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Abstract 

 

One of the important aims of Germany and Korea is to reduce carbon dioxide emissions. 

Both countries made policies to improve energy performance in the building sector for ob-

taining this goal. There are two kinds of strategies which make energy demand in buildings 

reduced as well as produce energy for buildings. By enhancing insulations and implement-

ing renewables e.g. photovoltaic systems producing electricity with low carbon emissions. 

Both models can achieve better energy efficiency. 

 

This thesis is divided into three parts: state of art analysis, methodology, and results of anal-

ysis.  

 

The state of art analysis provides an introduction and considerations of photovoltaics and 

comparisons between Germany and Korean related to construction and energy in buildings.  

 

The methodology indicates the case study models in terms of construction data. Each sce-

nario proposes how to simulate under different conditions. The first scenario proposes en-

ergy simulations for the German and Korean models in the initial state. The next scenario 

proposes energy simulations in the renovated state. Other scenarios are to simulate by ap-

plying semi-transparent and opaque PV systems.  

 

The results of analysis display results in each scenario and comparisons between two mod-

els related to energy demands for heating and cooling, electricity production generated 

from PV modules according to the scenarios.  

 

The conclusion part of this thesis summarizes the results obtained from the energy simula-

tions. Variations applied solar modules in the renovated states reduced electricity demands 

for heating and cooling and CO2 emissions from 43.2% to 69.6% compared with models in 

the early state. Finally, this approach is proposed to improve a solution to improve energy 

performance as much as 67% and 32.7 % of the targets that Germany and Korea set in the 

building sector, respectively.  
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1 Introduction 

The rapid use of fossil energy after industrialization puts the finite energy at risk of exhaus-

tion, and reckless industrial development has become synonymous with the word environ-

mental pollution. As a result, the world entered into a United Nations Framework Conven-

tion on Climate Change (UNFCCC) agreement in 2015 to address the common challenge of 

global warming. The world is now making various efforts to keep the global temperature 

rise below 2 degrees increase in comparison to pre-industrial levels [1]. 

 

Germany has also set up a climate policy called Climate Action Plan 2050 (2016), which aims 

to reduce CO2 emissions. Its target is to reduce CO2 emissions by about 56% in the total 

sectors until 2030 [2]. The building sector plan for this policy is to mitigate 72 million tons 

of CO2 emissions by about 67% by 2030 compared with 1990 by improving energy effi-

ciency of buildings [2]. 

 

In Korea, the Act on Low Carbon Green Growth was enacted and 2030 Korea greenhouse 

reduction road map revision (2018) was established. The goal of the policies is to decrease 

64.5 million tons of CO2 emissions by 37% compared to Korea's BAU1 (business as usual) 

by 2030 and 32.7% in the building sector [3] [4]. 

 

To increase the efficiency of the building in line with these goals, it is to reduce the amount 

of energy used and further produce its own energy. Improvements to the most energy-con-

suming parts of buildings are required. Insulation of the building itself should be improved 

through passive design because heating and cooling parts consume almost half of its energy 

[5]. And energy production in buildings using unlimited renewable energy sources can im-

prove building energy performance and can reduce their carbon footprint. 

 

1.1 Motivation 

The motivation of this thesis is to evaluate how the energy efficiency of a typical German 

and Korean multi-family houses can be enhanced. The research will evaluate the use of 

semi-transparent and opaque PV modules in the current and renovated states for both mod-

els. Each variation can enhance energy performance by reducing and producing energy for 

heating and cooling. Electricity demands for heating and cooling, electricity production 

from a few cases of solar modules, and indoor daylight will be investigated. Therefore, the 

 

1 Forecast of future emissions if no special measures are taken. In other words, estimates of future 
GHG emissions to be affected by oil price fluctuations, population fluctuations, and economic growth 
rate, based on the normal growth practices of the national economy. 
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main goal is to find out the optimal solutions for the German and Korean residential build-

ings to reduce energy demand and CO2 emissions.   

