents the fraction of the sunlight converted to 

electricity. Where 𝜀- represents the emissivity of the PV cell, 𝜎 is the Stefan-Boltzmann 

constant and its value is given as 5.6703 x 10-8 (W/m2 K4), and 𝜂,& represents the electrical 

efficiency of the photovoltaic cell. 

UT represents the conductive heat transfer coefficient from the solar cell to the 

surroundings through tedlar and is given as: 

𝑈s =
{|}
~|}
+ {

~

^5
…………………………………………………………………………	(55)  

Ut represents the overall heat transfer coefficient from the solar cell to the surroundings 

through the glass cover, including both the conduction and convection losses, and is given 

as: 

UÅ =
ÇÉ
ÑÉ
+ 5

Ö

^5
………………………………………………………………………….(56) 

The effective temperature of the sky (Tsky) is calculated from the following relation []: 

Táàâ = 0.0552 ∗ 	Tçgé
5.è  …………………………………………………………………. (57)

    

The energy balance equation for the back surface of the photovoltaic panel can be written 

as: 
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( ) ( )PVT cell bs air channel PV bs air channelU T T h A T TN- -- = - ……………………………………   (58) 

The energy balance equation for the air in the channel can be written as: 

( ) ( )( ) ( )air channel PV PV bs air channel air channel roof PV PV roof air channel air p out inh N A T T h A N A T T m c T T- - - -- + - - = -! …  (59) 

Where Npv represents number of PV panels, Tout and Tin represents temperature of air going 

out and in through the air-channel respectively. 

The energy balance equation for the roof surface can be represented as: 

( ) ( )
0roof zone

roofair channel PV PV roof air channel
T Th N A T T K A x- -

-
- - =

D
 ………………………………    (60) 

Where K represents thermal conductivity of the roof structure, Δx represents the thickness 

of the roof structure, Troof  is the temperature of the roof structure. 

 

4.3 Electrical Model 

This section explains the electrical model for the PV panel [98]. The short circuit current 

can be calculated as:  

𝐼"E = 	
ê

êëíì
𝐼*3,0,. + 𝜇& 𝑇E,&& − 𝑇0,. ………………………………………………… (61)

   

where Gref, Iph,ref, and Tref represents reference irradiation, reference photovoltaic current 

and reference temperature and 𝜇& is defined as short circuit current temperature coefficient. 

The maximum amount of output power for the proposed system can be calculated as: 

𝑃1 = 𝑉1 ∗ 𝐼1……………………………………………………………………….        (62) 
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Where Vm and Im are the maximum output voltage and current and can be calculated as: 

𝑉1 = 	 %ñ|mósòíôô
ö

log %ñ|mósòíôôû|ò
öûü†üò

 ……………………………………………………       (63) 

𝐼1 = 	 𝐼*3 + 𝐼9 −
%ñ|mósòíôô

ö
∗ û|ò
†üò

 ……………………………………………………       (64)

  

Where Ns is number of cells connected in series in a PV panel, kb is Boltzmann’s constant, 

q is electron charge, n is quality factor of diode, Io and Voc are open circuit current and 

voltage. 

4.4 Results and Discussion 
In this section, a set of simulation was performed for a 200 m2 building for six different 

climates – sub-arctic (Anchorage, AK), cold (Madison, WI), hot and dry (Los Angeles, 

CA), hot and humid (Melbourne, FL), mixed humid (New York city) and marine (San 

Francisco, CA). The energy balance model for both roof with photovoltaic panels and 

conventional roof is integrated in MATLAB. The constant parameters considered for each 

simulation are provided in Table. The energy performance of roof with photovoltaic panels 

for the six climates is evaluated. 

4.4.1 Performance Evaluation 
The thermal behavior of a 200m2 flat roof with a square footprint with photovoltaic panels 

installed on the top of the roof surface for six different climates of United States are 

studied. The simulation is done in two parts – an annual simulation of the model to assess 

the energy performance and a simulation for a typical month of summer and winter 

weather. The thermal behavior is compared with the thermal behavior of a roof with a 

conventional roof system.  
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Table 9: Photovoltaic system parameters 

 Main model 
Parameters Values 

Number of cells connected in series 36 

Reference Irradiance  1000 

Reference temperature (K) 298.15 

Thickness of silicon solar cell 300*10-6 

Conductivity of silicon cell (W/mK) 0.036 

Thickness of glass cover 0.003 

Thermal conductivity of glass cover (W/mK) 1 

Thickness of Tedlar 0.0005 

Thermal conductivity of tedlar (W/mK) 0.033 

Dimension of PV panel (mm) 1200*527*34 

Transmissivity of glass cover 0.95 

Thickness of back insulation (m) 0.05 

Emissivity of PV 0.88 

Absorptivity of PV 0.5 

Thermal conductivity of back insulation (W/mK) 0.035 

Thermal conductivity of roof structure (W/mK) 0.026 

Current temperature coefficient (mA/C) 2.06 

Voltage temperature coefficient (V/C) -0.077 
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NOCT 45 

Voc, ref 10.9 

Vm, ref 8.5 

Im, ref 8.8 

Isc, ref 9.6 

Set-point temperature (winter month - K) 292.15 

Set-point temperature (summer month - K) 297.15 
 

4.4.1.1 Subarctic climate 
The variation of roof surface (membrane) temperature of a roof with photovoltaic panels 

with respect to ambient temperature for the month of January and July, are shown in Figure 

72 and Figure 73.  
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Figure 72:Variation of Surface temperature of a roof with Photovoltaic panels and 
Ambient temperature, January 
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Figure 73: Variation of Surface temperature of a roof with Photovoltaic panels and 
Ambient temperature, July 

The surface temperature of the roof with photovoltaic panels is below the ambient 

temperature for both summer and winter months due to shading provided by Photovoltaic 

panels. The roof surface temperature reaches near ambient temperature during daytime due 

to high solar load, however, the temperature stays well below  the roof surface temperature 

during night time, this is due to the radiative cooling between the airspace and the roof 

surface.  

A comparison between the roof surface temperature for a roof covered by PVs and a 

conventional white roof are plotted for the months of January and July in Figure 74 and 

Figure 75. 
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Figure 74: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical winter day (January 17) 
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Figure 75: Surface temperature variation (a) PV cell temperature, Roof surface 

temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical summer day (July 20) 

The back-panel surface temperature is above the surface roof temperature for winter month 

due to the ventilation inside the airspace, the cold air reduces the temperature of the roof, 

however during summer month the roof surface temperature is similar to the back-panel 

surface temperature due to high solar radiation. The roof surface temperature is well below 

the roof temperature of a conventional white roof due to shading provided by the panels. 

The roof under the photovoltaic panels is heated by the longwave radiation from the back-

panel and diffuse radiation from the sky which is less than the direct solar radiation to the 

conventional roof.  

