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Abstract 
 
 

This work initially aims to determine the effects of the overall geometry of a building 
on thermal performance and electricity generation quantities. The primary goal of the developed 
method in this work is to streamline the complex process of 'energy simulation' for medium-
sized buildings during the initial design phases. The complexity of existing simulation tools 
largely stems from the 'lack of available parameters in the early stages' and the 'lengthy 
simulation times' they require. Therefore, the new approach employed in the developed 
estimation tool in this work seeks to provide more usability in the early design stages, with 
reduced simulation time for 'energy demand estimation,' making it more accessible to the 
majority of building designers.  

 
In this context, both opaque and transparent components representing walls, roofs, and 

windows have been initially considered, along with the possibility of integrating PVs through 
different configurations resulting in BIPV, BAPV, and PV glazing. The method simultaneously 
calculates the thermal performance and electricity generation of combinations of these five 
components on the building's envelope. It employs a steady-state heat transfer method across 
different levels of building geometry, including individual components, the composition of 
different components on a building's facade, and finally, the entire building's geometry. In this 
process, the method estimates the heating and cooling demands of building components. At a 
higher level of geometry, it estimates the holistic energy demand of the entire external geometry 
of the building, which comprises various components with specific areas. Real weather data 
from Stuttgart, including hourly, monthly, and annual data on temperature, irradiation, wind 
and cloudiness is integrated into the calculations. The initial calibration of the developed 
method involves comparing the elementary calculated indexes with 'DesignBuilder,' and the 
acceptable deviations demonstrate the precise utilization of the integrated method. 

 
In the next chapter of this work, the calculation of building 'energy efficiency 

indicators,' namely 'self-sufficiency' and 'self-consumption,' takes into account the 
simultaneous consideration of PV efficiency under different operating temperatures and the 
varying heat flows that can either increase or decrease the energy demand of the building. These 
calculations pertain to different configurations arising from various geometrical setups, 
resulting in different proportions of 'self-generated electricity' compared to the covered and 
uncovered energy demands of the building. In the process of the second calibration of the 
integrated method developed in this work, the energy demand of a constructed and monitored 
building (conducted by ZukunftBAU) is considered. The same material assembly for this 
building's envelope and its PV integration is applied, resulting in an acceptable deviation in 
terms of the final 'electricity generation' and the 'total energy demand of the building.' The final 
chapter of this work demonstrates the effects of the building envelope's geometry in altering 
the 'energy efficiency indicators.' It confirms that the range of changes in the two indexes, 'self-
sufficiency' and 'self-consumption,' is consistently linked to the building's external geometry 
when the construction setup and PV configuration remain the same. The developed method is 
easily integrable into the initial stages of architectural building design, as it primarily enables 
the exploration of energy efficiency differences among various geometrical setups. The 
application of this method can prove highly beneficial for different geographical locations, 
material combinations, and PV configurations in conjunction with opaque and transparent 
components. 
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Nomenclature 
 

Symbol Variable Unit 
T (in) inside comfort temperature ºK 
T (out) outside ambient temperature ºK 

h i inside convection coefficient W/m2.K 
h O outside convection coefficient W/m2.K 
GTt (I) total solar radiation density incident W/m2 
GB direct beam W/m2 
GD diffuse light W/m2 
θ angle of incidence of the sun rays on the tilted plane º 
ρ foreground’s albeo - 
φ declination of sun º 
𝜙 latitude of the considered location º 
γ surface azimuth angle º 
β angle between the normal of the surface and normal of earth º 
ω hour angle º 
rB(ω) reduction coefficients of direct light - 
rD(ω) reduction coefficients of diffuse light - 
ε’ exponent of reduction in radiation transmittance of glass - 
εsky Sky emissivity - 
N Opaque sky cover - 
Tdewpoint dew-point temperature  ºK 
Tsky sky temperature ºK 
ε component emissivity - 
T(Sol-air) sol-air temperature ºK 
as Solar absorptivity - 
σ Stefan–Boltzmann constant 5670400 × 10-8 W/m2K4 
T s-out Outside surface temperature ºK 
T s-in inside surface temperature ºK 
CT comfort temperature setpoint   ºK 
∑RI thermal resistance excluding outside air film resistance m2.K/W 
∑RII thermal resistance excluding inside & outside air film resistance m2.K/W 
q heat transfer W/m2 
G+ heating auxiliary W/m2 
L- heating demand W/m2 
L+ cooling auxiliary  W/m2 
G- cooling demand W/m2 
qtr transmitted irradiation through transmission W/m2 
qem emission from the outside surface of component W/m2 
R thermal resistance of material m2.K/W 
d thickness of material m 
λ heat conductivity W/m.K 
U U-value W/m2.K 
γf reflection factor - 
αf absorption factor - 
τf transmission factor - 
η PV efficiency % 
αcoeff temperature co-efficiency of PV %/K 
TM operation temperature of PV   ºK 
TSTC temperature of module at STC ºK 
qe electricity generation   W/m2 
A area of component  m2 
TFA treated floor area m2 
WWR Window to wall ratio % 
SS self-sufficiency - 
SC self-consumption - 

Tab. 03.  variables, sequences based on priority of integration in procedure of calculation 
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1. Introduction 
 

Medium-sized buildings, as the primary constituents of the residential sector, are major 
energy consumers. With drops in feed-in tariffs and increasing electricity prices, there is a 
growing interest in achieving more demand-based electricity generation in both existing and 
new buildings by integrating photovoltaic (PV) systems. 
 

The interaction between electrical power and the thermal performance of all 
components in a building's envelope, which can be partially covered by PVs, depends primarily 
on the geometrical setups of these components (inclination and orientation) and, secondarily, 
on the holistic geometry of the building. Making the right decisions regarding the proportions 
and properties of these components, coordinated with their geometrical installation, is a 
complex task. Despite many research efforts aimed at addressing the advantages of specific 
geometrical setups that enhance the coverage of electricity generation to meet energy demands, 
the emergence of a holistic, universally applicable criteria has not yet been feasible due to the 
significant impact of changing weather conditions in different geographical locations on the 
effects of geometry. While using existing simulation tools can facilitate achieving the goal, they 
are generally not easily modifiable to change their calculation methods, and integrating new 
parameters is typically only feasible for software developers. Indeed, the ultimate objective of 
this work is to develop a parametric assessment of building components, both with and without 
PVs, in order to determine the effects of different building geometries on the final energy 
performance of the building. For this purpose, the determination of two critical indexes, self-
consumption and self-efficiency, in relation to the geometrical configurations of individual 
components as well as the entire building, is the primary focus of this work. 
 
 
2. Necessity of work 
 
2.1 Role of geometry 
 

The energy demand of each building is the result of an interaction between its energy 
gains and energy losses [1]. With the reduction in "feed-in tariffs," buildings equipped with 
photovoltaic (PV) systems now prioritize two critical indexes to determine their level of 
"energy efficiency" [01]. The first index, "self-consumption," refers to the ratio of self-
consumed electricity to total production, while the latter describes the "ratio of self-consumed 
electricity to total demand" [02]. Economically, considering the costs of solar panels, only a 
limited area of a building's envelope is allocated to PVs [03]. Consequently, different 
components of buildings can be chosen for this "limited PV installation." Various decisions 
regarding the selection of the "building component holding PVs," in addition to considerations 
of proportional geometry, orientation, and inclination of the building and its components, can 
significantly alter levels of self-consumption and self-sufficiency [03]. This influence primarily 
arises from two fundamental factors: 

 
a. Electrical power: The output power of PVs with the same area varies depending on 

different configurations. 
 

b. Thermal performance: The energy demand of a building differs based on various variations 
in the "thermal conductivity" of the building's envelope, whether they are covered by PVs or 
remain uncovered. In fact, the intervals and quantities of demand are not consistent throughout 
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the year. A diverse area coverage of the building's envelope by PVs results in different thermal 
behaviors that can either help reduce the monthly and annual energy demand of the building or 
have the opposite effect. 

 
As a result, different geometrical setups of buildings that can provide adequate 

component area to cover electricity demand will yield varying levels of 'self-sufficiency' and 
'self-consumption'. This project aims to develop a fundamental-based method for predicting the 
energy performance of a building's envelope when it is partially covered by PVs in different 
configurations. The goal is to determine which geometric proportion of the building offers 
higher energy efficiency concerning both the 'electricity generation performance of PVs' and 
'reducing seasonal and annual energy demand of the building' due to 'thermal conductivity 
changes of components covered by PVs.' All components comprising the building's envelope 
influence the energy performance of the building based on the specific thermal behavior of their 
materials. When considering the total amount of irradiation hitting a certain area of each 
component of the building during a specific period, the total related energy will be divided into 
different proportions through three main phenomena: absorption, reflection, and transmission 
[04]. When treating a PV as a layer covering a component, the division of fractions of energy 
becomes more complex and exhibits more variable proportions, primarily for two reasons: 

 
a. A specific portion of absorption (within a component covered by PVs) is allocated to 

electricity generation, while another portion of absorption that generates heat affects the 
proportions of transmitted energy through conduction, convection, and radiation 
simultaneously. This second fraction of absorption, in the form of heating, also influences the 
rate of electricity generation since the efficiency of PVs is partly affected by their operating 
temperature [05]. The proposed method in this work aims to estimate the impact of variables 
that alter electrical power and thermal performance of components composed of specific layers 
and covered by PVs. Ultimately, this work seeks to evaluate the energy performance of a 
building resulting from the thermal behavior of its envelope based on the fundamentals that 
underpin this phenomenon. 

 
b. A component covered by PV will exhibit different thermal conductivities under 

varying thermal conditions [06]. Until now, when calculating the thermal behavior of buildings 
partially covered by PVs, the thermal conductivity of PVs has been derived from the 
manufacturer's datasheet, typically based on Standard Test Conditions (STC) with specified 
values for a cell temperature of 25°C and an irradiance of 1000 W/m². However, in real PV 
usage, both "outside temperature" and "irradiance" constantly change. Relying solely on a 
constant value for the "thermal conductivity" of PVs leads to inaccurate results [06]. Palencia 
et al. observed this inaccuracy to be as high as 35% under different irradiation conditions. This 
inaccuracy arises from not considering the variations in thermal boundary conditions 
throughout the year. 

 
As a result, this work aims to develop a geometry-based method for determining the 

energy performance of buildings, whether they lack PVs entirely or allocate a specific area of 
their components to be covered by PVs. The final results will clarify which geometric 
configuration of a building yields higher energy efficiency. The primary scientific objective of 
this work will be to include the 'changing of parameters' of a building's envelope under different 
thermal and wind conditions, which, so far, have either been largely ignored or integrated 
through much more complex procedures in related software. In this work, the following aspects 
will primarily be taken into account (as they are rarely considered all together in the state of the 
art of the topic): 
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1. By examining the datasheets of numerous Zero Energy Buildings (ZEBs), a positive 
annual "Surplus of electricity" has primarily been regarded as an index for justifying the 
efficiency level of a building in achieving ZEB status. However, changes in "Feed-in Tariffs" 
have shifted this priority, emphasizing higher "self-consumption" as a means to reduce annual 
electricity bills, even if it leads to a lower annual "Surplus of electricity" [07]. Consequently, 
"self-consumption" and "self-sufficiency" will now be considered as the main indexes in final 
comparisons, rather than the annual "Surplus of electricity. 
 

2. Any temperature other than the "Standard Test Condition" (STC) will have varying 
effects on the rate of electricity production from PV [05]. Changes in outside temperature can 
result from either the "normal ambient temperature" or different inclination setups of PVs, 
leading to different convection heat transfers. The electrical power output of differently tilted 
PVs in various configurations (such as BIPV, PV without an air gap, PV with an air gap 
with/without air ventilation) has been primarily calculated in some recent research [08]. 
However, there hasn't been a consistent consideration of the effects of the combination of 
components shaping the building's envelope and the potential of the building's inclinations and 
orientations to deliver the optimal amount and configuration of required PV through a simple 
estimation tool. 
 

3. By considering different efficiencies of PVs in various geometry setups of 
components, primarily resulting from orientation and inclination, the components of a building 
can be prioritized for PV coverage to achieve higher "self-consumption" in terms of electricity 
generation and greater "self-sufficiency" concerning energy demand. When contemplating 
different versions of buildings with the same Total Floor Area (TFA) but different geometric 
proportions, these buildings can also be assessed based on their potential for increased self-
consumption and self-efficiency. In the process of building design, numerous solutions and 
related parameters can be incorporated, and calculating the energy efficiency of a building by 
taking all these parameters into account requires a substantial number of simulations [09]. 
 
 
2.2 Definitions 
 
2.2.1 Energy efficiency 
 

Self-consumption and self-sufficiency are the main selected indexes in this work to 
assess level of energy efficiency of building. Self-consumption (SC), referred to as a load 
matching index can be defined as is the self-consumed part relative to the total production [01]. 
It is inversely related to the amount of PV (or other sources) power exported to the grid. Self-
sufficiency (SS), describes the proportion of a building’s final energy demand that is supplied 
through self-generated photovoltaic electricity [01]. 
 
 
2.2.2 Solar buildings 
 

The term 'solar building' in this work refers to normal-sized residential buildings that 
are suitable for the integration of solar panels (BIPV, BAPV, and PV glazing in this work) to 
enhance irradiance absorption during peak demand intervals related to electrical power. 
Additionally, the thermal performance of individual building components and the overall 
geometry of a solar building should contribute to reducing daily and seasonal energy demands 
associated with the building's envelope. In a solar building, a portion of the energy demand is 
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intended to be offset by self-generated electricity from PV components, aiming to align periods 
of electricity generation as closely as possible with electricity demand. 

 
 
2.2.3 Geometry modification 
 

In this work, various versions of buildings with the same TFA (Treated Floor Area) will 
be developed and compared. Since the roof is typically the first component of the building 
considered for PV installation, we have taken into account the most common roof types in 
Germany and their corresponding inclinations while ensuring that the total roof area remains 
constant (achieved by multiplying length by width). In this context, a range of different roof 
forms based on their primary inclinations can be considered, such as Flachdach (inclination: 
0º), Satteldach (inclination: 10º to 50º), and Mansardendach (inclination: 60º to 80º). A similar 
condition for comparing the usable area provided by walls will also be considered. Additionally, 
the presence of windows will be accounted for by inputting the window-to-wall ratio (WWR). 
The primary constraint applied throughout these geometric modifications is to maintain the 
same TFA to ensure a fair comparison of energy performance. In this work, besides the entire 
external surfaces of the building, the roof and walls are the primary components suitable for 
mounting solar panels. The surface area of windows can also be allocated to PV glazing. 

 
 
2.2.4 Solar panels 
 

This phrase refers to the integration of PVs that precisely adhere to the geometry and 
dimensional properties of the building. The photovoltaics are parallel and directly attached to 
the building's surface without any intermediary infrastructure that would alter the tilt, 
orientation, or the area of a portion of the building's envelope. With this method, the primary 
form of the building remains unaltered by the mounting of solar panels, and the total potential 
integration area does not exceed the building's envelope. Additional structures such as canopies, 
shades, and other extensions for solar panel mounting are also excluded. 
 
 
2.2.5 Electrical power and thermal performance 
 

Since the primary focus of this work is on the energy efficiency of a 'solar building,' the 
fundamental basis of the developed method involves the simultaneous calculation of the ratio 
of momentary and annual self-generated electricity to energy demand. In this context, the term 
'electrical power' pertains to the quantities of self-generated electricity produced by the installed 
PVs on a building's envelope. In this work, this term is defined for each of the three installation 
setups: BIPV, BAPV, or PV glazing. In contrast, the term 'thermal performance' encompasses 
all five components defined in this work and fundamentally considers the resulting heat flow 
through the envelope's components. Depending on different boundary conditions, the quantities 
of heat flow during various intervals are considered either as heating demand, cooling demand, 
or their respective auxiliaries. The interaction of these demands and auxiliary components of 
heating and cooling through each component shaping all faces of the building indicates the 
thermal performance of the building. In this work, at a building scale, the interaction of the 
individual thermal performance of all five defined components that shape the envelope of a 
specific building estimates the overall thermal performance of that building. 
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2.3 State of the art 
 

The researches introduced in the state of the art primarily align with the three main 
defined objectives of this PhD as well. The first objective is explored by research that focuses 
on how to 'estimate' a building's energy demand based on its envelope's geometrical 
configurations in relation to external material properties. The second objective is addressed by 
research that demonstrates how external geometry, in relation to the proportion of external 
components, 'modifies' the energy demand of a building. The third objective is investigated by 
research that illustrates how different PV installations, through varying geometrical 
configurations, concurrently influence 'electrical power' and the 'thermal performance' of the 
entire building's envelope. 
 

Since this PhD encompasses all three objectives, after introducing each research, its 
developed method and related integrated parameters will be briefly discussed to what extent the 
parameters used align with the integrated parameters in this PhD. Additionally, it will be 
indicated how this work complements or refines each of the previous research efforts. In this 
context, the main emphasis will be placed on identifying the effective parameters that have been 
overlooked or utilized differently in prior research. Similarities between each investigation 
regarding the defined objectives, employed parameters, and developed methods will also be 
briefly explained to illustrate the logical progression of this PhD as an advancement of previous 
works. 
 
 
2.3.1 Energy demand and envelope parameters 
 

A considerable amount of previous research has been conducted to estimate the energy 
demand of buildings in relation to the energy performance of their envelopes. The need for 
developing these 'estimation tools' alongside 'accurate simulation tools' arises from the fact that, 
in the initial stages of building planning, designers require simple tools to assess the average 
energy performance of a building for various design variations. These tools should be user-
friendly enough to be accessible to the majority of designers while also reducing the time 
required compared to dynamic simulation tools. In pursuit of this objective, different methods 
have been developed to estimate the annual heating and cooling demand of a building based on 
the characteristics of its envelope. In each of these research endeavors, a comparison between 
the final estimated 'envelope-related energy demand' and the results of 'comprehensive dynamic 
simulations' has demonstrated that the deviations remain within acceptable ranges. 
 

Different prediction models have been proposed by various researchers during the years, 
including Fourier series models [10], regression models [11–12-13] and neural network (NN) 
models [14]. Similarly, there are simplified methods commonly used for quick predicting of 
building heating demand that are based on degree-days or degree- hours [15]. These methods 
estimate the heating demand (can be used for cooling demand as well) using as inputs the 
difference between the base temperature and the outdoor temperature or an equivalent outdoor 
temperature which employs the effect of solar radiation. 
 

Among them Catalina et al. (2008) [16] validated polynomial regression models to 
forecast heating energy demand in dwellings for temperate climates. He performed his 
simplified estimations and compared it with extended database obtained by dynamic 
simulations for 16 major cities of France. The inputs of his regression models are the building 
shape factor, the building envelope U-value, the window to floor area ratio, the building time 
constant and the climate which is defined as function of the sol-air temperature and heating set-
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point. He concluded that the obtained energy estimations can do predictions quite well, as a 
maximum deviation between prediction and the simulation is noticed to be 5.1%, with an 
average error of 2%. His final comparisons revealed that the simplified energy equations 
obtained on his study could be used by architects and engineers during the early design stage 
of their projects, instead of using complicated and time-consuming simulation software.  

 
Evaluation: The parameters he utilized are nearly identical to the parameters in this PhD. In 
his work, the 'building shape factor' is recognized by other research as a critical parameter that 
can lead to inaccurate energy estimation. Furthermore, the interaction between the sol-air 
temperature as an external weather parameter and the heating set-point as the primary internal 
parameter is also employed similarly in this PhD. However, the possibility of investigating the 
effects of different inclinations and orientations is largely overlooked in his work. 
 

Jaffal et al. (2009) [17] developed an alternative evaluation method obtained from 
simple polynomial functions which estimates the annual energy demand as a function of 
building envelope parameters. Similar to other simplification methods he clarified that output 
of the models is annual energy demand, but the choice of the most significant parameters to 
include in the model should be referred to sequence of effectiveness of parameters. From 
geometrical point of view, he considered an optimal selection of the envelope components that 
in his work are walls, floors, roofs, windows and doors of a building and his integrated 
parameters are given shape, orientation and location. He analysed eleven selected parameters 
in the selected components by the fact that they may approximate complicated functions of 
dynamic simulation. The eleven integrated parameters of the polynomial functions in his work 
are; thermal transmission through vertical walls, floor, roof, thermal bridges and windows plus 
solar radiative flow through north, east, south and west windows and as the last two parameters 
thermal flow by infiltration and ventilation. Despite that he mentioned that some of these 
integrated parameters are not independent but interrelated, he showed effect of changing of 
each of these eleven parameters in annual heating demand of considered prototypes in three 
different locations in France. He compared ‘prediction of building heating demand as a function 
of the 11 selected parameters’ with ‘results of dynamic simulation of TRNSYS’. After 
identifying minimum and maximum absolute errors he concluded that since the computational 
time of polynomial functions is very low and the results cover all selected parameter levels, 
these models may be used to evaluate the annual heating demand in a rational multicriteria 
choice of solutions for low energy buildings. He mentioned that the method may also be 
extended for estimation of cooling demand. 
 
Evaluation: Among his eleven building envelope parameters, the primary geometrical 
parameters are precisely integrated into this PhD. However, the last two parameters, infiltration 
and ventilation, will not initially be incorporated in this PhD, as the primary focus is on 
considering the effects of geometry. In his work, the application of orientation effects is only 
feasible through the main four geographical directions, with the effects of inclination being 
disregarded 
 

Granadeiro et al. (2013) [18] developed a method to give a design indicator of energy 
performance of residential buildings that determines relation of energy demand to envelope. He 
clearly indicates that the architectural variables which mostly influence the energy performance 
of a building are envelope materials, shape and window area. He divided the investigated 
geometries to eight groups regarding different WWRs in four main envelopes of north, south 
east and west and the types of window, wall and roof regarding heat conduction and heat 
transmission. To address logical relation between envelope and energy demand he clearly 
identified that employing shape factor for energy demand estimation fails for a good correlation 
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in the presence of important solar gains that is a direct result of considering effects of envelope 
energy performance. He presented a new design indicator of energy performance for residential 
buildings, the Envelope-Related Energy Demand (ERED), which aims to overcome the 
shortcomings of the shape factor while maintaining a reasonable simplicity of use. He 
investigated on the same envelope components as Jaffal et al. [17] investigation and included 
areas of envelope elements as floor, walls, roofs and windows in inputs of ERED. He also 
integrated U-values of envelope materials, solar heat gain coefficients (SHGC) of windows and 
site related parameters, concerning temperature and solar irradiation. He explained that ERED 
should be geometrically considered rather than shape factor in estimations because the shape 
factor only accounts for heat transfers by thermal transmission, between indoor and outdoor 
environments, though with some imprecisions. The first imprecision is type of surface, in terms 
of thermal conductivity, which is not distinguished in the shape factor. In general, walls transfer 
a lot less heat than windows, but a building with no windows and the same building with large 
windows have the same shape factor. A second imprecision is floor area, which is not accounted 
in the shape factor. His logical definition for the periods of heating demand was the difference 
between the thermostat temperature setpoint and the average outdoor temperature multiplied 
by its length, in days. Similar logical definition is also defined in definition of cooling and 
heating demand in this PhD. ERED was validated against detailed simulation results of 8000 
hypothetical residential buildings, varying in envelope shape, window areas and materials as 
the validation tests were performed to check its correlation with heating and cooling energy 
demand, separately. Results showed that there is a strong correlation between ERED and 
simulated energy demand and confirmed the adequacy of ERED to assist design decisions in 
early stages of the design process. Final conclusion of his investigation indicates an illustration 
as correlation between ERED and total energy demand and proves that the results of ERED and 
total simulated energy demand are fairly close. Therefore, for all eight investigated groups of 
buildings and under the validation tests conditions, the absolute value of ERED is indicative of 
total energy demand. He clearly identified that the architectural design variables which most 
influence the energy performance of a building are related to the envelope design. ERED was 
developed based on the hypothesis that heat transfers by thermal transmission through the 
building envelope and solar gains concentrate most of the envelope-related influence on the 
thermal balance in residential buildings. These results confirm the hypothesis in the origin of 
ERED and its adequacy to assist design decisions in early stages of the design process.  
 
Evaluation: The envelope materials, shape, and window area represent the exact combination 
of geometrical setups and component properties that are also employed in this PhD. In his work, 
'ERED' as the developed index attempts to refine the shortcomings of the shape factor, but it is 
developed based on only eight groups of buildings with limited types of geometrical setups. 
This limitation does not allow for considering all types of geometrical setups for energy 
estimation. Another missing aspect in his work is the lack of a clear solution to define different 
variants of window-to-wall ratio (WWR) in each building's envelope. Consequently, feasible 
investigations can only be performed on buildings with specific WWR ratios that provide 
limited variations, neglecting all possible variants arising from different WWRs in each 
envelope. Furthermore, his work lacks the incorporation of intermediate orientations or the 
consideration of the effects of different inclinations that can alter the energy performance of 
each component. In the developed method of this PhD, all possible proportions of transparent 
components into opaque components through each favorable orientation or inclination are 
considered. Additionally, in his developed method to define periods of heating demand, he 
employed the formula 'difference between the thermostat temperature setpoint and the average 
outdoor temperature multiplied by its length.' In this PhD, a similar logic has been used to define 
both 'heating demand' and 'cooling demand,' which is the 'direction of heat flow regarding 
temperature differences between the outside and inside.'  
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Koo et al. (2014) [19] introduced an estimation model for the heating and cooling 

demand of a residential building with a different envelope design using the finite element 
method. His work was conducted in three steps: (i) selection of building envelope design 
elements affecting the heating and cooling demand of a multi-family housing unit, (ii) 
establishment of a standard database for the heating and cooling demand by building envelope 
design through energy simulation and (iii) implementation of the finite element method for 
estimating the heating and cooling demand by building envelope design. The unique part of his 
work is that in definition of variables he separated them as independent and dependent variables 
as building envelope design elements. In his division the independent variables were 
architectural-design elements and the window design elements. He put final heating demand 
and cooling demand as dependent variables. The other variables that he took into accounts are 
orientation and WWR in interval of 45º and 20%, respectively. In integrating finite element 
method seven variables affecting the heating and cooling demand by building envelope design 
were defined. Five of these variables; region, household size, household location, glazing type, 
and awning type are in the nominal scale, and the other two variables; orientation and WWR 
are in the ratio scale. He determined that relation between the heating and cooling demand and 
the orientation and window-to-wall ratio is nonlinear. The proposed model was validated 
compared to the simulation results and the actual data. Regarding the comparison with the 
simulation results, the average error rate for the heating and cooling demand was determined to 
be 1.09% and 6.61%, respectively. So, the proposed model could accurately estimate the 
heating and cooling demand of a residential building with envelope design in the early design 
phase.  
 
Evaluation: Similar to the scope of this PhD, in his developed method, fundamental geometry 
parameters and the conduction and transmission properties of opaque and transparent 
components can be integrated. Furthermore, the applicability of his work in various 
geographical locations is enhanced compared to previous research, given the inclusion of region 
as the first variable. However, the flexibility of his work regarding geometrical modifications 
and component proportions is still a critical consideration, as inclination is not yet integrated, 
and the adjustment of window-to-wall ratio (WWR) is only possible in intervals of 20º. 
 
 
2.3.2 Energy demand and exterior geometry 
 

A significant number of previous research studies have also been conducted to estimate 
the energy demand of buildings in relation to their exterior geometry and the proportion of 
external components. This group of investigations utilizes the primary external dimensions of 
a building with respect to its shape, the ratio of windows to walls, and the roof area, in addition 
to their thermal properties, to assess the impact of exterior geometrical parameters on the energy 
performance of the building. 
 

Ourghi et al. (2007) [20] introduced a simplified analysis tool to assess impact of 
building shape on total annual energy use for office buildings. He selected certain prototypical 
building models and by doing parametric analysis developed his simplified ‘energy demand 
estimation method’. His analysis indicates that relative compactness of entire geometry beside 
type and percentage of glazing are mainly found to affect building total energy use. He 
introduced a simplified calculation method for estimation of annual total energy use for a 
building relative to a reference building (with the same volume and all with cubical form) as a 
function of the relative compactness, WWR and the glazing solar heat gain coefficient.  
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Evaluation: His applied constraint was 'the same volume and cubical form,' and as a result, his 
developed method is not suitable for conducting extensive comparisons of buildings with 
varying geometrical proportions. However, through the development of the tool introduced in 
this PhD, it will be possible to assess not only cubical forms but also various other types of 
geometries. 
 

Granadeiro et al. (2011) [21] presented a methodology to assist design decisions 
regarding the ‘building envelope shape’ implications on the energy performance of the building. 
The methodology is based on establishing a direct link between early design generation, mainly 
the envelope shape and energy demand resulted from individual simulations. In his main 
diagrams he divided different geometrical forms to simple foursquare shapes, and as the next 
steps he considered which faces of these simplified shapes are either interior or exterior 
envelopes and finally estimated outcome of energy performance of these combined faces. 
Indeed, his method is not an independent method from simulations as he indicates that to 
discuss energy efficiency relation to envelope shape, values from energy simulation have to be 
available in early design stages. He clearly indicated that between exterior faces and interior 
partitions of building, interior shape namely partitioning has much less impacts on energy 
performance. So, a quick estimation of the quantity of the energy consumption by adopting 
simplified models on external envelopes of building results reliable estimations. To integrate a 
regulation for geometrical division he employed ‘grammar for Frank Lloyd Wright's prairie 
houses’ [22] as a design system that considers main elements of building regarding their shape, 
size and location. His integrated geometry division was based on the logic that shape of every 
block is set by a parametric rule, in which the quotient between its length and width may vary 
between 1 and 4. To consider contribution of different variants of proportions of windows in 
wall he supposed placing a window at the center of every external wall, with an area value 
determined by certain WWR.  

 
Evaluation: Although the primary procedure of his estimation is based on the resulting energy 
performance of the combination of the exterior and interior envelopes, he acknowledged in his 
final comparisons that the energy performance of the exterior envelope could serve as a good 
indicator of the entire building. The accuracy of his method depends on the simulation software 
used, as he divided the entire volume of the building into simpler parts and simulated them 
separately. He applied fixed values for the building's components, such as the heat transfer 
coefficient for both opaque and transparent components. This limitation means that his results 
may not be applicable to the same geometrical variants if the basic material properties change. 
Additionally, in 'grammar for Frank Lloyd Wright's prairie houses,' the possibility of employing 
different inclinations of external components is missing. 
 

Hachem et al. (2011) [23] also investigated on effects of geometric form on solar 
potential of housing units. In her study she mainly considered two-storey single-family housing 
units, located in mid-latitude climate and compared solar potential of seven plan geometries as; 
square, rectangle, trapezoid, L, U, H and T shapes. She compared effect of these shapes on two 
major response variables; solar radiation incident on equatorial-facing facades and transmitted 
by the fenestration of such facades, and electricity production potential of building integrated 
photovoltaic (BIPV) covering roof surfaces with optimal solar exposure. She also considered 
variations of roof design consist of modifications to the tilt and side angles of hip roofs. Her 
work indicated that manipulation of unit shapes and window location (in the case of self-
shading level) can lead to optimization of solar radiation and its utilization for electricity 
generation and thermal performance. In her study she employed EnergyPlus building 
simulation program and the final results are followed by a comparative analysis to assess the 
effect of shape parameters on the solar potential, relative to a reference case. The unique point 
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of her investigation compared to previous ones is that she also indicates differences of solar 
potential of envelopes in each seven plan geometries if they partly receive shading resulted 
from the building’s geometry itself or not. As her second unique consideration she assessed 
potential benefits and penalties associated with different plan layouts and roof shapes in 
comparison with the reference rectangular shape. At her final comparison results she pointed 
to different amounts of ‘solar transmission’, ‘electricity generation per unit area by the BIPV 
system’ and ‘shifting the time of peak generation’ in relation to investigated shapes. Later on, 
Hachem et al. (2012) [24] in her extensive dissertation discussed about effectiveness of 
geometrical parameters as aspect ratio, orientation, WWR, roof design as well as 
neighborhoods. She confesses that all the effects studied are specific to the climatic conditions 
of mid- latitude northern climate. 
 
Evaluation: The applicability of her work is limited, as she exclusively conducted her research 
in the specific location of Montreal, Canada. Therefore, her conclusions can only be confidently 
applied in locations with the same latitudes and similar weather patterns. 
 

Granadeiro et al. (2013) [25] based on his previous researches developed a methodology 
to generate alternative envelope shape designs to calculate energy demand of each design 
(rather than a certain geometry). In his latter developed method he divided holistic geometry of 
building into living and service zones with certain different energy demands and both following 
certain proportional dimensions as foursquare connected shapes. He discussed on possible 
external borders that can be outcome of different attachments and considered certain potential 
energy performance for each variant. 

 
Evaluation:  The consideration of external borders as the primary potential energy performance 
factor in his research aligns with the scope of this PhD. However, similar to the omission of 
'weather condition input' in other research studies, his work is exclusively based on the energy 
performance of geometries in the weather conditions of Lisbon, Portugal. 
 

Košir et al. (2017) [26] studied on influence of envelope geometrical characteristics on 
building energy performance in central European climatic conditions. He considered 
interconnectedness of building form, orientation and window area in regard to energy 
consumption for heating and cooling of a generic building and proved that in some cases 
buildings that are not compact are more energy efficient compared to cubic compact buildings 
with the same volume. His investigations indicated that in heating demand period the best 
building proportion is different from the ideal geometrical proportion in cooling demand period. 
He clearly indicated that in majority of European countries elementary steps of architectural 
designs are mainly focused on reducing heat losses and neglecting optimisation of demands 
(regarding cooling demand) often results more total energy demand. In his methodology he 
compared different geometrical proportions having the same volume but different proportions 
and WWRs. He applied fixed amount of U-values to opaque components and detected changing 
of energy demand when WWR and orientation of building changes. He considered fixed 
heating and cooling set-points in summer and winter and assumed existence of a constant 
natural ventilation and excluded influence of internal heat gains from occupants and electrical 
appliances. His final results are parametric discussions in matrixes that are combination of 
different orientations, geometry proportions and WWRs. In each variant he specified heating 
and cooling demand and their annual sum. His comparisons showed that the cases with the 
lowest heating energy use also exhibit the highest cooling energy consumption. His final 
comparisons mainly indicated four main conclusions. Firstly, less compact building form does 
not cause any significant increase in energy consumption. Secondly, bringing windows to 
building envelope (to an absolute opaque component) results in the decrease of energy 
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consumption but is not linear and increasing the window area to extremes does not result in 
lower heating energy demand. Thirdly, in regard to the cooling energy consumption increase 
of glazed area results in the increase of cooling energy demand. Fourthly, effect of different 
WWRs are much higher during heating demands compared to cooling demands that in some 
orientations is even identical. 
 
Evaluation:  While his integrated parameters are also incorporated into this PhD, his results 
are solely based on comparisons of a limited set of geometries. Furthermore, the absence of the 
possibility to modify weather data renders the algorithm not applicable when considering other 
proportions of geometry or when the geographical location changes. 
 
 
2.3.3 Envelope PV installations and geometrical setups 
 

There are a number of research studies that exclusively aim to demonstrate the different 
effects of PV installation configurations on the energy performance of the façade while also 
considering variations in electrical power. Some of these research studies also indicate how PV 
performance is influenced by different orientations and inclinations through various installation 
setups, and to what extent the thermal performance of the combined component differs from 
that of a simple component. 
 

Wang et al. (2006) [27] concluded that the optimum configuration of PV is with 
ventilated air-gap because this integration leads to a high PV conversion efficiency and low 
cooling load. In winter, the appropriate integration building of PV is the non-ventilated (closed) 
air duct BIPV because of the combination of the low heating-load and the high PV electrical 
power. He mentioned non-ventilated air-gap BIPV, slightly decreases the heat-gain and peak 
cooling-load in contrast with the conventional roof. Also, cooling load for these roofs is reduced 
significantly because of the PV shading and natural convection of air in the gap.  
 
Evaluation: A method to quantify the changes in the energy performance of the considered PV 
configurations based on different geometrical setups is still lacking. 
 

Beringer et al. (2011) [28] illustrated that maximum power of PVs in winter are 
achievable in tilts of 50º to 70º whereas in summer tilts of 0º to 30º will result the maximum 
power. Also, sensibility of electrical power to different inclinations in winter is higher than 
summer. The difference between maximum and minimum values of power in winter months is 
10 to 20% while in summer months is 5 to 10%. 
 
Evaluation: Although he exclusively illustrated the effect of inclination on the electrical power 
of PVs, his numerical comparisons are only applicable in his specific geographical location. 
Furthermore, changes in the thermal performance of components holding PVs are ignored in 
his results. 
 

A research performed at Fraunhofer IWES by Misara (2012) [29] showed relation of 
changing total u-value of PV installation to constructive materials of component. Furthermore, 
Siwanand Misara (2014) [30] in her dissertation introduced a temperature model with power 
balance concept based on steady heat transfer equations, taking into accounts the different 
configurations and installation possibilities of the module that are free- standing (only a layer 
of PV), variable gap (a distance of 5 to 10 cm between PV and backside insulation) and full-
integrated configuration (PV attached to backside insulation or BIPV). Regarding geometrical 
setups, she considered inclinations of 0º, 45º and 90º as three main applicable inclinations. Her 
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unique conclusion is that she derived changes of u-value of a simple component or when it is 
covered by PV with or without backside distance in her explained inclinations. 
 
Evaluation: The primary index investigated in her work is the 'heat transmission coefficient,' 
which results in 'heat flow' for limited defined inclinations. Her work does not allow for the 
integration of orientation, as both her measurements and calculations are based on constant 
quantities of irradiation in laboratory conditions. Similarly, the effects of wind are not 
considered in her work. 
 

Through investigation of Hartner et al. (2015) [31], the optimum PV orientation in 
Germany considering electricity generation is discussed. As instance, he indicated that an 
optimal azimuth of 165º could bring more profitability compared to an absolute south 
orientation and this optimum orientation depends on if optimization is only based on maximum 
annual generation or level of self-sufficiency. Similarly, some studies also clarified specific 
orientations and its advantages compared with conventional orientation of “south”. A Swedish 
study pointed that PV self-consumption of apartments and detached houses in Sweden can be 
increased by respectively 2% and 3% through optimizing the PV orientation through an east–
west orientation. (Nyholm et al., 2016) [32]. Some studies also revealed that there is not an 
absolute optimized orientation or inclination for building components. A German study proved 
that for rooftops oriented towards east/west it is possible to benefit from the high self-
consumption of the east orientation and the high degree of self-sufficiency of the west 
orientation. It showed two opposite impacts that depend on orientation when switching from a 
tilt angle of 30° to 45°. For a south orientation, self-sufficiency is increased, while for west and 
east orientations, self-consumption increases (Lahnaoui et al., 2017) [33]. Some of researches 
are also exclusively performed to examine thermal performance and electrical power of 
building’s envelop, when PVs is applied through different configurations. As instance, Toledo 
et al. (2016) [34] mentioned that BIPV panels used in his study reduces heating loads in low 
ambient temperatures and increases cooling loads in warm climates.  

 
 
Evaluation: All three mentioned works were conducted in similar geographical locations with 
comparable levels of momentary and cumulative irradiation. It is common for the effects of 
local wind to be disregarded in the calculation process. 
 
 
2.3.4 Geographical location and optimization of geometry 
 

A European research tried to determine optimal design of a building shell based on the 
optimization of its solar exposure (Fokaides et al., 2017) [35]. The calculations were performed 
for two European cities (Athens and London) to see whether the guideline of geometrical 
optimization is the same in different latitudes. The results revealed that the different cumulative 
irradiation of Athens and London have a significant impact on the optimal geometry of the 
investigated subject. The case of Athens suggests that the maximization of the south exposed 
surface resulting to a quasi-rectangular instead of a convex quadrilateral shape maximizes the 
solar gains of the building shell, whereas the optimal shape in London is an isosceles trapezoid.  
  
Evaluation: The results of the mentioned work provide a clear emphasis on the integration of 
weather data in the calculation procedure and the upcoming method. Parts of the developed 
method aim to address the effects of different dimensional proportions on the energy 
performance of buildings. 
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2.3.5 Further development 
 

Based on the research conducted and individual evaluations of each study, the scientific 
objective of this PhD is to provide feasible solutions for the issues that remain unresolved in 
the existing body of work. These upcoming challenges can be viewed as problems that have 
not yet been fully addressed. The scientific direction of this work and the developed method in 
this PhD aim to either overcome these challenges or facilitate further advancements in future 
research: 

 
1. In the design of simulation tools, the precise detailing of the external layout of a 

building is essential to make it usable in the calculation process. This requirement arises from 
the need for complete numerical and dimensional data of the building's envelope and the related 
comprehensive material properties. Without this information, running the software would be 
impossible. This issue presents a clear limitation on the flexible and efficient design of various 
architectural variants. Typically, the elementary architectural layout does not provide the 
necessary parameters for simulation software. Consequently, a significant barrier exists when 
attempting to compare the energy performance of basic geometric variants. Running the 
simulation for each variant consumes a considerable amount of time. The time limitation at this 
early stage of building design prevents comprehensive comparisons of each variant based on 
their energy performance simulations. As a result, the testing of energy performance for further 
geometric variants is often ignored due to the time-consuming nature of the simulation process, 
which involves a vast number of parameters as software inputs. 
 

2. Working with simulation software requires in-depth professional knowledge to 
handle it effectively, and it demands a significant investment of time for education and training. 
While it is possible to learn these simulation tools through participation in workshops and by 
studying instructor guides, the consequence is that within a design team, there are planners who 
do not personally simulate the energy performance of their ideas. Moreover, the simulation 
experts are typically not designers and are often removed from the architectural design process. 
This situation contributes to the complexity of developing elementary architectural designs 
because, to test the energy performance of each idea, it must be conveyed to a 'simulation expert 
team.' Consequently, the communication between the 'architectural team' and the 'simulation 
experts' becomes much more time-consuming compared to a simpler scenario where both 
architectural design and simulation are performed by the same person or group of experts. 
 

3. There are several technical parameters that are not readily available for software input 
during the early phases of design, such as the precise definition of thermal properties of 
materials. Additionally, the integration of heating and cooling devices is typically decided in 
the final phases of design, while energy simulation ideally should be performed in the early 
stages of design. This situation means that there are consistently unavailable geometrical and 
technical parameters, which often postpone the simulation process to the last phase of design. 

 
4. Calculating the energy performance of the combination of PVs with building 

components such as walls, windows, and roofs is possible through various existing software 
programs. However, this consideration requires extremely accurate data as software input, and 
sometimes, integrating PVs on the desired component is not feasible within the predefined 
capabilities of the software. Furthermore, the ability to manipulate the software to account for 
different installation setups of PVs, which can result in varying thermal and electricity 
production performance, is not always included in these software solutions. 
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2.3.6 Approaches of energy estimation tools 
 

Taking into account the state of the art in the performed works and research, as well as 
individual evaluations and the existing unsolved issues in using the majority of simulation tools, 
the goals and approaches of this work are outlined in the upcoming diagram (Figure 2.1). 

 

 
Fig. 2.1   Approaches of energy estimation tools compared to unsolved problems is simulation tools 
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3. Goal setting 
 
3.1 Research questions 
 
1. Is it possible to estimate energy demand of a building based on average energy performance 
of its envelope? 
 
2. What is advantage and disadvantages of integration PV on facades and roofs in different 
geometrical setups regarding final energy performance of building? 
 
3. How it could be feasible to employ effects of conduction, transmission and emission together 
through a method to estimate energy demand of building? 
 
4. How energy efficiency of buildings can be estimated regarding its envelope geometrical 
properties? 
 
 
3.2 Hypothesis 
 

Definition of hypothesis of this work is basically considering the defined research 
questions. So, upcoming hypotheses are predicted and defined; 
 
1. Energy balance of a building’s face can be estimated by calculating of energy performance 
of one square meter of each component that the face is consisted of them regarding each 
component’s area and interaction of their individual energy performances. In this scaling up, 
compensation of heat flow resulting from convection, conduction, emission, reflection and 
transmission of combination of opaque and transparent components in a building’s face with or 
without PVs should be simultaneously calculated. 
 
2. Energy demand of a building can be estimated by calculating outcome of energy performance 
of all faces shaping envelope of building. In this scaling up, area of each face and its momentary 
heat flow regarding boundary condition indicate energy demand of building. 
 
3. By simultaneous calculation of ‘energy demand’ and ‘self-generated electrical power’ of 
building considering interaction of ‘electrical and thermal’ performance of PVs in different 
configurations, indicative of self-sufficiency and self-consumption of building can be 
estimated. 
 
4. Estimating indicative of energy efficiency is calculated by outcome of energy performance 
of all faces shaping envelope of building. Considering initial integrated geometrical parameters, 
changes of energy efficiency can be interpreted regarding effectiveness of each ‘geometrical 
parameter’. * 
 
* Constraints: In this procedure thermal properties of all components shaping building’s 
envelope as well as thermal properties and energy efficiency of PVs should be set on fixed 
quantities. Configuration of PVs should remain the same. Similarly, weather data should be 
representative of a specific geographical location. Comparison of different geometrical variants 
to indicate effectiveness of each geometrical parameter should be done between variants with 
‘the same quantities of integrated PVs and TFA’ or ‘the same ratio of integrated PVs into TFA’. 
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3.3 Flowchart of work 
 

The integration of geometrical parameters at different levels, weather data, material 
properties, and components for developing the proposed method and assessing the final indexes 
are illustrated in Figure 3.1. 
 

 
Fig. 3.1   Flowchart of work – Calculated indexes in different geometry levels + Calibrations phases 
 
 

The presented procedure demonstrates that achieving the planned indexes involves 
scaling up calculations to higher geometry levels in different phases. This process begins by 
integrating initial parameters, primarily comprising geometry setups, weather data, thermal 
comfort criteria, and material thermal properties. These initial calculations yield heat flow at 
the component level. At this stage, two initial calibrations are conducted to compare the 
calculated heat flow for winter and summer with the results obtained from simulation software 
(DesignBuilder) [36]. By utilizing the heat flow values, considering their direction, quantity, 
and the differences between outside air and inside comfort temperatures, heating and cooling 
demands are calculated. In the next phase, taking into account the areas of components within 
a face, the calculated heat flow can be scaled up to the higher geometry level of the face. Here, 
heating and cooling demands, characterized by heat flows, their values, and the area of each 
face comprising the building envelope, are scaled up to the higher geometry level of the building 
itself. In this same phase, using the calculated electricity generation of components that hold 
PVs through BIPV, BAPV, or PV glazing setups, the feasibility of calculating used electricity, 
unused electricity, covered demand, and uncovered demand—the four main components 
required for calculating the target indexes of self-sufficiency and self-consumption—is 
determined. Two additional calibrations are performed at this level to compare the calculated 
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electricity generation and heating and cooling demand with those obtained using an integrated 
method with a constructed and tested building (Zukunft Bau) [37]. Finally, in the last phase of 
the work, the effectiveness of different geometrical parameters is evaluated by comparing 
changes in the two indexes of 'self-sufficiency' and 'self-consumption,' which serve as indicators 
of energy efficiency.  
 

The accuracy of the four developed hypotheses is assessed throughout the work, 
encompassing all initial calculations and subsequent calculated indexes. Figure 3.2 illustrates 
the sequence of hypotheses and calculated indexes across different geometrical levels, 
including components, faces, and the building as a whole. Subdivisions of geometrical indexes 
at each level indicate the potential for calculating complex geometrical indexes. For example, 
initial parameters such as orientation and inclination at the 'component level' are scaled up to 
the 'face level.' This enables the comparison of energy demand for a face under different 
proportions and combinations with other components (e.g., WWR or any other combination of 
the five defined components). After scaling up heating and cooling demands to the building 
level, it becomes possible to discuss the effectiveness of various combinations of geometrical 
parameters. This includes assessing the effectiveness of proportion, orientation, inclination, 
WWR, and more when more than one geometrical parameter changes. The holistic approach of 
this work offers the opportunity to compare the magnitudes of changes in energy efficiency and 
the effectiveness of each geometrical parameter in altering the 'indicative of energy efficiency.' 