In short, the study will evaluate the energy performance of each residential building in two 

countries with different climates and construction cultures and conduct energy simulations 

of models renovated in high-insulation envelopes and final models with photovoltaic sys-

tems. This will analyze and compare the energy simulations of the three stages of the two 

residential buildings to assess how much energy performance is improved. 
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2 State of Art Analysis 

The state-of-the-art analysis provides an overview of photovoltaics and comparisons be-

tween Germany and Korea in terms with construction and energy as well as IDA ICE used 

for energy simulations in this thesis.  

2.1 Photovoltaics 

2.1.1 Introduction 

Photovoltaic is the technology that generates direct current (DC) electrical power measured 

in Watts (W) or kilo Watts (kW) from semiconductors when they are illuminated by photons 

[6]. The solar cell which is the basic component of every photovoltaic plant consists in most 

cases of  silicon, a semiconductor that is also used for diodes, transistors and computer chips 

(Figure 2.1) [7]. A solar cell is the smallest component of a photovoltaic array and a group 

of these solar cells are placed on a support frame and are connected electrically to one an-

other to shape a photovoltaic module. Commonly available solar panels vary between sev-

eral hundred watts and a few kilowatts. A few modules consist of a photovoltaic string in a 

line to form a photovoltaic string and then a solar array is composed of a few solar strings. 

 

 

Figure 2.1 Solar cell and module [7] 

 

Figure 2.2 shows the typical PV solar systems of grid-connected and off-grid types. The 

grid-connected systems consist of an inverter and meters to count the generated electricity 
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and consumption. The inverter converts the direct current delivered by the modules into 

alternating current and feeds it into the public grid [7]. The off-grid systems refer to areas 

without a power grid. They are made up of a charge controller and a power storage device 

besides an inverter. A charge controller is included between the solar generator and the 

battery to prevent it from being overcharged or deep discharged [6]. This thesis will focus 

on grid-connected systems to simulate hourly energy demands for heating and cooling. And 

the electricity production will be divided into 3 kinds of production such as in-house elec-

tricity consumption, electricity fed into the grid, and remaining electricity for heating and 

cooling. 

 

 

Figure 2.2 PV solar systems [8] 

 

2.1.2 Classifications 

PVs are generally classified based on either the active materials (i.e. the primary light-ab-

sorbing materials) used for the solar cells or overall device structures [9], as Figure 2.3 and 

Figure 2.4. PVs are divided into wafer-based and thin-film technologies. Wafer-based PVs 

are produced from slices of semiconducting wafers derived from ingots [10] and thin-film 

cells adopt an inherently different approach in which insulating substrates like glass or flex-

ible plastics is used for the deposition of layers of semiconducting materials that will form 

the device structure [11]. 
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Figure 2.3 Solar cell types according to light absorption layer materials [8] 

 

Most PV technologies that have been deployed at a commercial level have been produced 

using silicon, with wafer-based crystalline silicon (c-Si) currently the most popular solar 

cells because it exhibits stable photo-conversion efficiency and can be processed into effi-

cient, nontoxic and very reliable PV cells [12]. C-Si cells as of 2014, still constitute roughly 

90% of global module production and are the most developed of all solar cell technologies 

[13]. This technology will be applied for opaque PV systems in methodology of scenario 3 

which will be mentioned in chapter 3.3.4 

Thin-film solar cells, along with a relatively simple manufacturing process, can be used for 

low-cost substrates, such as glass, instead of silicon substrates, to reduce unit costs and their 

lightweight and flexible features are expected to be beneficial to various product groups 

such as building exterior materials [8]. Therefore, this thin-film technology will be applied 

for semi-transparent solar modules for this thesis. Detailed parameters of semi-transparent 

PV modules applied for this thesis will be introduced in chapter of methodology for scenario 

3.  
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Figure 2.4 Classification of solar cells [9] 

 

Emerging film solar cells offer promising device-level characteristics including visible trans-

parency, high weight-specific power (watts/gram), and novel form factors although their 

technologies are still at the research and development and early commercialization stage 

and are yet to be fabricated on a large scale [9].  

 

Table 2.1 shows the summary of photovoltaic types related to details such as characteris-

tics, modules conversion efficiency, and major companies. And it explains if the step is on 

practical use or research stage at a glance. 