An annual simulation is performed to estimate the energy consumed to satisfy 

cooling/heating load by roof with photovoltaic panels versus a conventional white roof. 
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Figure 76 shows the amount of annual energy saved compared with a conventional white 

roof for a 200 m2 building located in Anchorage, AK. 

For the energy savings calculation, four months of summer season and eight month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 

winter months, the saving is high due to the large difference between the average surface 

temperature of the conventional roof and photovoltaic integrated roof, however, during 

summer month the saving is low compared to winter months due to the very small 

difference between the average surface temperature of conventional roof and roof with 

photovoltaics.  Overall, using roof with photovoltaic panels results in reducing the 

cooling/heating loads in the amount of 3.42GJ over conventional white roof. The system 

generated about 1139.12 Kilo-Watts of electricity. 

	

Figure 76: Monthly energy savings 
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4.4.1.2 Cold climate 
The variation of roof surface (membrane) temperature of a roof with photovoltaic panels 

with respect to ambient temperature for the month of January and July, are shown in Figure 

77 and Figure 78. The surface temperature of the roof with photovoltaic panels is below 

the ambient temperature for winter month due to shading provided by Photovoltaic panels. 

During summer, the roof surface temperature reaches near or above the ambient 

temperature during daytime due to high solar load, however, the temperature stays below 

the night time, this is due to the radiative cooling between the airspace and the roof surface.  

	

Figure 77: Variation of Surface temperature of a roof with Photovoltaic panels and 
Ambient temperature, January 
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Figure 78: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, July 

A comparison between the roof surface temperature for a roof with photovoltaics and a 

conventional white roof are plotted for the months of January and July in Figure 79 and 

Figure 80. 

	
Figure 79: Surface temperature variation (a) PV cell temperature, Roof surface 

temperature, back of PV side temperature, Conventional roof surface temperature 
(b) twenty-four simulation of a typical winter day (January 28) 
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Figure 80: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical summer day (July 19) 

An annual simulation is performed to estimate the energy consumed by roof with 

photovoltaic panels versus a conventional white roof. Figure 81 shows the amount of 

annual energy saved compared with a conventional white roof for a 200 m2 building 

located in Madison, WI. 

For the energy savings calculation, five months of summer season and seven month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. 

Overall, using roof with photovoltaic panels results in annual reduction of heating and 

cooling loads in the amount of 3.81 GJ over conventional white roof. The system generated 

about 1,780.54 KW of electricity. 
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Figure 81: Monthly energy savings 

4.4.1.3 Hot and dry climate 
The variation of roof surface (membrane) temperature of a roof with photovoltaic panels 

with respect to ambient temperature for the month of December and August, are shown in 

Figure 82 and Figure 83. The surface temperature of the roof with photovoltaic panels is 

below the ambient temperature for winter month due to shading provided by Photovoltaic 

panels. During summer, the roof surface temperature reaches near or above the ambient 

temperature during daytime due to high solar load however the temperature stays well 

below ambient temperature during night time.  
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Figure 82: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, December 

	

Figure 83: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, August 
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A comparison between the roof surface temperature for a roof with photovoltaics and a 

conventional white roof are plotted for the months of January and July in Figure 84 and 

Figure 85. 

	

Figure 84: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical winter day (December 25) 
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Figure 85: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical summer day (August 25) 

Similar pattern in temperature variation can be observed comparing to the previous climate 

zone. 

An annual simulation is performed to estimate the energy consumed by roof with 

photovoltaic panels versus a conventional white roof. Figure 76 shows the amount of 

annual energy saved compared with a conventional white roof for a 200 m2 building 

located in Los Angeles, CA. 

For the energy savings calculation, nine months of summer season and three month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. It can 

be observed that the savings fluctuate over the year, this is due to long summers with 

average daily high temperature of 300K. Overall, using roof with photovoltaic panels 

results in annual energy savings by heating and air-conditioning systems in the amount of 
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3.24GJ over conventional white roof. The system generated about 2188.6 KW of 

electricity.	

	

Figure 86: Monthly energy savings 

4.4.1.4 Hot and Humid 
The variation of roof surface (membrane) temperature of a roof with photovoltaic panels 

with respect to ambient temperature for the month of January and July, are shown in Figure 

87 and Figure 88. 
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Figure 87: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, January 

	
Figure 88: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, July 



126	
	

	

The surface temperature of the roof with photovoltaic panels is above the ambient 

temperature for winter month due to solar radiation and humidity. During summer, the roof 

surface temperature reaches near or above the ambient temperature during daytime due to 

high solar load however the temperature stays well below ambient temperature during 

night time.  

A comparison between the roof surface temperature for a roof with photovoltaics and a 

conventional white roof are plotted for the months of January and July in Figure 89 and 

Figure 90. 

	

Figure 89: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical winter day (January 15) 
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Figure 90: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical summer day (July 23) 

It can be observed that the temperature variation for the roof mounted with photovoltaic 

panels follow the same trend as in previous case study, the roof surface temperature of 

room mounted with photovoltaics stays above the conventional roof surface temperature 

during nigh time and below the conventional roof surface temperature during daytime. 

An annual simulation is performed to estimate the energy consumed by roof with 

photovoltaic panels versus a conventional white roof. Figure 91 shows the amount of 

annual energy saved compared with a conventional white roof for a 200 m2 building 

located in Melbourne, FL. 

For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. For 
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winter months, the saving is high due to the large difference between the average surface 

temperature of the conventional roof and photovoltaic integrated roof, however, during 

summer month the saving is low compared to winter months due to the very small 

difference between the average surface temperature of conventional roof and roof with 

radiant barrier. The results show that using PV covered roof reduces heating and air-

conditioning loads in the amount of 1.55 GJ The system generated about 1892.89 KW of 

electricity. 

	

Figure 91: Monthly energy savings 

4.4.1.5 Mixed humid climate 
The variation of roof surface (membrane) temperature of a roof with photovoltaic panels 

with respect to ambient temperature for the month of January and July, are shown in Figure 

92 and Figure 93. 
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Figure 92: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, January 

	
Figure 93: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, July 
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Similar to the previous test cases, a difference between PV covered roof and conventional 

roof can be observed.  

A comparison between the roof surface temperature for a roof with photovoltaics and a 

conventional white roof are plotted for the months of January and July in Figure 94 and 

Figure 95. 

	

Figure 94: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical winter day (January 29) 
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Figure 95: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical summer day (July 21) 

Similar to previous test cases, the temperature variation between the roof covered with 

photovoltaics and conventional roof can be observed. 

An annual simulation is performed to estimate the energy consumed by roof with 

photovoltaic panels versus a conventional white roof. Figure 96 shows the amount of 

annual energy saved compared with a conventional white roof for a 200 m2 building 

located in New York city. 