 

 
Fig. 3.2   Flowchart of work – Hypothesises, sub-divisions of geometrical parameters, process of calculation + 
Deviations 
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A schematic illustrating the interaction of weather parameters, comfort temperature, 
material properties of the building envelope, and two initial geometrical parameters, inclination 
and orientation, is presented in Figure 3.4. 
 

 
Fig. 3.3   Interaction of weather parameters, comfort temperature, material properties and geometrical setup on 
buildings energy performance – Initial heat flows and resulted heating and cooling demand  
 
 

The initial weather parameters, which primarily include dry-bulb temperature, dew-
point temperature, cloudiness, wind velocity, wind direction, and irradiation, result in heat flow 
through the components of the building's envelope. These components consist of the opaque 
component, transparent component, and three PV integration setups: BIPV, BAPV, and PV 
glazing. The interaction of the thermal performance of each combination of these five 
components, considering the compensation of demand among them when assembled in one 
face, is calculated. This calculation yields individual heating and cooling demands for each 
component within the building, which can be considered as the energy performance of a face. 
 

In this phase, the differences in thermal performance of components generating 
electricity are also calculated, parallel to the differences in electricity generation for different 
installation setups. The building itself, as the core of the outcome of this interaction, is 
influenced by the performance of its envelope's faces in terms of electricity generation and 
thermal performance. Therefore, this phase estimates the energy performance of the building 
based on its envelope. 
 

It's important to note that additional energy demand of the building, such as lighting, 
household appliances, cooking, etc., is not included in this diagram. Instead, it is assumed that 
these energy demands are fixed at a flat rate, considering referenced sample prototypes in the 
same weather conditions for buildings of the same size. 
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4. Method 
 
4.1 Heat flow 
 

To measure the heat flow passing through the investigated components, different 
methods including static, quasi-static, and dynamic methods were considered, and the "quasi-
static" method was employed. In this context, the changes in boundary conditions are 
quantitatively affected by variations in irradiation, temperature, wind velocity and direction, 
emissivity of the sky, and other factors. Taking into account the rates of change in these 
parameters based on the available weather data, as well as the resolution of the calculations 
(which are based on 1-hour intervals), it can be concluded that the fluctuations in these 
parameters are not highly significant. As a result, the target index, which is mainly the "heat 
flow," stabilizes within each hour, making the quasi-static method with a relatively high 
resolution (24 points in each day) a reliable choice for this analysis. 
 
 
4.1.1 Effective phenomena 
 

The basic calculation aims to integrate the varying amounts of heat flow passing through 
the main structural components of the building. These components include opaque elements 
representing walls and roofs, as well as transparent components like windows, each with their 
specific thermal characteristics. Additionally, three alternative configurations involving the 
integration of photovoltaics (PVs) with both opaque and transparent components have been 
examined: Building-Integrated Photovoltaics (BIPV), Building-Attached Photovoltaics 
(BAPV), and PV Glazing. These configurations, with their selective thermal and electrical 
efficiency characteristics, act as components that not only influence the thermal performance 
of the building but also generate electricity, thereby impacting the building's energy 
performance from an electrical power perspective. All five components considered in this study 
are assumed to be integrated into the building's surrounding envelope. Therefore, their outside 
temperature is simultaneously influenced by boundary conditions from both the interior and 
exterior of the component, as well as the effects of irradiation, convection, and emission, which 
are the three main phenomena under investigation. These phenomena are quantitatively 
dependent on angular configurations, such as the angle between the direction of momentary 
irradiation, temperature, wind, percentage of cloud cover, and more. Consequently, the 
parameters of weather continuously change, resulting in variable boundary conditions used in 
this work. The quantity of heat transfer has been examined in terms of conduction, reflection, 
and transmission (Figure 4.1). [38] 

 

 
Fig. 4.1   1D Heat transfer model prediction through the pilot furnace refractory wall; showing both the temperature 
profile and the equivalent thermal circuit [38] 
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4.1.2 Thermal performance of components 
 

All five components investigated in this work, including opaque components, windows, 
BIPV, BAPV, and PV Glazing, have been individually analyzed to calculate their heat flows 
under various boundary conditions. To achieve this, the potential combinations of material 
assemblies defining the thermal performance of these components have been determined and 
integrated into the calculations. The final results for the thermal performance of these different 
components have been obtained by applying specific thermal properties based on the state of 
the art as observed in the investigated pilot projects. 
 
 
4.1.3 Electrical power of components 
 

BIPV, BAPV, and PV Glazing were chosen as the three primary configurations for 
installing PV systems on both opaque and transparent building components. The impact of 
constantly changing boundary conditions on the output power of these PV systems has been 
computed. This analysis considered the geometrical configuration of the "components holding 
PVs," which is primarily influenced by different angular positions with respect to outside 
irradiation, outside and inside convection, and outside emission. 
 
 
4.2 Boundary condition  
 
4.2.1 Inside comfort temperature 
 

The theory defining the relationship between outdoor temperature and indoor comfort, 
which continuously adjusts the indoor temperature setpoint based on outdoor temperature, has 
been considered. This adaptive comfort model, as illustrated in ASHRAE Standard 55 
(ASHRAE 2004), shows how the optimal comfort temperature for a building can vary at 
different occupant acceptance levels (figure 4.2). [39] 

 

 
Fig. 4.2   The adaptive comfort model used in ASHRAE Std.55:2004. Optimum indoor comfort in a naturally 
ventilated building equates to 0.31×Tmot + 17.8ºC [39] 
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Indoor comfort is a biological parameter that varies from one location to another. 
Therefore, a German climate comfort definition has been incorporated to establish the 
dependence of indoor temperature on outdoor temperature. Figure 4.3 illustrates the 
relationship between indoor and outdoor temperature based on the level of acceptance by 
occupants. [40] 

 

 
Fig. 4.3   The perceived room temperature in connection with outside temperature and level of acceptance [40] 
 
 

The graph illustrates three distinct indoor temperature levels corresponding to outdoor 
temperature. The lowest and highest setpoints differ by approximately 4.8º C, resulting in 
varying amounts of heat transfer under the same external boundary conditions. Therefore, based 
on the graph, a linear equation has been derived to represent the integration of the lowest, 
middle, and highest levels of indoor temperature. In the final part of this work, to assess the 
impact of indoor temperature on heat flow quantities and resultant heating and cooling 
demands, the lowest and highest setpoints have been integrated and compared. The correlation 
of these three different indoor temperature levels with outdoor temperature is presented in table 
4.1. 

 
 

The lowest 𝑇($%) = 21.50 + (0.107	 × 𝑇(123))      (4.1) 
The middle 𝑇($%) = 19.00 + (0.111	 × 𝑇(123))      (4.2) 
The highest 𝑇($%) = 23.80 + (0.111	 × 𝑇(123))      (4.3) 

 

Tab. 4.1   The perceived room temperature in connection with outside temperature and level of acceptance 
 
 
4.2.2 Inside convection heat coefficient 
 

Regarding the low velocity of air on the internal surface of walls in buildings with or 
without ventilation, the assumption of the inside convection coefficient is based on the wall's 
configuration concerning wind-free stream velocity. Different investigations based on tests and 
simulations result in approximately the same inside convection, which converges at the same 
point. Figure 4.4 shows the drop of convection coefficient when wind velocity drops to 0.00 
W/m2·K [41]. 
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Fig. 4.4   Convective heat transfer coefficient vs. wind free stream velocity for windward conditions - short wall 
[41] 
 
 
4.2.3 Irradiation 
 

Percentage of irradiation absorption, rather than light intensity, is directly dependent on 
the angular configuration of the surface of the component with the axis of light. As a result, 
both electrical power and thermal performance of components, regarding the amount and 
direction of heat flow and the rate of electricity production, are directly affected by the domain 
of irradiation absorption. Direct, diffuse, and reflected radiances are individually calculated and 
taken into account in each interval of calculations. Figure 4.5 shows the interaction of angular 
radiance with the surface of the component. 

 

 
Fig. 4.5   Definition of angles used as coordinates for an element of sky radiation to an inclined plane of tilt β and 
oriented to α 
 
 
The total solar radiation density incident on a tilted surface is estimated as [42]; 
 

𝐺83 = 𝐺9 cos𝜃 + 𝐺>𝑅@ + 𝜌𝐺B𝑅C (4.4) 
 

Three components of the equation represent portions of direct, diffuse and reflected 
light that in each geometrical configuration reaches to the surface of a component. Where GB 
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is direct beam, θ is angle of incidence of the sun rays on the tilted plane, GD is diffuse light, Rd 
is the diffuse transposition factor, ρ is the foreground’s albedo and Rr is the transposition factor 
for ground reflection. GE is calculated through sum of direct and diffused light and after 
integrating foreground’s albeo and transposition factor, presents amounts of reflected 
irradiation from surroundings reaching to surface of a component.  
 

To determine direct beam intensity on the surface of component, cosθ is calculated 
through equation 4.5 [43]. 

	
cos 𝜃 = sin 𝛿 sin 𝜑 cos𝛽 − sin 𝛿 cos𝜑 sin 𝛽 cos 𝛾 + cos 𝛿 cos𝜑 cos𝛽 cos𝜔 +
cos𝛿 sin𝜑 sin 𝛽 cos 𝛾 cos𝜔 + cos𝛿 sin 𝛽 sin 𝛾 sin𝜔     (4.5) 
 
Where; 

θ = angle of incidence of beam radiation on a surface (the angle between the beam 
radiation on a surface and the normal to that surface), 

φ = declination of sun,  
β = the slope of a tilted surface (angle between the normal of the surface and normal of 
earth) 

 ω = hour angle 
 γ = surface azimuth angle 

δ = latitude 
 

Assuming the intensity of diffuse sky radiation to be uniform over the sky, the view 
factors to the sky LMNOPQ

R
 and to the ground LSNOPQ

R
, are integrated in related equation [43]. 

 
𝐺83 = 𝐺9 + (𝐺>

LMNOPQ
R

) + ((𝐺9 + 𝐺>)𝜌
LSNOPQ

R
)  (4.6) 

 
Regarding different surroundings and seasonal conditions (summer vs winter), sky 

clarity (clear-sky vs all-sky conditions) and snow-free ground vs snow on ground, ground 
albedo (ρ) is estimated at a constant value of 0.2 [42]. 
 

The fraction of incident radiation absorption is influenced by the external physical 
properties of covering components. Different materials exhibit varying levels of absorption, 
reflection, and transmission of incident radiation. Calculations and assumptions regarding these 
proportions have been made separately for opaque and transparent components. 

 
 
4.2.3.1 Reflection in opaque component 
 

The opaque components in this study consist of masonry materials, such as stone, brick, 
concrete, and adobe, which have porous textures. The percentage of reflected direct, diffuse, 
and reflected light from the surroundings, which can be absorbed or reflected again, is assumed 
to be independent of the geometrical configuration of the opaque components. 
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Figure 4.6 illustrates the principle of reflection from the surface of a non-smooth 
material, based on the concept that a certain percentage of the combined direct and diffused 
light will be reflected as diffuse reflection. 

 

 
Fig. 4.6   Diffuse reflection in lots of different directions 
 
 

As a result, the percentage of reflection in opaque components is assumed to be equal 
to the remaining irradiation after absorption. It should be noted that in steady heat transfer 
calculations, the quantity of absorbed irradiation is used to determine heat flow by conduction. 
 
 
4.2.3.2 Reflection in transparent component 
 

A three-layer glazing window is selected as the transparent component in this work. 
Reflectivity primarily depends on the direction of incident irradiation, wavelength of light, and 
the type of material. The direction of incident irradiation is calculated based on the geometrical 
configuration of the component and the direct incident light in each interval. To determine the 
extent of reflection's dependence on the wavelength of light, we have considered the changing 
percentages of transmission, absorption, and reflection within a float glass material, as shown 
in Figure 4.7 [44]. 

 

 
Fig. 4.7   Transmittance, absorbance and reflectance versus wavelength in the whole solar spectrum measured for 
a float glass [44] 
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Figure 4.8 [44] displays the spectral irradiance energy and wavelength of sunlight. 
 

 
Fig. 4.8   Rate of spectral irradiance energy and wavelength of sunlight [44] 
 
 

As shown in Figure 4.8, to harness the highest irradiance energy potential, wavelengths 
between 500 nm and 750 nm have been taken into account. Integrating this wavelength range 
with the fluctuating curves depicted in Figure 4.7 determines the proportions of transmittance, 
absorption, and reflection as 75%, 17%, and 8%, respectively. Additionally, the influence of 
the material type on reflectivity is considered using Equation 4.7, which incorporates two 
reduction factors that determine the reduction of absorbed light due to reflection [45]. 
 

𝑞U1V(W) = X𝐵(W)𝑟9([) + 𝐷(W)𝑟>([)]𝐴_. 𝑔. (𝐹Ub. 𝐹U)  (4.7) 
  

In this equation rB(ω) and rD(ω) clarify reduction coefficients changing amounts of direct 
and diffuse light, respectively. Where; 
 
 B(h) = Direct irradiation 
 D(h) = Diffuse irradiation 
 Ag = Area 
 g = Transmittance coefficient 
 FSC = Shading factor to take the contamination of the glass into accounts 
 FS = Shading factor to take buildings and their surroundings into accounts 
 
 
In this equation the emerged reduction factors are; 
Reduction factor for direct light is [45]; 
 

𝑟9([) = 1 − (1 − cos𝜔)c′  (4.8) 
 
And reduction factor for diffuse light is [45]; 
 

𝑟>([) =
ce.(ceMf)

(cgML).(ceMR)
  (4.9) 
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In these two reduction factors; 
 

ε' = Exponent that determines the reduction in radiation transmittance as a function of 
the type of glass used 
cos ω = Direct beam intensity coefficient on the surface of component 

 
In this work, the integration of two reduction factors determines the proportion of total 

irradiation divided into reflection and transmission. This correlation allows for the definition of 
different g-values for transparent components, as per the German standard [45]. By determining 
the quantity of reflection, the remaining total irradiation is apportioned based on the assumed 
proportions of 75% for transmission and 17% for absorption. Consequently, varying reduction 
factors for direct and diffuse light, influenced by the diverse material properties of the 
transparent component (ε') and the geometrical configuration of the component with respect to 
the angle of direct incident irradiation, result in different percentages of reflection. 
 
 
4.2.4 Outside convection heat coefficient 
 

The convective heat transfer coefficient value is a function of wind velocity and its 
direction, taking into account the three-dimensional relative angle of the component [41]. In 
this context, the coefficient has been determined by considering both 'wind speeds' and the 
resulting angles between the geometrical configurations of the component and the wind, which 
are influenced by different orientations and inclinations of the component. To ensure a more 
accurate estimation of the heat convection coefficient, both windward and leeward conditions 
have been studied, taking into account the turbulent intensity of the airflow along separated 
building edges. This approach has been used to derive the resulting convective heat transfer 
coefficients for both windward and leeward conditions [41] (Figure 4.9).  
 

  
Fig. 4.9   Convective heat transfer coefficient for leeward (left) and windward (right) conditions [41] 
 
 

In the correlation shown in Figure 4.9, the effect of different orientations of the 
component in the building with respect to the wind direction and varying turbulence has been 
calculated. In leeward conditions, three angle variants between the wind and component have 
been determined: ±90º, ±135º, and 180º. In windward conditions, two variants have been 
determined with angles of 0º and ±45º. 
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The convective heat transfer coefficient for the roof at various wind velocities has also 
been presented (Figure 4.10) [41]. 

 

 
Fig. 4.10   Convective heat transfer coefficient in long-wall-to-wind angle for roof [41] 
 
 

To determine the angle of the component and the average wind direction, relevant 
weather data from Stuttgart, Germany, have been utilized (Figure 4.11) [46]. 

 

 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Velocity (m/s) 3.05 3.33 3.61 3.33 3.05 3.05 3.05 2.50 2.50 2.50 2.50 2.77 
Direction (º) 45 67.5 90 157.5 135 135 90 112.5 157.5 67.5 45 45 
 

Fig. 4.11   Wind speed averages and directions – Assumption of a pure south as 0º - Stuttgart airport [46] 
 

 
By integrating the provided convective heat transfer coefficients for walls and roofs in 

different angular variants defined as leeward and windward with the wind speed averages and 
directions in Stuttgart, Table 4.2 shows the determination of heat transfer coefficients based on 
the relative angle of the component to the wind. 
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                    Wind velocity (m/s) 
Configuration 

 
2.50 

 
2.78 

 
3.06 

 
3.33 

 
3.61 

Windward conditions - 0º 11 12 13 13.8 14.8 
Windward conditions - ±45º 7.2 7.9 8.7 9.3 9.9 
Leeward conditions - ±90º 9 9.9 10.5 11.3 12 
Leeward conditions - ±135º 8.1 9 9.5 10.3 11 
Leeward conditions - 180º 7 7.7 8.2 8.8 9.5 
Roof 10.3 11.2 12 13.1 13.9 

Tab. 4.2    Emerged convective heat transfer coefficients based on angle between component and wind regarding 
wind velocities – W/m2.K 
 
 
4.2.5 Sky emissivity 
 

Emissivity of each component is the result of the interaction between surface 
temperature and the surrounding environment. To calculate sky temperature, we determine the 
sky emissivity using equation 4.10 [47]. 

 
𝑆𝑘𝑦kl$mm$n$3o = 0.787 + p0.767 × lnp8stuvwxyz

R{f
|| + 0.0224𝑁 − 0.0035𝑁R + 0.00028𝑁f

           (4.10) 
 
Where; 

T dewpoint = The temperature to which the air would have to cool (at constant pressure 
and constant water vapor content) in order to reach saturation. In this work, dewpoint 
temperature is available by integrating weather data of Stuttgart with resolution of one 
hour. 

 
N = Opaque sky cover (tenths), the expected amount of opaque clouds covering the sky 
valid for the indicated hour where N equals 0 for clear sky and 10 for overcast sky. 

 
Determination of Opaque sky cover (N) 
Figure 4.12, presents annual average cloud coverage in Stuttgart [48]. 
 

 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Cloudiness (%) 66 60 60 55 52 50 40 42 48 60 69 67 
N 6.6 6 6 5.5 5.2 5 4 4.2 4.8 6 6.9 6.7 

Fig. 4.12   Monthly cloud cover categories– Stuttgart [48], estimation of opaque sky cover coefficient 
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4.2.6 Sky temperature 
 

The sky temperature at a specific location primarily depends on variables like altitude, 
dewpoint temperature, cloud cover, and the presence of airborne particles such as dust or 
pollution. To predict radiative losses from the building envelope components, we calculate 
this temperature using equation 4.11 [49]. 

 
𝑇U�o = (𝜀m�o)�.R� × 𝑇  (4.11) 

 
Where; 
 ε = Sky emissivity 
 T = Dry bulb temperature 
 
 
4.3 Component emissivity  
 

Regarding the assumption of emissivity for the components, previous research indicates 
an average value of 0.90 [50]. As the five main components in this study are a combination of 
opaque materials with semi-glazing coatings, we consider the emissivity of masonry materials 
with similar construction (see table 4.4) [50]. 

 

 
Tab. 4.4   Average emissivity of masonry materials [50] 

 
 
4.4 Sol-air temperature 
 

Sol-air temperature is used to determine the rate of heat transfer through a surrounding 
component due to the combined effects of the actual outdoor temperature distribution, along 
with the incident solar radiation, which is influenced by both outside convection and emission. 
Sol-air temperature is calculated by integrating component absorptivity with its emissivity, 
taking into account sky temperature, wind velocity, irradiation, and the direct effect of dry-bulb 
temperature (see figure 4.13). 
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Fig. 4.13   Schematic of integrated parameters regarding outside emission, convection in parallel to component 
absorptivity and emissivity to perform sol-air temperature 
 

In the upcoming heat transfer calculations, a combination of external weather 
parameters that define the outside boundary condition yields the 'sol-air temperature.' This 
temperature is then used in the main equation for heat transfer to determine the quantity and 
direction of heat flow. The accuracy of integrating sol-air temperature, as opposed to simply 
integrating dry-bulb temperature, arises from considering the effects of dew-point temperature, 
sky cloudiness, and sky temperature. Consequently, the simultaneous interaction of 'convection' 
and 'emission' is calculated and the result is integrated at the outside surface of the component. 
Sol-air temperature is calculated using equation 4.12 [51]. 

 

𝑇U1VS�$C = p𝑇 + ��.��w�
W�

| − (
c.�X8�S8����]

W�
)  (4.12) * 

Where; 
 T  Dry-bulb temperature 
 as Solar absorptivity 
 QSol Cumulative solar irradiation 
 hc Outside convective heat transfer coefficient 
 ε Emissivity of component 
 σ Stefan–Boltzmann constant = 5670400 × 10-8 W/m2K4 

 TSky Sky temperature 
 
4.5 Surface temperatures and heat flow 
 

A steady-state heat transfer analysis is employed to determine temperature distribution 
and heat flow. This analysis can be conducted when the temperature at every point within the 
model, including the surfaces, remains constant over time. Once the sol-air temperature is 
determined, the outside surface temperature (T_S-Out) can be calculated using equation 4.13 
[52]. 

𝑇mS123 =
Ww.8�w���x�M(

�xy
∑��

)

� �
���

�MWw
  (4.13) 

 
* Accuracy and history of development of this equation is exclusively discussed in appendix 1 
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Integrating the 'outside surface temperature' and 'solar-air temperature' yields the inside 
surface temperature (T_S-In) as represented in equation 4.14 [52]. 

 
𝑇US$% = 𝑇mS123 + (ℎ1. Σ𝑅��. (𝑇mS123 − 𝑇m1VS�$C))  (4.14) 

 
 

Hence, heat transfer through a wall (q) is derived using equation 4.15 [52] 
 
𝑞 = ℎ1. (𝑇m1VS�$C − 𝑇mS123) =

8��w�zS8xy
���

= 8��w�zS8��xy
����

  (4.15) 
 

Where; 
 Ts-out outside surface temperature 
 ho convective heat transfer coefficient 
 Tsol-air sol-air temperature 
 Tin inside ambient temperature 
 ∑RI thermal resistance of the wall excluding outside air film resistance 
 Ts-in inside surface temperature 

∑RII thermal resistance of the wall excluding inside and outside air film resistances 
q heat transfer  
 
 

4.6 Value of heat flow 
 

The heat transfer index quantifies both the quantity and direction of heat flow through 
the component assembly. To determine the component's heating and cooling demands, we 
consider the heat flow in different boundary conditions based on the temperature differences 
between the inside and outside ambient temperatures. This information is summarized in table 
4.5. 

 
Direction 

of                      
heat  

        flow 
 
Air  
temperature 
difference 

 
 

From 
“inside” 

into 
“outside” 

 
 

From 
“outside” 

into 
“inside” 

 

Tout < Tin Heating 
demand 

Heating 
auxiliary 

Tout > Tin Cooling 
auxiliary 

Cooling 
demand 

Tab. 4.5   Defining values for heat flow considering different boundary conditions 

 
 
4.6.1 Heating demand 
 

This value is applicable when a component is losing heat as long as the outside air 
temperature is lower than the inside air temperature set-point for comfort. Indeed, as long as 
the outside air temperature remains lower than the inside temperature set-point in the absence 
of irradiation, the building's envelope components continue to lose heat. Each component that 
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transfers heat flow toward the outside contributes to an increased heating demand for the 
building. This condition persists even when irradiation is present during the day, as the 
percentage of the entire building receiving irradiance is much smaller than the components that 
do not receive irradiation. 
 
 
4.6.2 Cooling demand 
 

This value is applicable in situations where a component is gaining heat as long as the 
outside air temperature is higher than the inside air temperature set-point for comfort. Indeed, 
as long as the outside air temperature remains higher than the inside temperature set-point, the 
building's envelope components continue to gain heat. Each component that transfers heat flow 
toward the inside contributes to an increased cooling demand for the building. 

 
 
4.6.3 Heating auxiliary 
 

This value is applied in situations where a component is gaining heat as long as the 
outside air temperature is lower than the inside air temperature set-point for comfort. Indeed, 
as long as the outside air temperature remains lower than the inside temperature set-point, any 
amount of heat gained by a component can offset the heating demand resulting from other 
segments of the component integrated on the same facade. This heat gain does not increase 
cooling demand because, through natural ventilation of windows, any excess heat can be 
dissipated, as long as the outside air temperature is lower than the inside temperature set-point.  

 
 
4.6.4 Cooling auxiliary 
 

This value is applied in situations where a component is losing heat as long as the 
outside air temperature is higher than the inside air temperature set-point for comfort. Indeed, 
as long as the outside air temperature remains higher than the inside temperature set-point, any 
amount of heat loss by a component can offset the cooling demand resulting from other 
segments of the component integrated on the same facade. Table 4.6 represents a matrix of heat 
flow directions for different boundary condition variants and defines the values of heat flows 
(as an example). 

 

  
Tab. 4.6   Values of heat flow considering direction of heat flow and boundary conditions (left), transformation 
of heat flow curve to indicating heating/cooling demand + heating/cooling auxiliary (right) 
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4.6.5 Energy demand of combination of components 
 

In each facade combination of opaque, transparent, or components holding PVs that 
produce electricity, different combinations of heating and cooling demands and/or auxiliaries 
emerge. Considering the interaction of thermal performance of each component at separate 
intervals will define a more accurate level of demand. For instance, during winter with low 
irradiation and colder outside air compared to inside air, a facade of the building composed of 
windows and walls is simultaneously influenced by the performance of its opaque and 
transparent components. Due to high irradiation transmittance through windows, there are 
intervals where cumulative heat transfer in windows occurs in the opposite direction of heat 
flows transferring through walls by conduction. Therefore, portions of the heating demand of 
walls, calculated over the same time intervals, can be compensated by auxiliary heating from 
the windows. As a result, the cumulative heating demand of each facade, integrating different 
types of components, will consider parts of heat flows that act as auxiliary segments to 
compensate for the demand of the entire facade. Figure 4.14 illustrates this configuration. 
 

 
Fig. 4.14   Influencing of heating demand of wall by heating auxiliary of window integrated in the same facade
  
 

In the configuration shown in Figure 4.14, when integrating an opaque and transparent 
component in one facade, the simplification of cumulative heat flow is determined based on 
correlation 4.16. 

 
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒	ℎ𝑒𝑎𝑡	𝑓𝑙𝑜𝑤 = 𝑞1 + 𝑞2 − 𝑞3  (4.16) 

 
Where; 
 q1 Heat flow of wall - Conduction 

q2 Heat flow of window - Conduction 
q3 Transmitted irradiation through window - Transmission 

 
 

In the upcoming calculations for transparent components, the cumulative interaction of 
heat flow through conduction and the amount of transmitted irradiation through transmission 
indicate the final heat flow of the transparent component. 
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4.7 Dividing effect of convection and emission 
 

As sol-air temperature has been used as the cumulative integration of irradiation, 
convection, and emission, the heat flow into an outside surface of a building subjected to solar 
radiation can be expressed as correlation 4.17 [52]. 
 

𝑞 = 𝛼𝐼 + ℎ1(𝑇123 − 𝑇mS123) − 𝜀∆𝑅  (4.17) 
Where; 
 q heat flow 
 ho convective heat transfer coefficient 
 Tout outside dry bulb temperature 
 Ts-out outside surface temperature 
 ε∆R radiation exchange with the sky and the surrounding surfaces 
 α absorptance 
 I solar radiation 
 
 

So, when considering the outside surface of an opaque component, the amount of heat 
flow (q) is determined by subtracting irradiation (αI) from convection (ho(Tout-Ts-out )) and 
emission (ε∆R). Direction of convection is determined based on these two possible 
configurations. 
 

1.		𝑇123 > 𝑇mS123 → 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛	𝑖𝑠	𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒	(ℎ𝑒𝑎𝑡	𝑔𝑎𝑖𝑛	𝑡ℎ𝑟𝑜𝑢𝑔ℎ	𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛) 
2.		𝑇123 < 𝑇mS123 → 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛	𝑖𝑠	𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒	(ℎ𝑒𝑎𝑡	𝑙𝑜𝑠𝑠	𝑡ℎ𝑟𝑜𝑢𝑔ℎ	𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛) 

 
 

For the determination of the contribution of convection and emission in transparent 
components, the principle of calculation is the same. However, a certain quantity of irradiation 
also passes through the component and will be deducted from the total amount of irradiation. 
The coefficient α, representing the absorptance of the transparent component, will be derived 
from the transmittance, absorption, and reflection proportions of irradiation, which have already 
been estimated (Figure 4.15). 
 

 
Fig. 4.15   Interaction of main phenomena to perform quantity and direction of heat flow 
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In a transparent component, the transmission of irradiation can be derived from equation 
4.17 [52] and expressed as equation 4.18, taking into account the portion of irradiation that is 
transmitted. 

 
𝑞 = 𝛼𝐼 + ℎ1(𝑇123 − 𝑇mS123) − 𝜀∆𝑅 − 𝑞3C   (4.18) 

 
Where; 
 qtr  transmitted irradiation through transmission 
 
 
4.7.1 Net radiation loss 
 

Determining ε∆R, which represents the net radiation loss from the outer surfaces of 
bodies exposed to the sky, can be approximated using the equation [53]: 

 
𝑞C�@ = 𝜀𝜎(𝑇mS123µ − 𝜀m�o𝑇123µ)  (4.19) 

 
 
 Where;  

qrad emission from the outer surface of component 
ε emissivity of component 
σ Stefan-Boltzmann constant 
Ts-out outside surface temperature 
εsky emissivity of sky 
Tout outside dry bulb temperature   

 
 
4.8 Geometrical configuration  
 

The geometrical configuration of all five components is primarily based on various 
possible orientations and inclinations. To account for all faces of a building, we have considered 
key angular orientations. The main orientations considered are the four primary geographical 
directions, along with intermediate angles at 30º intervals. For inclinations, we have chosen 
four main angles: 90º, 60º, 30º, and 0º. A 90º inclination represents a vertical component, 
commonly used for integrating walls and windows. The 60º inclination can serve as either 
inclined walls or the top floor of a building. In Germany and European countries, there's a 
tradition of integrating these roofs as they provide usable space beneath an inclined wall. The 
30º inclination represents an inclined roof, which is often used for mounting PV applications 
with various orientations. Finally, the 0º inclination represents a flat roof. We have examined 
twelve orientations with angular differences of 30º to account for possible component 
directions. 
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In Figure 4.16, the primary and secondary angles of orientations and inclinations are 
depicted. 

 

 
Fig. 4.16   Orientations and inclinations applied to component 
 
 

The combination of orientations and inclinations results in a three-dimensional 
geometry representing various configurations for a component. Intermediate geometrical 
configurations are not considered in the final comparisons, but the developed method allows 
for the calculation of each favored configuration using the same procedure. Figure 4.17 
illustrates the algorithm for three-dimensional geometry and possible configurations. 
 

 
Fig. 4.17   Three-dimensional geometry representing possible configurations of defined orientations and 
inclinations 
 
 
4.9 Components  
 

The five applicable components in this work include opaque components, transparent 
components, BIPV (Building-Integrated Photovoltaics), BAPV (Building-Attached 
Photovoltaics), and PV glazing. The individual physical characteristics and the procedure for 
deriving the thermal performance of each component have been explained. 
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4.9.1 Opaque component 
 
4.9.1.1 Physical characteristics 
 

The thermal conductivity of the assembly of an opaque component, which is an effective 
characteristic, has been considered in terms of the U-value index. The U-value represents the 
rate of heat transfer through a structure, divided by the temperature difference across that 
structure. It primarily determines the insulation properties of materials and their resistance to 
heat transfer through conduction. To calculate this, the average U-value of integrated materials 
in the opaque components of 35 pilot zero-energy buildings from the ZUKUNFT-BAU 
program has been used. Figure 4.18 illustrates the estimated average U-value of walls in these 
constructed pilot projects [54]. 

 
 

 
 

 

 
 

Fig. 4.18   U-value of the wall (left) and roof (right) in construction of the demonstration project in the 
Efficiency House Plus Standard [54] 
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The graph shows that for wall construction, the minimum U-value is 0.10 W/m²K, and 
a maximum of 0.20 W/m²K has been recorded, with an average of 0.13 W/m²K [54]. As for the 
roof, the right graph indicates a minimum U-value of 0.08 W/m²K, a maximum of 0.18 W/m²K, 
and an average of 0.12 W/m²K. 
 

In the final demonstrated sample building, the exact U-values of the sample building 
are used in calculations to indicate deviations in heating and cooling demands. 
 
 
4.9.1.2 Conduction heat transfer coefficient 
 

Conduction heat transfer is the process of heat flow through a solid material. It depends 
on several factors, including the thickness (m) of each material and its thermal conductivity (λ). 
Conduction heat transfer is inversely proportional to the conduction heat transfer coefficient 
(1/R), which is a key factor used to represent the U-value [55]. 
 

𝑅 = ΣL¶(
@x
·x
) (4.20) 

𝑈 = L
�

 (4.21) 
Where; 
 R Thermal resistance of material 
 d Thickness of material 
 λ Heat conductivity 
 U U-value 
  
  

As a result, in a uniform construction of a component, the conduction heat transfer 
coefficient is calculated as a correlation between the material thickness (d) and its thermal 
conductivity (λ). Equation 4.22 is used to calculate the U-value of a uniform wall [55]. 
 

𝑈 =
·¹yxºw�»	u���

@¹yxºw�»	u���
 (4.22) 

 
 

Construction of opaque components involves various U-values derived from either a 
uniform wall consisting of one material or a complex combination of different materials with 
varying thermal conductivities. Table 4.7 simplifies these integrated materials. The equal 
mathematical distance between each material to the next (which is four times greater) provides 
a fixed proportion for comparing different heat flows of walls with the same thickness but 
different thermal conductivities. 
 
 Thermal conductivity Representing assortment of material  
Material 01 0.03 Polyurethane foam  
Material 02 0.12 Wood 
Material 03 0.48 Brick 
Material 04 1.92 Sand stone 

Tab. 4.7   Thermal conductivity of representative materials with harmonized mathematical ratio 
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4.9.1.3 Heat transfer algorithm 
 

The flowchart presented in Figure 4.19 illustrates the procedure for integrating inside 
and outside boundary conditions to determine heat flow through opaque and transparent 
components. The quasi-static heat transfer principle implies that the heat flow at each interval 
of calculation between each two nodes of temperature remains the same. Therefore, 
determining the heat flow between nodes of Tsol-air, Ts-out, Ts-in, and Tin results in the same 
amount. 
 

 
 

Fig. 4.19   Heat transfer resistances in opaque and transparent component consisting from a uniform material 
 
 
4.9.2 Transparent component 
 
4.9.2.1 Physical characteristics 
 

Similar to opaque components, the thermal conductivity of windows, which is a 
parameter of transparent materials determining their U-value, is taken into account. 
Additionally, the U-value can be assumed to be a constant value under normal temperature 
conditions of boundary conditions. Therefore, assuming that the thickness of windows in two-
glazing or three-glazing layers is fixed and is a combination of different layers, the assumption 
of U-value can be made based on the standards of German norms (table 4.8) [45]. 
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Tab. 4.8   Default values for different types of glass in accordance with ÖNORM B 8110-3 [45] 
 
 

The derivation of Ug as the "U-value" of windows and ε' as the "coefficient that 
determines the reduction in radiation transmittance as a function of the type of glass used" has 
been done based on table 4.8, which represents standard thermal and optical parameters of 
integrated windows. Additionally, the average thermal properties of integrated windows in the 
investigated pilot projects, as measured by "ZUKUNFT-BAU," have been considered. Figure 
4.20 shows the estimation of the average U-value in windows in constructed pilot projects [54]. 
 

 
Fig. 4.20   U-value of window of the demonstration projects in the Efficiency House Plus Standard [54] 
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Figure 4.20 shows that U-values in these pilot projects range between a minimum of 
0.60 W/m²K and a maximum of 1.00 W/m²K. The average U-value of windows in these projects 
is 0.78 W/m²K [54]. 
 
 
4.9.3 BIPV (building integrated photovoltaic system) 
 

As defined, BIPV integration refers to a configuration in which photovoltaic materials 
are used to replace conventional building materials in a building's envelope. For this reason, the 
thermal behavior of this configuration, in terms of its heat flow, differs from mounting PVs on 
the surface of the building with a certain distance from the building's façade. 
 
 
4.9.3.1 Physical characteristics 
 

Material properties of constructional layers of BIPV has been introduced by Misara 
(2014) [55]. Table 4.9 describes parameters of material used in a BIPV module that is employed 
in this work as well. 
 

 
Tab. 4.9   Material properties of constructional layer in BIPV configuration [55] 
 
 
4.9.3.2 Heat transfer algorithm 
 

The flowchart in Figure 4.21 illustrates the procedure for integrating boundary 
conditions to determine heat flow through a BIPV module. Similar to opaque and transparent 
components, the principles of quasi-static heat transfer imply that the heat flow remains 
consistent at each interval of calculation between two temperature nodes. Consequently, the 
heat flow between the outermost node, which integrates with Tsol-air, and the innermost node, 
which determines Tin, remains constant. In most standard PV-modules, the temperature 
difference between the cell and surface is considered negligible due to the extremely low 
thickness of the PV cell. Therefore, T1PV and T2PV, representing the outside and inside surface 
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temperatures of the PV module, respectively, are assumed to be the same. The very low thermal 
resistance of the PV is included in the calculation of heat flow for the overall component 
assembly using Equation 4.15. 
 

Both ∑RI (referring to the thermal resistance of the wall excluding the outside air film 
resistance) and ∑RII (referring to the thermal resistance of the wall excluding inside and outside 
air film resistances) incorporate the PV modules as an integral part of the assembly. Given the 
multi-layered configuration of a BIPV module, the conduction heat transfer coefficient 
becomes a crucial parameter in determining surface temperatures, which in turn influence 
various thermal dissipations (as depicted in Figure 4.21). 
 

 
Fig. 4.21   Heat transfer resistances in BIPV module consisting from frontside, PV, backside and uniform 
material (opaque component) 
 
 
4.9.4 BAPV (building-applied photovoltaics) 
 

The term "BAPV" refers to photovoltaic systems that are retrofitted or integrated into 
existing buildings. Many of the building-integrated solar installations in use today are actually 
of the BAPV configuration. While some manufacturers distinguish between new construction 
of BIPV (Building-Integrated Photovoltaics) and BAPV, they often use the same types and 
assembly of materials, typically consisting of a transparent glass front layer and a PV module. 
In the case of BAPV, the backside construction does not include insulation, and the additional 
distance between the PV module and the building provides back-cooling effects. This 
configuration results in lower surface temperatures for the modules, potentially leading to 
higher electricity generation compared to BIPV configurations with the same efficiency rates. 
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4.9.4.1 Physical characteristics 
 

In order to facilitate a fair comparison of the performance between BAPV and BIPV, 
the same "front side" and "PV" integration used in BIPVs have also been incorporated into the 
BAPV construction. When it comes to the backside of BAPV panels, the first two layers used 
in BIPV, namely "EVA-Foil" and "Back-sheet," have been employed in the construction of the 
BAPV backside. Table 4.10 outlines the common layers in the construction of these two 
configurations, BIPV and BAPV [55]. 

 

 
Tab. 4.10   Material properties of constructional layers in BIPV and BAPV – Common construction in 
“frontside”, “PV Cell” and different construction in “Backside” [55] 
 
 
4.9.4.2 Thermal resistance 
 
          When determining the temperatures of nodes in the BAPV configuration, it's essential to 
consider that the thermal resistances, denoted as ∑RI (referring to "Thermal resistance of the 
wall excluding outside air film resistance") and ∑RII (referring to "thermal resistance of the 
wall excluding inside and outside air film resistances"), differ from those in the BIPV 
configuration. In this context, the thermal resistances in the BAPV are lower compared to those 
in the BIPV due to variations in the constructional layers between the two configurations. 
Specifically, by eliminating the last five layers present in BIPV and integrating them into 
BAPV, the thermal resistance of BAPV becomes lower than that of BIPV (Table 4.11). 
 
 Thermal resistance  
 
 
 
BIPV 

𝑅9�¼½ = 𝑅¾C1%3m$@k + 𝑅¼½ + 𝑅9�¿�m$@k = 	𝑅 = Σ1𝑁(
𝑑𝑖
𝜆𝑖
) 

 
0.003
0.88 +

0.000075
7.10 +

0.00038
0.35 +

0.0002
148 +

0.00038
0.35 +

0.00076
0.20 +

0.01
0.21 +

0.075
0.045 +

0.05
0.033

+
0.016
0.025 +

0.016
0.011 = 5.22 

 

 

 
 
BAPV 

𝑅9Â¼½ = 𝑅¾C1%3m$@k + 𝑅¼½ + 𝑅(Ã�C3	1Ä)	9�¿�m$@k = 	𝑅 = Σ1𝑁(
𝑑𝑖
𝜆𝑖
) 

 
0.003
0.88 +

0.000075
7.10 +

0.00038
0.35 +

0.0002
148 +

0.00038
0.35 +

0.00076
0.20 = 0.01 

 

 

Tab. 4.11   Calculation of thermal resistance in BIPV and BAPV (m2.K/W) 
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4.9.4.3 Heat transfer algorithm 
 

The flowchart depicted in Figure 4.22 illustrates the procedure for integrating boundary 
conditions to determine heat flow through a BAPV module. Much like BIPV components, the 
fundamentals of quasi-static heat transfer imply that the heat flow remains constant at each 
interval of calculation between two temperature nodes. 
 

 
Fig. 4.22   Heat transfer resistances in BAPV module consisting from layer-01; frontside, PV, backside and 
layer-02; uniform material (opaque component) 
 
 
4.9.5 PV glazing 
 

The term "PV glazing" refers to a recent technology where a transparent component, 
such as the glass of a window, incorporates transparent semiconductor-based photovoltaic cells. 
These cells are typically sandwiched between two sheets of glass. Another definition of 
transparency in this context considers the percentage of the window area that contains 
photovoltaic material. In this study, we have considered encapsulating opaque particles of PV 
modules. 
 

For our analysis, we have applied an additional material assembly to the external side 
of a "three-glazing window," which is used as the "transparent component" in this work. This 
assembly consists of 'front glass + PV + back glass,' resulting in an entire component that 
represents a three-glazing window with encapsulated PV between two glass layers on its 
external side. While PV glazing may have lower efficiency rates compared to PVs in BIPVs 
and BAPVs, for the purpose of comparing energy performance with the other two 
configurations, we have assumed the same efficiency of PV modules. By setting the efficiency 
rate of the three main components (BIPV, BAPV, and PV glazing), we can conduct a more 
precise parametric analysis. Comparing the performance of PV glazing with the other four 
components is important because this configuration serves as an intermediary between "opaque 
and transparent" components and offers the flexibility to adjust the "efficiency-transparency" 
level by defining the "area percentage" of encapsulated PV modules. 
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4.9.5.1 Thermal resistance 
 

In the determination of temperatures at nodes in a PV glazing configuration, thermal 
resistance of ∑RI is calculated for the component, excluding the outside air film resistance. 
Additionally, thermal resistance of ∑RII is calculated for the wall, excluding both inside and 
outside air film resistances. These calculations are performed separately for parts of the 
component with and without PV modules. Considering the negligible thickness of the 
encapsulated PV modules (0.2 mm) and their thermal conductivity (148 W/m.K), a very low 
thermal resistance value of 0.000001 m²·K/W is applied during assembly. Consequently, the 
effective thermal resistance of the assembly, whether with or without PV modules, will be 
nearly the same (as shown in Table 4.12). 

 
 In parts with PV; 
 

∑𝑅� = 𝑅¾C1%3	_V�mm + 𝑅¼½ + 𝑅9�¿�	_V�mm + 𝑅Å$%@1Æ + 𝑅$%3kC%�V	�$C 
∑𝑅�� = 𝑅¾C1%3	_V�mm + 𝑅¼½ + 𝑅9�¿�	_V�mm + 𝑅Å$%@1Æ  

 
And in parts without PV; 

∑𝑅� = 𝑅¾C1%3	_V�mm + 𝑅9�¿�	_V�mm + 𝑅Å$%@1Æ + 𝑅$%3kC%�V	�$C  
∑𝑅�� = 𝑅¾C1%3	_V�mm + 𝑅9�¿�	_V�mm + 𝑅Å$%@1Æ  

 
 
By integration equation 4.20; 
 
          The RWindow value has been calculated based on an assumed U-value of the integrated 
window, which is 0.50 W/m²·K. 

 
𝑅Æ$%@1Æ = L

Çuxyswu
= L

�.��
= 2.00 m2.K/W 

𝑅$%3kC%�V	�$C =
L

Wxyzt�y��	�x�
= L

{.��
= 0.14 m2.K/W 

 
 
 Thermal resistance 
 
 
 
 
 
With PV and 
without PV 

 
∑𝑅� = 𝑅¾C1%3	_V�mm + 𝑅¼½ + 𝑅9�¿�	_V�mm + 𝑅Å$%@1Æ + 𝑅$%3kC%�V	�$C = 
 
0.003
0.88 +

0.000075
7.10 +

0.00038
0.35 +

0.0002
148 +

0.00038
0.35 + 2.00 + 0.14 = 2.15 

 
2.15 − 0.000001 ≅ 2.15 
 
	
∑𝑅�� = 𝑅¾C1%3	_V�mm + 𝑅¼½ + 𝑅9�¿�	_V�mm + 𝑅Å$%@1Æ = 
 
0.003
0.88 +

0.000075
7.10 +

0.00038
0.35 +

0.0002
148 +

0.00038
0.35 + 2.00 = 2.01 

 
2.01 − 0.000001 ≅ 2.01 
 

Tab. 4.12   ∑RI and ∑RII for assembly of PV glazing with and without PVs (m2.K/W) 
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4.9.5.2 Heat transfer algorithm 
 

The flowchart represented in Figure 4.23 shows the procedure for integrating boundary 
conditions to determine heat flow through PV glazing. The basics of quasi-static heat transfer 
are applied to calculate heat transfer. Since PV glazing consists of parts of the assembly, both 
with and without PV, calculations have been performed for both main configurations. 
 

 
Fig. 4.23   Heat transfer resistances in PV glazing – Two configurations with and without encapsulated PV 
module 
 
 
4.9.5.3 Surface temperatures and heat flow  
 

To calculate surface temperatures and heat flow for a combination of a certain 
proportion of 'parts with PV' and 'parts without PV,' percentage ratios such as 'percentage of 
PV area' and 'percentage of transparent area' have been defined and applied. Assuming a PV 
module is an opaque component, transmission in PV glazing is applied only in areas of the 
'transparent assembly' that integrate PVs. The final outside and inside surface temperatures of 
the combination represent different temperatures and are shown as 'Multi-temperatures' in the 
final results. To calculate the final heat flow for the combination and assess the level of heating 
demand, cooling demand, heating auxiliary, and cooling auxiliary, 'percentage of PV area' and 
'percentage of transparent area' have been applied as follows: 

 
𝑁Æ$3W	¼½ + 𝑁Æ$3W123	¼½ = 1    (Constant condition)  (4.23) 

 
𝑄¿1lÊ$%�3$1% = (𝑁	Æ$3W	¼½ × 𝑞	Æ$3W	¼½) + (𝑁Æ$3W123	¼½ × 𝑞Æ$3W123	¼½)  (4.24) 

 
 
Where; 
 Nwith PV  Percentage of module in parts with encapsulated PV 
 qwith PV  Heat flow of module in parts with encapsulated PV 

Nwithout PV Percentage of module in parts without encapsulated PV 
 qwithout PV Heat flow of module in parts without encapsulated PV 
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4.9.5.4 Assembly of PV glazing 
 

Instead of heat flow, different proportional combinations of 'percentage of PV area' and 
'percentage of transparent area' result in varying amounts of convection, emission, transmission, 
and electricity generation. The same principle of applying these proportional percentages has 
been used to calculate the quantity of heat flow diffraction. The parameter of reflection, as an 
exception, will not be altered since both configurations with and without PVs are covered by 
the same glass type, resulting in the same quantities of reflection for each irradiation amount 
and direction. As a result, 
 

𝑞¿1%S¿1lÊ$%�3$1% = (𝑁	Æ$3W	¼½ × 𝑞	¿1%SÆ$3W	¼½) + (𝑁Æ$3W123	¼½ × 𝑞¿1%SÆ$3W123	¼½) 
 

𝑞klS¿1lÊ$%�3$1% = (𝑁	Æ$3W	¼½ × 𝑞	klSÆ$3W	¼½) + (𝑁Æ$3W123	¼½ × 𝑞klSÆ$3W123	¼½) 
 

𝑞3CS¿1lÊ$%�3$1% = (𝑁	Æ$3W	¼½ × 𝑞	3CSÆ$3W	¼½) + (𝑁Æ$3W123	¼½ × 𝑞3CSÆ$3W123	¼½) 
 

𝑞kS¿1lÊ$%�3$1% = (𝑁	Æ$3W	¼½ × 𝑞	kSÆ$3W	¼½) + (𝑁Æ$3W123	¼½ × 𝑞kSÆ$3W123	¼½) 
            

(4.25) 
Where; 
 qcon-combination Total heat flow of combination  
 qcon-with PV heat flow of parts with encapsulated PV 

qcon-without PV Heat flow of parts without encapsulated PV 
qem-combination Amount of emission of all combination 
qem-with PV Amount of emission of parts with encapsulated PV  
qem-without PV Amount of emission of parts without encapsulated PV 
qtr-combination Amount of transmission of all combination 
qtr-with PV Amount of transmission of parts with encapsulated PV 
qtr-without PV Amount of transmission of parts without encapsulated PV 
qe-combination Amount of electricity generation of all combination 
qe-with PV Amount of electricity generation of parts with encapsulated PV 
qe-without PV Amount of electricity generation of parts without encapsulated PV = 0 
 

 
4.10 Power Balance Model 
 

A power balance model has been employed to justify the thermal behavior of PV in 
relation to its power generation. Through this model and by identifying the relevant thermal 
characteristics affecting building functions, the surface temperature of the module is taken into 
account [44]. This power balance model operates based on the concept of the total power input 
and power output of the PV panels, which is integrated into the calculation of electrical power 
and thermal dissipation for three configurations: BIPV, BAPV, and PV glazing. Integrating this 
model facilitates the goal of this work, which is to assess the electrical power and thermal 
performance of components integrating PVs, taking into consideration the heat flows of 
'components holding PVs,' which affect their efficiencies and result in different surface 
temperatures. Indeed, the thermal absorption power increases the module temperature until it 
reaches a steady state. This increase in module temperature decreases the electrical power and 
increases the thermal dissipation power [56]. 
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Figure 4.24 describes the principle of thermal dissipation and electrical power in this 
model. 
 