 

Type Characteristic  Module 
conversion 
efficiency 

Step Major compa-
nies 

mono-Si  Single crystal Si substrate of about 

180 ㎛ 

 Advantages:  
Performance, Reliability 
 Task: Lowering Prices 

~20% Practical 
use 

 

Hyundai Heavy 
Industries, LG 
Shinsung E&G, 

Sunpower, Pana-
sonic, Motech 

multi-Si  Polycrystalline substrates in which 
small crystals are aggregated 
 Advantage: Cheaper than single crys-
tal 
 Task: Lower efficiency than single 
crystal 

~18% Practical 
use 

 

Hyundai Heavy 
Industries,  

Hanwha Q CELLS,  
Trina, JA Solar,  
Jinko, Kyocera 

a-Si  Form an amorphous or microcrystal-
line Si thin-film on a substrate 

~9% Practical 
use 

Kaneka, TEL,  
JS Solar,  
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 Advantage: Large scale production 
 Task: Low efficiency 

 Next Power,  
Moserbaer 

CIGS  Thin-film type made from Cu, In, Se, 
etc. 
 Advantages: Resource-saving, Possi-
bility of mass production and high 
performance 
 Task: Large area, amount of In 

~16% Practical 
use 

 

WonCIGS,  
Solar Frontier,  

Hanergy, 
Stion 

CdTe  Thin- film type using Cd and Te as 
raw materials 
 Advantages: Resource saving, Possi-
bility of mass production, low price 
 Task: Toxicity of Cd 

~15% Practical 
use 

 

First Solar 

III-V MJ  Compound conjugation with group 
III and group V elements, condensing 
technology applied 
 Advantages: Ultra-high performance 
 Task: Lowering Prices 

Cell efficiency 
(~38%) 

Re-
search 
stage 

BJ power,  
AnyCasting,  

Paru,  
Sharp, 
Soitec   

DSSC  New type of dye adsorbed on TiO2 
absorbs light and develops 
 Advantages: Possibility of low price 
 Task: High efficiency, durability 

Cell efficiency 
(~12%) 

Re-
search 
stage 

Dongjin Semi-
chem, Sangbo,  

Eagon,  
Dyesol, Fujikura 

OPV  Thin-film type using organic semi-
conductor 
 Advantages: Possibility of low price 
 Task: High efficiency, durability 

Cell efficiency 
 (~12%) 

Re-
search 
stage 

Kolon, LG,  
Heliatek,  

Mitsubishi,  
Sumitomo,  
JX energy 

Perovskite  A new type of organic/inorganic 
compound perovskite that absorbs 
light and generates power 
 Advantages: high efficiency and low 
cost 
 Task: Durability, large area modular-
ity 

Cell efficiency 
 (~22%) 

Re-
search 
stage 

KRICT,  
SKKU,  
UNIST,  
Oxford,  

EPFL 

Table 2.1 Efficiency and Characteristics of Solar Cell Types 2018 [8] 

 

2.1.3 Considerations of PV installation 

 

PV modules applied on the windows and walls for this thesis will be installed vertically and 

those on the roofs have slope from 10° to 16° for maximizing conversion efficiency of PV 

modules under the limited situation of each roof. The German model has a flat roof while 

the Korean model has 16° slope of the roofs. According to the degree, electricity production 

will have different efficiency. So this chapter provides how different efficiency is under a 

few slopes.  Essential elements in installing solar systems are inclination angle, azimuth an-

gle, shading, and module temperature as Table 2.2. These two angles are considered to be 

the most important factor, as the degree of solar radiation affects the solar system varies 

widely depending on the angle of incidence and direction. Figure 2.5 indicates the annual 

power volume is increased in proportion to the solar radiation and the maximum is rec-

orded when the azimuth of the module is facing straight south. Furthermore, Table 2.3 
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shows comparison of the energy efficiency of the modules according to the three slope an-

gles for a year. After the set of the standard of a module with an angle of incline of 36 degree, 

this was compared with two solar modules installed parallel and perpendicular to the plane 

in terms of their advantages and disadvantages and efficiency. 