For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered for 

winter months, the saving is high due to the large difference between the average surface 

temperature of the conventional roof and photovoltaic integrated roof, however, during 

summer month the saving is low compared to winter months due to the very small 
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difference between the average surface temperature of conventional roof and roof with 

photovoltaics. Overall, using roof with photovoltaic panels results in annual energy savings 

by heating and air-conditioning systems in the amount of 5.17 GJ over conventional white 

roof. The system generated about 1726.52 KW of electricity. 

	

Figure 96: Monthly energy savings 

4.4.1.6 Marine climate 
The variation of roof surface (membrane) temperature of a roof with photovoltaic panels 

with respect to ambient temperature for the month of January and September, are shown in 

Figure 97 and Figure 98. 
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Figure 97: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, January 

	
Figure 98: Variation of Surface temperature of a roof with Photovoltaic panels and 

Ambient temperature, September 
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It can be observed that the temperature variation between the ambient temperature and roof 

covered with photovoltaic panels follows the same trend as previous test cases for both the 

winter and summer month. A comparison between the roof surface temperature for a roof 

with photovoltaics and a conventional white roof are plotted for the months of January and 

September in Figure 99 and Figure 100. 

	

Figure 99: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical winter day (January 3) 
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Figure 100: Surface temperature variation (a) PV cell temperature, Roof surface 
temperature, back of PV side temperature, Conventional roof surface temperature 

(b) twenty-four simulation of a typical summer day (September 20) 

The roof surface temperature of conventional roof is found to be higher than the back-panel 

PV temperature and the surface temperature of roof covered with photovoltaics during 

daytime. It can be observed that the temperature variation between the photovoltaic 

mounted roof and conventional roof follow a similar trend as the previous test cases. An 

annual simulation is performed to estimate the energy consumed by roof with photovoltaic 

panels versus a conventional white roof. Figure 101 shows the amount of annual energy 

saved compared with a conventional white roof for a 200 m2 building located in San 

Francisco, California. 

For the energy savings calculation, eight months of summer season and four month of 

winter season with a set point temperature of 297.15K and 292.15K are considered. 

Overall, using roof with photovoltaic panels results in annual reduction of heating/cooling 

loads of 4.68GJ over conventional white roof. The system generated about 1426.52 KW of 

electricity. 
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Figure 101: Monthly energy savings 
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Chapter 5 
Conclusion and Future Work  

5.1 Conclusion   

The thermal and energy performance of three different energy efficient roof systems – 

green roof, roof with radiant barriers and photovoltaic systems, is studied for six different 

climates of United States. The climates considered are Subarctic, cold, hot and humid, hot 

and dry, mixed humid, and marine climate. The energy balance model for each of the 

technologies is developed and integrated using MATLAB simulation software. The 

simulation is performed on an hourly basis to evaluate the roof surface temperature using 

the MATLAB fsolve function. The energy performance of each system is also calculated 

based on the thermal performance  and compared to a conventional roof system to get an 

estimate of net savings. The building is set to a constant temperature of 292.15K for winter 

months and 297.15K for summer months. The meteorological data is obtained from TMY3 

database. A simple cost based analysis is also conducted to get an estimate of the cost of 

each technology. 

The analysis indicates that the green roof reduces the roof surface temperature fluctuation 

for both summer and winter month for each climate, thus can mitgate the rate of 

degradation of roof. It can also provide thermal comfort to the building occupants due to its 

property to act as an insulator in daytime and storage medium during night time. It also 

reduces a significant amount of heat flux going in/out of the building depending upon the 

ambient temperature, humidity and solar radiation. In terms of energy performance, green 

roof can save significant amount of energy for each climate. It can further provide different 

environmental benefits such as reduction in stormwater runoff, urban heat island effect and 

provides better air quality, aesthetics, life of building, Overall, it can be stated that green 

roof is an option which increases the level of thermal comfortin the building and 
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environmental benefits. The main disadvantage of green roof is its cost of installation and 

maintenance as compared to other available technologies. 

Similar to green roof system, radiant barrier can provide higher level of thermal comfort in 

the building as compared to conventional approaches. A roof with radiant barrier can 

reduce the ceiling surface temperature by 20-30K on an average compared to a 

conventional white roof system due to its property of high radiant reflectivity. The radiant 

barrier acts as an extra insulation to the surface. The roof with radiant barrier provides high 

energy savings for each climate. However, the energy performance during winter months is 

very low compared to savings during summer months. Overall, in terms of thermal and 

energy performance, radiant barrier is very effective.  Easy and low cost installation is 

another benefit of radiant barrier.   The main disadvantage of a roof with radiant barrier is 

its performance during winter months. Moreover, during the winter, it requires high 

maintenance due to snow freezing and high humidity. It may further require mechanical 

systems to close the air vents so that the attic doesn’t freeze which further add load to the 

building. 

Photovoltaic panels can reduce the roof surface temperature by 5-10K on an average for 

each climate and therefore decreases the cooling load of the building considerably  .   

However, it does not contribute much towards reducing the heating load. The main 

advantage of photovoltaic systems is their ability to provide electricity in any climate 

which lowers the cost to of purchased power from the grid. Overall, photovoltaic systems 

can reduce roof surface temperature and, in addition, generate extra power thus decreasing 

building heating/cooling load.      

The net savings for all the three systems is shown in Figure 102 for each climate. The 

savings associated with radiant barrier is highest for all the climate due to its ability to 

reflect more than 90% of the radiant energy. The photovoltaic system has the lowest 

savings for all the climates. For the subtropical climate of Melbourne, Florida, the annual 

savings for cooling/heating loads through radiant barrier, green roof and photovoltaic 
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covered roof are found to be 54%, 34% and 3% over a building with white roof 

respectively. 

	

Figure 102: Energy Saving of Green roof, radiant barrier and PV panels per climate 
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5.2 Future Work  

There are various possibilities in terms of future work, to name a few, one could be to 

perform an experimental analysis for all the three systems under controlled space and 

validate the current analysis. The other possibility could be to develop an integrated system 

from the discussed topics.  
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Appendix A 

Calculation Formulas 
• Emissivity of foliage 

( )[ ]0.90 0.96 0.90gf F Te = + -  
• Height of vegetation (low type) 

( )( )0.5 1 0.5 0.05f fZ = - - -  
• Albedo of foliage (low type) 

( ) ( )( )1 0.85 1 0.85 0.70f fa- = - - -  

 where f is a calculation variable, it can be determined as: 

  
21.0 0.016 298.0 gf T= - -é ùë û  
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Appendix B 