 
Fig. 4.24   Temperature model based on power balance – Action and interaction of temperature and power 
regarding boundary condition and PV efficiency [56] 
 
 

Equivalents of the 'temperature model based on power balance' have been introduced 
through these correlations [56]. 
 

𝑃𝑜𝑤𝑒𝑟	𝑖𝑛𝑝𝑢𝑡 = X1 − 𝛾Ä − 𝛼Ä − 𝛼Ê. 𝜏¼½. 𝜏Ä − 𝜏Ê. 𝜏¼½. 𝜏Ä]. 𝐺 
 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = [𝜂. p1 − 𝛼¿1kÄÄ. (𝑇Ð − 𝑇U8b)| . 𝜏Ä. 𝐺] 
 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙	𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 = [ÒℎÓ. (𝑇Ð − 𝑇Ó)]
Ä,Ê

Ó

 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙	𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = [𝐶Ð. �
Δ𝑇Ð
Δ𝑡 �] 

Where; 
 
 γf reflection factor of front layer 
 αf absorption factor of front layer 
 αb absorption factor of back layer 
 τPV transmission factor of PV 
 τf transmission factor of front layer 

τb transmission factor of back layer 
G irradiation 

 η module efficiency 
 αcoeff temperature co-efficiency of module 
 TM temperature of module 
 TSTC temperature of module at STC 

hj outside and inside heat transfer coefficient 
Tj outside and inside surface temperature 
CM module heat capacity 
Δt time 
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In this work, the steady-state method will be employed, so the thermal absorption power 
is no longer considered. The thermal dissipation power can be achieved through conduction 
heat transfer resistances. In terms of thermal dissipation, it is assumed that the surface 
temperature is equal to the cell temperature [55]. By eliminating thermal absorption from the 
presented temperature model based on power balance [56], the temperature model based on 
power balance will be based on Figure 4.25. 

 

 
Fig. 4.25   Temperature model of PV module regarding front and back thermal resistances of construction [56] 
 
 

The temperature model of the PV, represented in Figure 4.25, is applied to all three 
configurations of BIPV, BAPV, and PV glazing. The correlation of heat transfer elements 
(conduction, convection, and radiation) along with module configuration is presented in 
Equation 4.26 [56]. 
 
X1 − 𝛾Ä − 𝛼Ä − 𝛼Ê. 𝜏¼½. 𝜏Ä − 𝜏Ê. 𝜏¼½. 𝜏Ä]. 𝐺 = ×𝜂. p1 − 𝛼¿1kÄÄ. (𝑇Ð − 𝑇U8b)| . 𝜏Ä. 𝐺Ø +

[∑ � L
�Ù,Ú

+ ℎÓ� . (𝑇Ð − 𝑇Ó)]
Ä,Ê
Ó         (4.26) 

 
 
Where; 
 Rx,j thermal resistance of representative layer 
 hj convective heat transfer coefficient of representative layer 
 
 
 
4.10.1 Power input 
 

Power input, as a direct effect of total irradiation, considering the sequence of 
construction of the assembly of the component and its geometrical configuration, has been 
introduced in [56]. 

X1 − 𝛾Ä − 𝛼Ä − 𝛼Ê. 𝜏¼½. 𝜏Ä − 𝜏Ê. 𝜏¼½. 𝜏Ä]. 𝐺 
 

In this correlation, αf, γf, and τf determine the absorption, reflection, and transmission 
factors of the front layer, respectively. All three coefficients have been calculated in the 



 51 

calculations of 'transparent component properties' and will be applied to the equation in the 
upcoming simulations to calculate the power input of components holding PVs. Also, 
considering the selected type of PV cell in all three configurations, which represents an opaque 
component, the transmission factor of PV (τPV) is zero. As a result, the terms 'τb.τPV.τf' 
consistently remain as zero and will be eliminated from the calculations. The parameter G, 
representing irradiation, is formally calculated as 'the total solar radiation density incident' 

 
 
4.10.2 Electrical power 
 

Electrical power is a direct result of total irradiation, taking into account the efficiency 
of the PV module. In this regard, the operating temperature has been introduced through the 
upcoming correlation [56]. 
 

[𝜂. p1 − 𝛼¿1kÄÄ. (𝑇Ð − 𝑇U8b)| . 𝜏Ä. 𝐺] 
 

In this correlation, η represents the efficiency of the PV module, which, by definition, 
is the solar cell efficiency determining the portion of energy in the form of sunlight converted 
via photovoltaics into electricity (0 < η < 1). The term αcoeff represents the 'temperature 
coefficient of the module' and indicates how strongly the PV power output depends on the cell 
temperature, specifically the surface temperature of the PV. Due to the extremely low thickness 
of the PV and its constant material construction, it is assumed that the outside, middle, and 
inside temperatures of the PV are the same. Since power output decreases with increasing cell 
temperature, this coefficient defines the sensitivity of the PV to temperature increases, resulting 
in drops in electrical power. Consequently, higher values of αcoeff indicate more electrical power 
losses for the same temperature differences between TM and TSTC. The term 'TM-TSTC' indicates 
the difference in operating temperature from the 'standard test conditions' (STC) provided in 
the datasheet of each PV panel. Therefore, the ideal temperature set-point to produce electricity 
equal to the nominal efficiency of the PV occurs when the term 'TM-TSTC' is equal to zero. This 
means that the operating temperature of the PV is equal to the temperature of the STC specified 
by the manufacturer. 

 
 
4.10.3 Thermal dissipation 
 

Thermal dissipation, as the interaction of both inside and outside surface temperatures 
of the component's construction, which are influenced by boundary conditions and geometrical 
configuration, has been expressed in [56]. 

 

ÒÛ
1
𝑅Ü,Ó

+ ℎÓÝ . (𝑇Ð − 𝑇Ó)
Ä,Ê

Ó

 

 
Regarding the use of the outside temperature, Tsol-air has been employed to integrate 

'convection,' 'emission,' and 'irradiation' all together, where the 'convection heat transfer 
coefficient' is already included. The integration of the quantity of thermal dissipation in the 
balance relation of total irradiation regarding heat flows, electrical power, and the remaining 
irradiation is justified through correlation 4.27 [56]. 

 
𝐺$CC�@$�3$1% = 𝑞3WkCl�V	@$mm$Ã�3$1% + 𝑞kVk¿3C$¿�V	Ã1ÆkC + 𝑞3C�%ml$mm$1%MCkÄVk¿3$1%  (4.27) 
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5. Simulation 
 

To calculate the heat flow and its contribution to increasing or decreasing the heating 
and cooling demand of the building, as well as the interaction of their auxiliary heating and 
cooling systems with each other, the introduced equations, assumptions, and correlations in the 
explained method are integrated. Indeed, all the equations employed are within the framework 
of quasi-static heat transfer methods. 

 
 
5.1 Geographical location  
 

To better align with the local context of the research and incorporate German standards, 
regulations, and codes into the developed method and calculations, the city of Stuttgart has been 
chosen as the geographical location for all calculations. The exact coordinates of the integrated 
location are shown in table 5.1 [46]. 

 
Location Stuttgart 
Latitude 48.68º 

Longitude 9,22º 
   Tab. 5.1   Coordinates of simulation, Stuttgart – Germany [46] 

 
 
5.2 Weather data 
 

“EnergyPlus Hourly Weather Data” [57] has been integrated to provide meteorological 
data for performing simulations in this work. According to the claims of “EnergyPlus,” the 
provided weather data are composite files from multiple years. Therefore, the critical concern 
when evaluating and drawing conclusions from calculations based on weather data from just 
one year, considering the changing average cloudiness or wind speed and direction, is 
mitigated. In this regard, two temperature parameters represent the outside temperature effects 
in boundary conditions: 'outside dry-bulb temperature' (°C) and 'outside dew-point temperature' 
(°C). 
 
 
5.2.1 Dry-bulb temperature 
 

Dry-bulb temperature refers to the ambient air temperature indicated by a thermometer 
that is not affected by the moisture of the air (Tout). 

 
 
5.2.2 Outside dew-point temperature 
 

Dew point is the temperature at which air must be cooled to become saturated with water 
vapor. When cooled further, the airborne water vapor will condense to form liquid water (dew). 
When air cools to its dew point through contact with a surface that is colder than the air, water 
will condense on the surface [58]. This temperature parameter has been used in the calculation 
of sky emissivity (Tdewpoint). 
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5.2.3 Wind velocity and direction 
 

The accuracy of the obtained wind speed and direction is evident in each interval. To 
moderate the effect of wind in the calculation procedure, a monthly average of wind speed and 
direction has been selected and incorporated. 

 
 
5.2.4 Solar altitude and azimuth 
 

The solar altitude is defined as the angle between the sun’s rays and the vertical 
direction, while the solar azimuth angle represents the azimuth angle of the Sun's position. Both 
of these parameters are used to determine the percentage of irradiation influence on the 
proposed component with a specific orientation and inclination. In the integrated equation for 
calculating the total amount of irradiation, considering direct, diffuse, and reflected irradiation, 
two parameters, the declination of the sun (φ) and the hour angle (ω), are employed [59]. 

 
 
5.2.5 Direct normal and diffuse horizontal irradiation 
 

Both parameters, 'direct normal solar irradiation' (GB) and 'diffuse horizontal solar 
irradiation' (GD), are provided in hourly intervals and are used to calculate the 'total solar 
radiation density incident' (GTt). 

 
 

5.3 Intervals of calculation 
 

In each month two days have been selected as representative days. For this purpose, 11th 

and 26th of each month deliver demanded data for the representative month. Combination of 
emerged weather data in interval of one hour is partly shown in table 5.2 as a small segment of 
the entire annual weather data. 
 

 Date Time Date Time Date Time Next data 
 11thMay 09:00 11thMay 10:00 11thMay 11:00  
Outside Dry-Bulb Temperature (°C) 11.3 13.2 14.7  
Outside Dew-Point Temperature (°C) 7.3 7.8 8.3  
Wind Speed (m/s) 0 1.5 2.6  
Wind Direction (°) 0 60 20  
Solar Altitude (°) 42.96 51.19 57.1  
Solar Azimuth (°) 115.16 132.38 154.73  
Direct Normal Solar (W/m2) 51 449 635  
Diffuse Horizontal Solar (W/m2) 212 275 242  

Tab. 5.2   Sample segment of annual weather data integrated in calculations [57] 
 
 

5.4 Simulated variants 
 

Five components of this work, namely opaque, transparent, BIPV, BAPV, and PV 
glazing, in various geometrical configurations, including different orientations and inclinations, 
have been simulated. Additionally, each configuration of the component has been separately 
simulated under two different boundary conditions, considering inside set temperatures within 
the comfort temperature ranges. Using two representative days per month results in a total of 
24 days per year that have been comprehensively simulated and calculated. Furthermore, the 
effect of integrating different materials, altering thermal conductivity, and defining various 'u-
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values' for the opaque component, which is fundamentally integrated into BIPV and BAPV, 
has been explored. Figure 5.1 illustrates the diversity of calculations performed, considering 
the possible resulting variants. 

 

 
Fig. 5.1   Possible variants considering interaction of geometrical configurations, boundary conditions, 
components and representative date 
 
 

While the ultimate graphs that illustrate the annual performance of each component 
within each geometrical configuration encompass all representative dates (namely, the 11th and 
26th of each month, totaling 24 days per year), these are not featured in the current presentation 
due to the limited scope. For comprehensive data, readers can refer to the appendix 3 of this 
work where detailed results of the entire calculation process are available. 
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5.4.1 Geometrical configuration 
 

Three inclinations of 90º, 60º, and 30º represent vertical and inclined components with 
equal angular differences of 30º. All these three inclinations have been applied to four main 
orientations of 0º (south), -90º (east), 180º (north), and +90º (west). The interaction of these 3 
inclinations through 4 orientations results in 12 different geometrical configurations. The roof, 
as a component with an inclination of 0º, defines the 13th configuration, as different orientations 
don’t change the angular position of a roof. 
 

Intermediate orientations of -30º, -60º, -120º, -150º, +150º, +120º, +60º, and +30º are 
also employed in the developed software. 
 

As a result, the primary inclination of 90º representing vertical walls in the four main 
orientations of 0º (south), -90º (east), 180º (north), and +90º (west), and the inclination of 0º 
representing the roof in the initial phase of simulations are discussed. In the upcoming phases, 
the performance of components in these 4 main orientations, along with two additional 
inclinations of 60º and 30º, will be presented and compared. 

 
 
5.4.2 Boundary condition 
 

The weather data related to the geometrical configuration of the component and the 
properties of the coating material (used to calculate the reflection ratio) define the outside 
parameters of the boundary condition. Regarding the interior of the components throughout the 
entire simulations, two different boundary conditions, 'low inside temperature' and 'high inside 
temperature,' have been employed and will be discussed. 

 
 
5.4.3 Components 
 

Performance of all five components of opaque, transparent, BIPV, BAPV and PV 
glazing will be calculated and discussed. 
 
 
5.4.4 Representative date 
 

Two different scenarios for the number of calculated days per year have been 
investigated and compared. The simplest variant, which involves selecting 1 day per month and 
results in 12 days per year, has been ignored due to its low-resolution interval. Instead, for a 
higher resolution, 2 days from each month have been chosen as representative, specifically the 
11th and 26th of each month, with equal intervals of 15 days. Consequently, 24 days in each year 
have been individually calculated. While the entire set of 24 days for each component has been 
disregarded, two representative days, one for summer and one for winter, are presented. The 
complete calculations and simulations for all 24 days for each component can be found in the 
appendix of this work. 
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To select representative days for summer and winter, we used both the monthly 
temperature and sun irradiation data for Stuttgart. The two graphs we employed determine the 
months with the maximum and minimum temperatures and irradiation, respectively. As our 
choices for representative days, we selected the 26th of July to represent a summer day and the 
26th of January to represent a winter day, from among all 365 days of the year. Figure 5.2 
displays the monthly temperature and irradiation data for Stuttgart [60] (Figure 5.2). 
 

  
Fig. 5.2   Monthly irradiation period (left) and Monthly maximum and minimum temperature (right)- Stuttgart 
[60] 
 

It should be noted that the representative summer and winter days are selected for 
presentation within the limited scope of this work. However, the calculation of the annual 
energy performance of all five components has been conducted based on the entire set of 24 
days per year. Similarly, in the calculation of the final indexes of this work, namely 'self-
sufficiency' and 'self-consumption,' all 24 days of the year, broken down into hourly intervals 
(24 intervals per day), have been simulated and integrated. This means that the final simulation 
resolution of this work is conducted as follows: 
 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛¿�V¿2V�3$1%m = 𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑑𝑎𝑦𝑠ok�C × 𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	ℎ𝑜𝑢𝑟𝑠@�o 
 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛¿�V¿2V�3$1%m = 24 × 24 = 576 
 
 
5.5 Opaque component 
 

Since the inclination of 90º can be considered as representing vertical walls with the 
highest rate of applicability, and the primary masonry configuration of the construction involves 
opaque materials, this configuration is taken into account. Table 5.3 provides details of the 
configuration and boundary conditions for the proposed component. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 90 0 High 
* 

26th Jan 
26th Jul 

0.03 0.20 0.15 50 
** 

7 

Tab. 5.3   Boundary condition – Opaque component 
* “High” determines “high inside temperature” and “Low” determines “low inside temperature” 
* αs determines irradiance absorption assumption (%) 
hi determines inside convective heat transfer coefficient (W/m2.K) 
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5.5.1 Daily performance - Summer day 
 
          On a summer day, specifically on the 26th of July at 11:00, the calculation procedure is 
described in Table 5.4, which indicates the parameters used and the equations employed. 
 

 

Weather parameters & position 
n Parameter Symbol Value Unit 
 Direct beam GB 778 W/m2 
 Diffuse beam GD 177 W/m2 
 Solar declination 𝛿 23.31 º 
 Hour angle 𝜔 -20.89 º 
 T dry-bulb T out 298.15 ºK 
 T dew-point T dew 286.85 ºK 
 Wind Speed Ws 3.06 m/s 
 Wind Direction Wd 90 º 
 Latitude (Stuttgart) φ 48,68 º 

 

Convective heat transfer coefficient 
n Parameter Symbol Value Unit 
 Outside Convective 

heat transfer 
coefficient 

ho 9.50 W/m2.K 

 Inside Convective 
heat transfer 
coefficient 

hi 7.00 W/m2.K 

 

 

Assumption of ratios  
n Parameter Symbol Value Unit 
 albedo ratio 𝜌 0.20 - 

 
 
Component properties & geometry 
n Parameter Symbol Value Unit 
 Heat conductivity 𝜆 0.03 W/mK 
 Thickness d 0.2 m 
 Reflection 

coefficient 
𝛾 f 0.50 - 

 Absorption 
coefficient 

𝛼 f 0.50 - 

 Component 
emissivity 

ε 0.90  

 Surface tilt 𝛽 90 º 
 Surface azimuth 𝛼 0 º 

 

Tab. 5.4   Weather data, component property and assumptions – Opaque component – 26th July 
 
 
          In relation to Table 5.4, which represents the 26th of July as a representative summer day, 
the procedure for the interaction of weather data through component properties for calculating 
surface temperatures, heat flows, and the diffraction of irradiation is detailed in Table 5.5. 
 

N Parameter Symbol Equation Result Unit 
01 Angle of incidence of beam radiation  cosθ 4.5 0.40 - 

02 Total solar radiation density incident on tilted surface Qsol 4.6 479.02 W/m2 

03 Opaque sky cover N Weather data 5 - 

04 Sky emissivity εsky 4.10 0.88  

05 Sky temperature Tsky 4.11 291.40 ºC 

Tab. 5.5   Constant amounts of parameters in all 5 components with the same geometrical configuration 
 
 
          Absorption, emissivity, and the outside convective heat coefficient are combined to 
calculate Tsol-air. The inside convective heat coefficient, thermal resistance of the component, 
and its thermal conductivity are integrated to calculate the inside and outside surface 
temperatures, ultimately resulting in heat flow (see Table 5.6). 
 

N Parameter Symbol Equation Result Unit 
06 Solar-air temperature Tsol-air 4.12 318,84 ºC 

07 Thermal resistance excluding outside air film resistance ∑RI 4.20 6,81 m2k/W 

08 Thermal resistance excluding inside and outside air film resistances ∑RII 4.20 6.67 m2k/W 

09 Outside surface temperature Ts-out 4.13 318.84 ºK 

10 Inside surface temperature Ts-in 4.14 300.46 ºK 

11 Heat flow q 4.15 2.72 W/m2 

Tab. 5.6   Calculation of surface temperatures – heat flow – Opaque component 



 58 

          The division of the diffraction of irradiation is calculated based on the proportions of 
reflection, emission, and convection, respectively (see Table 5.7). 
 

N Parameter Symbol Equation Result Unit 
12 outside reflection from surface of component qref 100	(%) − 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛	(%) -239.51 W/m2 

13 outside emission from surface of component qrad 4.19 -157.73 W/m2 

14 outside convection from surface of component qcon 4.18 -79.06 W/m2 

Tab. 5.7   Dividing diffraction of irradiation – Opaque component 
 
 

Table 5.8 displays the calculated inside and outside surface temperatures of the 
component and the resulting heat flows over a 24-hour period on the 26th of July. 
 

 
Tab. 5.8   Inside and outside surface temperatures (ºC) – Effect of reflection, convection and emission (W/m2) – 
Opaque component – Boundary condition in table 5.3 
 
 

The total amount of heat flow is presented in Figure 5.3. 
 

 
Fig. 5.3   Hourly amount of heat flow (W/m2) – Opaque component – Boundary condition in table 5.3 
 

 

T out T in T s-out T s-in Q (all) Direction G+ L- L+ G- Irradiation Reflection Convection Emission
01:00 18,00 25,83 13,81 25,58 -1,77 L- -1,77 0,00 0,00 23,35 -25,12
02:00 17,10 25,73 12,96 25,46 -1,88 L- -1,88 0,00 0,00 23,23 -25,10
03:00 16,60 25,68 12,50 25,40 -1,94 L- -1,94 0,00 0,00 23,13 -25,07
04:00 15,30 25,53 11,21 25,23 -2,10 L- -2,10 0,00 0,00 23,34 -25,44
05:00 14,80 25,47 10,74 25,16 -2,16 L- -2,16 0,00 0,00 23,28 -25,45
06:00 15,30 25,53 11,99 25,24 -1,99 L- -1,99 15,60 -7,80 18,84 -28,63
07:00 17,50 25,78 16,92 25,59 -1,30 L- -1,30 74,50 -37,25 3,17 -41,72
08:00 21,00 26,17 23,27 26,11 -0,43 L- -0,43 138,46 -69,23 -11,89 -57,77
09:00 23,20 26,42 30,99 26,52 0,67 G+ 0,67 257,93 -128,97 -38,75 -89,55
10:00 26,00 26,74 39,37 27,00 1,85 G+ 1,85 382,78 -191,39 -62,27 -127,26
11:00 27,60 26,92 45,43 27,31 2,72 G- 2,72 479,02 -239,51 -79,06 -157,73
12:00 29,10 27,09 48,04 27,53 3,08 G- 3,08 507,77 -253,89 -81,67 -169,13
13:00 29,70 27,16 44,31 27,52 2,52 G- 2,52 418,27 -209,13 -64,37 -142,25
14:00 30,90 27,29 36,88 27,49 1,41 G- 1,41 239,50 -119,75 -27,48 -90,87
15:00 31,40 27,35 44,10 27,70 2,46 G- 2,46 383,39 -191,69 -55,42 -133,81
16:00 32,30 27,45 40,65 27,73 1,94 G- 1,94 291,68 -145,84 -37,10 -106,80
17:00 32,00 27,42 35,25 27,58 1,15 G- 1,15 178,39 -89,20 -14,96 -73,08
18:00 31,70 27,38 32,51 27,49 0,75 G- 0,75 122,50 -61,25 -3,81 -56,69
19:00 30,00 27,19 28,15 27,21 0,14 G- 0,14 69,80 -34,90 8,99 -43,75
20:00 28,10 26,98 23,56 26,90 -0,50 L+ -0,50 9,60 -4,80 22,88 -28,18
21:00 27,70 26,93 22,68 26,84 -0,62 L+ -0,62 0,00 0,00 25,49 -26,12
22:00 25,30 26,66 20,81 26,54 -0,86 L- -0,86 0,00 0,00 23,30 -24,16
23:00 23,40 26,44 19,16 26,29 -1,07 L- -1,07 0,00 0,00 22,43 -23,50
24:00 19,30 25,98 15,05 25,75 -1,60 L- -1,60 0,00 0,00 23,38 -24,99
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The calculated quantities of heat flow are shown in Figure 5.4. 
 

 
Fig. 5.4   Hourly amount of heat flow + values (W/m2) - Opaque component – Boundary condition in table 5.3 
 

 
All four heat flow values are observed after applying the values to the quantity of heat 

flow, considering the boundary condition. On the representative date, from the beginning of the 
day until 09:00, the direction of heat flow is 'from inside into outside,' and 'Tout < Tin,' indicating 
heat loss. From 09:00 until 11:00, the direction of heat flow is 'from outside into inside,' and 
'Tout < Tin,' signifying heating demand. From 11:00 until 20:00, the direction of heat flow 
remains 'from outside into inside,' but the dry-bulb temperature is higher than the inside air 
temperature, resulting in 'Tout > Tin,' identifying cooling demand, which typically occurs during 
a summer afternoon. From 20:00 until 22:00, the direction of heat flow changes to 'from inside 
into outside,' during which these two hours still have the boundary condition showing 'Tout > 
Tin,' identifying cooling auxiliary. During the last three hours of the day, the direction of heat 
flow is 'from inside into outside,' and 'Tout < Tin,' indicating heat loss or the same heat flow value 
as in the initial 8 hours of the day (Figure 5.5). 

 

 
Fig. 5.5   outside temperature (ºC), inside temperature (ºC), outside surface temperature (ºC) and inside surface 
temperature (ºC) - Opaque component – Boundary condition in table 5.3. As there are only small differences 
between the calculated inside temperature (Tin) and inside surface temperature (Ts-in), both curves seem almost 
the same. The differences are detectable in Table 5.8. 
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The calculated temperatures reveal that from the beginning of the day until 09:00 and 
from 20:00 until 24:00, the inside surface temperature is lower than the outside air temperature. 
Between 09:00 and 20:00, the inside surface temperature is higher than the outside air 
temperature. 
 

Similarly, from the beginning of the day until 07:00 and from 19:00 until the end of the 
day, the outside surface temperature is lower than the outside air temperature. From 07:00 until 
19:00, the outside surface temperature is higher than the outside air temperature. 
 
 
5.5.2 Daily performance - Winter day 
 

Inside and outside temperatures are calculated at one-hour intervals using equations 
4.13 and 4.14. The determination of the value of 'q' is based on the direction of heat flow and 
the difference between the dry-bulb temperature and the inside air temperature. In this instance, 
as throughout the entire 24-hour interval, both conditions of 'Tout < Tin' and heat flow direction 
'from inside to outside' are applied, all quantities of heat flows are considered as heating 
demand. Table 5.9 provides an abbreviation of the values of heat flows. 
 

Heat flow G+ L- L+ G- 
Value Heating auxiliary Heating demand Cooling auxiliary Cooling demand 

Tab. 5.9   Abbreviation of values of heat flow 
 
 

Table 5.10 displays the calculated inside and outside surface temperatures of the 
component and the resulting heat flows. The right side of the table illustrates the effect of each 
phenomenon on the quantities of heat flow. 
 

 
Tab. 5.10   Inside and outside surface temperatures (ºC) – Effect of reflection, convection and emission (W/m2) - 
Opaque component – Boundary condition in table 5.3 
 
 

The reflection amount of total irradiation is calculated based on the average reflection 
of masonry materials with a mild color, representing neither an extremely light nor a dark 
coating. Emission has been calculated by integrating equation 4.19. Similarly, the quantity of 
convection has been calculated by integrating the explained equation of 4.17. Hourly amounts 
of heat flow are presented in Figure 5.6. 

T out T in T s-out T s-in q Direction G+ L- L+ G- Irradiation Reflection Convection Emission
01:00 -0,80 23,71 -5,03 23,11 -4,22 L- -4,22 0,00 0,00 19,75 -23,97
02:00 -1,10 23,68 -5,21 23,07 -4,24 L- -4,24 0,00 0,00 19,26 -23,50
03:00 -1,00 23,69 -5,18 23,08 -4,24 L- -4,24 0,00 0,00 19,58 -23,82
04:00 -1,30 23,65 -5,44 23,04 -4,27 L- -4,27 0,00 0,00 19,43 -23,70
05:00 -1,90 23,59 -6,08 22,96 -4,36 L- -4,36 0,00 0,00 19,73 -24,09
06:00 -2,00 23,57 -6,18 22,95 -4,37 L- -4,37 0,00 0,00 19,75 -24,12
07:00 -2,40 23,53 -6,59 22,90 -4,42 L- -4,42 0,00 0,00 19,88 -24,31
08:00 -2,10 23,56 -6,29 22,94 -4,38 L- -4,38 0,00 0,00 19,82 -24,20
09:00 -2,20 23,55 -5,59 22,94 -4,28 L- -4,28 13,20 -6,60 16,00 -26,88
10:00 -2,40 23,53 0,97 23,06 -3,31 L- -3,31 133,26 -66,63 -15,39 -54,55
11:00 -1,40 23,64 -1,24 23,12 -3,65 L- -3,65 77,62 -38,81 -0,76 -41,71
12:00 -1,30 23,65 0,17 23,16 -3,45 L- -3,45 100,74 -50,37 -6,72 -47,10
13:00 -0,90 23,70 1,08 23,22 -3,32 L- -3,32 109,60 -54,80 -9,00 -49,12
14:00 -1,80 23,60 6,65 23,24 -2,49 L- -2,49 224,49 -112,25 -37,43 -77,31
15:00 -1,20 23,66 5,18 23,28 -2,71 L- -2,71 189,37 -94,68 -28,39 -69,01
16:00 -1,70 23,61 -0,35 23,11 -3,52 L- -3,52 97,30 -48,65 -6,18 -45,99
17:00 -1,70 23,61 -5,27 23,00 -4,24 L- -4,24 10,80 -5,40 16,77 -26,41
18:00 -2,10 23,56 -6,26 22,94 -4,38 L- -4,38 0,00 0,00 19,69 -24,07
19:00 -2,40 23,53 -6,54 22,90 -4,42 L- -4,42 0,00 0,00 19,63 -24,04
20:00 -3,30 23,43 -7,41 22,78 -4,53 L- -4,53 0,00 0,00 19,64 -24,17
21:00 -3,40 23,42 -7,51 22,77 -4,54 L- -4,54 0,00 0,00 19,66 -24,20
22:00 -3,40 23,42 -7,48 22,77 -4,54 L- -4,54 0,00 0,00 19,54 -24,07
23:00 -3,70 23,38 -7,79 22,73 -4,58 L- -4,58 0,00 0,00 19,64 -24,22
24:00 -0,60 23,73 -4,83 23,13 -4,19 L- -4,19 0,00 0,00 19,70 -23,90
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Fig. 5.6   Hourly amount of heat flow (W/m2) - Opaque component – Boundary condition in table 5.3 
 
 

The graph illustrates that during the representative date, the component experiences heat 
loss of approximately 4.30 W/m2, and with the onset of irradiation, it decreases to its minimum 
of about -2.50 W/m2 around 14:00. The application of values of heat flows to their quantities is 
presented in Figure 5.7. 

 
 

 
Fig. 5.7   Hourly amount of heat flow + values (W/m2) - Opaque component – Boundary condition in table 5.3 
 

 
The graph shows that due to the constant inside and outside temperature difference (Tout 

< Tin) and the direction of heat flow towards the outside, throughout the entire 24 hours of the 
representative date, all quantities of heat flows are categorized as 'heating demand'. 
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Outside and inside surface and air temperatures are presented in Figure 5.8. 
 

 
Fig. 5.8   outside temperature (ºC), inside temperature (ºC), outside surface temperature (ºC) and inside surface 
temperature (ºC) - Opaque component – Boundary condition in table 5.3. As there are only small differences 
between the calculated inside temperature (Tin) and inside surface temperature (Ts-in), both curves seem almost 
the same. The differences are detectable in Table 5.10. 
 
 

The quantities of inside air temperature and inside surface temperature indicate that the 
surface temperature remains consistently lower than the inside air temperature, resulting in 
simultaneous heat loss through convection. 
 
 
5.5.3 Monthly performance 
 

On an hourly basis, the cumulative amounts of the calculated parameters over all 24 
selected days are presented in the following table, which indicates the quantity and value of 
heat flows. It should be noted that the recorded amounts of heating and cooling auxiliary do not 
alter the quantities of heating and/or cooling demand of the component itself. Instead, they will 
be used in combination with different components through a facade (for example, integrated 
windows as a transparent component with an opaque component) for the final calculation of 
the amounts of heating and/or cooling demand that can be compensated by other components. 
The second part of this annual table describes the hourly intervals for recording parameters that 
indicate the cumulative quantities of reflection, convection, and emission. Tables 5.11 and 5.12 
display the annual cumulative quantities of these parameters (Figure 5.9). 
 

 
Tab. 5.11   First six months - cumulative quantities of parameters (W/m2) - Opaque component – Boundary 
condition in table 5.3 
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Tab. 5.12   Second six months - cumulative quantities of parameters (W/m2) - Opaque component – Boundary 
condition in table 5.3 

 
 

 
Fig. 5.9   Monthly amount of heat flow – cumulative calculation (W/m2) - Opaque component – Boundary 
condition in table 5.3 
 
 

The cumulative quantities of heat flow show an amount of 83.75 W/m2 on the 11th of 
January, while in the middle of summer on the 26th of July, it reaches a minimum of 17.09 
W/m2, and in winter on the 11th of December, it reaches a maximum of 104.54 W/m2. The 
application of values of heat flows to the monthly quantities is depicted in Figure 5.10. 
 

 
Fig. 5.10   Monthly amount of heat flow + values (W/m2) – Interval 15 days - Opaque component – Boundary 
condition in table 5.3 
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By applying values of heat flows based on the difference between inside and outside air 
temperatures, portions of heat flow that can be used as heating auxiliary are observed in the 
middle months of the year (highlighted in blue). Similarly, on the 26th of June, 7.82 W/m2 has 
been recorded as cooling demand, and an extremely low amount of 0.01 W/m2 as cooling 
auxiliary (not notable in Figure 5.13). On the 26th of July, 16.17 W/m2 is recorded as cooling 
demand, and a low amount of 1.12 W/m2 as cooling auxiliary. Integrating the quantities of heat 
flows with their relative values for heating demand, cooling demand, heating auxiliary, and 
cooling auxiliary results in the annual performance of the component, illustrating its energy 
demands and auxiliaries (Figure 5.11). 
 

 
Fig. 5.11   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) - Opaque 
component – Boundary condition in table 5.3 
 
 

The monthly energy performance of the component demonstrates heating demand with 
a maximum and minimum of about 105 W/m2 and 20 W/m2, respectively. There are quantities 
of cooling demands occurring in the middle of summer with an average amount of 10 W/m2. 
Additionally, a considerable proportion of heat flow from the beginning of March until the end 
of the year is allocated to auxiliary heating, with a maximum of 25.45 W/m2 on the 26th of 
March. 
 

This demonstrates that integrating values of heat flows results in the calculation of the 
amount of heating demand, as some parts of the heat flows are not considered as heating 
demand, and the final demand is moderated. Additionally, in upcoming parts of the work, the 
quantities of these heating (or cooling) auxiliaries will be used to compensate for the heating 
(or cooling) demand of united facades of the building, which simultaneously use different 
components. Integrating the quantities of auxiliaries will moderate the final demand of the 
entire considered facade. In the next three orientations of -90º (east), 180º (north), and +90º 
(west), representing daily performances of the component has been purposefully ignored. For 
the monthly energy performance of the component, the 'energy demand - energy auxiliary' 
graph is mainly discussed as it indicates the fundamental indexes for the upcoming work, 
namely 'self-sufficiency' and 'self-consumption'. 
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5.5.4 Orientation 
 

To compare the energy performance of the component in different orientations with a 
constant inclination of 90º, Table 5.13 provides details of the configuration and boundary 
conditions of the proposed component. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 90 0, -90, 180, +90 High A year 0.03 0.20 0.15 50 7 
Tab. 5.13   Boundary condition – Opaque component – different orientations 
 
 

Integrating the quantities of heat flows based on relative values results in the monthly 
'energy demand - energy auxiliary' of the component (Figure 5.12). 
 

  

  

 
Fig. 5.12   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – Opaque 
component, Inclination 0º, all four orientations - Boundary condition in table 5.13 
 
 

Comparing the curves reveals a notable difference in the quantities of cooling demand 
between different orientations. The most significant distinction is observed in heating auxiliary, 
where the north-facing component has nearly zero heating auxiliary, while the south-facing 
component provides a considerable amount of heating auxiliary. When comparing the 
quantities and time steps of heating auxiliary in the east and west orientations, it becomes 
evident that these orientations also differ in the quantities of their heating auxiliaries. 
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5.5.5 Inclination 
 

Four inclinations of 90º, 60º, 30º, and 0º (roof) with a constant orientation of 0º (south) 
under different boundary conditions regarding 'inside air temperature' have been calculated and 
will be presented in upcoming graphs. A selective geometrical configuration, representing the 
south-facing component, has been chosen as an example to illustrate the effectiveness of 
inclination in altering the fluctuation and quantity of the final calculated indexes (heating and 
cooling demand and auxiliary). Table 5.14 provides details of the configuration and boundary 
conditions of the proposed component, and the results for each inclination are presented in 
Figure 5.13. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 0, 30, 60, 90 0 High A year 0.03 0.20 0.15 50 7 
Tab. 5.14   Boundary condition – Opaque component – different inclinations 
 

  

  

 
Fig. 5.13   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – Opaque 
component, All four inclinations, Orientation 0º - Boundary condition in table 5.14 
 

 
More vertical components exhibit a higher maximum of heating demand during cold 

months, while cooling demand in more vertical components is lower. An inclination of 30º 
results in the highest amount of heating auxiliary compared to the other three inclinations. 
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boundary condition, a comparison of cumulative quantities of indexes through the four main 
orientations is shown in Figure 5.14. 
 

 
Fig. 5.14   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) 
– Opaque component, Inclination 0º, all four orientations – Inside temperature: high 
 
 

In terms of cumulative quantities of indexes, the orientation of 0º (south-facing) exhibits 
the lowest energy demand of 1389 W/m2 and the highest heating auxiliary of 142 W/m2. For 
the lowest cooling demand, the orientation of 180º (north-facing) demonstrates the lowest 
energy demand of 14 W/m2. Changing the inside temperature setpoint under the same boundary 
conditions results in the same sequence of parameters but with different quantities. The 
upcoming boundary condition in Table 5.15 and the related comparison in Figure 5.15 are 
presented to illustrate the effectiveness of the inside temperature setpoint in cumulative 
quantities of energy indexes. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 90 0, -90, 180, +90 Low A year 0.03 0.20 0.15 50 7 
Tab. 5.15   Boundary condition – Opaque component – different orientations – Inside set temperature: low 
 
 

 
Fig. 5.15   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – 
Opaque component, Inclination 0º, all four orientations – Inside temperature: Low 
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To emphasize the differences in quantities of changing energy indexes solely based on 
the inside temperature setpoint, Figure 5.16 provides a comparative analysis of the results. 
 

 
Fig. 5.16   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) 
– Opaque component, Inclination 0º, all four orientations – Inside temperature: high, low 
 
 

Instead of cumulative differences resulting from applying different inside temperature 
setpoints, the quantity of changes in energy indexes based on an hourly calculation interval 
shows significant variations in terms of when demands are applied and their quantities. It can 
be concluded that different inside air temperature setpoints clearly impact the performance of a 
component with the same geometrical configuration. Figure 5.17 illustrates the performance 
under the same boundary conditions (Table 5.16), differing in inside air temperatures. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

Date Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 90 0 High, Low A year 0.03 0.20 0.15 50 7 
Tab. 5.16   Boundary condition – Opaque component –Inside set temperature: high / low 
 

  

 
Fig. 5.17   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – Opaque 
component, Inclination 0º, orientation 0º, Inside temperature; high (left), low (right)  
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Different inside air temperature setpoints, assumed from equations 4.1 and 4.3 for high 
and low setpoints, respectively, result in different quantities of all indexes. In the 'inside air 
temperature setpoint; high' scenario (left graph), the quantity of heating demand is higher during 
cold months, and this also leads to lower cooling demand compared to the same configuration 
when the inside air temperature is set to 'low'. The fluctuation of heating auxiliary is also partly 
different in each month for each 'inside air temperature set-point'. Cooling auxiliary for both 
'inside air temperature' settings remains at approximately zero. To highlight the effectiveness 
of inclination in cumulative amounts of energy indexes for the proposed component, 
considering the boundary condition in Table 5.17, Figure 5.18 illustrates the differences in 
quantities and sequences of indexes. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 0, 30, 60, 90 0 high, low   A year 0.03 0.20 0.15 50 7 
Tab. 5.17   Boundary condition – Opaque component – different inclinations - Inside set temperature: high / low 
 

 
Fig. 5.18   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) 
– Opaque component, orientation: 0º, inclinations: 0º, 30º, 60º and 90º – Inside temperature: high, low 
 
 
5.6 Calibration of calculated surface temperature 
 

Sol-air temperature is directly employed to calculate the 'outside surface temperature.' 
As a result, the accuracy of the calculated 'inside surface temperature' as well as the 'heat flow' 
depends on the accuracy of the 'calculated outside surface temperature.' To assess this accuracy, 
simulation software such as DesignBuilder, which serves as an advanced user interface for 
EnergyPlus, is employed. EnergyPlus offers advanced dynamic thermal simulation at sub-
hourly timesteps. Therefore, while this work employs the 'steady heat transfer' method in 
calculating temperatures, comparing the recorded results with software that provides dynamic 
simulations using the 'unsteady heat transfer' method can help identify deviations in the 
recorded temperatures. 
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5.6.1 Winter day 
 
As a winter day, the 26th of January has been chosen. To compare the results of the recorded 
'Ts-out' with those obtained from simulation software, an east-oriented vertical opaque 
component was selected. The boundary conditions for the calculated wall is: (Table 5.18) 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 90 -90 east high 0.03 0.2 0.15 50 7 
Tab. 5.18   Boundary condition – Opaque component  
 

Figure 5.19 shows the calculated outside surface temperature on the 26th of January. 
 

  
Fig. 5.19   Outside air and surface temperature of component – boundary condition table 5.18 
 

The fluctuation of temperature in DesignBuilder is shown in Figure 5.20. 
 

 
Fig. 5.20   Outside air and surface temperature of component –calculated by DesignBuilder - boundary condition 
table 5.18 
 

Comparing the fluctuations of recorded outside surface temperature in the work and the 
simulations in DesignBuilder demonstrates that the same sequence of increasing and decreasing 
temperatures is calculated. Extensive recorded temperatures for each hour are included in both 
the calculated temperatures in this work and the simulated temperatures produced by 
DesignBuilder. 
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5.6.2 Summer day 
 

The same comparison was conducted on a summer day. Therefore, July 26th was 
selected, and the same component with the same geometrical setup was calculated and 
simulated. Figure 5.21 shows the calculated outside surface temperature on July 26th. 
 

  
Fig. 5.21   Outside air and surface temperature of component – boundary condition table 5.18 
 

With the same boundary conditions, the fluctuation of temperature calculated by 
DesignBuilder is shown in Figure 5.22. 
 

 
Fig. 5.22   Outside air and surface temperature of component – calculated by DesignBuilder -   boundary condition 
table 5.18 
 

Comparing the calculated temperatures in the work with the simulated temperatures in 
DesignBuilder shows the same intervals of increases and decreases in the graphs. Extensive 
recorded temperatures for each hour are included in both the calculated temperatures of this 
work and the simulated temperatures generated by DesignBuilder. 
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5.6.3 Deviation 
 

Comparison of the calculated surface temperatures (Ts-out) of the east-oriented vertical 
opaque component in winter with the surface temperatures obtained from the simulation tools 
of DesignBuilder is presented in Figure 5.23. 
 

 
Fig. 5.23   Deviation of outside surface temperature of component – winter day - Calculations and simulation- 
boundary condition table 5.18 

 
Considering the entire 24 hours of a winter day as calculation intervals and taking into 

account the temperature differences between the calculations in this work and the simulation 
tool of DesignBuilder, an average difference of -0.537 ºC is calculated across all 24 calculation 
points. This calculated deviation should be studied in relation to the range of outside surface 
temperatures recorded by 'DesignBuilder,' which indicates a minimum of -4.98 ºC (at 23:00) 
and a maximum of +1.35 ºC (at 13:00), resulting in a fluctuation of 6.33 ºC. Table 5.19 displays 
the outside surface temperature of the component on a winter day as calculated and simulated 
using the software. 
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Tab. 5.19   Outside surface temperature of component – winter day - Calculations and simulation 
 

 
So, a deviation of -0.537 ºC is recorded within a temperature fluctuation of 6.33 ºC in 

the calculated outside surface temperature of the component on a winter day. The colors red 
and blue represent higher and lower calculated temperatures compared to the results from 
DesignBuilder, respectively. 
 

Furthermore, a comparison of the calculated surface temperatures (Ts-out) of the same 
component in the summer with the surface temperature obtained from the simulation tool of 
DesignBuilder is presented in Figure 5.24. 
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Fig. 5.24   Deviation of outside surface temperature of component – summer day - Calculations and simulation- 
boundary condition table 5.18 
 
 

Considering the entire 24 hours of a summer day as calculation intervals and taking into 
account the temperature differences between the calculations in this work and the simulation 
tool of DesignBuilder, an average difference of -1.987 ºC is calculated across all 24 calculation 
points. This calculated deviation should be studied in relation to the range of outside surface 
temperatures recorded by 'DesignBuilder,' which indicates a minimum of +14.68 ºC (at 05:00) 
and a maximum of +49.51 ºC (at 09:00), resulting in a fluctuation of 34.83 ºC. Table 5.20 
displays the outside surface temperature of the component on a summer day as calculated and 
simulated using the software. 
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Tab. 5.20   Outside surface temperature of component – summer day - Calculations and simulation 
 

 
A deviation of -1.987 ºC is observed within a temperature fluctuation of 34.83 ºC in the 

calculated outside surface temperature of the component on a summer day. Regarding the 
equations employed in the calculation method of this work under steady-state conditions, 
fluctuations in the calculated temperatures for both winter and summer representative days 
indicate 'higher maximums' and 'lower minimums' compared to the results of 'DesignBuilder,' 
a simulation tool that employs dynamic equations in its calculations. As a result, in the absence 
of a 'time lag' of heat flow under steady-state conditions, despite differences in recorded 
temperatures, the temperature curves over 24 hours in both winter and summer days 
demonstrate acceptable ranges of calculated temperatures compared to DesignBuilder. When 
considering the red and blue colors indicating higher and lower recorded temperatures 
compared to DesignBuilder, it becomes apparent that the difference in the numerical sum of 
recorded temperatures under steady-state conditions is moderated in comparison with 
DesignBuilder's results under unsteady-state conditions. 
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5.7 Transparent component 
 
5.7.1 Daily performance - Summer day 
 

On a summer day, specifically on the 26th of July at 11:00, the calculation procedure 
and the employed parameters are described in detail in Table 5.21, presenting the configuration 
and boundary conditions of the proposed component. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance factor 
 
 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

Transparent 90 0 High 26th Jan 
26th Jul 

1.5 0.50 7 

Tab. 5.21   Boundary condition – Transparent component  
 
 
          Table 5.22 presents constant values of parameters. 
 