Installation considerations Highest efficiency conditions 

Angle of inclination  30 ° ~35 ° 

Azimuth Facing the south 

Shading No shading 

Module temperature 25 ℃ 

Table 2.2 Considerations of PV installation [14] 

 

Figure 2.5 Annual power quantity by solar radiation and azimuth [14] 

Inclination 

angle of  

PV panel  

36° 

(A: Standard for com-

parison) 

0 ° 90 ° 

Advantage The highest efficient in 4 
seasons 

The highest efficient in sum-
mer 

 

Disadvantage  Relatively less efficient in 
summer 

 Large support for struc-
tural reinforcement 

Lower efficient compared A The lowest 
average effi-
ciency in 4 

seasons. 

Efficiency of 
annual average 

100% 89% 

(compared with A) 

70% 

(compared 
with A) 

Efficiency dur-
ing summer 

100% 109% 

(compared with A) 

45% 

(compared 
with A) 

Table 2.3 Comparison of PV panel efficiency according to angles of inclination [14] 
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The next factor that affects is shading. No matter how efficient the entrance angle and the 

azimuth angle are, the entire efficiency will be reduced if the solar module is covered due to 

shading caused by the surrounding buildings. Recently, fine dust has emerged as one of the 

factors behind shading in Korea. And the last factor is the temperature of the module. In 

general, power generation decreases by 0.4 to 0.5% each time the temperature of the solar 

cell rises by 1 K from 25°C [15]. 

 

2.2 Comparisons between Germany and South Korea 

 

There are a lot of differences about construction and energy fields between Germany and 

South Korea. Also, in this regard, through the policies and standards of each country, it is 

possible to confirm the possibility that both countries can develop in a better direction. 

 

2.2.1 Residential building age 

The first object to compare is the age of all residential buildings located in Dresden, Ger-

many and Seoul, Korea. Because the two building models of the study are located in the 

cities and the energy simulations will be carried out by improving their envelope and energy 

performance with solar modules. Table 2.4 and Table 2.5 shows specifically the age of the 

building by when the residential buildings were built. Through Figure 2.6, the percentage 

of residential buildings constructed at the same time can be compared. The most striking 

difference is that more than 50% of German buildings were built before 1945, while Korean 

record does not show how many buildings were constructed before 1945 and only indicates 

28% of buildings were built before 1984. On the contrary, 53% of all residential buildings 

in Seoul have been built since 1990. And residential buildings in Dresden are 37% built at 

the same time. Through this, the ratio of residential buildings under 30 years is 37% in Dres-

den and 53% in Seoul. 

 

Dresden SUM until 
1918 

1919-
1945  

1946-
1969 

1970-
1990 

from 
1990 

SUM 33087 6888 10159 1506 2046 12488 

Percent-
age 

(unit: %) 

100 20.8 30.7 4.6 6.2 37.7 

Table 2.4 Residential building age in Dresden 2018 [16] 
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Seoul Total Un-
known  

-1984 1985-
1989 

1990-
1994 

1995-
1999 

2000-
2004 

2005-
2009 

2010-
2018 

Sum 604726 34804 170151 77588 123424 56057 56751 26979 58972 

Percent-
age(%) 

100 5.8 28.1 12.8 20.4 9.3 9.4 4.5 9.8 

 

Table 2.5 Residential building age in Seoul 2018 [17] 

 

Figure 2.6 Residential building age in Dresden and Seoul [16] [17] 

 

Korean official report ‘Building status statistics’ defines old buildings as buildings over 30 

years old [17]. However, in the German tenancy law, buildings built before 1949 are gener-

ally defined as old buildings [18]. In other words, residential buildings that are 70 years old 

or less in Germany and ones that are 30 years or less in Korea can be called new buildings. 