Green roof Code 
close all;  
clear all;  
clc; 
  
global Tamb; 
global sig_f; 
global Pa; 
global R; 
global g; 
global Za; 
global Waf; 
global zo_g; 
global r_ch; 
global r_ce; 
global rho_a; 
global Z_rh; 
global Chn_f; 
global qa; 
global r; 
global Mg; 
global k; 
global e0; 
global Cpa; 
global LAI; 
global Cf; 
global l; 
global I_ir; 
global I_s; 
global alp_g; 
global eps_f; 
global eps_g; 
global sig; 
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global eps1; 
global alp_f; 
global Rh; 
global a; 
global b; 
global Tgo; 
global Tfo; 
global K; 
global Taf; 
global pq; 
global nq; 
global Qfsat; 
global qgsat; 
global sheatf; 
global sheatg; 
global d1; 
global Ce_g; 
global rho_af; 
global rho_ag; 
global c1f; 
global c2f; 
global c3f; 
global c1g; 
global c2g; 
global c3g; 
  
syms Tfc1; 
syms Tgc1; 
  
shortwave_dat = xlsread('file_name.xlsx', sheet);       
temp_dat = xlsread('file_name.xlsx', sheet); 
sky_cover = xlsread('file_name.xlsx', sheet);  
wind_spd = xlsread('file_name.xlsx', sheet); 
relative_humid = xlsread('file_name.xlsx', sheet); 
  
A = load('Conventional roof data.dat'); 
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% Arranging the data in 24*365 format(l = hours; m 
= date) 
 n = 1; 
 for m =1:365 
     for z = 1:24 
         temp(z,m) = temp_dat(n); 
         shortw(z,m) = shortwave_dat(n); 
         skyc(z,m) = sky_cover(n); 
         windsp(z,m) = wind_spd(n); 
         rhumid(z,m) = relative_humid(n); 
         n = n+1; 
     end 
 end 
  
  
% Date 
m = enter date; 
% Start Time 
lo = enter start time; 
% Hours equal Start time 
z = lo; 
% Number of Hours 
N = enter number of hours; 
% Max Time Step 
nmax = N; 
T_zone = enter set-point temperature; 
  
% Initial Ambient Temperature 
Tamb = temp(z,m); 
% Shortwave radiation  
I_s = shortw(z,m); 
% Longwave radiation 
nc = skyc(z,m); 
% Wind speed 
W = windsp(z,m); 
% Relative humidity 
RH = rhumid(z,m); 
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% Initialization 
% Stefan Boltzmann constant 
sig = 5.699*10^(-8);                                 
% windless sensible heat correction factor(given) 
e0 = 2.0;                                                    
% Specific heat of air(given)            
Cpa = 1005.6;                                                
% Albedo of ground 
alp_g = 0.4;                                                 
% Longwave Emissivity 
eps_g = 0.92;                                                
% Gas constant of air 
R = 286.9;                                                   
% Schmidt number 
r_ch = 0.63;                                        
% Gravitational constant 
g = 9.81; 
% Instrument heigth 
Za = Enter height of instrument;                               
% Thermal conductivity 
K = 0.026;            
% Ground roughness lenght 
zo_g = 0.001; 
% Con Karmen constant 
k = 0.4; 
% Turbulent Prandtl number 
r_ce = 0.71; 
% Instrument height for relative humidity 
Z_rh = 0.1; 
% over water(constants for calculation) 
a = 17.67; 
b = 35.86;          
% Residual moisture content 
thetar = 0.01;                   
% Maximum moisture content(SW soil- m^3/m^3) 
thetam = 0.32;                   
% Average Root soil moisture - not abl 
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thetab = 0.19;                 
% Minimum stomatal resistance  
rsmin = 200;                     
f2 = (thetab - thetar)/(thetam - thetar); 
% Saturated vapor pressure reference -  
efsat = 3167.7399;                  %Pa 
% Calculation variable for stomatal resistance 
gd = 0; 
Rh = 1; 
  
% Foliage Initial Temperature 
Tfo = 0.9*Tamb; 
% Ground Initial Temperature   
Tgo = Tamb; 
  
% Time loop  
 for t = 1:nmax 
          f = 1 - 0.016*((298 - Tgo)^2); 
     albedo_f = 0.85 - (1 - f)*(0.85 - 0.70); 
     if albedo_f<0.70 
         albedo_f = 0.70; 
     else 
         if albedo_f>0.85 
             albedo_f = 0.85; 
         end 
     end 
     alp_f = 1 - albedo_f; 
     alpf(t,1) = alp_f; 
 
% Vegetation heigth 
     vegetation_height = 0.5 - (1 - f)*(0.5 - 
0.05); 
     if vegetation_height<0.05 
         vegetation_height = 0.05; 
     else 
         if vegetation_height>0.5 
             vegetation_height = 0.5; 
         end 
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     end 
     Zf = vegetation_height; 
     veg_height(t,1) = vegetation_height; 
      
     % Longwave Emissivity of Foliage 
     emissivity_foliage = 0.90 + f*(0.96 - 0.90); 
     if emissivity_foliage<0.90 
         emissivity_foliage = 0.90; 
     else 
         if emissivity_foliage>0.96 
             emissivity_foliage = 0.96; 
         end 
     end 
     eps_f = emissivity_foliage; 
     emi_foliage(t,1) = emissivity_foliage; 
      
     LAI = 5; 
     % Emissivity 
     eps1 = eps_f + eps_g - eps_f*eps_g; 
 
% Zero displacement height - the height at which 
the logarithmic wind profile goes to zero is 
displaced upward by an amount 
     Zd = 0.701*(Zf^0.975); 
     zd(t,1) = Zd; 
 
% Foliage roughness lenght - where mean speed goes 
to zero 
     zo_f = 0.131*(Zf^0.997); 
      
% Bulk transfer coefficient at top of foliage - 
transfer of momentum between atmosphere and foliage 
     Chn_f = (k^2)*(log(abs(Za - Zd)/zo_f))^(-2); 
      
     % Moisture factor 
     if RH == 1 
         Mg = 1; 
     else 
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        Mg = 0.87;                       
     end 
     mg(t,1) = Mg; 
      
     % Longwave radiation 
     Eaa = RH*(610.78*exp(17.27*((Tamb-
273.15)/Tamb-36))); 
     ecs = 0.23 + 0.433*((Eaa/Tamb)^(1/8)); 
     I_ir = (ecs*(1 - (nc^2)) + 
0.976*(nc^2))*sig*(Tamb^4); 
     Iir(t,1) = I_ir;      
      
     % Latent heat of sublimation/fusion 
     l = 2500775.6 - 2369.729*(((Tamb - Tgo)/2)-
273.15); 
     L(t,1) = l; 
      
     Ftg = 1.0 - 0.0016*((298.0 - Tgo).^2); 
      
      
     % Fractional coverage  
     if Tgo>298 
         sig_f = 0.8; 
     else if Tgo<273.15 
             sig_f = 0.7; 
         else 
             sig_f = 0.8 - (1 - Ftg)*0.1; 
         end 
     end 
     sigf(t,1) = sig_f;                                 
      