Component properties & geometry 
n Parameter Symbol Value Unit 
 Thermal transmittance U-value 0.50 W/ m2k 
 coefficient of reduction in radiation transmittance  (Type of glass)  1.50 - 
 Reduction factor for direct light r(B(ω)) * 0.54  
 reduction factor for diffuse light r(D(ω)) ** 0.77  
 Reflection ratio 𝛾 f 0,38  
 Absorption coefficient 𝛼 f 0,11  
 Transmission coefficient 𝜏 f 0,51  
 Component emissivity ε 0.90  
 Surface tilt 𝛽 90 º 
 Surface azimuth 𝛼 0 º 

(*   equation 4.8, ** equation 4.9) 
Tab. 5.22   Transparent component – properties and specific geometrical configuration - Boundary condition 
table 5.21 
 
 
          Specific reduction factors for direct and diffuse light, taking into account the reduction 
coefficient (type of glass) and 'cos ω' as the direct beam intensity coefficient on the surface of 
the component, have been applied. This consideration results in different proportions of 
reflection, absorption, and transmission for various types of glass, which also vary with 
different angles of irradiation (as shown in Table 5.22). Calculations of surface temperatures 
and heat flow are presented in Table 5.23. 
 

N Parameter Symbol Equation Result Unit 
06 Solar-air temperature Tsol-air 4.12 301,27 ºC 

07 Thermal resistance excluding outside air film resistance ∑RI 4.20 2,14 m2k/W 

08 Thermal resistance excluding inside and outside air film resistances ∑RII 4.20 2,00 m2k/W 

09 Outside surface temperature Ts-out 4.13 301,22 ºK 

10 Inside surface temperature Ts-in 4.14 300,15 ºK 

11 Heat flow q 4.15 0,54 W/m2 

Tab. 5.23   Calculation of surface temperatures – heat flow – Transparent component - Boundary condition table 
5.21 
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          The division of irradiation diffraction is calculated based on the proportions of reflection, 
emission, and convection, respectively, as shown in Table 5.24. 
 

N Parameter Symbol Equation Result Unit 
12 outside reflection from surface of component qref 𝑞CkÄ = 𝑄m1V − X𝐵(W)𝑟9([) + 𝐷(W)𝑟>([)] -181,51 W/m2 

13 outside emission from surface of component qrad 4.19 -52,18 W/m2 

14 outside convection from surface of component qcon 4.18 -2,32 W/m2 

15 Transmission qtr 0.815. (𝑞m1V − 𝑞CkÄ) -242,47 W/m2 

Tab. 5.24   Dividing diffraction of irradiation – Transparent component - Boundary condition table 5.21 
 
 

On the 26th of July, as a summer day, using the same calculations and procedures, the 
results are presented in the upcoming table and graph. Table 5.25 displays the calculated inside 
and outside surface temperatures of the transparent component and the resulting heat flows. 
 

 
Tab. 5.25   Inside and outside surface temperatures (ºC) – Effect of reflection, convection and emission (W/m2) 
– Transparent component - Boundary condition table 5.21 
 
 

The quantities of heat flow through 'conduction' are shown in Figure 5.25, while the 
cumulative quantities of heat flow resulting from 'conduction and transmission' are shown in 
Figure 5.26. 
 

 
Fig. 5.25   Quantities of heat flow through “conduction” (W/m2) – transparent component- Boundary condition 
table 5.21 

T out T in T s-out T s-in q Direction G+ L- L+ G- Irradiation Reflection Convection Emission Transmission Conduction
01:00 18,00 25,83 14,16 25,06 -5,45 L- -5,45 0,00 0,00 21,36 -26,81 0,00 -5,45
02:00 17,10 25,73 13,34 24,91 -5,79 L- -5,79 0,00 0,00 21,10 -26,89 0,00 -5,79
03:00 16,60 25,68 12,88 24,82 -5,97 L- -5,97 0,00 0,00 20,93 -26,90 0,00 -5,97
04:00 15,30 25,53 11,63 24,60 -6,49 L- -6,49 0,00 0,00 20,92 -27,40 0,00 -6,49
05:00 14,80 25,47 11,17 24,52 -6,68 L- -6,68 0,00 0,00 20,78 -27,46 0,00 -6,68
06:00 15,30 25,53 11,87 24,62 3,44 G+ 3,44 15,60 -3,57 19,49 -28,09 -9,81 -6,37
07:00 17,50 25,78 14,76 25,04 41,70 G+ 41,70 74,50 -17,03 15,26 -31,03 -46,84 -5,14
08:00 21,00 26,17 18,70 25,67 76,68 G+ 76,68 138,46 -40,09 12,35 -34,04 -80,17 -3,49
09:00 23,20 26,42 21,47 26,09 112,40 G+ 112,40 257,93 -117,19 9,06 -37,41 -114,71 -2,31
10:00 26,00 26,74 25,26 26,64 178,87 G+ 178,87 382,78 -162,46 3,72 -45,17 -179,56 -0,69
11:00 27,60 26,92 28,07 27,00 243,01 G- 243,01 479,02 -181,51 -2,32 -52,18 -242,47 0,54
12:00 29,10 27,09 29,99 27,28 277,40 G- 277,40 507,77 -169,07 -4,32 -56,98 -276,04 1,36
13:00 29,70 27,16 29,75 27,33 243,58 G- 243,58 418,27 -120,89 -0,25 -53,55 -242,37 1,21
14:00 30,90 27,29 28,69 27,38 145,64 G- 145,64 239,50 -61,59 10,68 -42,94 -144,99 0,65
15:00 31,40 27,35 30,44 27,55 209,33 G- 209,33 383,39 -128,31 4,59 -50,34 -207,88 1,44
16:00 32,30 27,45 29,85 27,61 140,42 G- 140,42 291,68 -120,76 11,62 -42,12 -139,30 1,12
17:00 32,00 27,42 29,14 27,53 109,60 G- 109,60 178,39 -44,90 13,68 -37,58 -108,80 0,80
18:00 31,70 27,38 28,37 27,45 77,48 G- 77,48 122,50 -28,00 16,02 -33,04 -77,02 0,46
19:00 30,00 27,19 25,85 27,10 43,26 G- 43,26 69,80 -15,95 20,45 -31,04 -43,88 -0,63
20:00 28,10 26,98 23,35 26,73 4,34 G- 4,34 9,60 -2,19 23,98 -27,04 -6,04 -1,69
21:00 27,70 26,93 22,81 26,66 -1,92 L+ -1,92 0,00 0,00 24,85 -26,77 0,00 -1,92
22:00 25,30 26,66 20,98 26,28 -2,65 L- -2,65 0,00 0,00 22,40 -25,05 0,00 -2,65
23:00 23,40 26,44 19,37 25,97 -3,30 L- -3,30 0,00 0,00 21,29 -24,59 0,00 -3,30
24:00 19,30 25,98 15,37 25,27 -4,95 L- -4,95 0,00 0,00 21,60 -26,55 0,00 -4,95
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Fig. 5.26   Cumulative quantities of heat flow resulted by “conduction and transmission” (W/m2) - Transparent 
component - Boundary condition table 5.21 
 
 

Applying the values of heat flows to their quantities results in the graph shown in Figure 
5.27. 
 

 
Fig. 5.27   Hourly amount of heat flow + values (W/m2) - Transparent component - Boundary condition table 
5.21 
 
 

All four heat flow values are observed after applying values to the quantity of heat flow, 
considering the defined boundary conditions. On a representative day, from the beginning of 
the day until 06:00, the component indicates equal quantities of heating demand. From 06:00 
until 11:00, it indicates heating auxiliary. From 11:00 until 21:00, during a summer afternoon, 
the component delivers considerable amounts of cooling demand. From 21:00 until 22:00, it 
shows cooling auxiliary. During the last three hours of the day, it again shows quantities of 
heating demand. 
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The outside and inside surface temperatures as well as air temperatures are shown in 
Figure 5.28. 
 

 
Fig. 5.28   outside temperature (ºC), inside temperature (ºC), outside surface temperature (ºC) and inside surface 
temperature (ºC) - Transparent component - Boundary condition table 5.21 
 
 
5.7.2 Daily performance - Winter day 
 

Table 5.26 displays the calculated inside and outside surface temperatures of the 
supposed transparent component with respect to the employed boundary conditions. 
 

 
Tab. 5.26   Inside and outside surface temperatures (ºC) – Effect of reflection, convection, emission and 
transmission (W/m2), transparent component, winter day, 26th January 
 
 

The quantity of heat flow through conduction has been calculated using the same 
equation as that used for conductive heat flows in opaque components (equation 4.15). To 
calculate heating and cooling demands and the resulting auxiliaries of a transparent component, 
the quantities of irradiation that pass through the component via transmission are cumulatively 
added to the quantities of heat flow resulting from conduction. For example, in Figure 5.31, on 
a winter day, such as the 26th of January, from 09:00 until 17:00, the total calculated 'heat' 
represents the cumulative sum of 'conductive heat flow' and 'transmitted irradiation'. It is 
assumed that the contribution of a transparent component like a window is not only through its 
conductive heat transfer but also through the quantities of transmitted irradiation. 
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T out T in T s-out T s-in q Direction G+ L- L+ G- Irradiation Reflection Convection Emission Transmission Conduction
01:00 -0,80 23,71 -4,02 21,86 -12,94 L- -12,94 0,00 0,00 14,99 -27,93 0,00 -12,94
02:00 -1,10 23,68 -4,20 21,82 -13,01 L- -13,01 0,00 0,00 14,47 -27,48 0,00 -13,01
03:00 -1,00 23,69 -4,18 21,83 -13,00 L- -13,00 0,00 0,00 14,79 -27,80 0,00 -13,00
04:00 -1,30 23,65 -4,43 21,78 -13,10 L- -13,10 0,00 0,00 14,60 -27,70 0,00 -13,10
05:00 -1,90 23,59 -5,05 21,68 -13,36 L- -13,36 0,00 0,00 14,78 -28,14 0,00 -13,36
06:00 -2,00 23,57 -5,14 21,66 -13,40 L- -13,40 0,00 0,00 14,78 -28,18 0,00 -13,40
07:00 -2,40 23,53 -5,54 21,59 -13,57 L- -13,57 0,00 0,00 14,83 -28,39 0,00 -13,57
08:00 -2,10 23,56 -5,25 21,64 -13,45 L- -13,45 0,00 0,00 14,82 -28,27 0,00 -13,45
09:00 -2,20 23,55 -5,09 21,64 -5,07 L- -5,07 13,20 -3,02 13,60 -28,85 -8,30 -13,37
10:00 -2,40 23,53 -3,22 21,75 80,10 G+ 80,10 133,26 -19,65 3,84 -37,34 -92,59 -12,48
11:00 -1,40 23,64 -3,36 21,84 37,55 G+ 37,55 77,62 -16,08 9,11 -33,09 -50,15 -12,60
12:00 -1,30 23,65 -2,89 21,88 52,71 G+ 52,71 100,74 -20,87 7,38 -34,54 -65,10 -12,39
13:00 -0,90 23,70 -2,35 21,96 58,68 G+ 58,68 109,60 -22,68 6,69 -34,93 -70,84 -12,16
14:00 -1,80 23,60 -1,08 21,95 146,76 G+ 146,76 224,49 -30,28 -3,31 -44,13 -158,28 -11,52
15:00 -1,20 23,66 -1,28 22,00 118,36 G+ 118,36 189,37 -29,86 0,38 -41,53 -130,00 -11,64
16:00 -1,70 23,61 -3,28 21,82 49,84 G+ 49,84 97,30 -20,74 7,35 -34,06 -62,39 -12,55
17:00 -1,70 23,61 -4,68 21,72 -6,41 L- -6,41 10,80 -2,47 13,97 -28,71 -6,79 -13,20
18:00 -2,10 23,56 -5,22 21,64 -13,43 L- -13,43 0,00 0,00 14,70 -28,13 0,00 -13,43
19:00 -2,40 23,53 -5,49 21,59 -13,54 L- -13,54 0,00 0,00 14,58 -28,12 0,00 -13,54
20:00 -3,30 23,43 -6,33 21,44 -13,89 L- -13,89 0,00 0,00 14,43 -28,32 0,00 -13,89
21:00 -3,40 23,42 -6,43 21,43 -13,93 L- -13,93 0,00 0,00 14,43 -28,36 0,00 -13,93
22:00 -3,40 23,42 -6,41 21,43 -13,92 L- -13,92 0,00 0,00 14,31 -28,22 0,00 -13,92
23:00 -3,70 23,38 -6,71 21,38 -14,04 L- -14,04 0,00 0,00 14,35 -28,39 0,00 -14,04
24:00 -0,60 23,73 -3,83 21,89 -12,86 L- -12,86 0,00 0,00 14,98 -27,85 0,00 -12,86
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Figure 5.29 shows cumulative amount of conduction and transmission in transparent 
component regarding the defined boundary condition. 
 

 
Fig. 5.29   Cumulative amount of conduction and transmission in transparent component (W/m2) - Boundary 
condition table 5.21 
 

Applying values of heat flows to cumulative quantities of conduction and transmission 
results the graph shown in figure 5.30. 
 

 
Fig. 5.30   Hourly amount of heat flow + values (W/m2), transparent component - Boundary condition table 5.21 
 

 
The graph shows that during the day, when applying transmitted segments of irradiation 

to conducted heat flow, the proposed transparent component provides significant quantities of 
'heating auxiliary.' The exceptions are at the beginning and end of the day (09:00 and 17:00) 
when the amount of transmitted irradiation is lower than the amount of heat flows toward the 
outside, resulting in a low quantity of heat flow that can be considered as heating demand. 
Figure 5.30 explains these two exceptional hours. 
 
𝑞�ß:�� = 𝑞¿1%@2¿3$1%	(�ß:��) + 𝑞3C�%ml$mm$1%(�ß:��) = (−13.37) + (+8.30) = −5.07	𝑊/𝑚R  
 
𝑞L{:�� = 𝑞¿1%@2¿3$1%(L{:��) + 𝑞3C�%ml$mm$1%(L{:��) = (−13.20) + (+6.79) = −6.41	𝑊/𝑚R  
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Outside and inside surface and air temperatures are shown in figure 5.31. 
 

 
Fig. 5.31   outside temperature (ºC), inside temperature (ºC), outside surface temperature (ºC) and inside surface 
temperature (ºC) - Transparent component - Boundary condition table 5.21 
 
 

Considering the inside air temperature and inside surface temperature reveals that the 
inside surface temperature consistently remains lower than the inside air temperature, resulting 
in simultaneous heat loss through convection. On the outside, the surface temperature remains 
below the air temperature until 09:30, then remains above the outside temperature until 16:00, 
and finally, after 16:00, it falls below the outside temperature. 
 
 
5.7.3 Monthly performance 
 

On an hourly basis, the cumulative amounts of calculated parameters for all 24 selected 
days result in the upcoming graphs for the transparent component, taking into account the 
defined boundary conditions. The monthly cumulative heat flow of conduction is shown in 
Figure 5.32. 
 

 
Fig. 5.32   Monthly amount of heat flow – (W/m2) - Transparent component - Boundary condition table 5.21 
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Applying values of heat flows to the quantity of monthly heat flows considering 
conduction and transmission is shown in figure 5.33. 
 

 
Fig. 5.33   Monthly amount of heat flow + values (W/m2) – Interval 15 days - Transparent component - 
Boundary condition table 5.21 
 
 

Integrating quantities of heat flows through the definition of demands and auxiliaries 
(table 4.5) determines annual energy performance of component (figure 5.34).  
 

 
Fig. 5.34   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) – Transparent 
component - Boundary condition table 5.19 
 
 

The monthly energy performance of the transparent component highlights the 
importance of considering 'cooling demand.' It shows that at the beginning and end of the year, 
there is a heating demand of 180 W/m2, while in summer, it reaches a minimum of 50 W/m2. 
The cooling demand peaks at 1500 W/m2 on the 26th of July. This emphasizes that for a precise 
calculation of a building's energy performance, cooling demand should also be continuously 
taken into account. 
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5.7.4 Orientation 
 

Comparison of energy performance of a vertical (inclination: 90º) transparent 
component in all 4 main orientations has been done (Table 5.27). 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance factor 
 
 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

Transparent 90 0, -90, 180, +90 High A year 1.5 0.50 7 
Tab. 5.27   Boundary condition – Transparent component – different orientations 
 
 

Integrating the quantities of heat flows to determine relative values results in the 
monthly 'energy demand - energy auxiliary' for the component. Figure 5.35 presents the 
monthly heating demand, heating auxiliary, cooling demand, and cooling auxiliary of the 
transparent component under the defined boundary conditions in all four main orientations. 
 

  

  

 
Fig. 5.35   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – Transparent 
component, Inclination 0º, all four orientations - Boundary condition table 5.27 
 
 

Comparing the curves reveals a significant difference in the quantities of cooling 
demand among different orientations. The west-facing component indicates 2,100 W/m2, while 
this amount is reduced to less than 1,100 W/m2 for the north-facing component. Heating 
demand remains relatively consistent in terms of quantity and sequence, but the maximum 
heating auxiliary belongs to the south-facing component, reaching approximately 3,400 W/m2 
on March 26th. Moderated amounts are observed in the east-facing and west-facing components, 
around 2,500 W/m2, while the minimum is found in the north-facing component at 
approximately 1500 W/m2. The notable variation in heating auxiliary quantities underscores 
the importance of defining heat flow values accurately to make informed decisions regarding 
whether the heat flow results in heating and/or cooling demand or can be easily compensated 
for by natural ventilation, which can be achieved by partially opening windows. 
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5.7.5 Inclination 
 

Three inclinations of 90º, 60º, and 30º in all four orientations, under various boundary 
conditions with respect to the 'inside air temperature,' have been considered. A specific 
geometric configuration, representative of the south-facing component, was selected for 
comparison. Additionally, an inclination of 0º is compared as the last orientation, representing 
a flat roof. Table 5.28 provides details of the configurations and boundary conditions of the 
transparent component, and the energy performance of each inclination is illustrated in Figure 
5.36. 
 

Component Inclination 
(º) 

Orientation 
(º) 

Inside 
temperature 

Date Transmittance factor 
 

U-value 
(W/m2.K) 

hi 

(W/m2.K) 
Transparent 0, 30, 60, 90 0 High A year 1.5 0.50 7 

Tab. 5.28   Boundary condition – Transparent component – different inclinations 
 
 

  

  

 
Fig. 5.36   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – Transparent 
component, Inclination 0º, all four orientations - Boundary condition table 5.28 
 
 

Comparing the results of a south-facing transparent component in four orientations (90º 
vertical, 60º, 30º, and 0º flat roof) shows almost the same quantities of heating demand but 
significant differences in cooling demand. For instance, on July 26th, the cooling demand for 
the 90º vertical orientation is about 1,500 W/m2, while the 60º, 30º, and 0º orientations show 
2,700, 3,350, and 3,200 W/m2, respectively. Therefore, in the defined component, the 30º 
inclination results in higher cooling demand compared to other inclinations. Additionally, 
auxiliary heating also indicates higher quantities in the 30º inclination, reaching a maximum of 
about 5,500 W/m2, while in the 90º vertical orientation, it is moderated to approximately 3,200 
W/m2. 
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5.7.6 Inside air temperature 
 

With respect to the representative transparent component and the defined boundary 
conditions (as listed in Table 5.29), a comparison of the cumulative quantities of indexes across 
the four main orientations is presented in Figure 5.37. 

 
Component Inclination 

 
(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance factor 
 
 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

Transparent 0, 30, 60, 90 0 High A year 1.5 0.50 7 
Tab. 5.29   Boundary condition – Transparent component – different inclinations – Inside set temperature: high 
 
 

 
Fig. 5.37   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) 
– Transparent component, Inclination 0º, all four orientations – Inside temperature: high - Boundary condition 
table 5.29 
 

 
A quantitative comparison of the indexes reveals a minor difference in annual heating 

demand, with the 90º inclination (west-faced) indicating 3,035 W/m2, while the 0º inclination 
(south-faced) shows 3,087 W/m2. The lowest cumulative cooling demand is observed in the 
180º inclination (north-faced) with a quantity of 1,720 W/m2, while the 90º inclination (west-
faced) records 4,011 W/m2. The maximum heating auxiliary is delivered by the 0º inclination 
(south-faced) with approximately 30,000 W/m2, while the 180º inclination (north-faced) shows 
the minimum at about 16,000 W/m2. Cooling auxiliary remains at low rates. 
 

The upcoming boundary conditions in Table 5.30 and the related comparisons in Figure 
5.38 are presented to illustrate the differences in quantities of indexes when the inside 
temperature set-point changes. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance factor 
 
 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

Transparent 0, 30, 60, 90 0 Low A year 1.5 0.50 7 
Tab. 5.30   Boundary condition – Transparent component – different inclinations – Inside set temperature: low 
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Fig. 5.38   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) 
– Transparent component, Inclination 0º, all four orientations – Inside temperature: Low 
 
 

Comparing quantities of cumulative amounts of indexes in two boundary conditions 
(different inside temperatures) in the defined transparent component is shown in figure 5.39. 
 

 
Fig. 5.39   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) 
– Transparent component, Inclination 0º, all four orientations – Inside temperature: high, low 
 
 

The quantity of changing energy indexes, based on an hourly interval of calculation, in 
the considered transparent component with the defined boundary conditions, is shown in Figure 
5.38. A selective inclination of 90º (vertical) with an orientation of 0º (south-faced) is employed 
using the defined boundary conditions in Table 5.31 (results are presented in Figure 5.40). 
 

Component Inclination 
(º) 

Orientation 
(º) 

Inside temperature 
(Set) 

Date Transmittance factor 
 

U-value 
(W/m2.K) 

hi 

(W/m2.K) 
Transparent 90 0 high, low A year 1.5 0.50 7 

Tab. 5.31   Boundary condition – Transparent component - Inside set temperature: high / low 
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Fig. 5.40   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary (W/m2) – Transparent 
component, Inclination 90º, orientation 0º, Inside temperature; high (left), low (right) 
 
 

Comparing performance of transparent component in two different inside temperature 
set-points indicate a remarkable difference in cooling demand quantities and periods. Boundary 
condition in table 5.32 and related comparison in figure 5.41 show changes of cumulative 
amounts of indexes. 
  

Component Inclination (º) Orientation (º) CT Date Transmittance factor U-value (W/m2.K) hi (W/m2.K) 

Transparent 0, 30, 60, 90 0 high, low A year 1.5 0.50 7 
Tab. 5.32   Boundary condition - Transparent component - Different inclinations - CT: high / low 
 
 

 
Fig. 5.41   Cumulative amount of heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – 
Transparent component, orientation: 0º, inclinations: 0º, 30º, 60º and 90º – Inside temperature: high, low 
 
 

Comparing the cumulative annual indexes in the transparent component with a selective 
orientation of 0º (south-faced through all four main orientations) reveals that cooling demand 
and heating auxiliary are primarily affected by altering the inclination of the proposed 
component. An inclination of 30º results in the highest cooling demand and heating auxiliary, 
making it more sensitive to changes in the inside temperature setpoint. When changing the 
inside temperature setpoint from high to low, the cooling demand for the 30º inclination 
increases by more than 1,600 W/m2, while its heating auxiliary increases by about 1,500 W/m2.  
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5.8 BIPV 
 

In calculating the amounts, direction, and values of heat flows in BIPV using the steady 
heat transfer method, the 'power balance model' correlation has been integrated. The 
employment of Equation 4.26 indicates the interaction of the temperature of the PV system in 
drops of efficiency, as well as the contributions of irradiation and the thermal effects of 
boundary conditions to be calculated in the dissipation of heat in both directions. Regarding the 
assembly of materials for BIPV, as listed in Table 4.9, additional thermal resistance of BIPV is 
included in the calculation of the final U-value for the combination of BIPV with the opaque 
component. As a result, 
 

ΣR	II9�¼½MÆ�VV = 𝑅Æ�VV + 𝑅9�¼½ = 6.66 + 5.22 = 11.88	𝑚R. k/W 
 

𝑈 − 𝑣𝑎𝑙𝑢𝑒Å�VVM9�¼½ =
1

11.88 = 0.084	W/𝑚R. k 
 

Considering Equation 4.20, Rwall+BIPV is considered as ΣRII, which refers to the 'thermal 
resistance of the wall excluding inside and outside air film resistances.' To calculate ΣRI, 
referring to the 'thermal resistance of the wall excluding outside air film resistance,' the 
following correlation has been applied: 
 

ΣR	I9�¼½MÆ�VV = ΣR	II9�¼½MÆ�VV + 𝑅$%m$@k	�$C = 11.88 + 1 ℎ$%ç = 
11.88 + 0.14 = 12.03	𝑚R. k/W 

 
 

For the assumption of the transmittance factor of the front glass, the same type of 
integrated glass used in the transparent component has been assumed for the front glass layer 
of BIPV. In the assumptions of parameters in Equation 4.26, which determines the power input 
by integrating portions of irradiation reaching the surface of the PV, the same coefficients as 
those of the transparent component have been applied. In the calculation of electrical power, 
electrical and thermal parameters have been assumed based on the sample data sheet for the 
production of BIPV (as shown in Table 5.33) [61]. 
 

 

Tab. 5.33   Electrical and thermal characteristics of photovoltaic (Q-Cells) [61] 
 
 

As a result, to assume a normal range of efficiency for PVs that will be integrated into 
all three configurations of BIPV, BAPV, and PV glazing, an efficiency value of 0.2 is applied. 
A nominal module operating temperature of 43 ºC is also applied to all three configurations of 
BIPV, BAPV, and PV. Considering the temperature coefficient of PVs, different ranges of 
sensitivities are observed for different types of panels, which indicate lower values of the α 
coefficient. On average, an α coefficient of 0.02% per degree Kelvin (°C) has been applied in 
the calculations. 
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5.8.1 Daily performance – summer day 
 

Table 5.34 shows calculated inside and outside surface temperatures of defined BIPV 
integrated on existing opaque component through employed boundary condition.  
 

Component Inclination 
(º) 

Orientation 
(º) 

CT 
 

Date Transmittance factor 
(front glass) 

U-value 
(W/m2.K) 

hi 

(W/m2.K) 
αcoeff 

(%/K) 
TSTC 

(ºC) 
η 
 

BIPV 90 0 High 26th Jan 
26th Jul 

1.5 0.084 7 0.02 43 0.20 

Tab. 5.34   Thermal and electrical characteristic of applied BIPV to opaque component and boundary condition 
 
 

On a summer day, specifically the 26th of July at 11:00, the procedure for calculations 
and the employed equations are described in the following tables. Equation 4.20 is used to 
calculate TM, which represents the operating temperature of the PV cell, by considering the 
thermal resistance of the combination of the PV backside and the wall introduced in the opaque 
component. For the PV cell, which is assumed to have an extremely low thickness of 0.2 mm 
and a homogeneous construction, a constant temperature is calculated. As a result, three main 
segments of Equation 4.26 are employed to calculate the balance of 'power input,' 'electrical 
power,' 'thermal dissipation,' as well as the quantity of surface temperatures and TM. Power 
input, considering the reflection, absorption, and transmission properties of the front layer of 
BIPV, is calculated through Equation 4.26. To integrate Tsol-air directly at the surface of the PV 
cell, a low thermal resistance value for the front side of BIPV is calculated and applied in the 
calculations for RII combination and RI combination (The rest of the calculations in Table 5.35). 
 

N Parameter Symbol Equation Result Unit 
06 Effective irradiation I 𝑃𝑜𝑤𝑒𝑟	𝑖𝑛𝑝𝑢𝑡 = X1 − 𝛾Ä − 𝛼Ä − 𝛼Ê. 𝜏¼½. 𝜏Ä − 𝜏Ê. 𝜏¼½. 𝜏Ä]. 𝑄m1V 191,61 W/m2 

07 Solar-air temperature Tsol-air (4.12) 314,50 ºC 

 
08 

Thermal resistance of the 
wall excluding outside air 
film resistance 

 
∑RI 

𝑅𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅¼½ + 𝑅Ê�¿� + 𝑅Æ�VV + 𝑅�$C	$% 
 

(4.20) 

12,03 m2k/W 

 
09 

Thermal resistance of the 
wall excluding inside and 
outside air film resistances 

∑RII 
 

𝑅𝐼𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅¼½ + 𝑅Ê�¿� + 𝑅Æ�VV  
 

(4.20) 

11,89  
m2k/W 

 

 
10 

 
PV operating temperature 
 

 
TM 𝑇Ð =

Ww.8�w���x�M�
�xy
∑��

�

� �
���

�MWw
   (4.13) 

314,38  
ºK 

11 Inside surface temperature Ts-in 𝑇US$% = 𝑇Ð + (ℎ1. Σ𝑅��. (𝑇Ð − 𝑇m1VS�$C))		 (4.14) 300,24 ºK 

12 Heat flow q 𝑞 = ℎ1. (𝑇m1VS�$C − 𝑇Ð)   (4.15) 1,19 W/m2 

Tab. 5.35   Calculation of surface temperatures – heat flow – BIPV – boundary condition in table 5.34 
 
 
          The division of irradiation diffraction is calculated based on the proportion of generated 
electricity, utilizing the 'electrical power' segment of the energy balance equation in BIPV. 
Diffractions of reflection, emission, and convection are calculated separately (Table 5.36). 
 

N Parameter symbol Equation result Unit 
13 Electricity generation qe 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = [𝜂. p1 − 𝛼¿1kÄÄ. (𝑇Ð − 𝑇U8b)| . 𝜏Ä. 𝐺] -48,92 W/m2 

14 outside reflection qref 𝑞CkÄ = 𝑄m1V − X𝐵(W)𝑟9([) + 𝐷(W)𝑟>([)] -181,51 W/m2 

15 outside emission qrad 4.19 -130,57 W/m2 

16 outside convection  qcon 4.18 -116,83 W/m2 

Tab. 5.36   Dividing diffraction of irradiation – electricity generation – BIPV - boundary condition in table 5.34 
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By integrating thermal and electrical characteristic of applied BIPV to opaque 
component in representative day of summer (26th Jul), table 5.37 is resulted;  
 

 
Tab. 5.37   Inside and outside surface temperatures (ºC), heat flow (W/m2)– Effect of reflection, convection, 
emission and transmission + generated electricity (W/m2), BIPV, summer day, 26th July - boundary condition in 
table 5.34 
 
 

Air and surface temperatures, values of heat flows are shown in figure 5.42. 
 

  
Fig. 5.42   Air and surface temperatures, values of heat flows, BIPV, summer day - boundary condition in table 
5.34 
 
 

Resulted heating and cooling demands and electricity generation and diffraction of 
irradiation are shown in figure 5.43. 
 

  
Fig. 5.43   Air and surface temperatures, values of heat flows, BIPV, summer day - boundary condition in table 
5.34 
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5.8.2 Daily performance – Winter day 
 

By integrating thermal and electrical characteristic of applied BIPV to opaque 
component in representative day of winter (26th Jan), table 5.38 is resulted;  
 

 
Tab. 5.38   Inside and outside surface temperatures (ºC), heat flow (W/m2) – Effect of reflection, convection, 
emission and transmission + generated electricity (W/m2), BIPV, winter day, 26th January - boundary condition 
in table 5.34 
 
 

Air and surface temperatures, values of heat flows are shown in figure 5.44. 
 

  
Fig. 5.44   Air and surface temperatures (left), values of heat flows (right) , BIPV, winter day - boundary 
condition in table 5.34 
 
 

The resulting heating and cooling demands, electricity generation, and diffraction of 
irradiation are shown in Table 5.45. 
 

  
Fig. 5.45   Air and surface temperatures (left), diffraction of irradiation (right), BIPV, winter day - boundary 
condition in table 5.34 
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5.8.3 Monthly performance 
 

Monthly cumulative heat flow in BIPV regarding the defined boundary condition, 
applying values and resulted energy demands is shown in figure 5.46. 
 

  

 
Fig. 5.46   Monthly cumulative heat flow (top left) – Values of heat flow (top right) – Heating demand, heating 
auxiliary, cooling demand and cooling auxiliary (bottom) – BIPV (W/m2) - Geometrical setup and boundary 
condition in table 5.34 
 
 

Applying power balance model considering interaction of thermal dissipation and 
power input regarding selective geometrical setup and boundary condition, results annual 
energy performance of BIPV representing fluctuation of electricity generation (figure 5.47). 
 

 
Fig. 5.47   Monthly energy demands – electricity generation (W/m2) - BIPV - Geometrical setup and boundary 
condition in table 5.34 
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5.8.4 Orientation 
 

Comparison of energy performance of a vertical (inclination 90º) BIPV in all 4 main 
orientations has been done. Table 5.39 shows detail of configuration and boundary condition 
of the purposed component. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance 
factor 

(front glass) 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

αcoeff 

 
(%/K) 

TSTC 

 
(ºC) 

η 
 

BIPV 90 0, -90, 
180, +90 

High A year 1.5 0.084 7 0.02 43 0.20 

Tab. 5.39   Thermal and electrical characteristic of applied BIPV to opaque component and boundary condition 
 
 

The results of comparing the effects of the four main orientations in the vertical position 
(inclination 90º) of BIPV are presented in Figure 5.48 and Figure 5.49. 
 

  
Fig. 5.48   heating demand + heating auxiliary (left), cooling demand + cooling auxiliary (right) (W/m2) 
BIPV - Geometrical setup and boundary condition in table 5.39 – Different orientations 
 
 

 
Fig. 5.49   Monthly electricity generation (W/m2) - BIPV - Geometrical setup and boundary condition in table 
5.39 – Different orientations 
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5.8.5 Inclination 
 

Comparison of energy performance of a south-faced (orientation: 0º) BIPV in all 4 main 
inclinations has been done. Table 5.40 shows detail of configuration and boundary condition of 
the purposed component. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance 
factor 

(front glass) 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

αcoeff 

 
(%/K) 

TSTC 

 
(ºC) 

η 
 

BIPV 0, 30, 60, 90 0 High A 
year 

1.5 0.084 7 0.02 43 0.20 

Tab. 5.40   Thermal and electrical characteristic of applied BIPV to opaque component – Different inclinations 
 

 
The results of comparing the effects of the four main inclinations in a south-faced 

(orientation 0º) BIPV are presented in Figure 5.50 and Figure 5.51. 
 

  
Fig. 5.50   heating demand + heating auxiliary (left), cooling demand + cooling auxiliary (right) (W/m2) 
BIPV - Geometrical setup and boundary condition in table 5.40 – Different inclinations 
 
 

 
Fig. 5.51   Monthly electricity generation (W/m2) - BIPV - Geometrical setup and boundary condition in table 
5.40 – Different inclinations 
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5.9 BAPV 
 

The configuration of BAPV involves the integration of PV panels at a certain distance 
from the outer surface of the opaque component. This distance affects the operating temperature 
of PV panels. Additionally, thermal dissipations need to be calculated considering different 
quantities of convective thermal transfer, which is influenced by the backside distance. In this 
work, an average backside distance of 10 cm is applied for BAPV. The construction consists of 
two separate layers. The first layer includes frontside glass, PV panels, and backside glass. The 
second layer is composed of a uniform material (opaque component). Different inclinations of 
BAPV result in varying backside air velocities, which in turn alter the convective heat transfer 
coefficient. Consequently, different coefficients are applied to both layers of BAPV under 
steady-state conditions. These coefficients, resulting from different inclinations, are employed 
for the 'backside of layer 1' and the 'frontside of layer 2,' as illustrated in Figure 5.52 [55]. 
 

 
Fig. 5.52   Physical construction of defined BAPV + thermal resistance algorithm 
 
 

Assumption of changing convective heat transfer coefficient in different inclinations for 
BAPV (the same constructive setup) with 10 cm backside air gap is shown in table 5.41 [55]. 
 

 
Tab. 5.41   Measurement of operating temperature of PV module at backside and wall temperature and total gap 
heat transfer coefficient (hi,gap) (W/m2K) [55] 
 

So, an assumption of a convective heat transfer coefficient ranging from 12.00 W/m2K 
for 0º inclination to 12.70 W/m2K for 90º inclination is applied. 
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5.9.1 Daily performance – summer day 
 

BAPV consists primarily of two basic layers: Layer-01 and Layer-02, representing the 
outside integrated PV and the inside opaque component, respectively. Therefore, we consider 
two separate heat transfers—one on the outside and one on the inside of the component. These 
layers are separated by a 10 cm air gap, and it is assumed that the same outside air can naturally 
ventilate through this gap. Consequently, in both boundary conditions, the temperature of the 
intermediate air is assumed to be equal to Tout. The effect of different air velocities in this air 
gap, which leads to varying convective heat transfer coefficients due to different inclinations, 
has been continuously calculated and is employed as ho. It's important to note that two different 
quantities of heat flow are calculated in Layer-01 and Layer-02. This discrepancy arises because 
the heat flow in Layer-02 is disconnected from the building's envelope, and the interaction of 
heat flow occurs within the 10 cm air layer, which is in constant contact with the outside air. 
However, the significance of Layer-02 (the outside layer) lies in the operating temperature of 
PV, directly impacting the 'electrical power' segment of the power balance. Consequently, while 
the heat flow of both the inside and outside layers of BAPV can be calculated, only the heat 
flow of Layer-02 will be taken into account. Tables 5.43 and 5.44 illustrate the calculation of 
parameters in Layer-01 for the 26th of July. 

 
The boundary condition applied to the considered BAPV in Table 5.42 is supplemented 

with new values of individual 'u-value,' which are separately calculated based on thermal 
resistances of ∑RI and ∑RII for each layer. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 
 

Date Transmittance 
factor 

(front glass) 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

αcoeff 

 
(%/K) 

TSTC 

 
(ºC) 

η 
 

Layer-01 90 0 - 26th Jan 
26th Jul 

1.5 100 12.70 0.02 43 0.20 

Layer-02 90 0 High 26th Jan 
26th Jul 

- 0.15 7.00 - - - 

Tab. 5.42   Thermal and electrical characteristic of applied BAPV to opaque component and boundary condition 
 
 

N Parameter Symbol Equation Result Unit 
06 Effective irradiation I 𝑃𝑜𝑤𝑒𝑟	𝑖𝑛𝑝𝑢𝑡 = X1 − 𝛾Ä − 𝛼Ä − 𝛼Ê. 𝜏¼½. 𝜏Ä − 𝜏Ê. 𝜏¼½. 𝜏Ä]. 𝑄m1V 191,61 W/m2 

07 Solar-air temperature Tsol-air (4.12) 314,50 ºC 

 
08 

Thermal resistance of the 
wall excluding outside air 
film resistance 

 
∑RI 

𝑅𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅¼½ + 𝑅Ê�¿� + 𝑅�$C	 
 

(4.20) 

0,09 m2k/W 

 
09 

Thermal resistance of the 
wall excluding inside and 
outside air film resistances 

∑RII 
 

𝑅𝐼𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅¼½ + 𝑅Ê�¿� 
 

(4.20) 

0,01  
m2k/W 

 

10 PV operating temperature TPV 
𝑇Ð =

Ww.8�w���x�M�
�xy
∑��

�

� �
���

�MWw
   (4.13) 

307,36 ºK 

Tab. 5.43   Calculation of surface temperatures – heat flow – BAPV – Layer-01 –boundary condition; table 5.40 
 

N Parameter Symbol Equation Result Unit 
11 electricity generation qe 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = [𝜂. p1 − 𝛼¿1kÄÄ. (𝑇Ð − 𝑇U8b)| . 𝜏Ä. 𝐺] -50,63 W/m2 

12 Outside reflection qref 𝑞CkÄ = 𝑄m1V − X𝐵(W)𝑟9([) + 𝐷(W)𝑟>([)] -181,51 W/m2 

13 Outside emission qrad 4.19 -87,48 W/m2 

14 Outside convection qcon 4.18 -84,43 W/m2 

Tab. 5.44   Dividing diffraction of irradiation – electricity generation – BAPV - Layer-02 - boundary condition 
in table 5.40 
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          In Layer-02 (the inner layer), a different boundary condition is applied, supposing the 
absence of irradiation and a disconnection from the effect of sky emission as it is covered by 
Layer-01. In this regard, instead of Tsol-air, Tout has been employed to calculate surface 
temperatures. The value of ho is based on considering the special configuration of BAPV, 
including its 10 cm air gap and 90º inclination, and has been assumed to be 12.70 W/m²·K.  
 
          Table 5.45 shows the calculated surface temperatures and heat flow in Layer-02. 
 

N Parameter Symbol Equation Result Unit 
01 Effective irradiation I (shaded) 0.00 W/m2 

 
02 

Thermal resistance of the 
wall excluding outside air 
film resistance 

 
∑RI 

𝑅𝐼¿1lÊ$%�3$1% = 𝑅1Ã�è2k	¿1lÃ1%k%3 + 𝑅�$CS$%	 
 

4.20 

6.81 m2k/W 

 
03 

Thermal resistance of the 
wall excluding inside and 
outside air film resistances 

∑RII 
 

𝑅𝐼𝐼¿1lÊ$%�3$1% = 𝑅1Ã�è2k	¿1lÃ1%k%3 
 

4.20 

6.67  
m2k/W 

 

04 Outside-surface 
temperature 

TPV 4.13 300,74 ºK 

05 Inside-surface temperature TPV 4.14 300,08 ºK 

06 Heat flow q 4.15 0,10 W/m2 

Tab. 5.45   Surface temperatures and heat flow – BAPV - Layer-02 - boundary condition in table 5.42 
 
 
          In the absence of irradiation, Layer-02 also experiences no diffraction of irradiation. 
Considering both layers of BAPV, Table 5.46 presents the resulting surface temperatures, heat 
flows, and the diffraction of irradiation (resulting from Layer-01). 
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T out T in T s-out T s-in q all Value Q sol q ref q con q emi q tra q ele q cond 
ºC ºC ºC ºC W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 

Layer-01 27,60 27,60 34,21 33,50 74,97 - 479,02 -181,51 -84,43 -87,48 0,00 -50,63 74,97 

Layer-02 27,60 26,92 27,59 26,93 0,10 G- 0,00 0,00 0,10 0,00 0,00 0,00 0,10 

Result 27,60 26,92 34,21 26,93 0,10 G- 479,02 -181,51 -84,43 -87,48 0,00 -50,63 0,10 

Tab. 5.46   Surface temperatures and diffraction of irradiation, BAPV, 10 cm air gap - boundary condition in 
table 5.42 
 
 

Regarding the different amounts of heat flow in Layer-01 and Layer-02, the heat flow 
of Layer-02 is taken into account, as it indicates the quantity of effective heat flow in connection 
with the building's components. Due to the similarities between the construction of BAPV and 
BIPV, as well as the calculation procedures, the daily performance of BAPV on a winter day is 
not explained, and the results of BAPV are discussed directly at the monthly level. 
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5.9.2 Monthly performance 
 

The monthly cumulative heat flow in BAPV, considering the defined boundary 
conditions, applied values, and resulting energy demands, is shown in Figure 5.53. 
 

 
Fig. 5.53   Monthly cumulative heating demand, heating auxiliary, cooling demand and cooling auxiliary – 
BAPV (W/m2), Geometrical setup and boundary condition in table 5.42 
 
 

Integrating the electricity generation amounts into the monthly energy performance of 
BAPV results in its energy performance, as shown in Figure 5.54. 
 

 
Fig. 5.54   Monthly energy demands – electricity generation (W/m2) - BAPV - Geometrical setup and boundary 
condition in table 5.42 
 
 

5.9.3 Inclination and orientation 
 

Regarding the same procedure for assessing the effects of orientation on the energy 
performance of BAPV and BIPV, performance comparisons of BAPV in different orientations 
are not presented. Instead, the effect of different inclinations is discussed purposefully, as the 
assumption of convective heat transfer coefficients in different inclinations in the backside air 
layer is exclusively employed in BAPV energy performances. A comparison of the energy 
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performance of a south-facing (orientation: 0º) BAPV in all four main inclinations has been 
conducted (Table 5.47).  
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Date Transmittance 
factor 

(front glass) 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

αcoeff 

 
(%/K) 

TSTC 

 
(ºC) 

η 
 

Layer-01 0, 30, 60, 90 0 - annual 1.5 100 12.70 0.02 43 0.20 

Layer-02 High annual - 0.15 7.00 - - - 

Tab. 5.47   Thermal and electrical characteristic of applied BAPV to opaque component and boundary condition 
 
 

The results of comparing the effects of the four main orientations in vertical inclination 
are shown in Figure 5.55. 
 

  
Fig. 5.55   heating demand + heating auxiliary (left), cooling demand + cooling auxiliary (right) (W/m2) 
BAPV - Geometrical setup and boundary condition in table 5.47 – Different inclinations 
 
 

Regarding the absence of irradiation and outside emission in Layer-02 of BAPV (the 
inside layer), the fluctuation of heating and cooling demands shows approximately the same 
levels. Similarly, the effects of different convective heat transfer coefficients due to varying 
wind velocities will not significantly affect the final performance. On the outside, electricity 
generation is continuously influenced by all weather parameters dependent on geometrical 
configurations as well. The fluctuation of electricity generation under the defined boundary 
conditions in different inclinations is shown in Figure 5.56. 
 

 
Fig. 5.56   Monthly electricity generation (W/m2) - BAPV - Geometrical setup and boundary condition in table 
5.44 – Different inclinations – boundary condition in table 5.47 
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5.10 PV glazing 

 
Supposing partial integration of PVs on existing transparent components in this work, 

two different parts have been separately calculated. The first part indicates areas of the 
component that are covered by PVs (encapsulated between two transparent layers), and the 
second part indicates areas of the component that remain transparent without any PV coverage. 
Regarding different possible proportions of 'areas with PVs' and 'areas without PVs,' the 
possibility of applying different proportional ratios is considered in calculations, but a certain 
ratio of 75% allocated to 'areas with PVs' and 25% to 'areas without PVs' is selected for different 
types of PV glazing. Figure 5.57 shows the applied proportional area of PV glazing. 

 

 
Fig. 5.57   Physical construction of considered PV glazing + thermal resistance algorithm + considered area 
allocation percentage 

 
 
5.10.1 Daily performance - Summer day 
 
          Electrical power and thermal performance calculations for 'areas with PVs' and 'areas 
without PVs' on the representative day of July 26th at 11:00 are separately displayed in Table 
5.48. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 
 

Date Transmittance 
factor 

(front glass) 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

αcoeff 

 
(%/K) 

TSTC 

 
(ºC) 

η 
 

With PVs 90 0 High 26th 
Jul l 

1.5  7.00 0.02 43 0.20 

Without PVs 90 0 High 26th 
Jul 

1.5 0.497 7.00 - - - 

Tab. 5.48   Thermal and electrical characteristic of PV glazing and boundary condition 
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          The calculation of surface temperatures and heat flow is displayed in Table 5.49, and the 
division of diffraction of irradiation is shown in Table 5.50. 
 

N Parameter Symbol Equation Result Unit 
06 Effective irradiation I 𝑃𝑜𝑤𝑒𝑟	𝑖𝑛𝑝𝑢𝑡 = X1 − 𝛾Ä − 𝛼Ä − 𝛼Ê. 𝜏¼½. 𝜏Ä − 𝜏Ê. 𝜏¼½. 𝜏Ä]. 𝑄m1V 191,61 W/m2 

07 Solar-air temperature Tsol-air 4.12 314,50 ºC 

08 Thermal resistance of wall 
excluding outside air 
resistance 

∑RI 𝑅𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅¼½ + 𝑅Ê�¿� + 𝑅Å$%@1Æ
+ 𝑅�$C	$% 

2,15 m2k/W 

09 Thermal resistance of  
wall excluding inside and 
outside air resistances 

∑RII 𝑅𝐼𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅¼½ + 𝑅Ê�¿� + 𝑅Å$%@1Æ 2,01 m2k/W 
 

10 PV operating temperature TPV 
𝑇Ð =

Ww.8�w���x�M�
�xy
∑��

�

� �
���

�MWw
   (4.13) 

313,89 ºK 

11 Inside surface temperature Ts-in 𝑇US$% = 𝑇Ð + (ℎ1. Σ𝑅��. (𝑇Ð − 𝑇m1VS�$C))   (4.14) 301,60 ºK 

12 Heat flow q 𝑞 = ℎ1. (𝑇m1VS�$C − 𝑇Ð)   (4.15) 6,12 W/m2 

Tab. 5.49   Surface and operating temperatures, PV glazing, Areas with PVs – boundary condition in table 5.48 
 
 

N Parameter Symbol Equation Result Unit 
13 Electricity generation qe 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = [𝜂. p1 − 𝛼¿1kÄÄ. (𝑇Ð − 𝑇U8b)| . 𝜏Ä. 𝐺] -49,04 W/m2 

12 Outside reflection qref 𝑞CkÄ = 𝑄m1V − X𝐵(W)𝑟9([) + 𝐷(W)𝑟>([)] -181,51 W/m2 

13 Outside emission  qrad 4.19 -127,42 W/m2 

14 Outside convection  qcon 4.18 -114,93 W/m2 

Tab. 5.50   Diffraction of irradiation, PV glazing, Areas with PVs - boundary condition in table 5.48 
 
 

And in ‘areas without PVs’ surface temperatures, heat flow and diffractions of 
irradiation are calculated and shown in table 5.51. 
 