      
     % Ambient Pressure 
     Pa = 1.29*R*Tamb; 
     pa(t,1) = Pa;      
     % Wind Speed 
     if W < 2.0 
        w = 2; 
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     else  
        w = W; 
     end 
     wind(t,1) = w; 
      
     % Wind speed in the foliage 
     Waf = 0.83*sig_f * w * sqrt(Chn_f)+(1 - 
sig_f)*w; 
     waf(t,1) = Waf; 
     % Air density at instrument height - kg/m^3 
     rho_a = Pa/(R*Tamb); 
     rhoa(t,1) = rho_a; 
     % Bulk transfer coefficient for turbulent heat 
in foliage 
     Cf = 0.01*(1 + (0.3/Waf)); 
     cf(t,1) = Cf; 
      
     % Vapor pressure 
     ea = 610.78*RH*exp(a*(Tamb - 273.16)/(Tamb - 
b)); 
     Ea(t,1) = ea; 
     % Atmospheric resistance to water vapor 
diffusion 
     ra = 1/(Cf*Waf); 
     Ra(t,1) = ra; 
     f1 = 1/min(1,(0.004*I_s + 
0.005)/(0.81*(0.004*I_s + 1))); 
     F1(t,1) = f1; 
      
     f3 = 1/exp(-gd*(efsat-ea)); 
     F3(t,1) = f3; 
     % Stomatal resistance to vapor resistance 
     rs = (rsmin/LAI)*f1*f2*f3; 
     Rs(t,1) = rs; 
     % Foliage surface wetness  
     r = ra/(ra+rs); 
     Rf(t,1) = r;  
     % Mixing Ratio of air above foliage 
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     qa = 0.622*ea/(Pa - ea); 
     Qa(t,1) = qa; 
      
     % Air temperature in foliage 
     Taf = (1-sig_f)*Tamb + sig_f*(0.3*Tamb + 
0.6*Tfo + 0.1*Tgo); 
     taf(t,1) = Taf; 
     % Mixing ratio of air at ground interface 
     rho_ag = Pa/(R*Taf); 
     rhoag(t,1) = rho_ag; 
      
     % Bulk Richardson number 
     R_ib = (2*g*Za*(Taf - Tgo))/((Taf + 
Tgo)*Waf.^2); 
     Rib(t,1) = R_ib;  
     if R_ib < 0.0 
        % Sensible heat exchange stability 
correction factor 
        rho_h = 1.0/((1.0 - 16.0*R_ib)^0.5); 
     else if R_ib == 0.0 
             rho_h = 1.0; 
         else 
             rho_h = 1.0/(1.0 - 5.0*R_ib); 
         end 
     end 
     rhoh(t,1) = rho_h; 
      
     % Bulk transfer coefficient near the ground 
for near neutral conditions 
     Chn_g = (k/(log((Za/zo_g)))).^2/r_ch; 
     Chng(t,1) = Chn_g; 
     % Bulk transfer coefficient for sensible heat 
near the ground 
     Ch_g = rho_h * ((1-sig_f)*Chn_g + 
sig_f*Chn_f); 
     Chg(t,1) = Ch_g; 
      
     % Air density in foliage 
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     rho_f = Pa/(R*Tfo); 
     rhof(t,1) = rho_f; 
     % Mixing ratio of air at foliage interface 
     rho_af = (rho_a + rho_f)/2; 
     rhoaf(t,1) = rho_af; 
      
     % Bulk transfer coefficient near the ground 
for near neutral conditions  
     Cen_g = (k/(log((Z_rh/zo_g)))).^2/r_ce; 
     Ceng(t,1) = Cen_g; 
     % Bulk transfer coefficient for latent heat 
near the ground 
     Ce_g = rho_h*((1-sig_f)*Cen_g + sig_f*Chn_f); 
     Ceg(t,1) = Ce_g; 
      
     sheatf = (e0 + 1.1*LAI*rho_af*Cpa*Cf*Waf); 
     sheat_f(t,1) = sheatf; 
     sheatg = (e0 + rho_ag*Cpa*Ch_g*Waf); 
     sheat_g(t,1) = sheatg; 
     d1 = 1 - sig_f*(0.6*(1 - r) + 0.1*(1 - Mg)); 
     D1(t,1) = d1; 
      
     % Saturated foliage mixing ratio 
     nq_sym = 
simplify(diff(0.622*610.78*RH*exp(a*(Tfc1-
273.16)/(Tfc1-b))/(Pa - 610.78*Rh*exp(a*(Tfc1-
273.16)/(Tfc1-b))),Tfc1)); 
     nq = double(subs(nq_sym,Tfc1,Tfo)); 
     Qfsat = 0.622*610.78*Rh*exp(a*(Tfo - 
273.16)/(Tfo - b))/(Pa - 610.78*Rh*exp(a*(Tfo - 
273.16)/(Tfo - b)))  - Tfo*nq; 
     Nq(t,1) = nq; 
     qfsat(t,1) = Qfsat; 
      
     % Saturated ground mixing ratio 
     pq_sym = 
simplify(diff(0.622*610.78*Rh*exp(a*(Tgc1-
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273.16)/(Tgc1-b))/(Pa - 610.78*Rh*exp(a*(Tgc1-
273.16)/(Tgc1-b))),Tgc1)); 
     pq = double(subs(pq_sym,Tgc1,Tgo)); 
     qgsat = 0.622*610.78*Rh*exp(a*(Tgo - 
273.16)/(Tgo - b))/(Pa - 610.78*Rh*exp(a*(Tgo - 
273.16)/(Tgo - b))) - Tgo*pq;    
     Pq(t,1) = pq; 
     Qgsat(t,1) = qgsat; 
      