N Parameter Symbol Equation Result Unit 
06 Effective irradiation Qsol 4.6 191,61 W/m2 

07 Solar-air temperature Tsol-air 4.12 301,27 ºC 

 
08 

Thermal resistance of the wall 
excluding outside air film 
resistance 

 
∑RI 

𝑅𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅Ê�¿� + 𝑅Å$%@1Æ + 𝑅�$C	$% 
 

4.20 

2,15 m2k/W 

 
09 

Thermal resistance of the wall 
excluding inside and outside air 
film resistances 

∑RII 
 

𝑅𝐼𝐼¿1lÊ$%�3$1% = 𝑅ÄC1%3	_V�mm + 𝑅Ê�¿� + 𝑅Å$%@1Æ 
 

4.20 

2,01  
m2k/W 

 

10 Outside surface temperature Ts-out 4.13 301,22 ºK 

11 Inside surface temperature Ts-in 4.14 300,15 ºK 

12 Heat flow q 4.15 0,54 W/m2 

13 transmission qtr 0.815. (𝑞m1V − 𝑞CkÄ) -242,47 W/m2 

12 outside reflection qref 𝑞CkÄ = 𝑄m1V − X𝐵(W)𝑟9([) + 𝐷(W)𝑟>([)] -181,51 W/m2 

13 outside emission qrad 4.19 -52,18 W/m2 

14 outside convection qcon 4.18 -2,32 W/m2 

Tab. 5.51   Surface temperatures + Diffraction of irradiation, PV glazing, Areas without PVs - boundary 
condition:  table 5.48 *  Results of calculated ∑RII and ∑RI indicate no different comparing to the same thermal 
resistance of ‘areas with PVs’ regarding low quantity of RPV that is 0.000001 m2k/W 
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          To determine the performance of a component that is a combination of areas with and 
without PVs, the amount of outside convection, emission, transmission, and electricity is 
calculated using correlation 4.24. Since each configuration indicates different surface 
temperatures, the result is recorded as 'multi,' indicating two different surface temperatures. The 
final performance of the component is presented in Table 5.52. 
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n  

T out T in T s-

out 
T s-in q all Value Q sol q ref q con q emi q tra q ele q 

cond 
ºC ºC ºC ºC W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 

With PVs 27,60 26,92 40,74 28,45 6,12 G- 479,02 -181,51 -114,93 -127,42 0,00 -49,04 6,12 

Without PVs 27,60 26,92 28,07 27,00 243,01 G- 479,02 -181,51 -2,32 -52,18 -242,47 0,00 0,54 

Combination 27,60 26,92 Multi Multi 65,34 G- 479,02 -181,51 -86,78 -108,61 -60,62 -36,78 4,72 

Tab. 5.52   Surface temperatures and diffraction of irradiation, PV glazing (75% with PVs + 25% without PVs) - 
boundary condition in table 5.48 
 
 

Since the construction of the assumed PV glazing integrates the same PV technology 
applied in both BIPV and BAPV, and the inner side consists of a transparent component, the 
performance in areas of PV glazing without PVs is exactly the same as the performance of the 
transparent component. The only change is the inclusion of low quantities of additional thermal 
resistance from the front glass and back glass of the PV glazing, which results in a shift in the 
U-value of the window from 0.5 W/m²·K to 0.497 W/m²·K. 
 

In areas with PVs, considering the extremely low calculated thermal resistance of the 
PV material (0.000001 m²·K/W), the final U-value again remains at 0.497 W/m²·K. Therefore, 
due to the nearly identical energy performance of PV glazing in areas without PVs compared 
to standard windows, the calculation procedure for daily performance in areas without PVs is 
not presented. 
 

In areas with PVs, where the PV is attached to an inside thermal resistance (an existing 
window with a thermal resistance of 2.00 m²·K/W), the calculation procedure is exactly the 
same as the procedure used for BIPV (the application of PV to an existing thermal resistance 
of an opaque component). Hence, an explanation of the calculation procedure for areas with 
PVs is also omitted. 
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5.10.2 Monthly performance 
 

Monthly cumulative heat flow in PV glazing, considering the defined boundary 
conditions, applied values, and resulting energy demands, is shown in Figure 5.58. 
 

 
Fig. 5.58   Monthly cumulative heating demand, heating auxiliary, cooling demand and cooling auxiliary – PV 
glazing (W/m2), Geometrical setup and boundary condition in table 5.48 
 
 

Integrating electricity generation amounts into the monthly energy performance of PV 
glazing results in its energy performance, as shown in Figure 5.59. 
 

 
Fig. 5.59   Monthly energy demands – electricity generation (W/m2) – PV glazing - Geometrical setup and 
boundary condition in table 5.48 
 
 

5.10.3 Inclination and orientation 
 

Regarding the construction of PV glazing, which combines a transparent component 
with opaque PV panels, and considering the possibilities of different area allocations (the ratio 
of areas with PVs to areas without PVs), various energy performance scenarios with different 
quantities and proportions of energy demands and auxiliaries will be explored. Rates of 
electricity generation will also be directly related to the percentage of areas with PVs. 
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5.11 Comparing 5 components 
 

To compare the electrical power and thermal performance of all five defined 
components in this study, specific geometrical setups representing the most common inclination 
and orientation have been selected. A comprehensive calculation has been conducted 
considering possible variants that take into account the interaction of geometrical 
configurations, boundary conditions, components, and the representative date (Table 5.53). The 
results obtained are simultaneously used in the calculations of the final indexes of self-
sufficiency and self-consumption. For the purpose of discussing and revealing the effects of 
different geometrical setups across different components, we have chosen some selective 
geometrical setups. Upcoming graphs will compare the electrical power and thermal 
performance of these five components at an inclination of 90º (vertical) with an orientation of 
0º (south-faced) (Figures 5.60 and 5.61). 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

 
(Set) 

Date Transmittance 
factor 

(front glass) 

U-value 
 

(W/m2.K) 
* 

hi 

 
(W/m2.K) 

αcoeff 

 
(%/K) 

** 

TSTC 

 
(ºC) 
** 

η 
 

** 
5 components 90 0 High annual 1.5 a. 0.15 

b. 0.5 
c. 0.084 
d. 0.15 
e. 0.497 

7.00 0.02 43 0.20 

Tab. 5.53   Thermal and electrical characteristic of applied BAPV to opaque component and boundary condition 
*. Amount of u-value is assumed regarding construction of each component; a. opaque, b. transparent, c. BIPV, 
d. BAPV, e. PV glazing  
**. Applied to BIPV, BAPV and PV glazing 
 
 

The comparison of the thermal performance of all five components are in Figure 5.60. 
 

  

  
Fig. 5.60   Monthly heating demand, heating auxiliary, cooling demand, cooling auxiliary(W/m2) – 5 
components, Geometrical setup and boundary condition in table 5.53 

• Opaque, •Transparent, • BIPV, • BAPV, • PV glazing 



 103 

Comparing the heating demand of all five components demonstrates a remarkable effect 
of the U-value of each component on the calculated heating demand, with the lowest demand 
belonging to BIPV. It should be noted that the higher cooling demand of PV glazing compared 
to windows is justified, considering that the total amount of 'transmitted heat' in transparent 
components is calculated through the cumulative calculation of 'transmission + conduction.' 
Due to the larger transparent area, windows have more transmitted quantities of irradiation 
compared to PV glazing, which leads to a higher cooling demand as well. The comparison of 
electricity generation for the three components equipped with PVs is shown in Figure 5.61. 
 

 

 
Components with PVs: 
 
• BIPV 

• BAPV 

• PV glazing 

Fig. 5.61   Monthly electricity generation (W/m2) – 3 components, Geometrical setup and boundary condition in 
table 5.53 
 

The graph demonstrates a higher quantity of generated electricity by BAPV compared 
to BIPV, primarily due to the comparatively lower operating temperature of BAPV. The lower 
performance of PV glazing is also a result of the lower integrated PV area percentage compared 
to BIPV and BAPV, which has been assumed to be 75% of the total area of the module. 

 
 
5.12 Proportion of outside convection and emission (BIPV) 
 

Other comparisons have also been conducted regarding the proportion of outside 
convection and emission in different inclinations and orientations. The employed data have 
been collected based on the available proportion of emission and convection calculated in the 
diffraction of irradiation within each component. Figures 5.62 and 5.63 illustrate the proportion 
of convection and emission in BIPV across different inclinations and orientations, respectively, 
encompassing the four main orientations and four main inclinations. 
 

These comparisons, rather than different quantities of calculated heat flows, determine 
the quantities of the different proportion of outside convection and emission resulting from 
various geometrical setups. Further development of these comparisons can be utilized for 
determining the type of insulation that may be integrated into different orientations and 
inclinations, as opposed to specifying the amount of integrated insulation. Essentially, the 
insulation of heat flows resulting from convection suggests different types of insulation 
materials compared to situations where heat flow is primarily a result of emission. These results 
are not currently employed in the defined hypothesis of this work but can be utilized for further 
research into insulation types. 
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Fig. 5.62   Proportions of outside convection and emission (W/m2) – BIPV – south-faced - different inclinations 
- Boundary condition in table 5.40   

 

 
Fig. 5.63   Proportions of outside convection and emission (W/m2) – BIPV – vertical - different orientations - 
Boundary condition in table 5.39    

 
The fluctuation of convection and emission is a complex outcome resulting from 

changes in all integrated parameters and geometrical setups. It should be noted that this 
fluctuation significantly impacts the inside comfort temperature as well. The variation in both 
calculated convection and emission across different orientations and inclinations of BIPV 
demonstrates that each specific component setup resulting from a particular inclination and 
orientation leads to a unique pattern of changes in convection and emission. These changes vary 
quantitatively throughout different intervals of the year. 
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6. Self-sufficiency – self consumption 
 

The two indexes, self-sufficiency and self-consumption, indicate the 'sufficiency of a 
building to cover its own demand' and the 'potential of a building to consume its own generated 
electricity,' respectively. The constant consideration of both indexes is the objective of high-
efficient buildings. Achieving high degrees of self-sufficiency is relatively easy, but achieving 
high degrees of self-consumption can be challenging. This means that by integrating more 
quantities of PVs, self-sufficiency can approach 1.00, indicating a zero-energy building. 
However, a significant portion of the generated electricity may not be consumed by the building 
itself, leading to lower degrees of self-consumption. 

 
The index of self-sufficiency has been defined as 'the degree to which on-site generation 

is sufficient to meet the energy needs of the building' [01], representing the ratio of 'covered 
energy demand' to 'total energy demand.' In parallel, the index of self-consumption has been 
defined as 'the self-consumed part of on-site generation relative to the total production' [01]. 
Figure 6.1 provides a schematic representation of the generation and consumption of electricity 
particles related to the fluctuation of energy demand during a day. 
 

 
Fig.6.1   Schematic outline of daily net load (A + C) and net generation (B + C) in a building with on-site PV 
[01] 
 
 

The daily fluctuation of on-site electricity generation and energy demand (Figure 6.1) 
can be assumed to represent the annual fluctuation of 'energy generation' and 'energy demand,' 
especially in a climate like Germany, where energy demand is higher at the beginning and end 
of the year compared to mid-summer, primarily due to heating demand. Similarly, the 
maximum electricity generation occurs in mid-summer due to the higher quantities of 
irradiation. Considering the particles of energy generation and energy demands in Figure 6.1, 
correlations for self-sufficiency and self-consumption are defined through Equations 6.1 and 
6.2 [01]. 
 

𝑆𝑒𝑙𝑓 − 𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = b
ÂMb

  (6.1) 
 

𝑆𝑒𝑙𝑓 − 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = b
9Mb

  (6.2) 
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Where; 
 A Uncovered demand 
 B Unused electricity generation of on-site PV 
 C Used electricity generation of on-site PV 
 B+C Total electricity generation by on-site PV 
 A+C Total energy demand 

 
Assuming that the total amount of energy demand of the building is derived from the 

'cumulation of heating and cooling demand' and a 'flat rate of energy demand,' the proportions 
of 'A+C' referring to 'total energy demand' can be defined as follows: 
 
 A+C (part a)  Energy demand through building’s envelope 
 A+C (part b)  Flat rate of energy demand 
 

Considering that 'part a' has been calculated based on the heating and cooling demand 
of the integrated components in the building's envelope, a flat rate of energy demand mainly 
coming from the cumulation of lighting, household appliances, cooking, etc., must be assumed. 
Based on calculations and measurements from 36 pilot projects of efficient houses, it is 
reasonable to assume a flat rate of energy demand for medium-sized buildings at 20 kWh/m² 
per year (Table 6.1) [54]. 
 

 
Tab. 6.1   Flat-rate size of energy to be applied for lighting, household appliances, cooking and other items 
according to the Efficiency House Plus standard [54] 
 
  
6.1 Energy demand through building’s envelope 
 

To calculate the 'energy demand through the building's envelope,' which is estimated as 
the 'A+C (part a)' contribution of components integrated in the same façade to compensate parts 
of their 'energy demand' by 'energy auxiliary,' various proportional combinations of the five 
defined components in this study are possible. In each calculation interval (each hour), specific 
'heating demand' of each component can be offset by the 'heating auxiliary' of other components 
in the same façade. Similarly, in each calculation interval (each hour), certain 'cooling demand' 
of each component can be offset by the 'cooling auxiliary' of other components in the same 
façade. 

 
Consequently, in combined facades (combinations of 2, 3, 4, or 5 types of components), 

new heating demand, heating auxiliary, cooling demand, and cooling auxiliary values will be 
calculated in each interval based on the absolute mathematical values recorded. 
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𝐺 +313�VV= Xa.𝐺 +1Ã�è2k] + Xb. 𝐺 +3C�%mÃ�Ck%3] + (c. 𝐺 +9�¼½) + (d. 𝐺 +9Â¼½) + Xe. 𝐺 +¼½	_V�í$%_] 
 
𝐿 −313�VV= Xa. 𝐿 −1Ã�è2k] + Xb. 𝐿 −3C�%mÃ�Ck%3] + (c. 𝐿 −9�¼½) + (d. 𝐿 −9Â¼½) + Xe. 𝐿 −¼½	_V�í$%_] 
 
𝐿 +313�VV= Xa. 𝐿 +1Ã�è2k] + Xb. 𝐿 +3C�%mÃ�Ck%3] + (c. 𝐿 +9�¼½) + (d. 𝐿 +9Â¼½) + Xe. 𝐿 +¼½	_V�í$%_] 
 
𝐺 −313�VV= Xa.𝐺 −1Ã�è2k] + Xb. 𝐺 −3C�%mÃ�Ck%3] + (c. 𝐺 −9�¼½) + (d. 𝐺 −9Â¼½) + Xe. 𝐺 −¼½	_V�í$%_] 

(6.3) 
Where; 
 G+  heating auxiliary 
 L-  heating demand 
 L+  cooling auxiliary 
 G-  cooling demand 
 G+total   total heating auxiliary of combination of components 

L-total   total heating demand of combination of components 
L+total   total cooling auxiliary of combination of components 
G-total   total cooling demand of combination of components 
a  percentage of opaque component  
b  percentage of transparent component 
c  percentage of BIPV 
d  percentage of BAPV 
e  percentage of PV glazing  
 
 

The result of the interaction between compensating quantities of heating and cooling demands 
by heating and cooling auxiliaries determines the heating and cooling demands of the composed 
façade, which result from the combination of components. 
 
𝐻@kl�%@	(¿1lÃ1mk@	Ä�¿�@k) = 𝐻@kl�%@	(313�V) + 𝐻�2Ü$V$�Co	(313�V) = (𝐿 −313�VV)+ (𝐺 +313�VV) 
 
𝐶@kl�%@	(¿1lÃ1mk@	Ä�¿�@k) = 𝐶@kl�%@	(313�V) + 𝐶�2Ü$V$�Co	(313�V) = (𝐺 −313�VV)+ (𝐿 +313�VV) 
 

(6.4) 
 

After calculating the amounts of heating and cooling demands per square meter, to 
determine the absolute quantity of heating and cooling demand for each facade, the area of each 
facade will be used (Equation 6.5). 
 
𝐻�Êm1V23k	@kl�%@	(¿1lÃ1mk@	Ä�¿�@k) = 𝐻@kl�%@	(¿1lÃ1mk@	Ä�¿�@k)	×	ÂCk�º���st 
𝐶�Êm1V23k	@kl�%@	(¿1lÃ1mk@	Ä�¿�@k) = 𝐶@kl�%@	(¿1lÃ1mk@	Ä�¿�@k)	×	ÂCk�º���st 

(6.5) 
 
 

Assuming that the final heating demand and cooling demand of the building are 
determined through correlation 6.6, we can proceed with the calculation. 
 
𝐻@kl�%@SÊ2$V@$%_ = Σ𝐻�Êm1V23k	@kl�%@	(�VV	Ä�¿�@kmMC11ÄM_C12%@) 
𝐶@kl�%@SÊ2$V@$%_ = Σ𝐶�Êm1V23k	@kl�%@	(�VV	Ä�¿�@kmMC11ÄM_C12%@) 

(6.6) 
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6.2 Calibration of self-sufficiency and self-consumption 
 

To calibrate the calculation of total energy demand and electricity generation for a 
building, a real constructed house certified by 'Forschungsinitiative - Zukunft Bau' has been 
chosen. This house features a simple and compact structure with no protruding or attached 
components. The living space is distributed over two full floors and an attic. The building is 
oriented with a 23º rotation toward the east. The geometrical setup of the building and its 
geographical location is illustrated in Figure 6.2 [62]. 
 

 

 

 
Ground floor (left), first floor (middle), attic (right) 
 

Location; Schwabach, Germany 
Latitude: 49,20 °N 
Longitude: 11,10 °O 

* The usable building area: 312.12 m2 

Heated building volume: 741 m3 

Envelop Factor: 0,59 m-1 
Fig. 6.2   Geographical location and geometrical setup of investigated building [62] 
 
 

The area of each component and its U-value has been presented in Table 6.2 and Table 
6.3 [62]. 
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Area (m2) 113,25 3,74 21,18 6,95 22,71 3,90 69,27 66,06 50,30 76,39 80,50 65,96 
U-value 
(W/m2.K) 

0,14 0,80 0,80 0,80 0,80 1,00 0,14 0,14 0,14 0,14 0,12 0,12 

Tab. 6.2   Components in selected building – area – U-value [62] 
* 18,2 m2 is added to ‘inclined roof S-W’ to be adequate for holding 99 m2 of PV in BAPV setup 
 
 

Component Material Thickness (mm) u-value (W/m2.K) 
Wall (inside to outside) Gypsum plaster 15 0,14 

perforated bricks 490 
Light plaster 20 

Window Triple-glazed windows 
(g-value = 0.45) 

- 0,80 

Inclined roof (top to down) PV - 0,12 
Wood fiber insulation board 35 
Mineral fiber insulation 
boards 

300 

Vapor barrier - 
Plasterboard 2-ply 12,5 

Base plate Screed 60 0,14 
Impact sound insulation 30 
Thermal insulation 50 
Concrete slab 300 
Perimeter insulation 150 

Tab. 6.3   Assembly of materials in each Components in selected building – thickness – U-value [62] 
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6.2.1 Energy concept 
 

The entire house is heated by a central ventilation device. The primary integrated 
parallel devices include an exhaust air fan, a cross-counterflow heat exchanger with a regulated 
summer bypass, and a frequency-modulated air-to-air heat pump. The heat pump covers the 
majority of the annual heating workload. For additional conditioning of the supply air during 
peak heating demand, electrical heaters are installed in the air outlets. Depending on weather 
conditions, either outside air or preconditioned air is brought in as supply air via a geothermal 
heat exchanger. The system is controlled through a system-specific bus system, with the central 
touch control unit located in the living room. 
 

Exhaust air rooms such as bathrooms and toilets are heated by electric convectors. The 
exhaust air is utilized as a heat source for a downstream air-water heat pump via a branch in the 
air duct network following the central ventilation unit. This heat pump heats the domestic hot 
water stored in its integrated 290-liter storage tank, which also includes an additional heating 
element. 
 

A photovoltaic system is installed on the south side of the roof with a roof pitch of 35°. 
This system covers a total area of 99 m² and has a nominal output of 14.4 kW. The schematic 
of the energy concept of the building is depicted in Figure 6.3 [62]. 
 

 
Fig. 6.3   Schematic of energy concept of selected building [62] 
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6.2.2 Boundary condition 
 

Considering the building's location in Schwabach, the nearest available weather data 
from Nürnberg have been incorporated, taking into account irradiation, wind, and other relevant 
factors. In addition to irradiation, local wind velocities and direction have also been included 
(see Figure 6.4). 
 

 
Fig. 6.4   Average and direction of wind – Nürnberg, Germany [46] 
 

 
Concerning indoor comfort temperature, and based on two years of recorded indoor 

temperatures, the closest correlation between outside air temperature and the set indoor 
temperature has been incorporated (see Figure 6.5). 
 

  
Fig. 6.5   Average of inside temperature in two years (left) [62], integration of ‘blue line’ as the most equivalent 
of recorded inside temperature (right) [40] 
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6.2.3 Energy performance of components 
 
6.2.3.1 Walls 
 

Considering the definition of materials and components, Table 6.4 displays the 
integrated parameters of the walls. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

Opaque 90 23 
113 
-67 
-157 

S-W 
N-W 
S-E 
N-E 

Middle 0.03 0.21428 0.14 50 7 

Tab. 6.4   Geometrical setup and material property in Walls 
 
 

Figure 6.6 presents the results of calculations for heating demand, cooling demand, 
heating auxiliary, and cooling auxiliary in all four oriented walls. 

 

  

  
 

Fig. 6.6   Monthly energy performance of wall in four orientations of 23º (S-W), 113º (N-W), -67º (S-E) and -157º 
(N-E) 
 
 

6.2.3.2 Windows 
 

Considering the definition of windows, Table 6.5 displays the integrated parameters of 
windows. 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Transmittance 
factor 

 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

Window 90 23 
113 
-67 

-157 

S-W 
N-W 
S-E 
N-E 

Middle 0.4 
* 

0.80 7 

Tab. 6.5   Geometrical setup and material property in windows 
* corresponding to g-value of approx. 0.45 
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Figure 6.7 presents the results of calculations for heating demand, cooling demand, 
heating auxiliary, and cooling auxiliary in all four oriented windows. 
 

  

  
 

Fig. 6.7   Monthly energy performance of window in four orientations of 23º (S-W), 113º (N-W), -67º (S-E) and -
157º (N-E) 
 
 

6.2.3.3 Floor and door 
 

The integrated parameters of the door (located in the north-west façade) and the floor 
are shown in Table 6.6. 

 
Component Inclination 

 
(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

hi 

 
(W/m2.K) 

Floor 0 0  Middle 0.03 0.21428 0.14 7 
Door 90 113 N-W Middle 0.03 0.03 1.00 7 

Tab. 6.6   Geometrical setup and material property in floor (up) and door (down) 
 
 

The monthly energy performance of the floor and door is displayed in Figure 6.8. 
 

  
 

Fig. 6.8   Monthly energy performance of floor (left) and north-west orientated door, orientation 113º (right) 
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6.2.3.4 Roof 
 

The integrated parameters of inclined roofs in three different setups have been 
considered. For the south-west roof, two different configurations were calculated: one with PVs 
as the main roof and the other with PVs as an extension of the roof (see Table 6.7). 
 

Component Inclination 
 

(º) 

Orientation 
 

(º) 

Inside 
temperature 

(Set) 

Heat 
conductivity 

(W/m.K) 

Thickness 
 

(m) 

U-value 
 

(W/m2.K) 

αs  
 

(%) 

hi 

 
(W/m2.K) 

 
αcoeff 

 
(%/K) 

TSTC 

 
(ºC) 

 

η 
 

Main roof 
(With PV) 

35 23 Middle 0.03 0.25 0.12 - 7 0.031 48 17 

Extended 
roof 

(with PV) 

35 23 Middle 0.03 0.25 0.12 - 7 0.031 48 17 

Main roof 
(without 

PV) 

35 -157 Middle 0.03 0.25 0.12 50 7 - 48 17 

Tab. 6.7   Geometrical setup and material property in inclined south-west and north-east roofs 
 
 

The monthly energy performance of the three roof setups is displayed in Figure 6.9. 
 

  

 

 

 
Fig. 6.9   Monthly energy performance of roof with and without PVs. Inclination 35º (all three setups) 
S-W with PV – main roof (top-left), S-W with PV – extended roof (top-right), N-E without PV (Bottom-left) 
 
 

6.2.4 Energy demands – Electricity generation 
 
To calculate the final energy demand of each façade, the area of each component (see 

Table 7.1) is multiplied by its energy performance. Then, considering the defined correlations 
in 6.3, the percentage of each component in the façade is incorporated. Finally, by using 
correlation 6.4, the proportions of heating and cooling demands that can be compensated by 
components integrated in the same façade are determined, thus moderating the quantity of 
heating demand. It is worth noting that moderating cooling demand is rarely recorded since 
cooling auxiliary in all components is registered as low amounts. Table 6.8 displays the 
calculated energy demands (equation 6.6), electricity generation, and their proportional 
coverage during one year in intervals of 15 days (on the 11th and 26th of each month). 
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Tab. 6.8   Energy demands and electricity generation – First six months (top), second six months (bottom) (W) * 
 

 
6.2.5 Flat rate of energy 

 
Estimating the remaining energy demands, including electrical appliances, lighting, and 

auxiliary electricity for devices, is achieved using data from two years of monitoring this 
building (Table 6.9). 
 

 
Tab. 6.9   Energy demands and electricity generation – Average of two years monitoring [62] 
 

Table 7.8 shows that the annual energy demand for 'lighting + electrical appliances' is 
8.00 kWh/m². Similarly, the annual 'auxiliary electricity for heating, cooling, and ventilation' 
has been measured at 3.50 kWh/m². Therefore, the additional energy demand of the building, 
in addition to 'heating/cooling demands + DHW (domestic hot water),' is 11.50 kWh/m² per 
year. This flat-rate energy is factored into the upcoming monthly calculations (see Table 6.10). 
 
𝐷𝑒𝑚𝑎𝑛𝑑ðñòóôóõö÷	øôøNùöóNóù÷	M	ôóúûùóüú	õüý	øôøNùöóNõô	õþþôóõüNøP = 8.0 + 3.5 = 11.5	𝑘𝑊ℎ/𝑚R𝑎	 

11500
𝑊ℎ
𝑚R𝑎 ÷ 365	

(𝑑𝑎𝑦𝑠) = 31.51
𝑊ℎ
𝑚R 	(𝑝𝑒𝑟	𝑑𝑎𝑦) 

31.51ÅW
l! 	𝑝𝑒𝑟	𝑑𝑎𝑦	 × 	312.12	𝑚R = 9835	𝑊ℎ	(𝑝𝑒𝑟	𝑑𝑎𝑦)	* 

Tab. 6.10   Calculation of flat-rate of energy base on average of two years monitoring 
* The amount has been applied as ‘extra demand’ in ‘Energy demands and electricity generation 

* Accuracy of calculations and employed equations exclusively discussed in appendix 2 
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The assumption of electricity demand for DHW (Domestic Hot Water) and its auxiliary 

is based on the same report obtained from two years of monitoring (see Table 6.11). 
 

 
Tab. 6.11   Electricity demand for DHW + Auxiliary electricity – Average of two years monitoring [62] 
 
 

The assumption of a flat-rate electricity consumption for DHW (Domestic Hot Water) 
in the heat pump and its auxiliary for circulation is presented in Table 6.12. 
 
𝐷𝑒𝑚𝑎𝑛𝑑electricity	for	DHW = 761	𝑘𝑊ℎ/𝑎	 (For entire building) 
761000ÅW

�
÷ 365	(𝑑𝑎𝑦𝑠) = 2085	𝑊ℎ	(𝑝𝑒𝑟	𝑑𝑎𝑦) * 

Tab. 6.12   Assumption of ‘electricity demand’ for hot water  
* The amount has been applied as ‘DHW’ in ‘Energy demands and electricity generation 
 
 
6.2.6 Electricity demand for heating and cooling 
 

The estimation of the final electricity demand for heating and cooling has been 
calculated based on the energy concept of the selected building, which is equipped with a heat 
pump. Figure 6.10 illustrates the efficiency of the integrated heat pump (COP) as a function of 
the outdoor ambient temperature. 

 

 
Fig. 6.10   Heat pump coefficient of performance (COP) as a function of ambient outdoor temperature, TO, and 
part-load ratio (PLR). [63] 
 

 
To estimate the average efficiency of the integrated heat pump (PROXON FWT 3 2.0), 

we have considered the average COP (Coefficient of Performance) of heat pumps as a function 
of the outdoor ambient temperature. Given the range of employed weather data, which indicates 
temperature fluctuations between approximately -5°C and 20°C, an average COP of 3.00 has 
been applied. This means that a certain amount of electricity is used to compensate for three 
times more heating and cooling demand (see Table 6.13). 
 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑑𝑒𝑚𝑎𝑛𝑑	𝑓𝑜𝑟	ℎ𝑒𝑎𝑡𝑖𝑛𝑔	(11𝑡ℎ	𝐽𝑎𝑛)	for	heat	pump =

-k�3$%_	@kl�%@
b.¼	1Ä	Wk�3	Ã2lÃ

= µ//ß0
f

= 16298	𝑊ℎ	  

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑑𝑒𝑚𝑎𝑛𝑑	𝑓𝑜𝑟	𝑐𝑜𝑜𝑙𝑖𝑛𝑔	(26𝑡ℎ	𝑀𝑎𝑦)	for	heat	pump =
b11V$%_	@kl�%@
b.¼	1Ä	Wk�3	Ã2lÃ

= f�{Rµ
f

= 11908	𝑊ℎ	  
Tab. 6.13   Examples of electricity demand for heating and cooling after integration of heat pump with average 
COP of 3 – 11th January for heating demand (top), 26th May for cooling demand (bottom) 
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Calculating the annual final heating demand and cooling demand of the selected 
building can be estimated based on the cumulative amounts from all 24 days during the year, 
which are on the 11th and 26th of each month (see Table 6.14). Table 6.15 provides an estimation 
of the annual values of parameters based on the 24 calculated days. 
 
𝐸	𝑑𝑒𝑚𝑎𝑛𝑑	𝑜𝑓	ℎ𝑒𝑎𝑡𝑖𝑛𝑔	Rµ	@�om = 	∑𝐸	𝑑𝑒𝑚𝑎𝑛𝑑	(ℎ𝑒𝑎𝑡𝑖𝑛𝑔)	LL	3W	�%@	R03W	k�¿W	l1%3W = 260988	𝑊ℎ/24𝑑𝑎𝑦𝑠		  
𝐸	𝑑𝑒𝑚𝑎𝑛𝑑	𝑜𝑓	𝑐𝑜𝑜𝑙𝑖𝑛𝑔	Rµ	@�om =	∑𝐸	𝑑𝑒𝑚𝑎𝑛𝑑	(𝑐𝑜𝑜𝑙𝑖𝑛𝑔)	LL	3W	�%@	R03W	k�¿W	l1%3W = 54543	𝑊ℎ/24𝑑𝑎𝑦𝑠		  

Tab. 6.14   Cumulative electricity demand for heating and cooling for 24 calculated days  
 

 

 
A. 𝐸	𝑑𝑒𝑚𝑎𝑛𝑑	(24	𝑑𝑎𝑦𝑠)Wk�3$%_ = 	260988	𝑊ℎ/24𝑑𝑎𝑦𝑠	 

260988
𝑊ℎ

24𝑑𝑎𝑦𝑠 × 15	 ÷ 1000 = 3915	𝑘𝑊ℎ/𝑎 

 
B. 𝐸	𝑑𝑒𝑚𝑎𝑛𝑑	(24	𝑑𝑎𝑦𝑠)¿11V$%_ = 	54543	𝑊ℎ/24𝑑𝑎𝑦𝑠	 

54543
𝑊ℎ

24𝑑𝑎𝑦𝑠 × 15	 ÷ 1000 = 818	𝑘𝑊ℎ/𝑎 

 
C. Annual electricity demand for DHW  761	𝑘𝑊ℎ/𝑎 * 
 
Annual electricity demand for heating, cooling and DHW; 
	𝐸Wk�3$%_M¿11V$%_M>-Å = 3915 + 818 + 761 = 𝟓𝟒𝟗𝟒	𝑘𝑊ℎ/𝑎 

Tab. 6.15   Annual energy demands and electricity generation, coverage of demands, SS + SC (left chart) 
* The value is emerged from Table 6.11, electricity demand for DHW + Auxiliary electricity – Average of two 
years 
 
 

The total measured electricity demand for 'heating, DHW, and ventilation' in Table 6.9 
amounts to 5839 kWh/year. Assuming the use of the same integrated heat pump for ventilation 
during hot months, the electricity used for cooling is included in the same value. Consequently, 
the following comparison helps to explain the deviation between 'calculated annual electricity 
demand' and 'measured annual electricity demand'. 

 
 
6.2.7 Deviation 
 

By utilizing the same datasheet of integrated PV in the building, a comparison between 
the calculated 'annual electricity demand' and 'annual electricity generation' with its 
measurement is presented in Table 6.16. 

 
𝐴𝑛𝑛𝑢𝑎𝑙	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑑𝑒𝑚𝑎𝑛𝑑		¿�V¿2V�3k@ = 	5494	𝑘𝑊ℎ/𝑎 
𝐴𝑛𝑛𝑢𝑎𝑙	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑑𝑒𝑚𝑎𝑛𝑑		lk�m2Ck@ = 	5839	𝑘𝑊ℎ/𝑎  
 
𝐴𝑛𝑛𝑢𝑎𝑙	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛		¿�V¿2V�3k@ = 	12953	𝑘𝑊ℎ/𝑎 
𝐴𝑛𝑛𝑢𝑎𝑙	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛		lk�m2Ck@ = 	12092	𝑘𝑊ℎ/𝑎 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛		¿�V¿2V�3k@	B	@kl�%@ = 	−5.9	% 
 
 
𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛		B	_k%kC�3$1% = 	+7.91	% 

Tab. 6.16   Deviation of calculated and measured (two years monitoring) [62] annual ‘E-demand’ and ‘E-
generation’ 
  

As the integrated weather data used for calculations are sourced from 'EnergyPlus,' and 
the measured electricity demand and generation data are collected from two years of monitoring 
in 2013-2014 and 2014-2015, both deviations can be attributed to differences in the quantity of 
weather data integrated into the calculations and the geographical location of the tested 
building. 
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6.2.8 Daily and annual self-consumption – self-efficiency 
 

Taking into account the acceptable deviation between 'calculated electricity demand for 
heating and cooling' and 'generated electricity,' two final indexes, 'self-consumption' and 'self-
sufficiency,' have been calculated separately for each day (24 days) over the entire year. Table 
6.17 provides an example of the calculation for January 11th. Using the data from Table 6.8, the 
calculated SC and SS values for the 11th and 26th of each month are presented in Table 6.18. 
 

Parameter Heating 
demand 

E demand 
for heating 

Cooling 
demand 

E demand 
for cooling 

Generated 
electricity 

DHW + 
Flat rate 

Total E 
demand 

Value 48896 16298 0 0 3406 11920 28218 
Parameter Covered 

demand 
Uncovered 
demand 

Unused 
electricity 

SS 
% 

SC 
% 

  

Value 3406 24812 0 0.12 1.00   
Tab. 6.17   Electricity demands and generation (Wh/d), 11th January, Self-sufficiency and self-consumption 
 

D
ate 

  
Jan 
11th 

 
Jan 
26th 

 
Feb 
11th 

 
Feb 
26th 

 
Mar 
11th 

 
Mar 
26th 

 
Apr 
11th 

 
Apr 
26th 

 
May 
11th 

 
May 
26th 

 
Jun 
11th 

 
Jun 
26th 

 
Jul 
11th 

 
Jul 
26th 

 
Aug 
11th 

 
Aug 
26th 

 
Sep 
11th 

 
Sep 
26th 

 
Oct 
11th 

 
Oct 
26th 

 
Nov 
11th 

 
Nov 
26th 

 
Dec 
11th 

 
Dec 
26th 

SC
  

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
0.78 

 
0.36 

 
0.79 

 
0.65 

 
0.27 

 
0.36 

 
0.41 

 
0.39 

 
0.32 

 
0.55 

 
0.39 

 
0.83 

 
0.43 

 
0.36 

 
1.00 

 
1.00 

 
0.96 

 
0.84 

 
1.00 

 
1.00 

SS 

 
0.12 

 
0.38 

 
0.19 

 
0.25 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
1.00 

 
0.89 

 
0.46 

 
1.00 

 
1.00 

 
0.12 

 
0.19 

Tab. 6.18   Calculated self-consumption and self-sufficiency on 11th and 26th of each month 
 
 

An annual energy performance, considering electricity generation and demand coverage 
for all 24 days of the year, is illustrated in Figure 6.11. 

 

 
Fig. 6.11   Fluctuation of electricity generation and electricity demand during a year 
 

The final annual values for 'electricity generation' and 'electricity demand' indicate 0.51 
and 0.74 for self-consumption and self-sufficiency, respectively. 
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7. Demonstration of effects of geometry 
 

To assess the effects of different geometrical setups of the building, as well as its various 
proportional combinations of components, a simple building geometry with a constant area of 
200 m² and a limited PV area of 40 m² has been considered. These geometrical modifications 
were compared across 13 different variants, resulting from these changes in geometry. 

 
The final values of 'self-consumption' and 'self-sufficiency' can be quantitatively 

compared, and this procedure can be applied in the early stages of 'building design' to predict 
the approximate energy performance of a proposed building. Alternatively, the window-to-wall 
ratio (WWR), a critical ratio, can be investigated in parallel. This allows for the exploration of 
favorable combinations of different components integrated into a facade. 

 
By comparing the final energy performance of these variants, we can estimate the range 

of change in two key 'energy efficiency indicators': self-sufficiency and self-consumption, 
influenced by the effects of geometry. The constraints applied to all 13 variants include 'the 
same building area' of 200 m², 'the same integrated PV area' of 40 m², 'the same PV installation 
setup' as BAPV, and 'the same WWR' of 0.2. Consequently, in all variants, the same amount of 
PV is allocated per square meter of living space, which is 0.2 m² (PV/1 m² living space). 
Changes in WWR, proportions, PV integration positions, roof types, allocation of PVs to one 
side or both sides of a symmetric sloping roof, and changes in the inclination of a vertical wall 
holding PVs are the initial geometrical modifications resulting in different levels of 'energy 
efficiency indicators.' These variations demonstrate the effectiveness of each geometrical 
parameter in altering the final energy performance of the defined prototype. 

 
 

7.1 Sample building 
 
The first chart illustrates the estimation of energy performance for a two-story building 

with vertical walls, a window-to-wall ratio (WWR) of 0.2 in all four facades, and the integration 
of 40 m² of PV as BAPV on its flat roof (see Table 7.1). 
 

 

Geometry  
 

 
Components 

  

 

 
 

 
Final 

performance 
(W/24 d) 

 
+ 
 

Dimensions 
 

  
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

602645 123115 246240 200882 41038 433316 310574 0,64 0,72 

Tab. 7.1   Variant-01, 2 stories, flat roof 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
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7.2 WWR 
 

By increasing the window-to-wall ratio (WWR) in all four facades of the building from 
0.2 to 0.4 while keeping electricity generation constant, the changes in self-sufficiency and self-
consumption are presented in Table 7.2. 
 

 

Geometry  
 

 
 

Components 

  

 

 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 
 

  
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

695899 237947 246240 231966 79316 433316 331361 0,59 0,76 

Tab. 7.2   Variant-02, 2 stories, flat roof, WWR = 0.40 in all four facades 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 

 
To compare the effects of different window-to-wall ratios (WWRs) in all four facades 

of the selected example geometry, Table 7.3 presents the changes in SS and SC. 
 

Variant WWR 
S 

WWR 
E 

WWR 
N 

WWR 
W 

H demand 
(W/24 d) 

C demand 
(W/24 d) 

SS SC 

W-1 0.2 0.2 0.2 0.2 602645 123115 0.64 0.72 
W-2 0.8 0.2 0.2 0.2 673692 203431 0.61 0.75 
W-3 0.2 0.8 0.2 0.2 674007 184443 0.61 0.75 
W-4 0.2 0.2 0.8 0.2 672588 182921 0.61 0.75 
W-5 0.2 0.2 0.2 0.8 678494 266161 0.59 0.76 
W-6 0.4 0.4 0.4 0.4 695899 237947 0.59 0.76 
W-7 0.6 0.6 0.6 0.6 792994 352780 0.54 0.78 
W-8 0.8 0.8 0.8 0.8 890846 467612 0.49 0.80 

 
Tab. 7.3   Comparing self-sufficiency and self-consumption of example building with different setups of WWR 
– sample geometry of building - Integration of 40 m2 of BAPV on flat roof for all variants. 
 

0,64
Max 0,49

Min

0,72
Min

0,8
Max

0

0,2

0,4

0,6

0,8

1

W-1 W-2 W-3 W-4 W-5 W-6 W-7 W-8

Self-sufficiency Self-consumption
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7.3 One storey building 
 

Allocating the entire 200 m² to one storey, with the same area of 40 m² BAPV on the 
roof, and varying the levels of demands and generation are presented in Table 7.4. 
 

 

Geometry  
 

 
 

Components 

  

 

 
 

 
Final 

performance 
(W/24 d) 

 
+ 
 

Dimensions 
 
   

Generation 
+ 

Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

756078 92176 246235 252026 30725 433316 315589 0,60 0,73 

Tab. 7.4   Variant-03, 1 storey, flat roof 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 
 
7.4 Proportion 
 

Changing the primary shape of the building from a square to rectangular (25 m x 8 m) 
and the resulting energy performance are presented in Table 7.5. 
 

 

Geometry  
 

 
 

Components 

  

 

 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 
 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

794116 115864 246240 264705 38621 433316 326743 0,59 0,75 

Tab. 7.5   Variant-04, 1 storey, proportion: 8 ✕ 25 m, flat roof 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
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7.5 Orientation 
 

Rotating the same building by 90º to create a new proportional geometry results in the 
same self-sufficiency and 1% lower self-consumption (see Table 7.6). 
 

 

Geometry  
 

 
 

Components 

  

 

 
 

 
Final 

performance 
(W/24 d) 

 
+ 
 

Dimensions 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

800517 96862 246240 266839 32287 433316 320618 0,59 0,74 

Tab. 7.6   Variant-05, 1 storey, proportion: 25 ✕ 8 m, flat roof 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 
 
7.6 Distribution of PV 

 
Allocating 40 m² of BAPVs evenly across all four main facades of the building, with 

10 m² applied to each facade, is presented in Table 7.7. 
 

 

Geometry  
 

 
 

Components 

  

 

 
 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

598766 123925 246240 199589 41308 249036 241578 0,50 0,97 

Tab. 7.7   Variant-06, 2 stories, flat roof, 10 m2 BAPV on each facade  
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
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7.7 PV on ‘Dachgeschoss’ 
 

The integration of 40 m² as BAPV on the south inclined roof with an inclination of 60º 
(Mansardendach) is presented in Table 7.8. 
 

 

Geometry  
 

 
 

Components 

 
 

 

 

 

 
 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

705632 240947 246240 235211 80316 447228 339261 0,60 0,76 

Tab. 7.8   Variant-07, 2 stories, sloping roof, 40 m2 BAPV on south inclined roof, (Mansardendach-60º)  
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 

 
Allocating 40 m² as BAPV on the east and west inclined roofs with an inclination of 60º 

(Mansardendach) is presented in Table 7.9. 
 

Geometry 
 

 
 
 

Components 

 
 

 

 

 

 
 

 
Final 

performance 
(W/24 d) 

 
+ 
 

Dimensions 
 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

711912 262153 246240 237304 87384 342826 294592 0,52 0,86 

Tab. 7.9   Variant-08, 2 stories, sloping roof, 20 m2 BAPV on east and west inclined roof (Mansardendach-60º) 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
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7.8 PV on ‘Sloping roof’ 
 

The integration of 40 m² as BAPV on the south inclined roof with an inclination of 60º, 
where there is no heated space under the roof, has also been calculated. In this setup, two 
standard stories are used for living spaces, and the inclined roof solely holds PVs without any 
heated space beneath it (see Table 7.10). 

 
 

Geometry  
 

 
Components 

 

 
 

 

 

 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 

  
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

603475 120861 246240 201158 40287 447228 326134 0,67 0,73 

Tab. 7.10   Variant-09, 2 stories, sloping roof, 40 m2 BAPV on south inclined roof (60º), without heated space 
under roof, Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 

 
Allocating 40 m² as BAPV on the east and west inclined roofs (each 20 m²) with an 

inclination of 60º, where there is no heated space under the roof, is presented in Table 7.11. 
 

 

Geometry  
 

 
Components 

 

 
 

 

 

 
 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 
 
   

Generation 
+ 

Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

603475 120861 246240 201158 40287 342826 286935 0,59 0,84 

Tab. 7.11   Variant-10, 2 stories, sloping roof, 20 m2 BAPV on east and west inclined roof (60º), without heated 
space under roof, Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
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The integration of 40 m² as BAPV on the south inclined roof with an inclination of 30º, 
where there is no heated space under the roof, is presented in Table 7.12. 
 

 

Geometry  
 

 
Components 

 

  

 
 

Final 
performance 

(W/24 d) 
 

+ 
 

Dimensions 
 

  
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

603475 120861 246240 201158 40287 493983 335883 0,69 0,68 

Tab. 7.12   Variant-11, 2 stories, sloping roof, 40 m2 BAPV on south inclined roof (30º), without heated space 
under roof, Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 
 

Allocating 40 m² as BAPV on the east and west inclined roofs (each 20 m²) with an 
inclination of 30º, where there is no heated space under the roof, is presented in Table 7.13. 
 

 

Geometry  
 

 
Components 

 

 
 

 

 

 
 

 
Final 

performance 
(W/24 d) 

 
+ 
 

Dimensions 
 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

603475 120861 246240 201158 40287 407366 305427 0,63 0,75 

Tab. 7.13   Variant-12, 2 stories, sloping roof, 20 m2 BAPV on east and west inclined roof (30º), without heated 
space under roof, Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 
 
 
 
 
 
 
 



 125 

7.9 PV on ‘Sloping wall’ 
 

Rotating the south face of the building (with 40 m²) of BAPV is presented in Table 7.14. 
 

 

Geometry  
 

 
 

Components 

  

 

 
 

 
Final 

performance 
(W/24 d) 

 
+ 
 

Dimensions 
 
 

   
Generation 

+ 
Demands 

H 
demand 

C 
demand 

Flat 
rate 

E for 
heating 

E for 
cooling 

Generated 
E 

Covered 
demand 

Self-
sufficiency 

Self- 
consumption 

570511 148104 246338 190170 49368 447228 325335 0,67 0,73 

Tab. 7.14   Variant-13, 2 stories, flat roof, 40 m2 BAPV on south inclined wall (60º) 
Energy demands and electricity generation (W/24 days), Self-sufficiency and self-consumption 
 
 
7.10 Domain of influence of geometry 
 

In terms of the calculated 'indicative energy performance' of all 13 variants, the range 
of changes in the two indexes, self-sufficiency and self-consumption, is illustrated in Figure 
7.1. It is evident that both indexes exhibit significant variations. For example, Variant-06, 
representing a building that distributes 40 m² of BAPVs across all four main facades, shows the 
lowest SS at 0.5 and the highest SC at 0.97. Also, Variant-11 offers the maximum SS at 0.69, 
while Variant-01 presents the minimum SC at 0.72. 
 

 
Fig. 7.1   Domain of changing two indexes of self-sufficiency and self-consumption in 13 geometrical setups 
 
 

Among the 13 investigated geometrical setups, self-sufficiency varies by 19% (ranging 
from 0.5 to 0.69), while self-consumption varies by 15% (ranging from 0.72 to 0.97). It can be 
concluded that both indexes are significantly influenced by changes in geometrical parameters. 
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8. Geometry setups and indicative of energy efficiency 
 
The developed method of this work indicates ‘self-sufficiency’ and ‘self-consumption’ 

as ‘energy efficiency indicative.’ Determining effects of different geometry setups of the 
building in changing quantities of the ‘energy efficiency indicative’ will illustrate the optimum 
geometry setup of the building that offers higher ‘energy efficiency indicative’. It should be 
noted that this optimum geometry setup is constantly dependent on the defined boundary 
condition, material combination properties, efficiency of PVs and parallel integrated devices 
(in this case, a heat pump with the certain defined efficiency). So, in a specific geographical 
location with certain materials, PVs, and parallel device combination, ‘energy efficiency 
indicative’ of different geometry setups can be compared if the constraint of ‘equal offered area 
of the building’ and ‘equal amount of integrated PV’ is constantly applied as well. 
 

The upcoming discussion mainly compares effects of geometry setups on ‘energy 
efficiency indicative’ through different phases. In the first phase, the basic geometrical 
parameters of the building are considered, and their offered ‘self-sufficiency’ and ‘self-
consumption’ are compared together to illustrate the optimum variant and effectiveness of each 
geometrical parameter. 
 

In the first phase of discussion, geometrical proportions, orientation of the building, 
inclination of a specific component with or without PV with different WWRs, WWR of the 
envelope of the building, and roof type are initially discussed through the first phase of 
discussion. So, the elementary outcome of this section can recommend a specific setup of the 
building (regarding its basic geometrical parameters) that offers higher quantities of ‘energy 
efficiency indicative’. In this regard, two indexes of ‘self-sufficiency’ and ‘self-consumption’ 
are simultaneously calculated, and the specific variant (regarding its geometry setup) offering 
the highest ‘self-sufficiency’ is highlighted. ‘Self-consumption’ is additionally calculated and 
in the case of similar offered quantities of ‘self-sufficiency’ in some variants can be used to 
illustrate the more economical variant. 
 

In the second phase of the discussion, architectural decisions resulting from specific 
'geometrical setups' are employed, and the offered 'energy efficiency indicatives' are compared. 
For example, the roof type, with its inclination in different orientations of the building, is 
discussed. The roof, as a fundamental component of the building, is investigated concerning its 
two main applications: when it is used as a second covering roof applied to a flat roof, and when 
it is integrated with livable space underneath, featuring a sharp inclination. In this context, an 
inclination of 60º, which is close to the traditional type of roof in Germany known as 
'Dachgeschoss,' is simulated and compared to the first variant, where there is an intermediate 
flat roof between the last livable place and the sloping roof. 

 
The expansion of the building is also examined, considering constant quantities of 

'integrated PV per capita,' which determines how energy efficiency changes when a medium-
sized building expands vertically and horizontally. Given the scope of this work, focused on 
'medium-sized' buildings, energy efficiency changes are simulated and compared for buildings 
ranging from one dwelling to five dwellings, all with a constant amount of 'allocated PV per 
TFA.' 

 
In this phase of the investigation, the distribution of PV on different sides of a sloping 

roof is simulated using two main configurations: symmetric and asymmetric installations. The 
aim is to determine which variant, among different inclinations and orientations of the roof, 
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results in higher energy efficiency when the limited quantities of PV are integrated on one side 
(asymmetric) or two sides (symmetric) of the sloping roof. 

 
Furthermore, this phase explores the effects of changing 'more than one parameter' on 

the final 'energy efficiency indicative.' For example, two developed matrices are used to assess 
the effects of 'proportion + orientation + WWR' and 'inclination + orientation + WWR.' These 
matrices help determine if changes in the 'energy efficiency indicative' are consistent when 
multiple 'geometrical properties' are altered simultaneously. Additionally, they identify which 
parameter has the greatest influence and is more powerful in altering the final results. It's 
important to note that similar approaches can be applied to investigate the effects of each 
favorable parameter in combination with other parameters. 
 

In the third phase of the discussion, the priority of integrating different components of 
the building during various phases of 'PV integration' is simulated and discussed. These 
discussions aim to determine whether the sequence of priority for 'PV integration' remains the 
same as the building is progressively integrated with 'constant quantities of PVs' at different 
intervals. This means that after each integration, new 'energy demands' result from the effects 
of the 'last applied PV integration.' The goal is to answer the question of how these newly 
calculated 'energy demand' and 'electricity generation' should be considered when determining 
changes in the 'sequence of priorities' for components in subsequent integrations. 
 

This phase of discussion takes into account both flat roof and sloping roof setups, 
including different roof inclinations of 30º and 60º, and two orientations of 'south-north' and 
'east-west.' Additionally, an additional configuration involving 'Dachgeschoss installation' is 
considered with orientations of 'south-north' and 'east-west.' The aim is to explore how the order 
of component integration might change during different phases of PV integration and how this 
impacts energy efficiency. 
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8.1. Proportions 
 

The effects of different proportions in a one-storey building with a constant total area 
of 100 m2 and the same height have been studied. The first variant represents a square building, 
and the next four variants transform it into rectangles with different proportions. Table 8.1 
presents the transformation of the prototype and the recorded quantities of self-consumption 
(SC) and self-sufficiency (SS). The results are calculated at both high and low comfort 
temperatures. 
 

 
 

CT 
 

Index 

Proportions 
V-01 V-02 V-03 V-04 V-05 

Length Width Length Width Length Width Length Width Length Width 
10 10 12.5 8 16 6.25 8 12.5 6.25 16 

H SC 0.77 0.77 0.77 0.77 0.78 
SS 0.58 0.57 0.57 0.58 0.57 

L SC 0.88 0.88 0.89 0.88 0.89 
SS 0.62 0.62 0.61 0.61 0.59 

 

 

     
 

 

 

  

Tab. 8.1   Geometry setups - Calculations of SS and SC - One-storey building – 20 m2 BAPV on flat roof – High 
and low CT 
 
 

The fluctuations in self-sufficiency (SS) and self-consumption (SC) for the five different 
proportions of the one-storey building and the energy performance of V-01 are depicted in 
Figure 8.1. The results are presented for both high and low comfort temperatures (CT). 
 
V-01 

 

Energy performance of  
V-01 

CT: high 

Fig. 8.1   SS and SC - Five Proportions of one-storey building – 20 m2 BAPV on flat roof - High and low CT 
(right) + Energy performance of V-01 in high CT (left) 
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The results indicate that as the building proportion changes from a square shape to a 
rectangle, self-sufficiency (SS) gradually decreases, while self-consumption (SC) increases. 
The specific direction of changing the width and length of the building is not related to power 
generation since the electricity generation remains constant across all five variants, mainly 
through the integrated BAPV on the roof. 

 
 
8.2. Orientation 
 
8.2.1 BAPV on flat roof 
 

The effects of different orientations in a square one-storey building with the same width 
and length and the same height (10 × 10 × 3 m) have been studied. The second and third variants 
involve rotating the prototype by 30º and 60º toward the west, respectively. Table 8.2 displays 
the rotations of the prototype and the corresponding SC and SS values. 
 

CT 
 

Index 

Orientation 
V-01 V-02 V-03 

Angle to south Angle to south Angle to south 
0º -30º -60º 

H SC 0.77 0.77 0.77 
SS 0.58 0.58 0.58 

L SC 0.88 0.88 0.88 
SS 0.62 0.62 0.62 

 

 

  
 

 

 

  

Tab. 8.2   Geometry setups + Calculations of SS and SC - Orientation of one-storey building in square shape – 
20 m2 BAPV on flat roof - High and low CT 
 
 

The fluctuation of SS and SC for the three orientations of the one-storey building and 
the energy performance of V-01 is displayed in Figure 8.2. 
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CT: high 

Fig. 8.2   SS and SC – Three orientations of one-storey building – 20 m2 BAPV on flat roof - High and low CT 
(right) + Energy performance of V-01 in high CT (left) 
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The results indicate that both SS and SC remain constant at both high and low comfort 
temperatures when the prototype is rotated. It's important to note that the prototype is a square 
shape, and the on-roof integrated BAPV generates a constant amount of electricity, which is 
unaffected by the rotation of the building. 

 
 
8.2.2 BAPV on sloping roof 
 

The effects of different orientations of a square building with a symmetric sloping roof 
(60º inclination) are studied in this comparison. The integrated roof is an "extra sloping roof" 
that doesn't add additional living space to the entire building. The flat roof separates the building 
from the sloping roof, and external parameters of the boundary condition are applied only to 
the sloping roof, not to the internal flat roof of the building. Twelve variants represent the 
rotation of the building with 20m2 of BAPV integrated on one side of the symmetric sloping 
roof. Table 8.3 shows the recorded quantities of SC and SS influenced by the rotation of the 
prototype at both high and low comfort temperatures. 
 

 
 

CT 
 

Index 

Orientation – BAPV on sloping roof with inclination of 60º 
1st quarter 2st quarter 3st quarter 4st quarter 

V-01 V-02 V-03 V-04 V-05 V-06 V-07 V-08 V-09 V-10 V-11 V-12 
0º -30º -60º -90º -120º -150º -180º +150º +120º +90º +60º +30º 

H SC 0.78 0.81 0.86 0.91 0.96 0.99 0.99 0.97 0.91 0.86 0.80 0.78 
SS 0.61 0.59 0.56 0.51 0.45 0.39 0.37 0.41 0.47 0.55 0.58 0.61 

L SC 0.88 0.90 0.92 0.95 0.97 0.98 0.98 0.96 0.94 0.92 0.90 0.89 
SS 0.63 0.60 0.55 0.49 0.42 0.36 0.33 0.37 0.45 0.54 0.60 0.63 

 

 

    

 

 

  

Tab. 8.3   Geometry setups + Calculations of SS and SC - Orientation of one-storey building in square shape – 
20 m2 BAPV on one side of sloping roof (Inc. 60º) - High and low CT 
 
 

The fluctuation of SS and SC for the twelve orientations of the considered prototype 
and the energy performance of V-01, V-02, and V-03 are presented in Figure 8.3. Results are 
shown for both high and low comfort temperatures. 
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V-01 

 
 

V-02 

V-03 

Energy performance of  
V-01 & V-02 & V-03 from top to 

bottom, respectively 
CT: high 

Fig. 8.3   SS and SC – Twelve orientations of one-storey building – 20 m2 BAPV on one side of sloping roof - 
High and low CT (right) + Energy performances of V-01- V02 and V-03 in high CT (left) 
 
 

The results indicate that both SS and SC are significantly influenced by the rotation of 
the building, and this effect is more pronounced in low comfort temperatures. The changes in 
SS and SC are primarily driven by variations in electricity generation rather than the thermal 
performance of the building. 

 
Additionally, it is observed that SS is more sensitive to the orientation of the building 

in low comfort temperatures compared to high comfort temperatures, as evidenced by a larger 
difference between the maximum and minimum SS values in low CT. 

 
 
8.2.3 BIPV and BAPV on wall 
 

The following text appears to be a description of a study or analysis that investigates 
the effects of different orientations of a square building with a flat roof that holds both Building-
Integrated Photovoltaics (BIPV) and Building-Attached Photovoltaics (BAPV) on just one 
wall. The study records quantities of self-sufficiency (SS) and self-consumption (SC) for 
various orientations of the building, considering both high and low comfort temperature 
conditions. 
 

However, the specific results of this analysis are not provided in the text you've 
provided. If you'd like more information or if you have any specific questions about this study, 
please let me know, and I'll do my best to assist you further. 
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CT 
 

Index 

Orientation – BIPV on vertical wall – flat roof 
1st quarter 2st quarter 3st quarter 4st quarter 

V-01 V-02 V-03 V-04 V-05 V-06 V-07 V-08 V-09 V-10 V-11 V-12 
0º -30º -60º -90º -120º -150º -180º +150º +120º +90º +60º +30º 

H SC 0.96 0.97 0.98 0.98 1.00 1.00 1.00 1.00 0.98 0.96 0.95 0.95 
SS 0.50 0.47 0.44 0.39 0.35 0.31 0.31 0.33 0.38 0.45 0.49 0.50 

L SC 0.95 0.96 0.99 1.00 1.00 1.00 1.00 0.99 0.98 0.97 0.95 0.95 
SS 0.45 0.44 0.41 0.37 0.32 0.29 0.28 0.30 0.35 0.42 0.46 0.47 

 

 

    
 

 
 

 

  

Tab. 8.4   Geometry setups + Calculations of SS and SC - Orientation of one-storey building in square shape – 
20 m2 BIPV on one vertical wall - SS and SC – High and low CT 
 
 

The figure illustrates the fluctuations in SS and SC for twelve different orientations of 
the prototype, which incorporates 10 square meters of BIPV on one face. Additionally, it 
provides the energy performance results for V-01, V-02, and V-03 (high and low CT). 
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Fig. 8.4   SS and SC – Twelve orientations of one-storey building – 20 m2 BIPV on one vertical wall - High and 
low CT (right) + Energy performances of V-01- V02 and V-03 in high CT (left) 
 
 

Similar results are achieved when comparing the maximum and minimum energy 
performance of this prototype equipped with both BIPV and BAPV. There is only a marginal 
difference in energy performance between these two integration types. Notably, the sensitivity 
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of SS to rotation is significantly higher than that of SC, with SS decreasing from approximately 
0.5 to 0.3, while SC changes from 0.95 to 1.00, in both BIPV and BAPV integrations. 
Additionally, it is evident that in high comfort temperature (CT) conditions, SS is more 
responsive to changes in the building's orientation compared to low CT, as the difference 
between the maximum and minimum SS values in high CT is larger than that in low CT. Table 
8.5 provides recorded quantities of SC and SS influenced by the rotation of the building, which 
is equipped with BAPV on one vertical wall, under both high and low CT conditions. 
 

 
 

CT 
 

Index 

Orientation – BAPV on vertical wall – flat roof 
1st quarter 2st quarter 3st quarter 4st quarter 

V-01 V-02 V-03 V-04 V-05 V-06 V-07 V-08 V-09 V-10 V-11 V-12 
0º -30º -60º -90º -120º -150º -180º +150º +120º +90º +60º +30º 

H SC 0.94 0.96 0.97 0.98 1.00 1.00 1.00 1.00 0.97 0.95 0.94 0.93 
SS 0.51 0.49 0.45 0.40 0.35 0.32 0.31 0.34 0.38 0.45 0.51 0.51 

L SC 0.94 0.96 0.98 1.00 1.00 1.00 1.00 0.99 0.98 0.96 0.94 0.94 
SS 0.47 0.46 0.43 0.38 0.33 0.30 0.29 0.31 0.36 0.43 0.48 0.49 

 

 
 
 

 
    

 

 
 

 

  

Tab. 8.5   Geometry setups + Calculations of SS and SC - Orientation of one-storey building in square shape – 
20 m2 BAPV on one vertical wall - High and low CT 
 
 

The fluctuations in SS and SC for twelve different orientations of the prototype, which 
incorporates a 10 m2 BAPV installation on one face, are depicted in Figure 8.5. 
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Fig. 8.5   SS and SC – Twelve orientations of one-storey building – 20 m2 BAPV on one vertical wall - High and 
low CT (right) + Energy performance of V-01- V02 and V-03 at high CT (left) 
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Figure 8.5 illustrates that the sensitivity of SS to the orientation of the prototype is more 
pronounced in high CT compared to low CT. In high CT, the maximum SS is recorded at 
orientations of 0º and +30º, reaching 0.50. In contrast, in low CT, the maximum SS is achieved 
at an orientation of +30º, reaching 0.47, while an absolute south-facing building with an 
orientation of 0º exhibits a lower SS of 0.45. 

 
 
8.2.4 PV glazing on wall 
 

Effects of different orientations of a square building with a flat roof holding PV glazing 
on one vertical wall are presented in this comparison. The face holding PV glazing preserves 
its WWR as 0.2. Results are recorded in both high and low comfort temperatures (table 8.6). 
 

 
CT 

Index 

Orientation – PVG on vertical wall (In addition to windows) 
V-01 V-02 V-03 V-04 
South East North West 

H SC 1.00 1.00 1.00 0.99 
SS 0.36 0.28 0.22 0.32 

L SC 1.00 1.00 1.00 1.00 
SS 0.33 0.26 0.20 0.29 

 
 

 

    
 

 

 
  

Tab. 8.6   Geometry setups + Calculations of SS and SC - Orientation of one-storey building in square shape – 
20 m2 PVglazing on one vertical wall – High and low CT 
 
 

Fluctuations in SS and SC for four orientations of the prototype, as well as the energy 
performance of V-01, are presented in Figure 8.6. Results are provided for both high and low 
comfort temperatures. 
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Fig. 8.6   SS and SC – Four orientations of one-storey building – 20 m2 PV glazing on one vertical wall - High 
and low CT (right) + Energy performance of V-01 at high CT (left) 
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The results show that due to the low electricity generation by PV glazing compared to 
the energy demand of the prototype, SC remains around 1.00 in both high and low CT scenarios, 
as the entire electricity generation will be consumed by the prototype. The energy performance 
of V-01 indicates that throughout the year, electricity generation remains below the energy 
demand of the considered prototype. On average, the high setpoint of CT demonstrates higher 
SS compared to low CT. 
 
 
8.3. Inclination 
 
8.3.1 Wall with low WWR 
 

The comparison presents the effects of different inclinations of one vertical wall in a 
square building with a flat roof holding 20 m2 of BAPV on it. In all four variants, the four faces 
equally have a WWR of 0.2. The rotated face with a new inclination of 60º preserves its WWR 
as 0.2.  

 
Additionally, the energy performance of a square building with completely vertical 

walls is presented for comparison with the four variants, each of which has one inclined face in 
one direction. The results are recorded at both high and low comfort temperatures (table 8.7). 
 

 
 

CT 
 

Index 

Wall inclination 
V-01 V-02 V-03 V-04 V-05 

All four walls South East North West 
90º 60º 60º 60º 60º 

H SC 0.77 0.77 0.76 0.76 0.77 
SS 0.58 0.59 0.59 0.59 0.59 

L SC 0.88 0.88 0.88 0.88 0.88 
SS 0.62 0.60 0.62 0.62 0.61 

 

 

     
 

 

 

 

  

Tab. 8.7   Geometry setups + Calculations of SS and SC - Inclination of one face of one-storey building in 
square shape with WWR of 0.2 – 20m2 BAPV on flat roof – High and low CT 
 
 

The figure presents the fluctuation of SS and SC for the prototype with absolute vertical 
walls and the four variants, each of which has one inclined face, along with the energy 
performance of V-01 (with absolute vertical walls). These results are provided for both high 
and low CT (figure 8.7). 
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V-01 

 

Energy performance of  
V-01 

CT: high 

Fig. 8.7   SS and SC – Inclination of one face of one-storey building beside prototype with absolute vertical 
walls with WWR of 0.8 – 20m2 BAPV on flat roof - High and low CT (right) + Energy performance of V-01 in 
high CT (left) 
 

Considering the changes in SS, it becomes apparent that the energy performance of the 
prototype varies differently in different CT setpoints when one face is rotated. In a high CT 
setpoint, rotating a vertical wall into a new inclination of 60º in all four faces increases SS from 
58% to 59%, while in a low CT setpoint, SS decreases from 62% to 61% and 60% with the 
same geometrical change. If only the SS index is to be considered, it can be concluded that in 
this boundary condition and material setup, the rotation of one wall from 90º to 60º is only 
beneficial when the comfort temperature is set to a high setpoint. 

 
 

8.3.2 Wall with high WWR 
 

Effects of different inclinations of one vertical wall in a square building with a flat roof 
holding 20 m2 BAPV on it are presented in this comparison. All four faces equally have a WWR 
of 0.8, as the rotated face with a new inclination of 60º also preserves its WWR at 0.8. Energy 
performance of a square building with absolute vertical walls is compared to four variants, each 
with one inclined face in one direction. Results are recorded at both high and low comfort 
temperatures (table 8.8). 
 

 
CT 

 

Index 

Wall inclination 
V-01 V-02 V-03 V-04 V-05 

All four walls South East North West 
90º 60º 60º 60º 60º 

H SC 0.83 0.81 0.81 0.81 0.81 
SS 0.46 0.49 0.49 0.49 0.50 

L SC 0.90 0.89 0.89 0.89 0.89 
SS 0.36 0.40 0.40 0.39 0.42 

 

 

     
 

 

 

  

Tab. 8.8   Geometry setups + Calculations of SS and SC - Inclination of one face of one-storey building in 
square shape with WWR of 0.8 – 20m2 BAPV on flat roof – High and low CT 
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Fluctuations in SS and SC of the prototype with absolute vertical walls and the four 
variants, each with one inclined face, along with the energy performance of V-01 (absolute 
vertical walls), are presented in figure 8.8. Results are shown for both high and low CT. 
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Energy performance of  
V-01 

CT: high 

Fig. 8.8   SS and SC – Inclination of one face of one-storey building beside prototype with absolute vertical 
walls with WWR of 0.8 – 20m2 BAPV on flat roof - High and low CT (right) + Energy performance of V-01 at 
high CT (left) 
 
 

Figure 8.8 demonstrates that the face most sensitive to the change in inclination from 
90º to 60º, both in high and low CT, is the west face, even when compared to the south face of 
the building. It's important to note that these changes in SS are solely influenced by alterations 
in the 'thermal performance' of the building, as BAPV is integrated on the flat roof, keeping 
electricity generation constant. 

 
 
 

8.3.3 Wall holding BIPV 
 

The effects of rotating one vertical wall, which holds 20 m2 of BIPV, from 90º to 60º 
while maintaining a constant WWR of 0.2 in all four faces, are presented in this comparison. 
The new wall, with an inclination of 60º, retains its WWR as 0.2, and the total amount of BIPV 
remains at 20 m2. In the transformation of one face holding BIPV, both of these aspects are 
altered. Each transformation is compared with the building before the rotation of the 
representative face (table 8.9). 

 
 
 

CT 
 

Index 

Wall inclination 
V-01 V-02 V-03 V-04 
South East North West 

90º 60º 90º 60º 90º 60º 90º 60º 
H SC 0.96 0.81 0.98 0.92 1.00 0.99 0.96 0.87 

SS 0.50 0.59 0.39 0.50 0.31 0.38 0.45 0.53 
L SC 0.95 0.88 1.00 0.94 1.00 0.94 0.97 0.90 

SS 0.45 0.57 0.37 0.46 0.28 0.34 0.42 0.50 
 

 
 

    
 

 
  

Tab. 8.9   Geometry setups + Calculations of SS and SC - Changing inclination of one face of one-storey 
building holding 20 m2 BIPV – WWR: 0.2 in all four faces – High and low CT 
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The amounts of change in SS and SC of the prototype during the rotation of one face 
holding BIPV, in comparison to the same prototype with absolute vertical walls, and two 
different energy performances of the prototype with south wall inclinations of 90º and 60º 
(holding BIPV), are presented in figure 8.9. Results are shown for both high and low CT. 
 

V-01 (South wall incl. 90º) V-01 (South wall incl. 60º)  
Energy performance of  V-01 
South wall incl. 90º (left graph) 
 
Energy performance of  V-01 
South wall incl. 60º (right graph) 
 
CT: high 
 
 

  
Fig. 8.9   SS and SC – Changing inclination of one face of one-storey building holding 20 m2 BIPV compared to 
an absolute vertical wall – WWR: 0.2 - High and low CT (down) + Changing energy performance of V-01 at 
high CT (up) 
 
 

The annual energy performance of V-01 in high CT has been shown with the south face 
as vertical or with an inclination of 60º. Comparing these two energy performances 
demonstrates that the annual thermal performance changes, as a south wall with an inclination 
of 60º results in higher cooling demand for the considered prototype. Conversely, the new south 
face with an inclination of 60º also generates more electricity in the middle of the year. 
 

Comparing the four transformations for each face and their new SS and SC values 
demonstrates that the priority of rotating just one face from 90º to 60º to achieve higher SS 
depends on the comfort temperature setpoint as well. For instance, in high CT, eastward rotation 
increases the amount of SS (from 0.39 to 0.50) more effectively compared to the other three 
faces, whereas in low CT, southward rotation increases the amount of SS (from 0.45 to 0.57) 
more effectively compared to the other three faces. Considering SS changes in all four 
transformations reveals that in this prototype, changing the inclination of each face by 30º and 
putting it at a new inclination of 60º is always beneficial but results in different increases in 
energy performance. 
 
 
8.3.4 Wall holding BAPV 
 

The effects of rotating one vertical wall holding 20 m2 BAPV from 90º to 60º, with a 
constant WWR of 0.2 in all four faces, are presented in this comparison. The new wall, with an 
inclination of 60º, preserves its WWR as 0.2 and the total amount of BAPV as 20 m2. Each 
transformation has been compared with the building before the rotation of the representative 
face. Results are recorded at low comfort temperature (table 8.10). 
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CT 

 

Index 

Wall inclination 
V-01 V-02 V-03 V-04 
South East North West 

90º 60º 90º 60º 90º 60º 90º 60º 
L SC 0.94 0.87 1.00 0.94 1.00 0.96 0.96 0.90 

SS 0.47 0.61 0.38 0.49 0.29 0.34 0.43 0.53 
 

 
 

    
 

 
  

Tab. 8.10   Geometry setups + Calculations of SS and SC - Changing inclination of one face of one-storey 
building holding 20 m2 BAPV – WWR: 0.2 in all four faces – Low CT 
 

 
Amounts of changing SS and SC of the prototype during rotation of one face holding 

BAPV in relation to the same prototype with absolute vertical walls and two different energy 
performances of prototype with south wall inclination of 90º and 60º (holding BIPV) is 
presented in figure 8.10. Results are at low CT.  
 

V-01 (South wall incl. 90º) V-01 (South wall incl. 60º)  
Energy performance of  V-01 
South wall incl. 90º (left graph) 
 
Energy performance of  V-01 
South wall incl. 60º (right graph) 
 
CT: low 
 

 
Fig. 8.10   SS and SC – Changing inclination of one face of one-storey building holding 20 m2 BAPV compared 
to an absolute vertical wall – WWR: 0.2 - Low CT (down) + Changing energy performance of V-01 at low CT 
(up) 

 
Comparing annual energy performance of this prototype with the same transformation 

holding BIPV (Figure 8.9) proves that comparative lower amounts of SS is achieved because 
of higher ‘energy demand’ of building when one face is integrated partly with BAPV (compared 
to BIPV) that obviously increases amounts of cooling demand (in mid-year). It also indicates 
that in this prototype rotation of one face of building (from 90º into 60º) that is partly covered 
by BAPV is beneficial and increases amount of SS but quantities of this increasement is 
different in each face. 
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8.3.5 Sloping roof holding BAPV 
 

The effects of integrating 20 m2 of BAPV on one face of a symmetric sloping roof with 
different inclinations of 30º and 60º in both the south-north and east-west directions are 
presented in this comparison. WWR on all four faces is set to 0.2. The upcoming comparisons 
aim to answer the question of which face should be integrated with limited amounts of BAPV 
in the case of a symmetric sloping roof and what the amount of increase or decrease in SS is 
when the opposite side holds the same amounts of BAPV. Results are recorded at both high and 
low comfort temperatures (see table 8.11). 
 

 
 

CT 

Index 

Roof type and inclination 
V-01 V-02 V-03 V-04 V-05 

Flat roof S-N 30º 
 

S-N 60º 
 

E-W 30º E-W 60º 
 

 S N S N E W E W 

H SC 0.77 0.72 0.90 0.78 0.99 0.82 0.78 0.91 0.86 
SS 0.58 0.62 0.48 0.61 0.37 0.56 0.58 0.51 0.55 

L SC 0.88 0.87 0.93 0.88 0.98 0.91 0.89 0.95 0.92 
SS 0.62 0.68 0.45 0.63 0.33 0.57 0.60 0.49 0.54 

 

 
 

 

 
    

 

 

  

Tab. 8.11   Geometry setups + Calculations of SS and SC - Allocation of 20 m2 BAPV to one face of sloping 
roof with inclination of 30º and 60º + sample building with flat roof - WWR: 0.2 all four faces – High & low CT 
 
 

The changes in SS and SC of the prototype when bringing the same quantities of BAPV 
to the opposite side of the symmetric roof (at both high and low comfort temperatures) and the 
energy performance of the prototype with a sloping roof with an inclination of 30º when BAPV 
is applied on different sides (at high comfort temperatures) are presented in Figure 8.11. 
 
V-02 (BAPV on southern roof) V-02 (BAPV on northern roof) 

 
 
 
 
 
 
 

Energy performance of  V-02 
BAPV on southern slopig roof (left graph) 
 
Energy performance of  V-02 
BAPV on northern slopig roof (right graph) 
 
CT: high 

  
Fig. 8.11   SS and SC – Allocation of 20 m2 BAPV to one face of sloping roof with inclination of 30º and 60º - 
WWR: 0.2 in all four faces – High and low CT (bottom) + Changing energy performance of V-02 in high CT 
(top) 
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Comparing the amounts of SS in the same building as the inclination of the sloping roof 
changes from 30º to 60º demonstrates that, in this prototype, a 60º inclination consistently offers 
less SS. However, this drop in efficiency is also related to the setpoint of the comfort 
temperature. For instance, this change in inclination decreases the efficiency of the prototype 
by just 1% (from 0.62 to 0.61) at high comfort temperatures, whereas the same change in 
inclination decreases the efficiency of the prototype by 5% (from 0.68 to 0.63) when the 
comfort temperature is set to a lower level. It should be noted that intermediate inclinations 
between 30º and 60º should also be simulated to identify the absolute optimum inclination 
among the calculated variants of this prototype. 

 
 

8.3.5.1 Geometry of sloping roof  
 

The availability of different inclinations in a limited area of the roof is initially presented 
in Table 8.12, which illustrates the transformation of a flat roof into a symmetric steep sloping 
roof with a maximum inclination of 80º. The primary constraint applied during this 
transformation is the requirement for the 'same total length' of the roof. Consequently, the 
offered area for PV integration remains constant, resulting in the use of 'the same amount of 
material' for each roof type. For example, a length of 10.22 m remains consistent across all 
upcoming sloping roof types. Comprehensive investigations of SS and SC calculations can be 
conducted using the matrix presented in Table 8.12 when the entire roof is covered by PVs. In 
this work, the 'energy performance' of just the flat roof (Flachdach) and two inclinations of 30º 
and 60º has been previously presented. 

 
Nine main geometrical forms of roof regarding different inclinations – From left to right oº (flat roof), 10º to 50º (gable roof) and 60º to 
80º (mansard roof) 

 
Tab. 8.12   Deformation of roofs with constraint of the same ‘length’ [64] 

 
 
As the area of each rectangular roof is determined by multiplying its length by its width, 

the 'same area' constraint has been applied in the geometrical modeling of all roof types. 
Considering a seamless transition from a simple flat roof to steep sloping roofs, the following 
geometrical forms have been developed. These forms have been traditionally used for a long 
time in Germany and Central Europe, and there is still extensive use of these roof types in 
construction. They include the 'Flatdach,' a flat roof with an inclination of 0º, the 'Satteldach' 
with two symmetric slopes ranging from 10º to 50º, and the 'Mansardendach' with two 
symmetric slopes ranging from 60º to 80º. 

 
By integrating the developed method of this work, which calculates the 'thermal 

performance' and 'electricity generation' of roofs with different inclinations, we can compare 
the offered 'self-sufficiency' and 'self-consumption' of all nine types of roofs presented in Table 
8.12. To select the highest offered energy performance, these roofs should be compared in 
different orientations, as indicated in Table 8.3, which demonstrates that different orientations 
of symmetric sloping roofs (one-side integration) offer varying energy performances. To obtain 
more reliable results, the effect of shading on the roof due to side trails should also be 
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considered. As a result, in the development of the method in this work, the calculation of 
shadow from overhanging components may additionally be integrated. 

 
The offered area of nine different roof types in table 8.12 can be geometrically more 

developed if different proportions of the building should also be taken into account. In this 
regard, a matrix of nine different proportions of the building with the constraint of offering a 
constant 'total area of roof' of 245 m2 (as an instance) has been developed. All geometrical 
proportions (A, B, C, D, E, F, G, H, and I) with the same 'TFA' but different lengths result in 
the constant 'roof area.' Indeed, multiplying 'length of building' by 'length of roof' gives a 
constant amount of 245 m2. Table 8.13 presents 'one-dwelling buildings' (D-01). The same 
proportional algorithm for multi-dwelling buildings has also been developed. 
 

Left to right: deformation of roof types (constraint: the same length) – Top to bottom: geometrical proportions (constraint: the same area) 

 
Tab. 8.13   Deformation of roofs and application in different geometrical proportions – Constraint: the same 
roof area 

 
 

While the energy performance of each variant in the matrix presented in Table 8.13 is 
not included in this work, the aim is to demonstrate that with this type of developed matrix, 
predicting the energy performance of each variant will be feasible. This means that even in the 
very early phases of architectural design, the selection of a 'roof type' can be made with 
precision when estimating energy performance. In other words, during the initial phase of 
building design, the correct proportion of the building can also be determined based on the type 
of roof that will be integrated. 

 
In the presented method of this work, partial or full coverage of the integrated roof by 

Building-Integrated Photovoltaics (BIPV) and Building-Attached Photovoltaics (BAPV) can 
be considered and applied in the process of estimating the 'energy performance indicator' of all 
prototypes. This approach takes into account the 'thermal performance' and 'energy generation' 
of the roof and the 'building envelope' simultaneously, providing a precise estimation of the 
'energy performance' potential of each roof based on its integration proportion. 

 
Taking into consideration upcoming geometrical parameters such as WWR and 

determining whether the roof is an additional layer applied on top of a flat roof or if it will be 
used as a 'Dachgeschoss' will result in a more realistic estimation of the energy performance of 
each geometrical variant. 
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8.4. WWR 
 
8.4.1 Wall 
 

The effects of changing the WWR of a square building (one storey) while integrating 
20m2 of BAPV on its flat roof are presented in this comparison. Each transformation involves 
altering WWRs to values of 0.2, 0.4, 0.6, and 0.8 on each face, while simultaneously 
maintaining a constant WWR of 0.2 on the other three faces. Annual energy performances of 
these transformations on the south face have also been presented to compare the overlap 
between 'electricity generation' and 'thermal performance' of this prototype. This demonstrates 
how changes in the thermal performance of the building (due to alterations in WWR) with a 
constant amount of 'electricity generation' (due to the consistent amount of BAPV on the flat 
roof) result in varying energy efficiency levels. Results are recorded at both high and low 
comfort temperatures (see table 8.14). 
 

 
 

H
T 
 

Index 

WWR in each face 
V-01 

 
V-02 V-03 V-04 

South East North West 
WWR 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 

H SC 0.77 0.78 0.79 0.80 0.77 0.78 0.78 0.79 0.77 0.78 0.79 0.79 0.77 0.79 0.80 0.80 

SS 0.58 0.57 0.56 0.55 0.58 0.57 0.56 0.56 0.58 0.57 0.56 0.56 0.58 0.57 0.56 0.54 

L SC 0.88 0.88 0.89 0.89 0.88 0.88 0.89 0.89 0.88 0.88 0.89 0.89 0.88 0.88 0.89 0.89 

SS 0.62 0.58 0.55 0.52 0.62 0.59 0.56 0.54 0.62 0.60 0.57 0.55 0.62 0.58 0.53 0.50 

 

 

    

 

 

 
The numbers on each wall are representative of the applied WWR. The 
bold numbers on each variant indicate procedure of changing WWR. 
 

Tab. 8.14   Geometry setups + Calculations of SS and SC - Changing WWR of one vertical face from 0.2 to 0.8 
– 20 m2 BAPV on flat roof – High and low CT 
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Amounts of changing SS and SC of the prototype during changing WWR of one vertical 
face from 0.2 to 0.8 (in high and low CT) and energy performances of V-01 in all four WWR 
setups (at high CT) are presented in figure 8.12. 
 

V-01  (WWR: 0.2) V-01  (WWR: 0.4) V-01  (WWR: 0.6) V-01  (WWR: 0.8) 
 

Energy performance of  V-01 - BAPV on flat roof  
WWR on southeren vertical wall 0.2, 0.4, 0.6 and 0.8 from left graph to right graph, respectively - CT: high 

  
Fig. 8.12   SS and SC - Changing WWR of one vertical face from 0.2 to 0.8 – 20 m2 BAPV on flat roof – High 
and low CT (down) + Changing energy performance of V-01 in high CT (up) 
 

 
The results show that increasing the Window-to-Wall Ratio (WWR) in each face 

decreases the SS, but for different quantities. For instance, in high CT, this transformation in 
the north face decreases SS of this prototype by 2% (from 0.58 to 0.56), while the drop in SS 
in the west face is 4% (from 0.58 to 0.54). The fluctuation of SS demonstrates that the sensitivity 
of the prototype to changes in WWR in all four faces is significantly higher in low CT compared 
to high CT. For example, on the west face of the building, which is the most sensitive face to 
this transformation, the drop in SS is 8% in low CT (from 0.62 to 0.50), whereas in high CT, 
it's 4% (from 0.58 to 0.54). This fact is also demonstrated by comparing changes in SS in 
different faces, which indicate higher amounts of SS changes in all four faces when the comfort 
temperature is set to a low setpoint definition. Comparing the four annual energy performances 
of the south-face transformation indicates that the main reason for drops in SS is the increasing 
cooling demand of the prototype, primarily during the mid-year. 
 
 
8.4.2 Sloping roof in ‘Dachgeschoss’ 
 

As a tradition, constructing upper storeys of buildings with steep slopes is preferred in 
Germany and Europe for various architectural reasons. In this regard, the integration of specific 
windows into these sloping roofs and the resulting energy performance have been investigated 
through the defined prototype. An inclination of 60º, which is the most similar inclination of 
these roofs to 'Dachgeschoss,' has been intentionally selected. 
 

The effects of changing the Window-to-Wall Ratio (WWR) in the upper sloping roof 
(Dachgeschoss) of a square building (two storeys + one 'Dachgeschoss') holding 40m2 of BAPV 
on its south vertical wall are presented in this comparison. Thus, electricity generation remains 
at the same level, and changes in energy performance are solely due to changes in WWR. Three 
different WWR values of 0.0, 0.5, and 1.00 are compared, representing a pure opaque roof 
without windows, a 50% window roof, and a fully integrated window roof, respectively. Results 
are recorded at a high comfort temperature (see table 8.15). 
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Roof type and WWR in sloping roof (with top floor below) 
 V-01 V-02 V-03 V-04 

Index S-N 60º + top floor 
South sloping face in TP 

E-W 60º + top floor 
East sloping face in TP 

S-N 60º + top floor 
North sloping face in TP 

E-W 60º + top floor 
West sloping face in TP 

WWR 0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1 
SC 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 0.99 
SS 0.45 0.40 0.35 0.44 0.40 0.37 0.44 0.41 0.38 0.45 0.38 0.33 

 

 
 

    

 

 

 
The numbers on each sloping roof are representative of the applied WWR. 

 

Tab. 8.15   Geometry setups + Calculations of SS and SC - Changing WWR of sloping roof with inclination of 
60º from 0.0 into 1.00 - 40 m2 BAPV on southern face - WWR 0.2 in all four vertical faces – High CT 
 
 

The changes in SS and SC of the prototype during changing WWR of the sloping roof 
with an inclination of 60º from 0.0 to 1.00 (in high CT) and the energy performances of V-01 
in all three WWR setups (at high CT) are presented in Figure 8.13. 
 
 

V-01  (WWR: 0.0) V-01  (WWR: 0.5)  V-01  (WWR: 1.0)  Energy performance of  V-01 
 
WWR on southern sloping roof of 
top floor 0.0, 0.5 and 1.0 from left 
to right, respectively. 

 
CT: high 
 
 

 
Fig. 8.13   SS and SC - Changing WWR of sloping roof with inclination of 60º from 0.0 into 1.00 - 40 m2 BAPV 
on southern face - WWR 0.2 in all four vertical faces – CT: High (down) + Changing energy performance of V-
01 in WWR of 0.0, 0.5 & 1.0 – CT: high (up) 
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The results indicate that increasing the WWR in each face of the sloping roof in the 
defined prototype effectively reduces the quantity of SS. The most sensitive face in this 
prototype to changes in WWR is the west face of an 'east-west' oriented 'Dachgeschoss,' as it 
shows a 12% drop in SS (from 0.45 to 0.33), whereas the north face of a 'south-north' orientation 
has only a 6% drop (from 0.44 to 0.38). Referring to the three presented energy performances 
of V-01 in three WWR values of 0.0, 0.5, and 1.0 on the southern sloping roof indicates that 
both 'heating demand' and 'cooling demand' of the prototype increase with higher WWR in the 
sloping roof, resulting in lower SS values. 

 
 
8.5 Roof type 
 

In the case of selecting a steep sloping roof (in this work, an inclination of 60º) for a 
two-story building, two different architectural roof concepts can be applied to the building. The 
first concept involves constructing two identical stories with the exact same vertical walls, 
covering the second floor with a flat roof, and finally integrating a symmetric sloping roof on 
the building. The second concept, which is also a traditional method in Germany, consists of 
constructing the first floor with vertical walls and using the sloping elements of the sloping roof 
as diagonal walls for the second floor ('Dachgeschoss'). As both concepts provide the exact 
same total 'living area,' their energy performances can be compared to determine which one 
offers a higher indication of energy efficiency. It should be noted that the total construction 
material used in the 'Dachgeschoss' is relatively less than in the 'building with an extra roof,' 
which can be considered in the process of selecting the concept, but is not a critical index of 
this work. Results are recorded at a high comfort temperature (see table 8.16). 
 

 Index Roof type – Dachgeschoss or extra sloping roof - inclination of 60º 
V-01 V-02 V-03 V-04 
South East North West 

Dach 
geschoss 

SC 0.73 0.87 0.97 0.80 
SS 0.65 0.54 0.41 0.56 

Extra 
roof 

SC 0.73 0.87 0.97 0.79 
SS 0.67 0.57 0.43 0.60 

 
 

 

    

 

 

TF (Top floor) = Dachgeschoss 
Fl = Floor (storey) 
ER = Extra roof (extra sloping roof that covers the separative flat roof) 
1Fl + 1 TF = 1 Storey + Dachgeschoss 
2Fl + ER = 2 Storey + Sloping roof 

Tab. 8.16   Geometry setups + Calculations of SS and SC - Changing ‘Dachgeschoss’ to ‘normal storey + 
sloping roof’ in different orientations - 40 m2 BAPV on representative sloping roof - WWR: 0.2 in all four faces 
(two-storeys building) - High CT 
 
 

The changes in SS and SC of the prototype during the transformation from 
'Dachgeschoss' to 'normal storey + sloping roof' in different orientations (at high CT), and the 
energy performances of V-01 in this transformation (at high CT), are presented in Figure 8.14. 
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V-01 (Dachgeschoss) V-01 (Extra floor)  Energy performance of  V-01 
BAPV on southern slopig roof – Dachgeschoss (left graph) 
 
Energy performance of  V-01 
BAPV on southern slopig roof – Extra floor (right graph) 
 
CT: high 

 
Fig. 8.14   SS and SC - Changing ‘Dachgeschoss’ to ‘normal storey + sloping roof’ in different orientations - 40 
m2 BAPV on representative sloping roof - WWR: 0.2 in all four faces (two-storeys building) – High CT (down) 
+ Changing energy performance of V-01 in ‘Dachgeschoss’ and ‘extra floor’ – CT: high (up) 
 
 

The results show that switching from 'Dachgeschoss' to 'extra roof' increases the SS of 
this prototype by 2% to 4% in different orientations. The west BAPV integration (V-04) is the 
most sensitive direction for this transformation, with a 4% increase in SS. Regarding the two 
presented energy performances of V-01, which compare these two concepts when 40 m² of 
BAPV is on the southern side, it is demonstrated that although the 'uncovered cooling demand' 
is relatively higher in the 'extra roof' concept, the lower heating demand offers a final more SS 
of 2% (comparing 0.65 m² with 0.67 m²). 
 
 
8.6 Building expansion 
 

Moving toward multi-dwelling houses to decrease material usage per capita can be 
achieved through both 'multi-storey construction' or 'flat expansion,' which offer 'vertical' and 
'horizontal' expansion of the building, respectively. To compare the changes in energy 
performance resulting from the transformation of a 'single-family house' through 'vertical' or 
'horizontal' expansion, the availability of the building's envelope for integrating PVs should 
also be considered. In both types of expansion, an equal amount of 'on-roof' BAPV is applied, 
demonstrating the changes in these two energy performances during the transformation from a 
'single-family house' to a 'five-family house'. 
 
 
8.6.1 Vertical expansion 
 

The expansion of a 'one-storey' building through the construction of identical upper 
storeys is examined in this comparison. Five variants, labeled as 01 to 05, represent one-storey 
to 'five-storey buildings,' respectively. In all four faces of each variant, WWR is set to a constant 
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value of 0.2. During this expansion, 20 m² of BAPV on the flat roof is applied for each extra 
storey. Consequently, 0.2 m² of BAPV on the roof is allocated for each square meter of 'total 
area' throughout the entire expansion. To establish a fair energy performance comparison, 20 
m², 40 m², 60 m², 80 m², and 100 m² of BAPV on the flat roof are allocated to v-01, v-02, v-03, 
v-04, and v-05, respectively. Results at both high and low comfort temperatures (table 8.17). 
 

CT Index 
  Vertical expansion – 20 m2 PV on roof for each 100 m2 area (BAPV) 

V-01 V-02 V-03 V-04 V-05 
1 storey – 100 m2 2 storey – 200 m2 3 storey – 300 m2 4 storey – 400 m2 5 storey – 500 m2 

20 m2 40 m2 60 m2 80 m2 100 m2 
H SC 0.77 0.72 0.70 0.69 0.68 

SS 0.58 0.64 0.66 0.67 0.68 
L SC 0.88 0.86 0.85 0.84 0.84 

SS 0.62 0.68 0.70 0.71 0.72 
 

 
 

     
 

 

  

Tab. 8.17   Geometry setups + Calculations of SS and SC - Vertical expansion of one-storey building - 20 m2 
BAPV on flat roof for each storey- WWR: 0.2 in all four faces (one-storey building into five-storeys building) – 
High and low CT 
 
 

The changes in SS and SC of the prototype during the vertical expansion of a one-storey 
building (at both high and low CT), and the energy performances of V-01 and V-02 in this 
expansion (at high CT), are presented in Figure 8.15. 

 
V-01 V-02 Energy performance of  V-01 

1 storey – 20 m2 BAPV on flat roof (left graph) 
 
Energy performance of  V-02 
2 storey – 40 m2 BAPV on flat roof (right graph) 
 
CT: high 
 

 
Fig. 8.15   SS and SC - Vertical expansion of one-storey building - 20 m2 BAPV on flat roof for each storey- 
WWR: 0.2 in all four faces (one-storey building into five-storeys building) - High and low CT (down) + 
Changing energy performance of V-01 and V-02 – CT: high (up) 
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The results show that in both high and low setpoints for comfort temperature, the SS in 
this prototype increases by 10%. The decreases in SC vary, with reductions of 9% and 4% in 
high and low setpoints for CT, respectively. For example, the energy performance 
transformation from V-01 to V-02 (see Table x.32) indicates that as the annual energy demand 
of the building increases, a larger portion of the total energy demand is covered by self-
generated electricity, leading to higher SS. Conversely, a smaller portion of self-generated 
electricity is consumed by the building, resulting in lower SC. The changing percentages of 
increased SS and decreased SC are moderated when moving toward higher prototypes. 

 
 

8.6.2 Horizontal expansion 
 

In this comparison, the expansion of a 'one-storey' building is achieved through an 
extension of its width and length. Five variants, labeled as 01 to 05, represent one-unit to five-
unit buildings, with the constraint of remaining as 'one-storey' buildings and an equal allocation 
of PV per capita. Similar to vertical expansion, all four faces have a constant WWR of 0.2, and 
there is an allocation of 0.2 m² of BAPV on the roof for each one square meter of 'total area.'  