     c1f = sig_f*(I_s*alp_f + eps_f*I_ir) - 
3*((sig_f*eps_f*eps_g*sig)/eps1)*(Tgo.^4) - 3*(-
sig_f*sig*eps_f - 
((sig_f*sig*eps_f*eps_g)/eps1))*(Tfo.^4) + 
sheatf*(1 - 0.7*sig_f)*Tamb + 
LAI*rho_af*Cf*l*Waf*r*((1 - 0.7*sig_f)/d1)*qa + 
LAI*rho_af*Cf*l*Waf*r*(((0.6*sig_f*r)/d1)-1)*Qfsat 
+ LAI*rho_af*Cf*l*Waf*r*((0.1*sig_f*Mg)/d1)*qgsat; 
     c2f = 4*((sig_f*eps_f*eps_g*sig)/eps1)*(Tgo^3) 
+ 0.1*sig_f*sheatf + 
LAI*rho_af*Cf*l*Waf*r*((0.1*sig_f*Mg)/d1)*pq; 
     c3f = 4*(-sig_f*eps_f*sig - 
((sig_f*eps_f*eps_g*sig)/eps1))*(Tfo^3) + 
(0.6*sig_f - 1)*sheatf + 
LAI*rho_af*Cf*l*Waf*r*(((0.6*sig_f*r)/d1) - 1)*nq; 
     if Tamb<293 
         c1g = (1 - sig_f)*(I_s*(1 - alp_g) + 
eps_g*I_ir)  + (K/0.3)*(T_zone) - 
3*((sig_f*eps_f*eps_g*sig)/eps1)*(Tfo.^4) - 3*(-(1 
- sig_f)*eps_g*sig - 
((sig_f*eps_f*eps_g*sig)/eps1))*(Tgo^.4) + 
sheatg*(1 - 0.7*sig_f)*Tamb + 
rho_ag*Ce_g*l*Waf*Mg*((1 - 0.7*sig_f)/d1)*qa + 
rho_ag*Ce_g*l*Waf*Mg*(((0.1*sig_f*Mg)/d1) - 
Mg)*qgsat + 
rho_ag*Ce_g*l*Waf*Mg*((0.6*sig_f*r)/d1)*Qfsat; 
     else 
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         c1g = (1 - sig_f)*(I_s*(1 - alp_g) + 
eps_g*I_ir)  + (K/0.3)*(T_zone) - 
3*((sig_f*eps_f*eps_g*sig)/eps1)*(Tfo.^4) - 3*(-(1 
- sig_f)*eps_g*sig - 
((sig_f*eps_f*eps_g*sig)/eps1))*(Tgo^.4) + 
sheatg*(1 - 0.7*sig_f)*Tamb + 
rho_ag*Ce_g*l*Waf*Mg*((1 - 0.7*sig_f)/d1)*qa + 
rho_ag*Ce_g*l*Waf*Mg*(((0.1*sig_f*Mg)/d1) - 
Mg)*qgsat + 
rho_ag*Ce_g*l*Waf*Mg*((0.6*sig_f*r)/d1)*Qfsat; 
     end 
  
     c2g = 4*(-(1 - sig_f)*eps_g*sig - 
((sig_f*eps_f*eps_g*sig)/eps1))*(Tgo^3) + 
(0.1*sig_f - 1)*sheatg + 
rho_ag*Ce_g*l*Waf*Mg*(((0.1*sig_f*Mg)/d1) - Mg)*pq 
- (K/0.3); 
     c3g = 
4*((sig_f*eps_f*eps_g*sig)/eps1)*(Tfo.^3) + 
0.6*sig_f*sheatg + 
rho_ag*Ce_g*l*Waf*Mg*((0.6*sig_f*r)/d1)*nq; 
      
     % Fsolve   
     x0 = [1,1]; 
     x = fsolve(@trial4,x0); 
      
     % Updating Foliage Temperature 
     Tfo = x(1); 
     % Updating Ground Temperature 
     Tgo = x(2); 
      
     outT(t,1) = Tamb; 
     shortI(t,1) = I_s; 
     % Store Foliage Temperature 
     Tf(t,1) = x(1); 
     % Store Ground Temperature 
     Tg(t,1) = x(2); 
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     Qw_green(t,1) = (Tgo - T_zone)/26.051; 
     Qw_base(t,1) = (A(t,1) - T_zone)/5.29; 
      
     if Tgo<292.15 
        rate_of_degradation = 1; 
     else 
        rate_of_degradation = 2.^((Tgo - 
292.15)/10); 
     end 
     rate(t,1) = rate_of_degradation; 
      
     if Tgo<292.15 
        rate_of_degradation2 = 1; 
     else 

        rate_of_degradation2 = 1.5.^((Tgo - 
292.15)/10); 

     end 
     rate2(t,1) = rate_of_degradation2; 
              
     % Updating i & j if date changes 
     if mod(t,24) == 0 
        if m == 365 
            z = 1; 
            m = 1; 
        else 
            z = 1; 
            m = m+1; 
        end 
     end 
      
     % Updating TMY3 parameters hourly 
      
        if z == 24 
            z = 1; 
            Tamb = temp(z,m); 
            I_s = shortw(z,m); 
            nc = skyc(z,m); 
            W = windsp(z,m); 
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            RH = rhumid(z,m); 
        else 
            
        Tamb = temp(z+1,m); 
        I_s = shortw(z+1,m); 
        nc = skyc(z+1,m); 
        W = windsp(z+1,m); 
        RH = rhumid(z+1,m); 
        z=z+1; 
        end 
 end   
Q_green = abs(sum(Qw_green))*3600*200; 
Q_base = abs(sum(Qw_base))*3600*200; 
Saving = (Q_base - Q_green)/3; 
 
degradation = sum(rate); 
degradation2 = sum(rate2); 
 
function eq = trial4(x) 
  
global c1f; 
global c2f; 
global c3f; 
global c1g; 
global c2g; 
global c3g; 
  
eq(1) = c1f + c2f*x(2) + c3f*x(1); 
eq(2) = c1g + c2g*x(2) + c3g*x(1); 
 
 
 

Radiant Barrier code 

clear all; 
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close all; 
clc; 
  
global T_amb; 
global R_roof; 
global R_ceil; 
global h_r; 
global h_c; 
global T_zone; 
global E; 
global T_sol; 
global v_flo; 
global Tco; 
global Tro; 
  
  
A = load('melbourne_winter.dat'); 
  
  
temp_dat = xlsread('Melbourne.xlsx',2); 
shortwave_dat = xlsread('Melbourne.xlsx',3); 
sky_cover = xlsread('Melbourne.xlsx',4);       %to 
ask 
dew_point = xlsread('Melbourne.xlsx',5); 
wind_spd = xlsread('Melbourne.xlsx',6); 
relative_humid = xlsread('Melbourne.xlsx',7); 
  
  
  
n = 1; 
 for m =1:365 
     for z = 1:24 
         temp(z,m) = temp_dat(n); 
         shortw(z,m) = shortwave_dat(n); 
         skyc(z,m) = sky_cover(n); 
         windsp(z,m) = wind_spd(n); 
         rhumid(z,m) = relative_humid(n); 
         dewpoint(z,m) = dew_point(n); 



157	
	

	

         n = n+1; 
     end 
 end 
  
% Date 
m = 1; 
% Start Time 
lo = 1; 
% Hours equal Start time 
z = lo; 
% Number of Hours 
N = 744; 
% Max Time Step 
nmax = N; 
T_zone = 292.15; 
  
% Initial Ambient Temperature 
T_amb = temp(z,m); 
G = shortw(z,m); 
nc = skyc(z,m); 
W = windsp(z,m); 
RH = rhumid(z,m); 
Tdp = dewpoint(z,m); 
  
alph = 0.2; 
emi_d = 0.75; 
emi_s = 0.11; 
  