 
Consequently, 20 m², 40 m², 60 m², 80 m², and 100 m² of BAPV on the flat roof are 

allocated to v-01, v-02, v-03, v-04, and v-05, respectively. Results are recorded at both high 
and low comfort temperatures (see table 8.18). 
 

 
CT 

Index 

Horizontal expansion – 20 m2 PV on roof for each 100 m2 area (BAPV) 
V-01 V-02 V-03 V-04 V-05 

1 storey – 100 m2 1 storey – 200 m2 1 storey – 300 m2 1 storey – 400 m2 1 storey – 500 m2 
20 m2 40 m2 60 m2 80 m2 100 m2 

H SC 0.77 0.73 0.71 0.70 0.69 
SS 0.58 0.60 0.60 0.61 0.61 

L SC 0.88 0.84 0.80 0.78 0.76 
SS 0.62 0.67 0.68 0.68 0.68 

 

 

     
 

 

  

Tab. 8.18   Geometry setups + Calculations of SS and SC - Horizontal expansion of one-storey building - 20 m2 
BAPV on flat roof for each storey- WWR: 0.2 in all four faces (Expansion of 100m2 building into 500m2 

building in one storey) - High and low CT 
 
 
 
 
 
 
 
 
 
 
 

Wall + Window
BAPV

10

10

V-01

4
5

14.1

14.1

V-02

5

8

17.32

17.32

V-03

6.75

8.88

20

20

V-04

8

10

22.36

22.36

V-05

10

10



 150 

The changes in SS and SC of the prototype during the horizontal expansion of a one-
storey building (at both high and low CT), and the energy performances of V-01 and V-02 in 
this expansion (at high CT), are presented in Figure 8.16. 
 
V-01 V-02 Energy performance of  V-01 

1 storey – area 100 m2 – 20 m2 BAPV on flat roof (left graph) 
 
Energy performance of  V-02 
1 storey – area 200 m2 –40 m2 BAPV on flat roof (left graph) 
 
CT: high 
 

 
Fig. 8.16   SS and SC - Horizontal expansion of one-storey building - 20 m2 BAPV on flat roof for each storey- 
WWR: 0.2 in all four faces (Expansion of 100m2 building into 500m2 building in one storey) – High and low CT 
(down) + Changing energy performance of V-01 and V-02 – CT: high (up) 
 
 

The results indicate that in both high and low setpoints for comfort temperature, in this 
prototype, as we move towards more dwelling units in the building, SS increases. However, in 
the last three transformations (from V-02 to V-05), there is a less significant increase compared 
to vertical expansion. Additionally, horizontal expansion results in a lower increase in SS 
compared to vertical expansion. In vertical expansion, SS increases by 10% in both high and 
low CT, whereas horizontal expansion provides a 3% increase in high CT and a 6% increase in 
low CT, respectively. 
 
 
8.7 Distribution of PV 
 
8.7.1 BAPV on sloping roof with different inclinations  
 

In buildings with symmetric sloping roofs, deciding whether to allocate all the PVs to 
one side or divide them into two equal portions on each side of the roof is a critical decision in 
the early planning stages. To address this, different orientations of buildings should be applied 
in the developed geometrical matrix to observe the changes in each type of allocation for 
specific building orientations. Table 8.19 displays the allocation of 40 m² of BAPV on one side 
of a sloping roof with inclinations of 30º and 60º in 12 different orientations, with intervals of 
30º. When allocating PV to two sides of the sloping roof, only 6 different orientations of the 
prototype are considered, as the symmetric roof provides the exact same setup in the second set 
of 'six orientations' of the prototype. 
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Orientation – distribution of PV on roof 
 Inc 30º - PV one side 

Orn. 0º -30º -60º -90º -120º -150º -180º +150º +120º +90º +60º +30º 
SC 0.44 0.46 0.49 0.52 0.57 0.62 0.63 0.60 0.54 0.49 0.57 0.68 
SS 0.77 0.76 0.73 0.71 0.69 0.67 0.67 0.68 0.70 0.73 0.69 0.68 

 

 

 
  

 

 
Inc 60º - PV one side 

SC 0.48 0.51 0.56 0.61 0.70 0.80 0.82 0.75 0.64 0.56 0.51 0.48 
SS 0.75 0.74 0.72 0.68 0.66 0.63 0.61 0.63 0.67 0.72 0.75 0.75 

 
 

 
  

 
 
 

 

 

 

Top: 360º rotation of one-side allocation – Inc. 30º 
Bottom: 360º rotation of one-side allocation – Inc. 60º 

Tab. 8.19   Geometry setups + Calculations of SS and SC - Orientation of building with one-side allocation of 
40 m2 BAPV on sloping roof with inclination of 30º and 60º - WWR: 0.2 in all four faces – High CT 
 
 

The changes in SS and SC of the prototype during its orientation with one-side 
allocation of 40 m² of BAPV on a sloping roof with inclinations of 30º and 60º are presented in 
Figure 8.17. 
 

 
Fig. 8.17   SS and SC - Orientation of building with one-side allocation of 40 m2 BAPV on sloping roof with 
inclination of 30º and 60º - WWR: 0.2 in all four faces – High CT 
 
 

Table 8.20 displays equal allocation of 40 m² of BAPV on two sides of a sloping roof 
with inclinations of 30º and 60º in 6 different orientations of the prototype, with each rotation 
interval of 30º. 
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0,9

1

SC - 30º SS - 30º SC - 60º SS - 60º

0º -30º -60º -90º -10º -150º -180º +150º +120º +90º +60º +30º
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Inc 30º - PV two sides Inc 60º - PV two sides 

SC 0.53 0.52 0.51 0.51 0.57 0.53 0.64 0.63 0.60 0.58 0.60 0.63 

SS 0.74 0.73 0.72 0.72 0.69 0.74 0.74 0.72 0.70 0.70 0.72 0.74 
 
 
 

 
 
 

 
 

 
 

  

 

Left: 180º rotation of two-sides allocation – Inc. 30º 
Right: 180º rotation of two-sides allocation – Inc. 60º 

Tab. 8.20   Geometry setups + Calculations of SS and SC - Orientation of building with two-sides allocation of 
40 m2 BAPV on sloping roof with inclination of 30º and 60º - WWR: 0.2 in all four faces - High CT 
 
 

The changes in SS and SC of the prototype during its orientation with two-sided 
allocation of 40 m² of BAPV on a sloping roof with inclinations of 30º and 60º are presented in 
Figure 8.18. 

 

 
Fig. 8.18   SS and SC - Orientation of building with two-sides allocation of 40 m2 BAPV on sloping roof with 
inclination of 30º and 60º - WWR: 0.2 in all four faces – High CT 
 
 

Comparing the maximum SS of the prototype when 40 m² of BAPV is installed 'entirely 
on one side' or 'equally on two sides' of the sloping roof, it indicates that one-side installation 
of the entire BAPV offers a higher SS, resulting in an absolute south orientation. In this variant 
(one-side installation), the fluctuation of SS in all 12 orientations through two inclinations of 
30º and 60º demonstrates different changes as the orientation of the building changes. In an 
inclination of 30º, instead of an absolute priority for south installation, a second peak is recorded 
in the absolute west (+90º) orientation. In an inclination of 60º, the minimum SS is offered by 
an absolute north orientation (180º), but the maximum SS is offered by the orientations of V-
01, V-11, and V-12, which correspond to orientations of 0º, +60º, and +30º, respectively. So, 
in 'two-side distribution,' compared to 'one-side distribution,' this prototype is less sensitive to 
rotation (different orientations) and offers a lower 'maximum SS.' From another point of view, 
the minimum offered SS in 'one-side distribution' in an inclination of 60º is 0.61 (orientation 
180º), whereas in 'two-side distribution,' SS will not drop below 0.70. So, it could be concluded 
that in this prototype and in a specific inclination of 60º, the minimum SS will be achieved in a 
less 'orientation-dependent' manner compared to 'one-side distribution' with the same 
inclination. 
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8.7.2 Symmetric and asymmetric distribution of BAPV 
 

This section involves a comparison of the drop or increase in energy efficiency resulting 
from BAPV allocation on one side (asymmetric) versus dividing the same amount on two sides 
(symmetric) of a sloping roof with inclinations of 30º and 60º. The discussion and comparison 
are conducted for four main geographical orientations. In this scenario, 40 m² of BAPV is 
allocated on one side (asymmetric) of the sloping roof, and the results are compared to when 
20 m² of BAPV is allocated on each side of the same sloping roof (symmetric). The comfort 
temperature is set to a high definition. Table 8.21 presents the asymmetric and symmetric 
distribution of BAPV on the roof with an inclination of 30º, along with recorded SS and SC at 
high comfort temperature. 
 

Index 

Distribution of PV on roof with inclination of 30º 
V-01 V-02 V-03 V-04 

South & south-north East & east-west North & north-south West & west-east 

40 m2 -S 

 
20 m2 -S 
20 m2 -N 

40 m2 -E 

 
20 m2 -E 
20 m2 -W 

40 m2 -N 

 
20 m2 -N 
20 m2 -S 

40 m2 -W 

 
20 m2 -W 
20 m2 -E 

SC 0.44 0.53 0.52 0.51 0.63 0.53 0.49 0.51 
SS 0.77 0.74 0.71 0.72 0.67 0.74 0.73 0.72 

 
 

 
 

    
 

 

  

Tab. 8.21   Geometry setups + Calculations of SS and SC - Asymmetric or symmetric allocation of 40 m2 BAPV 
on sloping roof with inclination of 30º - All four main orientations - WWR: 0.2 in all four faces - High CT 
 
 

The changes in SS and SC of the prototype during asymmetric or symmetric allocation 
of 40 m² of BAPV on a sloping roof with an inclination of 30º are presented in Figure 8.19. 

 
V-01 (BAPV on south) 
 

V-01 (BAPV on south & 
north)   

Energy performance of  V-01 
40 m2 BAPV on southern slopig roof – Extra floor - CT: high (left graph) 
 
Energy performance of  V-01 
20 m2 BAPV on southern and northern slopig roof 
Extra floor - CT: high (right graph) 
 

 
Fig. 8.19   SS and SC - Asymmetric or symmetric allocation of 40 m2 BAPV on sloping roof with inclination of 
30º - All four main orientations - WWR: 0.2 in all four faces - High CT (down) + Changing energy performance 
of V-01 in ‘asymmetric’ and ‘symmetric’ mode – CT: high (up) 
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The results demonstrate that in this prototype, the distribution of BAPV on both sides 
of a symmetric sloping roof with an inclination of 30º can increase or decrease SS depending 
on the building's orientation. For example, dividing the entire 40 m² of BAPV from a south-
integrated system into south and north (each holding 20 m²) decreases SS by 3% (from 0.77 to 
0.74). Similarly, switching from an absolute west integration to east-west integration decreases 
SS by 1% (from 0.73 to 0.72). However, dividing the entire 40 m² of BAPV from an east-
integrated system into 20 m² in the east and 20 m² in the west increases SS by 1% (from 0.71 
to 0.72). Similarly, switching from an absolute north integration to south-north integration 
increases SS by 7% (from 0.67 to 0.74). Table 8.22 presents the asymmetric and symmetric 
distribution of BAPV on the roof with an inclination of 60º, along with recorded SS and SC. 
 

Index 

Distribution of PV on roof with inclination of 60º 
V-01 V-02 V-03 V-04 

South & south-north East & east-west North & north-south West & west-east 

40 m2 -S 

 
20 m2 -S 
20 m2 -N 

40 m2 -E 

 
20 m2 -E 
20 m2 -W 

40 m2 -N 

 
20 m2 -N 
20 m2 -S 

40 m2 -W 

 
20 m2 -W 
20 m2 -E 

SC 0.48 0.64 0.61 0.58 0.82 0.64 0.56 0.58 
SS 0.75 0.74 0.68 0.70 0.61 0.74 0.72 0.70 

 
 

 
 

    
 

 

  

Tab. 8.22   Geometry setups + Calculations of SS and SC - Allocation of 40 m2 BAPV asymmetric or symmetric 
on sloping roof with inclination of 60º - All four main orientations - WWR: 0.2 in all four faces - High CT 
 
 

The changes in SS and SC of the prototype resulting from asymmetric or symmetric 
allocation of 40 m² of BAPV on a sloping roof (inclination of 60º) are presented in Figure 8.20. 
 
V-01 (BAPV on south) V-01 (BAPV on south & 

north)   

Energy performance of  V-01 
40 m2 BAPV on southern slopig roof – Extra floor - CT: high (left graph) 
 
Energy performance of  V-01 
20 m2 BAPV on southern and northern slopig roof 
Extra floor - CT: high (right graph) 
 

 
Fig. 8.20   SS and SC - Asymmetric or symmetric allocation of 40 m2 BAPV on sloping roof with inclination of 
60º - All four main orientations - WWR: 0.2 in all four faces - High CT (down) + Changing energy performance 
of V-01 in ‘asymmetric’ and ‘symmetric’ mode – CT: high (up) 
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The results indicate that in this prototype, the distribution of BAPV on both sides of a 
symmetric sloping roof with an inclination of 60º (considering SS as the critical index) is mainly 
beneficial when the entire 40 m² of BAPV is integrated on one side of the roof. The most 
significant 'energy performance change' occurs in an absolute north integration, where SS 
increases by 13% (from 0.61 to 0.74) after shifting half of the PVs to the south roof. 

 
Similarly, shifting half of the PVs from an east roof to a west roof increases SS by 2% 

(from 0.68 to 0.70). 
 
 
8.8 Proportion + Orientation + WWR 
 

To detect changes in the energy performance of a building when more than two 
geometrical parameters are altered, the effects of changing three parameters—orientation, 
proportion, and WWR—in a one-story building have been studied. The developed matrix 
presents five different proportions of the considered prototype, where four WWRs (0.2, 0.4, 
0.6, and 0.8) and six orientations (0º, -30º, -60º, -90º, -120º, and -150º) are applied to all five 
proportions. 
 

This matrix primarily aims to determine whether changing the values of orientation, 
proportion, and WWR affects the energy performance of the building in different configurations 
of each parameter. For example, it examines whether different energy performances resulting 
from different WWRs remain the same when the entire building rotates and to what extent these 
results differ in various proportions of the building. Table 8.23 presents the matrix of geometry 
setups for the considered proportions, orientations, and WWRs. 
 

 

 
 

 
Tab. 8.23   Geometry setups – Algorithm of 5 proportions, 6 orientations and 4 WWRs - 20 m2 BAPV on flat 
roof 
 
 
 
 
 
 
 
 
 
 

Wall + Window
BAPV 16.00

6.25

12.50

8.00

10.00

10.00

8.00

12.50

6.25

16.00

V1 V2 V3 V4 V5

WWR 0.2

0º
-30º
-60º
-90º
-120º
-150º

V1 V2 V3 V4 V5 V1 V2 V3 V4 V5 V1 V2 V3 V4 V5 V1 V2 V3 V4 V5
WWR 0.4 WWR 0.6 WWR 0.8
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Table 8.24 displays the changes in SS and SC of the prototype when altering three 
parameters: orientation, proportion, and WWR in a one-story building with 20 m² of BAPV on 
the flat roof (high CT). 

 
  WWR 0.2 WWR 0.4 WWR 0.6 WWR 0.8 
  V

-01 

V
-02 

V
-03 

V
-04  

V
-05  

V
-01  

V
-02 

V
-03 

V
-04 

V
-05 

V
-01 

V
-02 

V
-03 

V
-04 

V
- 05 

V
-01 

V
- 02 

V
-03 

V
-04 

V
-05 

0º SC 78 77 77 77 77 81 81 81 81 81 83 82 82 82 83 84 83 83 83 84 
SS 57 58 58 57 57 52 54 54 54 53 47 49 50 50 48 43 45 46 46 45 

-30º SC 78 77 77 77 77 81 81 81 81 81 83 82 82 82 83 84 83 83 83 84 
SS 57 57 58 57 57 52 53 54 54 53 47 49 49 49 48 43 45 46 45 44 

-60º SC 78 77 77 77 78 81 81 81 81 81 83 82 82 82 83 84 83 83 83 84 
SS 57 57 58 57 57 52 54 54 53 52 48 49 49 49 47 43 45 46 45 43 

-90º SC 77 77 77 77 77 81 81 81 81 81 83 82 82 82 83 84 83 83 83 84 
SS 57 57 58 58 58 53 54 54 54 52 48 50 50 49 47 45 46 46 45 43 

-120º SC 77 77 77 77 78 81 81 81 81 81 83 82 82 82 83 84 83 83 83 84 
SS 57 57 58 57 57 53 54 54 53 52 48 49 49 49 47 44 45 46 45 43 

-150º SC 78 77 77 77 78 81 81 81 81 81 83 82 82 82 83 84 83 83 83 84 
SS 57 57 58 57 57 52 53 54 54 52 47 49 49 49 48 43 45 46 45 43 

 
Tab. 8.24   SS and SC – Matrix of combination of 5 proportions, 6 orientations and 4 WWRs - 20 m2 BAPV on 
flat roof - CT: high 
 

 
The results demonstrate that SS decreases as WWR increases in all five proportions and 

in each orientation. The effects of different orientations are more pronounced when the 
proportion of the prototype is closer to rectangular rather than a square proportion. Therefore, 
changes in SS in V-01 and V-05 exhibit more fluctuations compared to V-03, which represents 
a square building. 

 
It can also be concluded that in this prototype, the variants with higher WWR (0.8 in 

this case) are more sensitive to changes in orientation because the thermal performance of 
windows changes more significantly compared to the opaque part of a wall due to the higher 
sensitivity of transparent components to changes in irradiation. 

 
Additionally, it is revealed that for specific orientations and WWR in this prototype, 

certain 'rectangular' proportions can be competitive with an absolute square building when SS 
is considered the critical index. For example, this prototype with a fixed WWR of 0.6 and an 
absolute square form (V3) yields an SS of 0.49, while an absolute rectangular proportion (V5) 
with the same orientation and WWR has just a 1% lower SS, delivering a self-sufficiency of 
0.48. 
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8.9 Inclination + Orientation + WWR 
 

The effects of concurrent changes in three parameters—orientation, inclination, and 
WWR—in a one-story building have been studied. Table 8.25 presents a matrix that combines 
three inclinations (90º, 60º, and 30º) with six WWRs (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) across 
twelve orientations of the building (0º, -30º, -60º, -90º, -120º, -150º, 180º, +150º, +120º, +90º, 
+60º, and +30º). These three main defined inclinations are exclusively applied to just one face 
of the building in a representative orientation. 

 
The developed matrix displays the geometry setups resulting from the combination of 

these three parameters in a one-story building with an absolute square proportion. A high 
setpoint of CT is applied. 
 

 
 

 
Tab. 8.25   Geometry setups – Matrix of 3 inclinations, 12 orientations and 6 WWRs - 20 m2 BAPV on flat roof 
 
 

The algorithm developed in Table 8.25 primarily aims to determine if changing 
quantitative parameters such as orientation, proportion, and WWR can alter the energy 
performance of a building across various combinations of these parameters. For example, it 
investigates whether different energy performances resulting from various WWRs remain 
consistent when the entire building rotates and the extent to which results differ in specific 
building proportions. 
 

Table 8.26 displays the changes in SS and SC of the prototype when altering three 
parameters: orientation, inclination, and WWR in a one-story building with 20 m² of BAPV on 
a flat roof (high CT). 
 
 
 
 
 
 

Wall + Window
BAPV
Rotated face (Wall + Window)

V1 V2 V3
90.0° 60.0° 30.0°

WWR 0.0

0º

WWR 0.2 WWR 0.4 WWR 0.6 WWR 0.8 WWR 1.0

-30º
-60º
-90º
-120º
-150º
180º
+150º
+120º
+90º
+60º
+30º

V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3
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  WWR 0.0 WWR 0.2 WWR 0.4 WWR 0.6 WWR 0.8 WWR 1.0 
  90º 60º 30º 90º 60º 30º 90º 60º 30º 90º 60º 30º 90º 60º 30º 90º 60º 30º 

0º SC 75 74 72 77 77 78 78 79 78 79 79 79 80 80 80 81 80 81 
SS 58 59 60 58 59 59 57 57 54 56 55 50 55 53 46 54 51 43 

-30º SC 76 74 72 77 76 77 78 78 79 79 79 79 79 80 80 80 80 81 
SS 58 59 60 58 58 59 57 57 55 56 56 51 55 54 48 54 52 45 

-60º SC 76 74 73 77 76 76 78 77 79 79 78 79 79 79 80 80 80 81 
SS 58 59 60 58 58 59 57 57 56 56 56 52 55 54 49 54 53 46 

-90º SC 76 74 73 77 76 76 78 77 79 78 78 79 79 79 80 80 80 81 
SS 56 59 60 58 59 59 57 57 56 56 56 53 56 55 50 55 54 48 

-120º SC 76 75 73 77 76 76 78 77 78 78 78 79 79 79 80 80 80 81 
SS 58 59 60 58 58 59 57 57 57 56 56 54 55 55 51 55 54 48 

-150º SC 76 75 73 77 76 76 78 77 79 78 78 79 79 79 80 80 80 81 
SS 58 59 60 58 58 59 57 58 57 56 57 54 55 56 51 55 55 48 

180º SC 76 75 73 77 76 77 78 77 78 79 78 79 79 80 80 80 80 81 
SS 58 59 60 58 59 59 57 58 56 56 57 53 56 56 50 55 55 47 

+150º SC 76 75 73 77 76 76 78 77 78 79 78 79 80 79 80 81 80 81 
SS 58 59 60 58 58 59 57 57 57 56 56 54 55 55 51 54 54 48 

+120º SC 75 73 72 77 77 78 79 79 79 80 79 79 80 80 80 81 80 81 
SS 57 58 59 58 59 59 57 57 54 56 55 50 54 52 46 53 50 43 

+90º SC 74 72 71 77 77 78 79 79 78 80 79 79 80 80 80 81 80 81 
SS 57 58 59 58 59 59 57 57 53 56 54 49 54 51 45 52 49 42 

+60º SC 74 73 71 77 77 78 79 79 78 80 79 79 80 80 80 81 80 81 
SS 57 58 59 58 59 59 57 56 53 56 54 49 54 51 45 52 49 42 

+30º SC 75 73 72 77 77 78 78 79 79 80 79 79 80 80 80 81 80 81 
SS 57 58 59 58 58 58 57 57 53 56 54 49 55 52 45 53 49 42 

 
Tab. 8.26   SS and SC – Matrix of 3 inclinations, 12 orientations and 6 WWRs - 20 m2 BAPV on flat roof - CT: 
high 
 

The results in Table 8.26 demonstrate that the relationship between SS and the changing 
inclination of one face of the prototype is markedly different in variants with higher WWR 
values. On average, in all orientations of the considered prototype with fully opaque faces in 
all four walls (WWR 0.0), SS increases (from approximately 0.58 to 0.60) when one face 
changes. However, in variants with a high WWR, SS decreases (from approximately 0.55 to 
0.50) when one face changes. Therefore, the benefit of converting the inclination of one face 
from vertical to inclinations of 60º and 30º can only increase SS in variants where the maximum 
WWR in all four faces is up to 0.2. 

 
Similarly, the sensitivity of SS to the orientation of this prototype is much higher in 

higher WWR scenarios compared to lower WWR scenarios. For instance, in the prototype with 
a WWR of 0.2, changing the orientation of a face with an inclination of 60º delivers 
approximately constant SS of 0.58. In contrast, in the same prototype with a WWR of 0.8, SS 
exhibits a maximum and minimum of approximately 0.55 and 0.50, respectively. 
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8.10 Priority of integration 
 

In a building with various available components for PV integration, one critical decision 
is the priority of these components considering the offered SS. In this chapter, the main target 
of investigation is how the priority of components will change in a building that is going to be 
equipped with PVs multiple times, taking into account the new 'thermal performance' and 
'coverage of demand' that should be considered in upcoming PV integrations. It's worth noting 
that this priority is a critical decision because, from an architectural standpoint, in the initial 
stages of design, illustrating the 'differences in energy efficiency' of a building through different 
'areas of PV installation' is often overlooked. Therefore, it can be concluded that in cases where 
the priority of components for mounting PVs varies, different faces of the building should 
receive different quantities of PVs in different phases. 
 
 
8.10.1 Flat roof 
 

A very simple prototype representing a square building with a flat roof and constant 
WWR of 0.2 in all four faces has been considered. As each face of the building has 30 m², 6.0 
m² is allocated to windows, and 24 m² will be available in each face for PV integration. Index 
of SS is selected to decide the priority of integration according to the highest offered quantity 
of SS by each component. After integration of the first 24 m² BAPV and applying the 'electricity 
generation' and changes of 'thermal performance,' the rest of the available components are 
compared regarding their offered 'self-sufficiency.' Following the procedure of priority of 
integration of the building by 24 m² BAPV illustrates deciding 'which component' should be 
integrated through 'which phase' of PV integration. 

 
Table 8.27 shows different achievable SS and SC of the prototype through the 

installation of 24 m² BAPV on different components in different phases (high CT). 
 

 
  24 

m2 
Pr. +24 m2 Pr. +24 m2 Pr. +24 m2 

South SC 0.89       
SS 0.56 1.00      

East SC 0.97  0.66     
SS 0.47 0.83 0.74 1.00    

North SC 1.00  0.72  0.52   
SS 0.37 0.66 0.72 0.97 0.79 1.00  

West SC 0.91  0.62  0.46  0.39 
SS 0.51 0.91 0.74 1.00 0.79 1.00 0.83 

 

Tab. 8.27   Achievable SS and SC by installation of 24 m2 BAPV on each component through 4 phases- One-
storey building with flat roof – High CT 
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Figure 8.21 shows the priority of the four vertical walls of the defined prototype during 
three phases of 24 m² integration of BAPV regarding the offered SS (high CT). 
 

 

 

 

 

 

Fig. 8.21   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) - One-storey building with flat roof - High CT 
 
 

The results indicate that for the initial installation of 24 m² of BAPV on a building with 
four available components (vertical walls), the highest priority belongs to the south wall, 
offering an SS of 0.56, while the west, east, and north vertical walls follow in subsequent 
priority. 
 

In the second installation of 24 m² of BAPV, the priority is determined by comparing 
the offered SS of the three components: east, north, and west vertical walls, as the south wall is 
already fully integrated with BAPV. In this context, the east and west walls offer the highest 
SS, with the north wall in the third position. So, when deciding between east and west 
integration, the choice becomes critical, especially if the entire 24 m² of BAPV is to be 
integrated in the first phase. Otherwise, in the second phase, both east and west walls offer 
nearly equal SS values of 0.74. 
 

Considering a higher offered SC (Solar Conversion) by the east wall compared to the 
west wall (0.66 vs. 0.64), the east wall integration becomes preferable. In the third phase, both 
the north and west walls offer an equal SS of 0.79. 
 

 

8.10.2 Sloping roof (Inc. 30º - south-north) 
 

This prototype represents a square building equipped with a south-north symmetric 
sloping roof inclined at 30º. A constant WWR of 0.2 has been applied to all four faces. Since 
each face of the building is 30 m², 6.0 m² is allocated for windows, leaving 24 m² available for 
PV integration on each face. Similarly, each face of the roof offers 57 m² of available area for 
PV integration. Table 8.28 displays the different achievable SS and SC values for the prototype 
by installing 24 m² of BAPV on various components in different phases (high CT). 
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  24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. 

South 
roof 

SC 0.65  0.38        
SS 0.68 1.00 0.79 1.00       

North 
roof 

SC 0.84  0.46  0.31  0.27    
SS 0.54 0.79 0.78 0.99 0.84 1.00 0.89 1.00   

South SC 0.88  0.46  0.30  0.26  0.23  
SS 0.57 0.84 0.77 0.97 0.83 0.99 0.88 0.99 0.91 1.00 

East SC 0.96  0.49  0.32  0.27  0.24  
SS 0.48 0.71 0.76 0.96 0.83 0.99 0.88 0.99 0.91 1.00 

North SC 1.00  0.53  0.34  0.28  0.24  
SS 0.38 0.56 0.76 0.96 0.83 0.99 0.87 0.98 0.91 1.00 

West SC 0.90  0.47  0.31  0.27  0.23  
SS 0.52 0.76 0.76 0.96 0.82 0.98 0.87 0.98 0.91 1.00 

 

Tab. 8.28   Achievable SS and SC by installation of 24 m2 BAPV on each component through 5 phases- One-
storey building with sloping roof with inclination of 30º – High CT 
 

 
Figure 8.22 shows the priority of the four vertical walls and the two faces of the sloping 

roof with a 30º inclination (south-north) in the defined prototype during five phases of 24 m² 
integration of BAPV regarding the offered SS (high CT). 

  

 

 

 

 

 
 

 

Fig. 8.22   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) – One-storey building with sloping roof (Inc.30º - south-north) - High CT 
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The graph presented in Figure 8.22 demonstrates that instead of merely moderating the 
differences in 'offered SS' among different components in various phases, their sequence of 
priority also changes. For instance, in the first integration, the south vertical wall and north roof 
are the second and third recommended components, respectively. However, in the second 
integration, the offered SS by the north roof exceeds that of the south vertical wall, even by 1%. 

 
 

8.10.3 Sloping roof (Inc. 30º - east-west) 
 

This prototype features a square building equipped with an east-west symmetric sloping 
roof inclined at 30º. A constant WWR of 0.2 has been applied to all four faces. Each wall of 
this prototype offers 24 m², and each face of the roof provides 57 m² of available area for PV 
integration. 

 
Table 8.29 displays the different achievable SS and SC values for the prototype through 

the installation of 24 m² of BAPV on different components in different phases (high CT). 
 

 
  24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. 

East roof SC 0.74  0.44  0.53  0.27    
SS 0.61 0.97 0.76 0.99 0.83 1.00 0.88 1.00   

West roof SC 0.70  0.43  0.34  0.27  0.22  
SS 0.63 1.00 0.76 0.99 0.83 1.00 0.88 1.00 0.91 1.00 

South SC 0.88  0.50        
SS 0.57 0.90 0.77 1.00       

East SC 0.96  0.52  0.39  0.30  0.22  
SS 0.48 0.76 0.73 0.95 0.81 0.98 0.86 0.98 0.90 0.99 

North SC 1.00  0.57  0.42  0.31  0.25  
SS 0.38 0.60 0.72 0.94 0.81 0.98 0.86 0.98 0.90 0.99 

West SC 0.90  0.50  0.38  0.29  0.24  
SS 0.52 0.83 0.74 0.96 0.80 0.96 0.86 0.98 0.90 0.99 

 

Tab. 8.29   Achievable SS and SC by installation of 24 m2 BAPV on each component through 5 phases- One-
storey building with sloping roof (Inc. 30º - east-west) – High CT 
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Figure 8.23 displays the priority of the four vertical walls and the two faces of the 
sloping roof, inclined at 30º (east-west), in the defined prototype during five phases of 24 m² 
integration of BAPV regarding the offered SS under high CT. 

 

 

 

 

 

 

Fig. 8.23   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) – One-storey building with sloping roof (Inc.30º - east-west) - High CT 
 
 

Figure 8.23 demonstrates that the sequence of priorities in this prototype changes during 
different phases of PV integration. For instance, in the first integration, the west roof takes 
absolute priority over the south wall, offering 6% more SS (0.63 compared to 0.57), while in 
the second integration, the south wall offers even 1% more SS (0.77 compared to 0.76). 

 
As another example, in the first integration, the west roof has a priority over the north 

wall with 14% more offered SS (0.52 compared to 0.38), but in the third integration, the north 
wall offers even 1% more SS (0.81 compared to 0.80).  

 
In the fifth integration, the values for all remaining components are the same, with their 

offered SS indicating an approximate value of 0.90. 
 

 

8.10.4 Sloping roof (Inc. 60º - south-north) 
 

This prototype represents a square building equipped with a south-north symmetric 
sloping roof inclined at 60º. A constant WWR of 0.2 has been applied to all four faces. Each 
wall of this prototype offers 24 m², and each face of the roof provides 100 m² of available area 
for PV integration.  

 
Table 8.30 displays the different achievable SS and SC values for the prototype through 

the installation of 24 m² of BAPV on different components in different phases (high CT). 
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  24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. 

South roof SC 0.71  0.41    
SS 0.67 1.00 0.78 1.00   

North roof SC 0.93  0.55  0.35  
SS 0.43 0.64 0.77 0.99 0.82 1.00 

South SC 0.88  0.48  0.32  
SS 0.57 0.85 0.76 0.97 0.82 1.00 

East SC 0.96  0.52  0.34  
SS 0.48 0.72 0.75 0.96 0.81 0.99 

North SC 1.00  0.57  0.36  
SS 0.38 0.57 0.75 0.96 0.81 0.99 

West SC 0.90  0.50  0.33  
SS 0.52 0.77 0.76 0.97 0.81 0.99 

 

Tab. 8.30   Achievable SS and SC by installation of 24 m2 BAPV on each component through 3 phases- One-
storey building with sloping roof (Inc. 60º - south-north) – High CT 
 
 

Figure 8.24 displays the priority of the four vertical walls and the two faces of the 
sloping roof, inclined at 60º (south-north), in the defined prototype during five phases of 24 m² 
integration of BAPV regarding the offered SS under high CT. 
 

 

 
 

 

Fig. 8.24   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) – One-storey building with sloping roof (Inc.60º - south-north) - High CT 
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Figure 8.24 demonstrates that the sequence of priorities in this prototype significantly 
changes in the first two phases of PV integration. For instance, in the first integration, the north 
roof is in the fifth position due to its offered SS of 0.38, which falls behind the south roof, south 
wall, west roof, and east wall offering 0.67, 0.57, 0.52, and 0.48, respectively. 

 
However, in the second integration, its priority rises to the second position as it offers 

an SS of 0.77, which is only 1% less than the offered SS of the south roof (0.78). In the third 
integration, the values for all remaining components are the same, with their offered SS 
indicating an equal amount of approximately 0.81. 
 
 
8.10.5 Sloping roof (Inc. 60º - east-west) 
 

This prototype represents a square building equipped with an east-west symmetric 
sloping roof inclined at 60º. A constant WWR of 0.2 has been applied to all four faces. Each 
wall of this prototype offers 24 m², and each face of the roof provides 100 m² of available area 
for PV integration. Table 8.31 displays the different achievable SS and SC values for the 
prototype through the installation of 24 m² of BAPV on different components in different 
phases (high CT). 
 

 
  24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. 

East roof SC 0.85  0.51  0.39  
SS 0.57 0.97 0.74 0.97 0.81 1.00 

West roof SC 0.77  0.49  0.37  
SS 0.59 1.00 0.75 0.99 0.81 1.00 

South SC 0.88  0.53    
SS 0.57 0.97 0.76 1.00   

East SC 0.96  0.57  0.41  
SS 0.48 0.81 0.72 0.95 0.80 0.99 

North SC 1.00  0.62  0.44  
SS 0.38 0.64 0.71 0.93 0.80 0.99 

West SC 0.90  0.54  0.40  
SS 0.52 0.88 0.73 0.96 0.80 0.99 

 

Tab. 8.31   Achievable SS and SC by installation of 24 m2 BAPV on each component through 3 phases- One-
storey building with sloping roof (Inc. 60º - east-west) – High CT 
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Figure 8.25 displays the priority of the four vertical walls and the two faces of the 
sloping roof, inclined at 60º (east-west), in the defined prototype during five phases of 24 m² 
integration of BAPV regarding the offered SS under high CT. 

 

 

 

 

 

 

Fig. 8.25   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) – One-storey building with sloping roof (Inc.60º - east-west) - High CT 
 

 
Figure 8.25 demonstrates that the sequence of priorities in this prototype changes, even 

in the case of the first position in the first two phases of PV integration. In the first integration, 
the west roof provides 0.02 more SS compared to the south wall (0.59 compared to 0.57). 
However, in the second integration, the offered SS of the west roof is even 1% less than the 
offered SS by the south roof (0.75 compared to 0.76). 

 
So, considering SS as the critical index, the recommendation is that the first 24 m² 

integration should be on the west roof. Although the west roof still has an appropriate area for 
the second integration, the second integration should be on the south roof. In the third 
integration, the values for all remaining components are the same, with their offered SS 
indicating an equal amount of approximately 0.81. 

 

 

8.10.6 Dachgeschoss (Inc. 60º - south-north) 
 

This prototype presents a square building equipped with a south-north symmetric 
'Dachgeschoss' with an inclination of 60º. The constant WWR of 0.2 in all four faces has been 
considered. Each wall of this prototype offers 24 m², and each face of the roof provides 100 m² 
available area for PV integration. 

 
Table 8.32 shows different achievable SS and SC of the prototype through installation 

of 24 m² BAPV on different components in different phases (high CT). 
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  24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. 

South roof SC 0.94  0.69  0.52  0.42  
SS 0.45 1.00 0.66 1.00 0.76 1.00 0.81 1.00 

North roof SC 1.00  0.82  0.62  0.48  
SS 0.23 0.51 0.58 0.88 0.73 0.96 0.80 0.99 

South SC 1.00  0.76  0.57  0.45  
SS 0.33 0.73 0.61 0.92 0.73 0.96 0.80 0.99 

East SC 1.00  0.80  0.61  0.47  
SS 0.25 0.56 0.58 0.88 0.73 0.96 0.80 0.99 

North SC 1.00  0.83  0.63  0.48  
SS 0.19 0.42 0.56 0.85 0.72 0.95 0.79 0.98 

West SC 1.00  0.77  0.59  0.46  
SS 0.29 0.64 0.59 0.89 0.73 0.96 0.80 0.99 

 

Tab. 8.32   Achievable SS and SC by installation of 24 m2 BAPV on each component through 4 phases - Two-
storeys building with symmetric ‘Dachgeschoss’ (Inc. 60º - south-north) – High CT 
 
 

Figure 8.26 displays the priority of the four vertical walls and the two faces of the 
symmetric 'Dachgeschoss' (attic) with an inclination of 60º (south-north) in the defined 
prototype during four phases of 24 m² integration of BAPV regarding the offered SS under high 
CT. 
 

 

 

 

 

 

Fig. 8.26   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) – Two-storeys building with symmetric ‘Dachgeschoss’ (Inc.60º - south-north) - 
High CT 
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The results demonstrate that the sequence of priorities in this prototype mainly remains 
the same, which is entirely different from the same geometry of the 'non-Dachgeschoss' 
prototype presented in Figure 8.25. The primary reason for this difference is the distinct 
boundary conditions of the sloping roof in 'Dachgeschoss-mode' compared to a normal sloping 
roof. The inside temperature of the sloping roof is exactly at 'comfort temperature,' resulting in 
different SS when the building is equipped with the same roof geometry but without any living 
spaces beneath it. 
 

Figure 8.26 indicates that the south roof offers the highest SS in the first, second, third, 
and fourth integrations compared to the other four components. 
 
 

8.10.7 Dachgeschoss (Inc. 60º - east-west) 
 

This prototype presents a square building equipped with an east-west symmetric 
'Dachgeschoss' (attic) with an inclination of 60º. A constant WWR of 0.2 has been applied to 
all four faces. Each wall of this prototype offers 24 m², and each face of the roof provides 100 
m² of available area for PV integration. Table 8.33 displays different achievable SS and SC 
values of the prototype through the installation of 24 m² BAPV on different components in 
different phases (high CT). 
 

 
  24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. +24 

m2 
Pr. 

East roof SC 0.99  0.79  0.63  0.54  
SS 0.33 0.89 0.57 0.98 0.70 0.99 0.78 1.00 

West roof SC 0.97  0.75  0.61  0.52  
SS 0.37 1.00 0.58 1.00 0.71 1.00 0.77 0.99 

South SC 1.00  0.80  0.65    
SS 0.32 0.86 0.57 0.98 0.71 1.00   

East SC 1.00  0.84  0.67  0.57  
SS 0.25 0.68 0.53 0.93 0.68 0.96 0.76 0.97 

North SC 1.00  0.88  0.69  0.58  
SS 0.19 0.53 0.50 0.86 0.66 0.93 0.75 0.96 

West SC 1.00  0.81  0.65  0.55  
SS 0.29 0.78 0.54 0.93 0.68 0.96 0.76 0.97 

 

Tab. 8.33   Achievable SS and SC by installation of 24 m2 BAPV on each component through 4 phases - Two-
storeys building with symmetric ‘Dachgeschoss’ (Inc. 60º - east-west) – High CT 
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Figure 8.27 displays the priority of the four vertical walls and the two faces of the 
symmetric 'Dachgeschoss' (attic) with an inclination of 60º (east-west) in the defined prototype 
during four phases of 24 m² integration of BAPV regarding the offered SS under high CT. 
 

 

 
 

 

Fig. 8.27   Priority of integration based on offered SS - 24 m2 BAPV (left) – Geometry and sequence of 
component’s priority (right) – Two-storeys building with symmetric ‘Dachgeschoss’ (Inc.60º - south-north) - 
High CT 
 
 

Figure 8.27 demonstrates that the sequence of priorities in this prototype varies. The 
results show that the west roof provides the highest SS in the first and second integration phases, 
whereas in the third and fourth integration phases, the south wall and east roof offer the highest 
SS. 

 
When comparing this prototype to the one with an east-west sloping roof in Figure 8.26, 

which has the exact same geometry but a south-north orientation (with a constant priority of 
the south roof), it becomes evident that the integration priority in a two-storey building (with 
'Dachgeschoss') depends on the main orientation of the building. 
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9. Conclusion 
 

In relation to the four main hypotheses defined in this work, the calculated indexes, 
followed by relative comparisons, indicate the accuracy of the predicted targets as the scientific 
objectives of this work. Rather than limiting the application of this method and the derived 
results solely to these hypotheses, it is feasible to employ the same method and elementary 
parameters to establish new scientific objectives in parallel with the defined hypotheses. 
Therefore, further development of this work will either seek to achieve results within the 
framework of the defined hypotheses or use the same method and some of the calculated 
indexes to define higher-level scientific objectives. 

 
The first hypothesis of this work involves integrating the basic phenomena of 

convection, conduction, emission, reflection, and transmission to calculate the energy balance 
of a building's component. Since the developed method primarily utilizes geometric parameters, 
thermal properties of materials, and the effects of these physical phenomena to calculate heat 
flow, the demonstrated results at the 'face level' are supposed to be applicable for deriving 
higher geometric levels of a house, namely the face and the entire building's geometry. 
Although, at this level, the focus is not on the energy efficiency of the building concerning its 
potential for electricity generation, the method has separately calculated the resulting thermal 
effects of covering a component with PVs through different installation configurations. 
Consequently, to establish an energy balance for a sample face at a desired level, the developed 
method can offer an optimized solution based on various principles. 

 
1. Highlighting the relevance of thermal properties of a building's components to 
geometrical setups offers specific values of thermal resistance and heat flows. The initial 
integrated equations primarily incorporate both material properties and geometric 
configurations. Consequently, the relative comparisons not only indicate the resulting 
heat flow from each set of material properties within a particular geometric setup but 
also allow for the discussion of quantitative differences in the resulting heat flow from 
a specific 'material property' across different geometric setups. 
 
2. Discussing the different quantities of resulting heat flows through various 
combinations of integrated components in a face is a central aspect of this work. Instead 
of limiting the analysis to two initial components, opaque and transparent, 
representative of walls and windows, the possibility of combining them with PVs to 
create BIPV, BAPV, and PV glazing has also been defined. Integrating any preferred 
component into the developed method is feasible, provided that the thermal properties 
and electrical efficiency of these new components (resulting in different thermal 
dissipations) are available. In this regard, any defined component, whether with or 
without PV, that can be used in future product development can be integrated into the 
procedure of developing the work undertaken. 
 
3. Indicating the quantities of reflection, emission, and convection on the outside surface 
of a component is also possible with the integrated method by 'dividing diffraction of 
irradiation.' In this regard, considering any material sample with or without PV coverage 
through different setups reveals different proportions of reflection, emission, and 
convection. For example, two derived graphs in Figures 5.62 and 5.63 initially illustrate 
different proportions of outside convection and emission when an opaque component is 
covered by PV as BIPV, with the component having different orientations and 
inclinations. These two graphs are intentionally included in the final section of the 
simulation to demonstrate that varying geometrical setups, through different 
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orientations and inclinations, result in different amounts of final heat flows, primarily 
stemming from different proportions of outside convection and emission. Regarding the 
defined hypotheses of this work, further discussions of these graphs are omitted but 
could be valuable if the results of irradiation diffraction can be utilized in future research 
related to 'insulation types.' For example, it could be economically beneficial if 
differences in types of insulation materials can also be indicated in different geometrical 
setups. In cases where heat flow is primarily a result of emission, certain materials that 
obstruct the direct connection of the outer surface of the component may be more 
economically advantageous than larger quantities of insulating materials with higher U-
values. For instance, the integration of simple foils or reflective coating materials (in 
combination with insulating materials) may be different recommendations for different 
geometrical setups. The elementary results of this work in this regard can be seen as an 
'open question,' and further developments can specify the correlation between different 
proportions of outside convection and emission across different geometrical setups with 
various material combinations. 
 
The core of the developed method in this work lies within the framework of the first 

defined hypothesis, which is a simplified logical definition aimed at indicating values for heat 
flow considering different boundary conditions related to the direction of heat flow and 
momentary temperature differences between the 'inside ambient temperature' and the 'outside 
ambient temperature' (as shown in Table 4.5). The use of the suggested definition of the 'value 
of heat flow,' rather than defining 'heating demand' and 'cooling demand,' specifies proportions 
of heat flow as 'heating auxiliary' and 'cooling auxiliary.' This means that dividing certain 
quantities of 'heat transfer' into 'heating demand + heating auxiliary' or 'cooling demand + 
cooling auxiliary' results in lower quantities of 'demands' when the consideration of 'auxiliaries' 
is taken into account. The accuracy of this decision can also be justified by the second 
calibration of this work, as the integration of the suggested 'definition of values of heat flow' in 
the tested building indicates an acceptable deviation of -5.9% in the 'calculated electricity 
demand,' which is directly related to the suggested method employed. In this regard, the 
monthly energy performance of windows in all four orientations of the assumed building (as 
shown in Figure 6.7) demonstrates that more than twice the calculated heat flow is subtracted 
and allocated to heating auxiliary. A similar subtraction has been applied to the four oriented 
walls (as shown in Figure 6.6), indicating that a certain quantity of calculated heat flow is 
considered as 'heating auxiliary' and does not increase the 'heating demand.' As a result, without 
subtracting these significant quantities of 'heat flow,' the final calculated 'electricity demand,' 
which is directly related to the energy demand of the building, would be much higher than the 
calculated amount of 5459 kWh/year (as shown in Table 6.16), and the deviation of the 
integrated method would not fall within an acceptable range. 
 

Calibration of the initial calculation of heat flow in this step has been carried out using 
an east-oriented vertical opaque component, followed by a comparison of the results with those 
obtained from simulation software, specifically 'DesignBuilder.' Acceptable deviations of -
0.537 ºC in a temperature fluctuation of 6.33 ºC during winter and -1.987 ºC in a temperature 
fluctuation of 34.83 ºC during summer justify the precise application of integrated equations 
under steady-state conditions. Referring to Figure 5.23 and Figure 5.24, which indicate the 
deviation of the calculated outside surface temperature on a winter day and a summer day, 
respectively, demonstrates that, when employing steady-state conditions and ignoring the 
'storage capacities' of materials in the building's skin, fluctuations in outside surface 
temperature occur immediately after changes in weather data without any time lag. In this 
regard, two points should be considered: 
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1. In demonstrating the accuracy of the final derived heat flow compared to the results 
of the 'simulation software of 'DesignBuilder,' fluctuations over the entire 24-hour day 
should be taken into account. Therefore, the absolute mathematical values of 
temperatures in steady-state conditions are moderated, taking into consideration the 
higher recorded temperatures during mid-day and the lower recorded temperatures 
during the beginning and end of the day. The moderated absolute mathematical value 
indicates acceptable ranges of recorded values under steady-state conditions. These 
conditions employ much simpler equations compared to unsteady-state conditions, 
which, due to the dynamic consideration of parameters, require dealing with much more 
complex equations and procedures. 
 
2. The developed method also has the potential to be used under unsteady-state 
conditions for dynamic heat transfer calculations. In this regard, thermal diffusivity of 
materials, taking into consideration 'thermal conductivity,' 'specific heat capacity,' and 
'density' of the material, will be employed. The fluctuation of recorded outside 
temperatures will demonstrate a more real-time lag compared to intervals of outside 
temperature changes. 
 
The second hypothesis of this work involves estimating the energy demand of a building 

by considering the interaction of all the faces that shape the building's envelope. In essence, it 
investigates the scaling up of calculated 'heating demand' and 'cooling demand' from the faces 
of the building to the entire geometry of the building through this hypothesis. Considering the 
final objective of this work, which is providing an indication of energy efficiency regarding the 
effectiveness of each 'geometrical parameter,' this level provides an opportunity to employ 
certain virtual geometrical properties, such as geometrical proportion, that do not have direct 
equivalent parameters. At a lower scale, a similar example of the possibilities for discussing 
virtual geometrical properties is the Window-to-Wall Ratio (WWR), as it considers components 
of a face when the two main components are opaque (wall) and transparent (window). At this 
level of geometrical discussion, instead of WWR as the 'window-to-wall ratio,' any preferred 
ratio of integrated components with or without PVs and the resulting heat flow can be defined 
and discussed. For instance, 'BIPV to wall ratio,' 'BAPV to wall ratio,' and combined variants 
like 'BIPV, wall, and window ratio' or 'BAPV, wall, and window ratio' are possible to be 
discussed using the current integrated method of this work. Regarding the initial geometrical 
discussions in this work, an exclusive discussion of suggested ratios can be pursued in 
upcoming developments. 
 

To optimize favorable geometrical configurations regarding the delivered energy 
performance, initial angular differences are applied to define a three-dimensional matrix (as 
shown in Figure 4.17). Through this developed matrix, the energy performance of each 
component in various geometrical setups, in intervals of 30º, can be calculated and compared. 
The angular difference of 30º is applied to both orientation and inclination rotational variants, 
providing 37 different positions of the component (with the roof having an inclination and 
orientation of 0º). While these 37 different geometrical setups demand a significant amount of 
simulation time, for more precise geometrical optimization, it is recommended to consider 
angular differences of 15º or even 5º. This recommendation is primarily for a more accurate 
consideration of the effects of different wind directions (as shown in Figure 4.11) and the 
proportions of direct, diffuse, and reflected radiances (as shown in Figure 4.5) reaching the 
surface of a face with a specific geometrical setup. Between these two options, wind speed 
averages and their directions exhibit non-uniform changes and may also arise from weather 
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data with higher resolution to account for different quantities and directions in closer intervals, 
such as by the day, hour, or even minutes. 
 

The third hypothesis of this work indicates that for a precise estimation of indicators of 
self-sufficiency and self-consumption, changes in the electrical and thermal performance of 
PVs in different configurations should also be taken into account. For this reason, in the 
calculation of Self-Sufficiency and Self-Consumption as two critical indexes in this work, the 
initial calculation principle explained in Figure 6.1, which is based on the proportion of 
'uncovered demand,' 'unused and used electricity generation from on-site PV,' 'total electricity 
generation by on-site PV,' and 'total energy demand,' is employed. Additionally, further 
considerations beyond the explained principle have also been taken into account for more 
precise results: 
 

1. Changes in the thermal performance of opaque components holding PVs in two 
setups, BIPV and BAPV, and the transparent component holding PVs in the PV glazing 
setup, are calculated. It should be noted that each PV panel has its own unique datasheet 
provided by its manufacturer, explaining the related electrical and thermal 
characteristics of the photovoltaic panel (as shown in Table 5.33). Consequently, 
applying the same rule for all types of products may not be feasible. Similarly, the 
material properties of constructional layers in BIPV and BAPV (as shown in Table 4.10) 
are exclusively related to a certain product, and as a result, the thermal resistance of 
each PV assembly will be calculated differently. The calculated example setup in the 
'simulation' part of this work proves that there are significant differences in thermal 
performance when a component in the same geometrical setup holds PVs through the 
configuration of BIPV compared to BAPV (as shown in Figure 5.60). The calculated 
graphs demonstrate that the two configurations of BIPV and BAPV not only differ in 
the resulting quantities of 'heating demand,' but the resulting 'auxiliaries' could also be 
different. Regarding this presented setup (as shown in Figure 5.60), the calculated 
'cooling auxiliary' in BAPV remains zero, while BIPV delivers considerable amounts 
of cooling auxiliary in mid-summer. 
 
2. Changes in thermal performance in all five defined components—opaque, 
transparent, BIPV, BAPV, and PV glazing—are remarkably dependent on the 'inside 
air temperature,' which is the main parameter considered in the boundary condition 
applied from the inside of the component. This difference is calculated and presented 
for all five components in this work. For example, Figure 5.16 and Figure 5.39 
demonstrate that the cumulative amounts of heating demand, heating auxiliary, cooling 
demand, and cooling auxiliary are entirely different at different defined inside 
temperatures for the opaque and transparent components, respectively (in this work, 
'high' and 'low' inside temperatures). The same differences also apply to the combined 
components of BIPV, BAPV, and PV glazing, as these are combinations of opaque or 
transparent components with PVs. For this reason, in all calculations undertaken, the 
boundary conditions are explained using the term 'inside comfort temperature' as well. 

 
3. Similarly, changes in 'electricity generation' of BIPV compared to BAPV, resulting 
from different material setups of constructional layers, are also calculated. It 
demonstrates a considerable difference that will be more remarkable in months with a 
higher average of irradiation. For example, the related monthly electricity generation 
(as shown in Figure 5.61) demonstrates that with the same integrated PV panels and in 
the same geometrical setup, the BAPV configuration generates a greater quantity of 
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electricity compared to BIPV. This difference could be justified by the lower operating 
temperature of BAPV resulting from backside ventilation. 
 
4. In a specific setup of BAPV with certain amounts of backside air, different 'gap heat 
transfer coefficients' should also be applied, considering the different operating 
temperatures of PV modules and wall temperatures at different inclinations (as shown 
in Table 5.41) [55]. For the construction of BAPV considered in this work, an 
assumption of 12.00 to 12.70 W/m2K is applied to inclinations from 0º to 90º, 
respectively. In the case of any other construction layout of BAPV, these 'gap heat 
transfer coefficient changes' must be individually calculated. 
 
Calibration of self-sufficiency and self-consumption for the selected building (as shown 

in Figure 6.2) demonstrates an acceptable deviation of -5.9% in 'calculated electricity demand' 
and +7.9% in 'calculated electricity generation.' Indeed, applying the exact same boundary 
conditions of the tested building to the 'calculations in this work' could result in more accurate 
outcomes if the exact weather data and inside comfort temperature were applied to the 
calculations. 
 

The fourth hypothesis of this work indicates estimating the indicator of energy 
efficiency of a building regarding the balance of energy performance of all faces shaping the 
envelope of the building.' For this purpose, the effects of geometry have been initially 
investigated in Chapter 7 of this work. In this chapter, a simple geometry with the same amount 
of TFA, the total amount of PVs, and the configuration of PV installation (BAPV) has been 
considered and compared in 13 different variants resulting from geometrical modifications. 
Thus, the defined constraint of the fourth hypothesis, which is 'the same quantities of integrated 
PVs and TFA' or 'the same ratio of integrated PVs to TFA,' is applied to the developed 
geometries. The range of changes in two indexes, self-sufficiency and self-consumption, in 
these 13 geometrical setups demonstrates a 19% change in self-sufficiency and a 15% change 
in self-consumption, respectively. This initially proves that both indexes are influenced by 
altering geometrical parameters (as shown in Figure 7.1). Parts of the investigation also 
demonstrate that even a simple modification of the quantities of WWR in the exact same 
geometrical setup changes both the SS and SC indexes, which somehow depend on the 
orientation of the face whose WWR changes (as shown in Figure 7.3). 
 

It should be noted that considering these 13 geometrical variants, even in variants with 
almost the same resulted SS and SC, referring to the 'energy demands and electricity generation' 
tables (from Table 7.1 to Table 7.14), quantities of heating demand, cooling demand, generated 
electricity, and as a result, electricity for heating and electricity for cooling are different. So, a 
deeper parametric comparison between the energy performance of different variants can be 
done regarding segments of correlation between the two indexes of self-sufficiency and self-
consumption. That means, for instance, self-sufficiency can remain at the same level as long as 
both 'total energy demand' and 'electricity generation of on-site PV' change by a certain amount. 
Discussing the benefits of these variants would require employing economic parameters such 
as costs, payback period, Feed-in tariff, etc., which are not within the framework of the defined 
variables and integrated parameters. Therefore, further development of this work could 
alternatively be done by incorporating economic parameters in parallel with SS and SC. 

 
After the elementary demonstration of the effects of geometry on the final energy 

performance of the building, Chapter 8 of this work aims to investigate two primary aspects. 
Firstly, it explores whether all geometrical modifications are effective in altering the final 
energy performance. Secondly, it estimates the quantities of these changes. Proportion, 
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orientation, inclination, and WWR are elementary geometrical parameters that primarily 
discuss changes in the 'indicative of energy performance' when PV is integrated as BIPV, 
BAPV, or PV glazing. Additionally, the effects of changing one geometrical parameter through 
different setups of other parameters have been calculated and compared. For instance, different 
inclinations of the wall with varying amounts of WWR or different orientations of the building 
when BAPV is on a flat roof, sloping roof, or a vertical wall. In this chapter, a special 
application of 'Dachgeschoss,' which represents a sloping roof with a steep inclination of 60º, 
has been considered, and its specific energy performance has been compared with other roof 
types. 

 
A deeper consideration of geometrical parameters in Chapter 8 demonstrates that it is 

possible to quantitatively discuss new types of complex geometrical parameters that have been 
rarely introduced and considered thus far. A short list of these considered parameters and the 
importance of the related discussion is introduced: 

 
1. 'Roof type' in steep sloping roofs (in this work, an inclination of 60º) is investigated 

through two different variants: when the sloping roof is applied above a flat roof (extra roof) or 
when it is used as diagonal walls in the last storey (Dachgeschoss). In the defined geometrical 
prototype (table 8.16), switching from an 'extra roof' to 'Dachgeschoss' results in a 2% to 4% 
drop in self-sufficiency, depending on the overall orientation of the building. However, it 
should be noted that in this case, the 'amount of integrated material' for constructing these two 
variants is different, and 'Dachgeschoss' requires less material. As a result, while the index of 
'quantities of integrated materials' is not within the parameters of this work, in the process of 
further development, these 'economic parameters' may be additionally taken into account. 
 

2. 'Building expansion' is a critical decision that can be clearly determined during the 
elementary stages of architectural design. This means that compacting a certain number of 
dwellings within the framework of one building can reduce the final total energy demand of the 
complex compared to the sum of the energy demand of individual buildings. Different types of 
expansion, considering possibilities of PV integration and the resulting energy demand, are 
initially defined and compared. For example, vertical and horizontal expansion of a 'one-storey' 
building with the same ratio of integrated PVs into TFA are considered. The results demonstrate 
that not only are the quantities of 'energy efficiency' different, but also the percentage of 
'changing energy efficiency' through vertical and horizontal expansion of the building varies 
(Figure 8.15 and Figure 8.16). It should be noted that a more precise investigation of 'building 
expansion' should also take into consideration the 'availability of area' that a certain geometry 
can offer for further expansion. For example, in vertical expansion of a one-storey building 
(Table 8.17), adding more PV installations to the roof may not be feasible, while horizontal 
expansion (Table 8.18) can still offer available roof area for future expansions. Therefore, 
further development of this introduced geometrical parameter can be pursued regarding the 
entire area offered by the geometry for PV integration, which can be explored in upcoming 
research. 

 
3. 'Distribution of PV' is also an initial decision that primarily involves allocating the 

entire PV system to one side of the roof or dividing it into two equal portions on each side of 
the roof. At the same time, different inclinations of a symmetric sloping roof through different 
orientations of the building should also be considered. The results demonstrate that a south 
orientation doesn't always have a constant priority for PV integration in all inclinations, and the 
outcomes vary when PVs are allocated entirely to one side of the sloping roof compared to 
splitting them between both sides. Similarly, dividing the total amount of PV between two sides 
of the sloping roof can be advantageous for achieving higher 'self-sufficiency' in certain 
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orientations, both in symmetric sloping roofs with inclinations of 30º and 60º (Table 8.21 and 
Table 8.22). 
 

4. 'Proportion + Orientation + WWR' and 'Inclination + Orientation + WWR' are two 
examples of changes in the energy performance of a building when more than two geometrical 
parameters are altered. In this regard, Table 8.24 and Table 8.26 present changes in SS and SC, 
considering a geometrical matrix (Table 8.23 and Table 8.25) involving three geometrical 
parameter changes. For further development in this area, any favorable combination of 
geometrical parameters can also be applied to determine the effectiveness of each parameter, 
as long as other parameters are also adjusted. The orientation of the building in both of these 
two combinations is always a critical decision in the initial stages of architectural planning. 
Considering the quantities of 'energy efficiency changes' in each orientation can assist decision-
makers in the early planning phases, determining whether achieving higher 'energy efficiency' 
is worthwhile or if a specific favorable building orientation (for various reasons) should be 
considered even if there is only a modest drop in energy efficiency. Thus, discussions between 
the planning team and users can be framed within the context of the 'energy efficiency index,' 
using estimated SS and SC values to guide decision-making in each geometrical setup. 

 
5. 'Priority of integration,' another index introduced in this work, addresses the critical 

question of how to calculate the priority of PV integration when various components are 
available for installation, considering 'indicators of energy efficiency.' Furthermore, it explores 
whether this priority remains consistent. The innovative insight from this discussion highlights 
that as PVs are gradually added, the priorities of components undergo significant changes 
because initial PV integration impacts both the 'thermal performance' and 'electricity generation' 
of the building. In other words, it can be firmly concluded that the initial quantities of PVs 
should be allocated to the component that offers the highest SS. However, subsequent quantities 
of PVs may be allocated to other components, even if the first component still has available 
space for PV integration. 
 

The concept of 'Priority of integration' has been explored across various building 
geometries, including those with flat roofs, sloping roofs with different inclinations, and 
different roof types. The results strongly advocate for the practical consideration of this index, 
as they unequivocally indicate that the priority of components largely shifts during subsequent 
phases of PV integration. Therefore, it would be advantageous to incorporate the possibility of 
integrating additional quantities of PVs in the early stages of building design. In some cases, 
due to financial constraints, a building may undergo further PV integration after a few years of 
operation. It's worth noting that for further development in this regard, smaller PV module sizes, 
such as '1 m2 PV modules,' can be applied to define more precise intervals for determining when 
the remaining PV should be allocated to components that may offer higher 'self-sufficiency.' 

 
Finally, it should be noted that the developed tool can be initially used to estimate the 

'energy efficiency' of buildings by indicating the defined indexes. Since the entire set of results 
is based on 'steady heat transfer' to calculate temperatures and heating flow, it's also possible to 
integrate 'unsteady heat transfer' equations, which would provide information on the 'time lags' 
of heat flow due to the entropy of materials resulting from their mass properties. The primary 
application of this work can serve as an integrable and viable method for predicting changes in 
the efficiency of buildings based on geometric alterations. Further enhancements can be 
achieved through the integration of additional parameters, such as weather data, material 
properties, and the thermal and power characteristics of integrated PVs, leading to a more 
comprehensive and detailed parametric analysis for future developments. 
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Introduction 
 
Regarding the official presentation of this work hold on 12.01.2023 and considering the 

asked questions by jury committees, a short illustration of the work has been prepared to 
highlight and justify the content of the work. 

 
In this part of illustration, sol-air temperature has been reintroduced regarding the very 

first attempts of its definitions and integration in previous researches. Simplification of the basic 
equations defining sol-air temperature has been presented to demonstrate the logic derivation 
of sol-air temperature integrated in the core equations of this work. It should be noted that these 
calculations are based on the reference equations of sol-air temperature that are also initially 
introduced in reference list of submitted dissertation. The upcoming references are additionally 
introduced to illustrate accuracy of integrated equations regarding the similarity of employed 
parameters to calculate sol-air temperature in two further references that are published in 
reliable journals as well.  
 
 
1. Sol-air temperature and similar definitions 

 
The sol-air temperature represents the equivalent outdoor air temperature that gives the 

same rate of heat flow to a surface as would the combination of incident solar radiation and 
convection/radiation with the environment. Indeed, the main equations of this work that are 
entirely in framework of steady-state method purposefully employ sol-air temperature to deliver 
more accurate results compared to simpler equations that just integrate outside air temperature 
and external convections that could cause inaccuracy in absence of equivalence of outside 
emission. 
 
 
1.1 D. G. Stephenson. 1957 

 
As the very first registered attempts, D. G. Stephenson [01] introduced sol-air 

temperature in 1957 as a simplified derivation in his work and compared two other expressions 
of sol-air temperature in previous researches. He meant that ‘the dominant weather elements 
which affect this energy exchange are sunshine, air temperature and wind’. Furthermore, 
regarding demand of integrating a meteorological parameter containing combination of some 
parameters he meant; ‘the normal meteorological readings which are taken do not adequately 
describe the weather for purposes of calculating its effect upon the surface energy exchange, 
particularly when sunshine is involved. Even if all the individual factors are measured there 
remains the problem of recombining these multiple streams of variables in the calculation’. 
Additionally, he pointed that it is absolutely necessary to develop equations that can employ 
characteristics of building’s skin in relation to light as he meant; ‘In addition, the shape and 
orientation of the building and its relationship to the ground and surrounding objects, as well 
as the absorptivity and emissivity characteristics of the surfaces will influence the results’. His 
particular suggestion to define a parameter holding outcome of these meteorological parameters 
is; ‘there is, fortunately, a way of achieving some simplification; a combined factor called sol-
air temperature can be used so that it becomes necessary only to deal with a single stream of 
data’.  
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1.1.1 Derivation 
 
 D. G. Stephenson pointed to expression of sol-air temperature defined by ‘Parmelee and 
Aubele’ and meant that it appears to be the most satisfactory: 
 

𝑡m�e = 𝑡� +
5.��S(c.∆�6)

W�MW�
   [01] 

Where: 
 
𝑡� Temperature of the ambient air 
𝛼 Emissivity of surface for shortwave radiation 
𝐼U intensity of shortwave radiation, direct and diffuse combined 
𝜀 Emissivity of surface for longwave radiation 
𝐼7 Intensity of long wave radiation  
ℎ¿ Surface coefficient of heat transfer by convection 
ℎC Radiation coefficient of heat transfer 
 
The heat exchange at the surface of a building using the defined sol-air temperature can be 
calculated as: 

𝑞 = (ℎb + ℎC). (𝑡m�e − 𝑡U)  [01] 
Where: 
𝑡m Surface temperature 
 

Following this research, a second assumption of calculation sol-air temperature has been 
introduced by ‘Mackey and Wright’. ‘Mackey and Wright’ assumed that Surface coefficient of 
heat transfer can be united if radiation and convection heat transfer coefficient can be 
mathematically added together that means if: 
 

ℎ = ℎ¿ + ℎC   [01] 
 
Then sol-air temperature equation will be simplified to: 
 

𝑡m� = 𝑡� + 𝛼. 𝐼m ℎ⁄    [01] 
 

So, the difference between two equations delivered by ‘Parmelee and Aubele’ and 
‘Mackey and Wright’ as 	𝑡em� and 	𝑡m� is presented here: 
 

𝑡m�e = 	 𝑡m� − (
𝜀. ∆𝐼7

ℎç )  [01] 
 

 
According to justification of ‘D. G. Stephenson’, the phrase 	𝜀. ∆𝐼7 ℎç  justifies a black 

body at air temperature. He has pointed that for a surface seeing only a clear sky, 𝜀. ∆𝐼7 has the 
value indicated by equation 10, while for a completely overcast sky, 𝜀. ∆𝐼7 is zero. 
 

Going back to the employed equation of sol-air temperature in this work, the parameter 
of sky temperature has been purposefully employed to integrate effects of cloudiness (in clear 
sky and overcast conditions), and is similar to the phrase of 𝜀. ∆𝐼7 ℎç  that results different sol-
air temperatures in different emissions quantities resulted from different proportions of cloud 
in the sky. The employed equation of sol-air temperature in this work is: 
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𝑇U1VS�$C = p𝑇 + ��.��w�
W�

| − (
c.�X8�S8����]

W�
  (4.12) 

 
Where: 
 T  Dry-bulb temperature 
 as Solar absorptivity 
 QSol Cumulative solar irradiation 
 hc Outside convective heat transfer coefficient 
 ε Emissivity of component 
 σ Stefan–Boltzmann constant = 5670400 × 10-8 W/m2K4 

 TSky Sky temperature 
 
And in this equation, sky temperature is: 
𝑇U�o = (𝜀m�o)�.R� × 𝑇  (4.11) 
 
Where; 
 ε = Sky emissivity 
 T = Dry bulb temperature 
 

And finally, in employed equation of sky emissivity, parameter N is defined to alter 
quantity of emission in different cloudiness conditions as:  
 
𝑆𝑘𝑦kl$mm$n$3o = 0.787 + p0.767 × lnp8stuvwxyz

R{f
|| + 0.0224𝑁 − 0.0035𝑁R + 0.00028𝑁f

           (4.10) 
 
Where; 

T dewpoint = The temperature to which the air would have to cool (at constant pressure 
and constant water vapor content) in order to reach saturation. 

 
N = Opaque sky cover (tenths), the expected amount of opaque clouds covering the sky 
valid for the indicated hour where N equals 0 for clear sky and 10 for overcast sky. 

 
 

So, it can be concluded that in this work, the first part of sol-air temperature is equivalent 
of equation of sol-air temperature given by Mackey and Wright as the table: 

 
First part of equation in this work Equation of Mackey and Wright 

𝑇U1VS�$C = �𝑇 +
𝑎m. 𝑄U1V
ℎ¿

� 
 

𝑡m� = 𝑡� + 𝛼. 𝐼m ℎ⁄  
 
 

Indeed, the only difference is in the case of possibility of uniting heat transfer 
coefficients of convection and radiation from Mackey and Wright as; 	ℎ = ℎ¿ + ℎC, where in 
this work heat transfer coefficient just refers to convection. To compare the employed equation 
of sol-air temperature with sol-air temperature defined by Parmelee and Aubele, the second part 
of equations should be compared together as: 
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First part of equation in this work Second part of equation employed by 
Parmelee and Aubele 

(
𝜀. 𝜎X𝑇µ − 𝑇U�oµ]

ℎ¿
) 

(𝜀. ∆𝐼7 ℎç ) 

 
 

From mathematical point of view, in both equations moving from cloudy days toward 
clear sky days result higher quantity for second part of equation means lower sol-air 
temperatures in clear days that radiation in logically more effective. 
 
 
1.2 G.D. Chesser Jr et al. 2018 
 

As one of latest research in this field ‘G.D. Chesser Jr et al.’ [02] meant that; ‘Sol-air 
temperature is a simplified method of accounting for the combined effects of conductive, 
convective, and radiative heat exchange in structures. Specifically, sol-air temperature can be 
described as a proxy temperature of outdoor air which, in the absence of radiative heat 
exchanges, gives the same rate of heat transfer into the structure as the combined mechanism 
of radiant heat transfer from the sun and other surroundings and convective heat exchange with 
the outdoor air. 
 
 He meant also that ignorance of combination of weather data results specific 
inaccuracies. He tried similarly to integrate exterior air temperature and solar radiation to 
calculate sol-air temperature. He remined also that; ‘variable conditions that dominantly affect 
the exchange of heat energy include solar radiation, outside ambient air temperature, wind, and 
air infiltration. Building orientation, relationship to the ground and surrounding objects, and the 
emissivity and absorptivity of building exterior surfaces also affect heat energy exchange.’ He 
described also sol-air temperature as an assumption combining outcome of the main phenomena 
and points that; ‘These combined conditions drive heat exchange through various levels of 
conductive, convective, and radiative heat transfer.’ He has also noted that; ‘Sol-air temperature 
is a simplified method of accounting for the combined effects of conductive, convective, and 
radiative heat exchange in building surfaces. 
 
 
1.2.1 Derivation 
 

Similar to the employed equation of sol-air temperature in this work, the simplified 
equation has been introduced as; 
 

𝑡k = 	 𝑡1 +
𝛼. 𝐸3

ℎ1ç − 𝜀. Δ𝑅 ℎ1ç  [02] 
Where; 
te sol-air temperature 
to outdoor air temperature 
α absorptance of surface for solar radiation 
Et total solar radiation incident on surface 
ho coefficient of heat transfer by long-wave radiation and convection at outer surface 
ΔR difference between long-wave radiation incident on surface from sky and surroundings 

and radiation emitted by blackbody at outdoor air temperature 
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To compare the employed equation of sol-air temperature in this work with definition 
of ‘G.D. Chesser Jr et al.’, only the last part of equations should be compared together as: 
 

Last part of equation in this work Last part of equation employed by G.D. 
Chesser Jr et al. 

(
𝜀. 𝜎X𝑇µ − 𝑇U�oµ]

ℎ¿
) 

𝜀. Δ𝑅
ℎ1ç  

 
 
 It should be remined that defining sol-air temperature without the second part of 
equation still will result acceptable estimation of this parameter if effects of different cloudiness 
resulting different quantities of emissions is not in the focus of interest. Comparing the last part 
of equation in this work with the last part of estimated equation suggested by ‘G.D. Chesser Jr 
et al.’ indicates that both simplifications indicate drops of sol-air temperatures resulting 
interaction of external emission results in different cloudiness of sky.  
 
 
2. Summary 
 

In this part of illustration two main targets have been in focus of demonstration. As one 
of the key parameters employed in core of calculations in this work, Sol-air temperature has 
been re-introduced regarding two additional reliable references. The old one from D. G. 
Stephenson (1957) goes back to 66 years ago and the second one from G.D. Chesser Jr et al. 
(2018) that points to almost state of the art of this assumption. Similarities of derivations of 
simplification of equations in both references have been discussed and compared with the 
simplified equation of sol-air temperature employed in this work. Additionally, the difference 
between the equations (in the second part of equations) that try to involve effects of different 
cloudiness situations to alter amount of emissions will alter quantity of sol-air temperature. 
Quantitively, putting weather data in all two reference equations will results more or less the 
same quantities of the calculated sol-air temperature as the integrated equation in this work. 
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Introduction 
 
Regarding the official presentation of this work hold on 12.01.2023 and considering the 

asked questions by jury committees, a short illustration of the work has been prepared to 
highlight and illustrate content work. 
 

In this part of illustration, Justification and explanation of calculated heating and cooling 
demands have be explained to justify connection of weather data with the calculated demands 
through the explained equations. As two critical example days, a cold winter day and a hot 
summer day have been selected that are also previously discussed in the submitted dissertation. 
 

 
1. The final calculated heating and cooling demands 

 
In this part to illustrate the calculated heating demand and cooling demand of the 

selected building in Schwabach, Germany (chapter 6.2 of work), the procedure of the entire 
calculation has been reintroduced. The target is to quantitively demonstrate the accuracy of 
integrated equations to highlight that the final calculated heating demand and cooling demand 
are mathematically connected to initial weather data. The calculated table and final energy 
demands are in upcoming table.  

 
Tab. 6.8 Energy demands and electricity generation – First six months (top), second 

six months (bottom) (W) 
 
Two example days of 26th January for its calculated heating demand and 26th July for 

its calculated cooling demand have been selected and the calculated procedure pointing to the 
employed equations are presented. It should be noted that each calculated demand considers 
entire skin of building that are consisted of: 
 

- South-west facade (Combination of 50.30 m2 wall + 22.71 m2 windows) 
- North-west façade (Combination of 76.39 m2 wall + 6.95 m2 windows +3.90 m2 door) 
- South-east façade (Combination of 66.06 m2 wall + 21.18 m2 windows) 
- North-east façade (Combination of 69.27 m2 wall + 3.74 m2 windows) 
- Ceiling (113.25 m2) 
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- South-west roof (80.50 m2) 
-North-east roof (65.96 m2) 
- South-west (projection part) roof (in this case irrelevant, as it only generates electricity 
(18.50 m2) 
 
So, 12 different components are calculated as the entire skin of this building. 

Additionally, for each component in each day, 24 points as representative of 24 hours of day, 
are individually calculated. So, considering the calculated components and the resolution of 
calculation (each hour); 

 
12	 × 	24	 = 288 (Number of simulations) 
 

That means the same simulation has been done (288 times) for each component to deliver the 
final calculated demand in a specific day. As, presenting all these 288 points would not be that 
possible, one random point from one component has been selected. The selected component is 
opaque portion of south-west façade (50.30 m2 wall) and the selected point is 20:00 o’clock in 
January and 16:00 o’clock in July. 
 

  
2. Geometry of building and materials 
 

 

 

 
Ground floor (left), first floor (middle), attic (right) 
 

Location; Schwabach, Germany 
Latitude: 49,20 °N 
Longitude: 11,10 °O 

* The usable building area: 312.12 m2 

Heated building volume: 741 m3 

Envelop Factor: 0,59 m-1 
Fig. 7.1   Geographical location and geometrical setup of investigated building 
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Area (m2) 113,25 3,74 21,18 6,95 22,71 3,90 69,27 66,06 50,30 76,39 80,50 65,96 
U-value 
(W/m2.K) 

0,14 0,80 0,80 0,80 0,80 1,00 0,14 0,14 0,14 0,14 0,12 0,12 

Tab. 7.1   Components in selected building – area – U-value [51] 
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3. Heating demand 
 
Here the elementary weather data on 26th January at 20:00 o’clock: 

 
Weather data at the beginning of year The selected date 

  
 
 
The upcoming table shows elementary emerged weather data on 26th Jan at 20:00 and 

the calculated parameters for the representative component: 
 

 Parameter & Symbol Amount Equation 
01 Outside air temperature 

(T) 
-3,30 °C 

269,85 °K 
Direct from weather data 

02 dew-point temperature 
(Tdewpoint) 

-4,30 °C 
268,85 °K 

Direct from weather data 
 

03 Inside air temperature 
(Tin) 

21,15 °C 
294,30 °K 

𝑇($%) = 21.50 + (0.111	 × 𝑇(123))      (4.2) 

04 Inside convective 
coefficient 

(hi) 

7,00 
W/m2.K 

Average estimation 

05 Outside convective 
coefficient 

(ho) 

13,80 
W/m2.K 

Regarding Fig.4.9 
Convective heat transfer coefficient for leeward and 

windward conditions 
06 Wall thickness 

(dwal) 
0,214 

m 
Assigned construction 

(Equivalence of Uvalue of 0,14) 
07 Heat conductivity of wall 

(λwal) 
0,03 

W/mK 
Assigned construction 

(Equivalence of Uvalue of 0,14) 

08 Thermal resistance of the 
wall excluding outside 

air film resistance 
(ΣRI) 

7,29 
m2k/W 

 

𝑅 = ΣL¶(
@x
·x
) (4.20) 

∑𝑅� =
𝑑Æ�V

𝜆Æ�Vç + 1 ℎ$ç  
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09 Thermal resistance of the 
wall excluding inside and 

outside air film 
resistances 

(ΣRII) 

7,14 
m2k/W 

 

𝑅 = ΣL¶(
@x
·x
) (4.20) 

∑𝑅�� =
𝑑Æ�V

𝜆Æ�Vç  
 

10 Cumulative solar 
irradiation 

(Qsol) 

0,00 
W/m2 

𝐺83 = 𝐺9 + (𝐺>
LMNOPQ

R
) + ((𝐺9 + 𝐺>)𝜌

LSNOPQ
R

) 
 (4.6) 

11 Opaque sky cover 
(N) 

6,60 Fig. 4.12   Monthly cloud cover categories– Stuttgart 
[36] 

12 Sky emissivity 
(εsky) 

0,85 𝑆𝑘𝑦kl$mm$n$3o = 0.787 + p0.767 × lnp8stuvwxyz
R{f

|| +
0.0224𝑁 − 0.0035𝑁R + 0.00028𝑁f (4.10) 

13 Sky temperature 
(Tsky) 

-13,96 °C 
259,19 °K 

𝑇U�o = (𝜀m�o)�.R� × 𝑇  (4.11) 
 

14 Sol-air temperature 
(TSol-air) 

-6,22 °C 
266,93 °K 𝑇U1VS�$C = p𝑇 + ��.��w�

W�
| − (

c.�X8�S8����]
W�

) 
 (4.12) 

as = 0,50 (Solar absorptivity) 
σ = 5670400 × 10-8 W/m2K4 

 

 

 Parameter & Symbol Amount Equation 
15 Outside surface 

temperature 
(Ts-out) 

-5,95 °C 
267,20 °K 

𝑇mS123 =
ℎ1. 𝑇m1VS�$C + (

𝑇$%
∑𝑅�

)

p 1Σ𝑅�
| + ℎ1

 

16 Inside surface 
temperature 

(Ts-in) 

20,62 °C 
293,77 °K 

𝑇US$% = 𝑇mS123 + (ℎ1. Σ𝑅��. (𝑇mS123 −
𝑇m1VS�$C))  (4.14) 

 
17 Heat transfer 

(q) 
-3,72 
W/m2 

𝑞 = ℎ1. (𝑇m1VS�$C − 𝑇mS123) 
(4.15) 

 
 
According to definition in chapter 4.6; 
 
 1. The direction of heat flow is from inside into outside 
 2. 𝑡123 < 𝑡$% 
 

So, the entire heat flow is marked as heating demand. Considering area of this 
component as 50,30 m2, heating demand of opaque portion of South-west façade will be: 
 
50,30 (m2) × -3,72 (W/m2) = 187,12 W (Heating demand). 
  

At this time and date (at 20:00 on 26th Jan), heating demand of the rest of components 
in building have been similarly calculated: 
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Building’s face At 20:00 for each component Sum (Excel) 

South-west façade 
(F-01) 

Wall: 50,30 (m2) × -3,72 (W/m2) = -187,12 W  
-611,20 W 

Windows: 22,71 (m2) × -18,68 (W/m2) = -424,22 
W 

North-west façade 
(F-02) 

Wall: 76,39 (m2) × -3,80 (W/m2) = -290,28 W 
Windows: 6,95 (m2) × -18,91 (W/m2) = -131,42 

W 
Door: 3,90 (m2) × -22,75 (W/m2) = -88,73 W 

 
-510,32 W 

South-east façade 
(F-03) 

Wall: 66,06 (m2) × -3,80 (W/m2) = -251,02 W 
Windows: 21,18 (m2) × -18,91 (W/m2) = -400,51 

W 

-651,44 W 

North-east façade 
(F-04) 

Wall: 69,27 (m2) × -3,92 (W/m2) = -271,54 W 
Windows: 3,74 (m2) × -19,27 (W/m2) = -72,07 W 

-343,59 W 

Ceiling 
(F-05) 

113,25 (m2) × -3,36 (W/m2) = -380,52 W -380,02 W 

South-west roof 
(F-06) 

80,50 (m2) × -2,86 (W/m2) = -230,23 W -229,99 W 

North-east roof 
(F-07) 

65,96 (m2) × -3,38 (W/m2) = -222,94 W -222,87 W 

Sum -2949,43 W -2949,43 W 
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Based on seven main facades of building (including ceiling), shaping external face of 
building, individual calculation of heating demand of all seven facades on an hourly basis are 
presented here:  
 

Time F-01 F-02 F-03 F-04 F-05 F-06 F-07 Sum 
01:00 562,49 470,80 600,99 318,16 345,31 208,99 206,35 2713,09 
02:00 566,90 474,11 605,22 319,94 349,48 211,51 207,56 2734,72 
03:00 565,90 473,48 604,41 319,89 348,09 210,67 207,41 2729,85 
04:00 571,34 477,81 609,95 322,54 352,25 213,19 209,17 2756,25 
05:00 584,00 488,27 623,29 329,53 360,58 218,23 213,66 2817,56 
06:00 586,03 489,93 625,41 330,45 361,97 219,07 214,37 2827,23 
07:00 594,25 496,68 634,03 334,85 367,52 222,43 217,24 2867,00 
08:00 588,18 491,71 627,68 332,09 363,36 219,91 215,14 2838,07 
09:00 486,17 454,03 530,12 308,69 364,75 220,75 206,52 2571,03 
10:00 0,00 346,68 0,00 243,51 367,52 222,43 188,69 1368,83 
11:00 0,00 279,57 52,49 202,00 353,64 214,03 164,68 1266,41 
12:00 0,00 214,50 0,00 162,07 352,25 213,19 149,40 1091,41 
13:00 0,00 184,65 0,00 143,61 346,70 209,83 141,25 1026,04 
14:00 0,00 153,07 0,00 124,92 359,19 217,39 143,59 998,16 
15:00 0,00 182,62 0,00 159,52 350,86 212,35 155,07 1060,42 
16:00 0,00 271,72 176,62 221,60 357,81 216,55 175,58 1419,88 
17:00 495,46 453,39 538,30 307,91 357,81 216,55 204,98 2574,40 
18:00 587,80 491,33 627,20 331,33 363,36 219,91 214,93 2835,86 
19:00 593,49 495,92 633,06 334,71 367,52 222,43 216,83 2863,96 
20:00 611,20 510,32 651,44 343,59 380,02 229,99 222,87 2949,43 
21:00 613,22 511,98 653,56 344,51 381,40 230,83 223,57 2959,07 
22:00 612,85 511,60 653,08 344,45 381,40 230,83 223,37 2957,58 
23:00 619,04 516,69 659,58 347,92 385,57 233,35 225,54 2987,69 
24:00 558,44 467,48 596,76 316,32 342,54 207,31 204,95 2693,80 
Sum 9796,77 9908,34 10703,18 6844,12 8660,90 5241,65 4752,76 55907,72 

Calculation of heating demand (W) of selected building in a winter day on hourly basis. 26th 
January 
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4. Cooling demand 
 
To select a random hour at peak calculated cooling demand, 16:00 o’clock on 26th July 

has been selected. Here the elementary weather data on 26th July: 
 

Weather data at the beginning of year The selected date 
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The upcoming table shows elementary emerged weather data on 26th Jul at 16:00 and 
the calculated parameters for the representative component: 
 

 Parameter & Symbol Amount Equation 
01 Outside air temperature 

(T) 
32,30 °C 

305,45 °K 
Direct from weather data 

02 dew-point temperature 
(Tdewpoint) 

12,60 °C 
285,75 °K 

Direct from weather data 
 

03 Inside air temperature 
(Tin) 

24,96 °C 
298,11 °K 

𝑇($%) = 21.50 + (0.111	 × 𝑇(123))      (4.2) 

04 Inside convective 
coefficient 

(hi) 

7,00 
W/m2.K 

Average estimation 

05 Outside convective 
coefficient 

(ho) 

13,80 
W/m2.K 

Regarding Fig.4.9 
Convective heat transfer coefficient for leeward and 

windward conditions 
06 Wall thickness 

(dwal) 
0,214 

m 
Assigned construction 

(Equivalence of Uvalue of 0,14) 
07 Heat conductivity of wall 

(λwal) 
0,03 

W/mK 
Assigned construction 

(Equivalence of Uvalue of 0,14) 

08 thermal resistance of the 
wall excluding outside 

air film resistance 
(ΣRI) 

7,29 
m2k/W 

 

𝑅 = ΣL¶(
@x
·x
) (4.20) 

∑𝑅� =
𝑑Æ�V

𝜆Æ�Vç + 1 ℎ$ç  

09 thermal resistance of the 
wall excluding inside and 

outside air film 
resistances 

(ΣRII) 

7,14 
m2k/W 

 

𝑅 = ΣL¶(
@x
·x
) (4.20) 

∑𝑅�� =
𝑑Æ�V

𝜆Æ�Vç  
 

10 Cumulative solar 
irradiation 

(Qsol) 

451,67 
W/m2 

𝐺83 = 𝐺9 + (𝐺>
LMNOPQ

R
) + ((𝐺9 + 𝐺>)𝜌

LSNOPQ
R

) 
 (4.6) 

11 Opaque sky cover 
(N) 

4,00 Fig. 4.12   Monthly cloud cover categories– Stuttgart 
[36] 

12 Sky emissivity 
(εsky) 

0,87 𝑆𝑘𝑦kl$mm$n$3o = 0.787 + p0.767 × lnp8stuvwxyz
R{f

|| +
0.0224𝑁 − 0.0035𝑁R + 0.00028𝑁f (4.10) 

13 Sky temperature 
(Tsky) 

22,15 °C 
295,30 °K 

𝑇U�o = (𝜀m�o)�.R� × 𝑇  (4.11) 
 

14 Sol-air temperature 
(TSol-air) 

44,59 °C 
317,74 °K 𝑇U1VS�$C = p𝑇 + ��.��w�

W�
| − (

c.�X8�S8����]
W�

) 
 (4.12) 

as = 0,50 (Solar absorptivity) 
σ = 5670400 × 10-8 W/m2K4 

 

 

 

 

 



 199 

 Parameter & Symbol Amount Equation 
15 Outside surface 

temperature 
(Ts-out) 

44,40 °C 
317,55 °K 

𝑇mS123 =
ℎ1. 𝑇m1VS�$C + (

𝑇$%
∑𝑅�

)

p 1Σ𝑅�
| + ℎ1

 

16 Inside surface 
temperature 

(Ts-in) 

25,34 °C 
298,49 °K 

𝑇US$% = 𝑇mS123 + (ℎ1. Σ𝑅��. (𝑇mS123 −
𝑇m1VS�$C))  (4.14) 

 
17 Heat transfer 

(q) 
+2,67 
W/m2 

𝑞 = ℎ1. (𝑇m1VS�$C − 𝑇mS123) 
(4.15) 

 
According to definition in chapter 4.6; 
 
 1. The direction of heat flow is from outside into inside 
 2. 𝑡123 > 𝑡$% 
 

So, the entire heat flow is marked as cooling demand. Considering area of this 
component as 50,30 m2, heating demand of opaque portion of South-west façade will be: 
 
50,30 (m2) × 2,67 (W/m2) = 134,30 W (Cooling demand). At this time and date (at 16:00 on 
26th Jul), cooling demand of the rest of components in building have been similarly calculated: 
 

Building’s face At 16:00 for each component Sum (Excel) 

South-west façade 
(F-01) 

Wall: 50,30 (m2) × 2,67 (W/m2) = 134,30 W 2670,16 W 

Windows: 22,71 (m2) × 111,66 (W/m2) = 2535,80 
W 

North-west façade 
(F-02) 

Wall: 76,39 (m2) × 3,57 (W/m2) = 272,71 W 
Windows: 6,95 (m2) × 156,08 (W/m2) = 1084,76 

W 

1440,89 W 

South-east façade 
(F-03) 

Wall: 66,06 (m2) × 1,44 (W/m2) = 95,13 W 
Windows: 21,18 (m2) × 63,79 (W/m2) = 1351,07 

W 

1446,09 W 

North-east façade 
(F-04) 

Wall: 69,27 (m2) × 1,56 (W/m2) = 108,06 W 
Windows: 3,74 (m2) × 63,05 (W/m2) = 235,81 W 

343,85 W 

Ceiling 
(F-05) 

113,25 (m2) × 0,32 (W/m2) = 36,24 W 36,43 W 

South-west roof 
(F-06) 

80,50 (m2) × 0,86 (W/m2) = 69,23 W 69,09 W 

North-east roof 
(F-07) 

65,96 (m2) × 2,52 (W/m2) = 166,22 W 166,28 W 

Sum 6172,79 W 6172,79 W 
* The exact calculations are directly from excel file emerged and put in Sum results  
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And finally, based on seven main facades of building (including ceiling), shaping 
external face of building, individual calculation of cooling demand of all seven facades on an 
hourly basis are presented here:  
 
 

Time F-01 F-02 F-03 F-04 F-05 F-06 F-07 Sum 
01:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
02:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
03:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
04:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
05:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
06:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
07:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
08:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
09:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
10:00 1264,42 425,73 3982,52 243,68 0,00 16,16 217,67 6150,18 
11:00 1685,65 465,73 2876,76 269,33 10,05 29,60 234,95 5572,07 
12:00 2487,53 611,70 2054,59 358,38 30,88 42,21 239,16 5824,45 
13:00 2828,46 814,53 2092,98 482,64 39,20 47,25 222,88 6527,94 
14:00 1873,09 648,43 1598,62 372,57 17,00 57,33 148,36 4715,40 
15:00 3073,87 1059,01 2018,04 475,59 23,94 61,53 212,58 6924,56 
16:00 2670,16 1440,89 1446,09 343,85 36,43 69,09 166,28 6172,79 
17:00 1705,03 1153,85 1345,74 319,63 32,27 66,57 131,59 4754,68 
18:00 1098,59 1012,66 967,43 229,39 28,11 64,05 91,43 3491,66 
19:00 581,00 887,94 533,53 114,54 43,37 49,77 39,94 2250,09 
20:00 69,70 17,19 52,40 0,00 16,99 33,80 0,00 190,08 
21:00 0,00 0,00 0,00 0,00 11,44 30,44 0,00 41,88 
22:00 0,00 0,00 0,00 0,00 0,00 10,28 0,00 10,28 
23:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 6150,18 
24:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 5572,07 
Sum 19337,50 8537,67 18968,70 3209,60 289,70 578,08 1704,83 52626,07 

Calculation of cooling demand of selected building in a summer day on hourly basis. 26th July 
 
 

It should be noted that justifying the calculation of the cooling demand in above table, 
local wind is a strong parameter to affect the results. For this reason, to justify accuracy of the 
calculated demands, rather than quantities of irradiation, quantities of wind velocities regarding 
the angle to the selected component muss continuously be taken into account as well. In other 
word, any calculated energy demand in this work, is outcome of interaction of outcome of 
temperature and irradiation and different quantities of external convection that will always is 
changed regarding different velocities of wind an any time.  
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5. Summary 
 

In this part of illustration two critical days of 26th of January and 26th of July as peak 
recorded demands of heating and cooling have been selected respectively regarding the asked 
question by honorable Jury. The point of all represented tables and charts is to demonstrate 
accuracy of employment of equations to show the logic connection between the initial weather 
data and the resulted heating and cooling demands. It should be remined that these two days 
are representatives of extreme cold and hot days. For instance, 26th of January with -3,30 °C 
and 26th of July with +32,30 °C present the coldest and hottest day of year, respectively that 
result the calculated heating and cooling demands. The calculated cooling demand of 52kW on 
26th of July, has been supposed if the comfort temperature is going to remain about 24 °C and 
will be compensated by direct electricity. Any more moderated initial weather data, will 
quantitively result more moderated energy demands. 

 
Additionally, it should firmly be noted, that the selected building is not equipped with 

any kind of shading systems. Indeed, in the entire simulations the geometry of building is a 
simplified combination of external wall, windows and doors, ceiling and roof. Consequently, 
in absence of any manual or automatic devices to block or reflect entrance of light in periods 
of cooling demand, unnecessary quantities of light (coming in through windows as 
transmission) is additionally added to entire cooling demand of the calculations. That is a 
remarkable reason that average of cooling demand of the selected building in this work is 
remarkably higher than similar building with the same geometry. As, normally all buildings are 
either equipped by simple external shading components as shading louvers that work manually 
or automatic devices that decide to block the light in peaks time of cooling demands. 
 

 As possibilities of further development of this work, to achieve to more moderate 
quantities of cooling demand, adding external shading devices in this work is absolutely 
possible by adding simple scheduling time. As a result, in cooling demand periods, unnecessary 
quantities of light will be blocked and will result more moderate calculated quantities of cooling 
demands. 
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Appendix 3 
 

Numerical calculation of energy demands 
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As appendix of the work and in relation to this illustration the excel files are additionally 
delivered to assess accuracy of work. Here a short description of content of these submitted 
data: 
 

No Name of file Explanation 
01 01-SW (O) South-west opaque wall 
02 02-NW (O) North-west opaque wall 
03 03-SE (O) South-east opaque wall 
04 04-NE (O) North-east opaque wall 
05 05-SW (W) South-west window 
06 06-NW (W) North-west window 
07 07-SE (W) South-east window 
08 08-NE (W) North-east window 
09 09-SW (BAPV) South-west sloping roof with BAPV 
10 10-SW (BAPV-extension) (Extension of) South-west sloping roof (with 

BAPV) 
11 11-NE (R) North-east sloping roof (without BAPV) 
12 12-NW (D) North-west door 
13 13- (ceiling) Ceiling 
14 14-result-02 Rendered data and final result 

 
 

 
 
 
 