R_roof = 7.93; 
R_ceil = 4.40; 
  
g = 9.81; 
% Dynamic Viscosity of air 
mu = 1.846*10^(-5);             % kg/m s 
% Thermal diffusitivity of air 
alp = 22.5*10^(-6);          % m^2/s 
P = 2*(14.1421+14.1421); 
As = 200;    
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L = As/P; 
k = 0.026; 
K=0.026; 
Pr = 0.707; 
% Density of air 
rho = 1.225;                    % kg/m^3 
v = 1.568*10^(-5); 
  
E = (1.713*10^(-09))/((1/emi_d) + (1/emi_s) - 1); 
  
sig = 5.699*10^(-8); 
  
Tco = T_zone; 
Tro = T_amb+1; 
  
 for t = 1:nmax 
      
     v_flo = 0; 
      
     Eaa = RH*(610.78*exp(17.27*((T_amb-
273.15)/T_amb-36))); 
     ecs = 0.23 + 0.433*((Eaa/T_amb)^(1/8)); 
     I_ir = (ecs*(1 - (nc^2)) + 
0.976*(nc^2))*sig*(T_amb^4) - sig*(Tco^4); 
     Iir(t,1) = I_ir; 
      
     Re = W*rho*14.1421/mu; 
     re(t,1) = Re; 
     Nu = 0.037*(Re^(4/5))*(Pr^(1/3)); 
     h1 = (Nu*k/14.1421); 
     H1(t,1) = (h1); 
      
     Tf = (T_amb + Tro)/2; 
     beta = 1/Tf; 
     Ra = beta.*g*abs(Tro - T_amb)*(L^3)/(v*alp); 
     if (Ra < 10000000) 
        h23 = (0.54*(Ra^(1/4))*k)/L; 
     else 
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        h23 = (0.15*Ra.^(1/3)*k/L); 
     end 
     H2(t,1) = (h23);      
  
     if h1 == 0 
         h1 = h23; 
     end 
     cond(t,1) = h1; 
      
     c = h1; 
      
     T_sol = T_amb + (((G*alph) - I_ir)/c); 
     tsol(t,1) = T_sol; 
      
     TF = (T_zone + Tco)/2; 
     beta = 1/TF; 
     Ra = beta.*g*abs(Tco - T_zone)*(L^3)/(v*alp); 
     if (Ra < 10000000) 
        h2 = (0.54*(Ra^(1/4))*k)/L; 
     else 
        h2 = (0.15*Ra.^(1/3)*k/L); 
     end 
     H2(t,1) = (h2);      
  
     if h1 == 0  
         h1 = h2 ; 
     end 
     condu(t,1) = h1; 
      
     h_c = h1; 
      
     sky_emi = (0.787 + 0.764*log(Tdp/273))*(1 + 
0.0224*nc - 0.0035*(nc^2) + 0.00028*(nc^3)); 
     % Sky Temperature 
     T_sky = abs(power(sky_emi,0.25)*(T_amb)); 
      
     h_r = sky_emi*sig*(Tro + T_sky)*(Tro^2 + 
T_sky^2); 
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     hro(t,1) = h_r; 
      
     %Fsolve   
     x0 = [1,1,1,1,1,1]; 
     x = fsolve(@trial2,x0); 
      
     Tro = real(x(1)); 
     Tco = real(x(6)); 
      
     T_r(t,1) = real(x(1));  
     T_d(t,1) = real(x(2)); 
     T_o(t,1) = real(x(3)); 
     T_a(t,1) = real(x(4)); 
     T_s(t,1) = real(x(5)); 
     T_c(t,1) = real(x(6)); 
      
     q(t,1) = (T_s(t,1) - T_zone)/0.48; 
     Qw_base(t,1) = (A(t,1) - T_zone)/0.48; 
      
     outT(t,1) = T_amb ; 
     Wind(t,1) = W; 
     flowout(t,1) = v_flo; 
     % Updating i & j if date changes 
     if mod(t,24) == 0 
        if m == 365 
            z = 1; 
            m = 1; 
        else 
            z = 1; 
            m = m+1; 
        end 
     end 
      
     % Updating TMY3 parameters hourly 
        if z == 24 
            z = 1; 
            T_amb = temp(z,m); 
            G = shortw(z,m); 
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            nc = skyc(z,m); 
            W = windsp(z,m); 
            RH = rhumid(z,m); 
            Tdp = dewpoint(z,m); 
        else 
            T_amb = temp(z+1,m); 
            G = shortw(z+1,m); 
            nc = skyc(z+1,m); 
            W = windsp(z+1,m); 
            RH = rhumid(z+1,m); 
            Tdp = dewpoint(z+1,m); 
            z=z+1; 
        end 
 end 
Q = (abs(sum(Qw_base)) - abs(sum(q))); 
Energy_Saving = Q*3600*200; 
Energy_savingcop = (Q*3600*200)/3; 
 
function eq = trial2(x) 
global T_amb; 
global R_roof; 
global R_ceil; 
global v_flo; 
global h_r; 
global h_c; 
global T_zone; 
global E; 
global T_sol; 
  
  
  
eq(1) = h_r*(x(1) - T_sol) + (1/R_roof)*(x(1) - 
x(2)); 
 
eq(2) = (0.12*(x(2) - x(3))^(0.25))*(x(3) - x(2)) + 
v_flo*(x(3) - x(4)); 
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eq(3) = (0.27*(x(5) - x(4))^(0.25))*(x(4) - x(5)) + 
v_flo*(x(4) - T_amb); 
 
eq(4) = (0.12*(x(2) - x(3))^(0.25))*(x(2) - x(3)) + 
(1/R_roof)*(x(2) - x(1)) + E*(x(2)^4 - x(5)^4); 
 
eq(5) = (0.27*(x(5) - x(4))^(0.25))*(x(5) - x(4)) + 
(1/R_ceil)*(x(5) - x(6)) + E*(x(5)^4 - x(2)^4); 
 
eq(6) = h_c*(x(6) - T_zone) + (1/R_ceil)*(x(6) - 
x(5)); 
 
 

Photovoltaic Model code 

clear all; 
close all; 
clc; 
  
global G; 
global T_amb; 
global neta_pv; 
global N_pv; 
  
A = load('melbourne_winter.dat'); 
  
% Reading Radiation and Ambient Temperature from 
TMY3_data 
rad_dat = xlsread('Mel.xlsx',2); 
temp_dat = xlsread('Mel.xlsx',3); 
  
% Arranging the data in 24*365 format 
k = 1; 
for j =1:365 
    for i=1:24 
        rad(i,j) = rad_dat(k); 
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        temp(i,j) = temp_dat(k); 
        k = k+1; 
    end 
end 
  
% Date 
j = 1; 
% Start Time 
io = 1; 
i = io; 
% Number of Hours 
N = 8760; 
% Max Time Step 
nmax = N; 
% T_zone = 292.15; 
  
% Number of PV panel 
N_pv = 20; 
  
% Initial Radiation 
G = rad(i,j); 
% Initial Ambient Temperature 
T_amb = temp(i,j); 
% Inital Efficiency of PV 
neta_pv = 0.12; 
  
if T_amb<292.15 
    T_zone = 292.15; 
else 
    T_zone = 297.15; 
end 
n = io; 
  
for t=1:nmax 
     
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    %%%%%%%%%%%%%   Thermal MODEL    %%%%%%%%%%%%% 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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    x0 = [0,0,0,0]; 
    x = fsolve(@trial1,x0); 
     
    Tro = x(4); 
    % Store Ambient Temperature 
    outT(t,1) = T_amb; 
     
    % Store PV Cell Temperature 
    Tcell(t,1) = x(1); 
     
    % Store PV Backside Temperature 
    Tbs(t,1) = x(2); 
     
    % Store Channel Outlet Temperature 
    Tout(t,1) = x(3); 
    T_roof(t,1) = x(4); 
     
     
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    %%%%%%%%%%%%%     PV MODEL       %%%%%%%%%%%%% 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
     
     
    % number of cells connected in series 
    Ns=36; 
    % Boltzmann's constant 
    kb = 1.3806503*(power(10,-23));     % J/K 
    % electron charge 
    q = -1.60217646*(power(10,-19));    % C 
    % Reference Irradiance 
    Gref = 1000;        % W/m2 
    % Reference temperature 
    Tref = 298.15;      % K 
    % Photocurrent at STC conditions 
    Iphref = 8.21; 
    % Short circuit current temperature coefficient 
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    mul = 0.00372; 
    % Key pv cell characteristics  
    Vmref = 8.5; 
    Vocref = 10.9; 
    Imref = 8.8; 
    Iscref = 9.6; 
    % open circuit voltage temperature coefficient 
    muv = -0.077;       %(V/C) 
    % Quality factor of diode 
    n = (q*(Vmref - Vocref)/(Ns*kb*Tref))*(1/log(1-
(Imref/Iscref))); 
     
    % Temperature of P-N Junction 
    T(t) = Tcell(t,1); 
     
    % Photovoltaic Current 
    Iph(t) = (G/Gref)*(Iphref + mul*(T(t)-Tref)); 
%A 
  
    % Open current / Saturation current 
    Io(t) = (Iscref + mul*(T(t)-
Tref))/(exp(q*((Vocref+muv*(T(t)-
Tref)))/(n*Ns*kb*T(t)))-1); 
  
    % Short circuit current 
    Isc(t) = Iph(t); 
  
    % Open circuit voltage 
    Voc(t) = (n*Ns*kb*T(t)/q)*log(1+Isc(t)/Io(t));     
  
% Voltage, Current and Power at MPPT state 
    Vm(t) = ((n*Ns*kb*T(t))/q)* log((n*Ns*kb*T(t) 
*Isc(t))/(q*Io(t)*Voc(t))); 
    Im(t) = Iph(t) + Io(t)(n*Ns*kb*T(t)/q)* 
(Isc(t)/Voc(t)); 
     

if G == 0 
        Pm(t) = 0; 
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    else 
        Pm(t) = N_pv*Vm(t)*Im(t); 
    end 
     
% Fill Factor 
    FF(t) = (Vm(t)*Im(t))/(Voc(t)*Isc(t)); 
     
% Hourly Self Discharging Rate 
    sigma_batt = 0.0021; 
     
% Charging Efficiency of Battery 
    neta_c_battery = 0.85; 
% Discharging Efficiency of battery 
    neta_d_battery = 1; 
% Efficiency of Inverter 
    neta_inv = 0.95; 
     
% Power of Battery 
    P_battery(1) = 2000; 
     
    heat_flux(t,1) = (Tro - T_zone)/11; 

heat_fluxbase(t,1) = (A(t,1) - T_zone)/11; 
     
% Updating i & j if date changes 
    if mod(t,24) == 0 
        if j == 365 
            i = 1; 
            j = 1; 
        else 
            i = 1; 
            j = j+1; 
        end 
    end 
     
% Updating Radiation and Ambient Temperature hourly 
    if i == 24 
        i = 1; 
        T_amb = temp(i,j); 
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        G = rad(i,j); 
    else 
        T_amb = temp(i+1,j); 
        G = rad(i+1,j); 
         i = i+1; 
    end 
     
end 
  
Q = abs(sum(heat_flux))*3600; 
Q_base = abs(sum(heat_fluxbase))*3600*200; 
Saving = (Q_base - Q); 
  
function eq = trial1(x) 
  
  
global G; 
global T_amb; 
global N_pv; 
global T_zone; 
global neta_pv; 
  
  
  
% Area of PV 
A_pv= 1.2*0.527; 
% Area of Room 
A_room = 200; 
  
  
alph_c = 0.5; 
alph_t = 0.5; 
beta_c = 0.85; 
tau_g = 0.95; 
emi_g = 0.88; 
  
% Air Temperature 
Tair = T_amb; 
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sig = 5.6703*(power(10,-8)); 
T_sky = 0.0552*(power(T_amb,1.5)); 
  
% Convection Heat Tranfer Coefficient of air 
htop = 5; 
% Convection Heat Tranfer Coefficient of air in air 
channel 
h_airc = 10; 
% Convection Heat Tranfer Coefficient of air in 
room 
h_room = 2; 
  
Lsi = 300*10^-6; 
Ksi = 0.036; 
LT = 0.0005; 
KT = 0.033; 
Lg = 0.003; 
Kg = 1; 
k = 0.026; 
U_T = power((Lsi/Ksi + LT/KT),-1); 
U_t = power((Lg/Kg + 1/htop),-1); 
% Inlet Temperature 
T_in = T_amb; 
  
% mass flow in the air channel 
m_dot = 0.8; 
c_p = 1000; 
T_zone = 292.15; 
 
eq (1) = tau_g*(alph_c*beta_c*G + alph_t*(1 - 
beta_c)*G) - U_t*(x(1) - T_amb) - emi_g*sig*(x(1)^4 
- T_sky^4) - U_T*(x(1) - x(2)) - 
tau_g*beta_c*neta_pv*G; 
 
eq (2) = U_T*(x(1) - x(2)) - h_airc*N_pv*(x(2) - 
((T_in + x(3))/2)); 
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eq (3) = h_airc*N_pv*A_pv*(x(2) - ((T_in + 
x(3))/2)) + h_airc*(A_room - N_pv*A_pv)*(x(4) - 
((T_in + x(3))/2)) - m_dot*c_p*(x(3) - T_in); 
 
eq (4) = h_airc*N_pv*A_pv*(x(4) - ((T_in + 
x(3))/2)) - k*A_room*(x(4) - T_zone)/0.25; 
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