 

2.2.2 Electricity generation by fuel 

 Oil Natural 
Gas 

Coal Nuclear 
energy 

Hydro 
electric 

Renewa-
bles 

Other
2  

Total 

Germany 
(TWh) 

5.2 83.0 229.0 76.1 16.9 209.2  29.3 648.7 

South  
Korea 
(TWh) 

9.1 160.4 261.3 133.5 2.9  21.9  5.1 594.3 

Germany 
(kWh/cap) 

62 991 2733 908 202 2497 350 7743 

South  
Korea 

(kWh/cap) 

176 3098 5046 2578 56 426 98 11477 

Table 2.6 Electricity generation by fuel 2018 [19] 

 

2 Includes sources not specified elsewhere e.g. pumped hydro, non-renewable waste and statistical 
discrepancies. 



 11 

 

 

Figure 2.7 2018 Electricity generation by fuel [19] 

This introduces electricity generated from the different resources between Germany and 

Korea. Therefore CO2 emissions factors are different and the index for each country will be 

mentioned for calculating CO2 emissions for both models in chapter of results. 

Table 2.6 and Figure 2.7 show the amount of electricity generated by the resources of the 

two countries. In both countries, the proportion is still more than half that of electricity pro-

duced using traditional fossil fuels and nuclear power. The amount of electricity produced 

using renewable energy sources in Germany is 32 percent and Korean one is 3.7 percent. 

 

2.2.3 Certification systems for buildings 

 

This chapter provides certification system for evaluate energy performance in buildings. So 

some part of details can be applied for this thesis since the German and Korean models will 

be renovated with strengthen insulations. 

DGNB in Germany and G-SEED in South Korea are standard certification systems for sus-

tainable buildings as Table 2.7. There are various kinds of certification systems in Germany 

considering energy and environment while there is one integrated certification system in 

Korea. The scope of compulsory architecture to which these systems are to be applied is not 

yet widespread. The topics and standards of evaluation factors including energy and envi-

ronment vary depending on the different types of buildings. The difference in building cer-

tification systems between the two countries is the presence or absence of thermal heat 

bridges. Korean system still considers this criterion as an additional indicator for the high-

est rating. 
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Classification DGNB 
(Deutsche Gesellschaft  

für Nachhaltiges Bauen) 

G-SEED 
(Green Standard for Energy and 

Environmental Design, South 
Korea) 

Evaluation 
target 

 

All kinds of existing buildings and 
new construction, interiors, dis-
tricts 

New residential buildings, new 
non-residential buildings, new de-
tached house, existing residential 
buildings, existing non-residential 
buildings, green remodeling resi-
dential buildings, green remodel-
ing non-residential buildings 

Mandatory 
target 

 

 Public buildings with a total floor 

area of 3000 ㎡ or more. 

Assessment 
period 

 

All stages in the life of a building All stages in the life of a building 

Rating 

 

4 (platinum, gold, silver or 
bronze) 

4 (green 1 ~ 4 grade) 

Main topics 
number 

6 8  

(1 mandatory item for green re-
modeling residential buildings)  

Main topics  Environmental quality 

 Economic quality 

 Sociocultural and functional 
quality 

 Technical quality 

 Process quality 

 Site quality 

 

 Land use and transportation 

 Energy and environmental pol-
lution 

 Water circulation management 

 Maintenance management 

 Ecological environment 

 Indoor environment 

 Housing performance field 

 Innovative design (additional 
items) 

Differences  Thermal heat bridge as an indi-
cator for evaluation 

 Thermal heat bridge as an addi-
tional indicator only for the build-
ing applying for green 1 and green 
2 grade. 

 

Table 2.7 Certification systems for sustainable buildings [20] [21] 

Table 2.8 explains the energy performance certification systems of Energieausweis and 

EEWärmeG in Germany and the Zero Energy Building in South Korea. The scope of manda-

tory targets of the energy performance certification system is wider than that of the building 

standard certification system. The German energy performance certification system is man-

datory for all buildings with more than a certain area with heating and cooling devices while 
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the Korean system is gradually expanding its scope. The energy performance established 

based on the laws of each country is evaluated as the annual primary energy requirement 

for a building. 

Classification  Energieausweis and
 EEWärmeG 2011 

(Germany) 

Zero Energy Building  

(South Korea) 

Mandatory 
target in en-
ergy perfor-
mance field 

 

Energieausweis  

 Residential buildings for living 
according to their intended pur-
pose, including residential, old 
people's and nursing homes and 
similar facilities 

 Non-residential buildings 

 

EEWärmeG 2011 

 All buildings with a usable area of 

more than 50 ㎡ that are heated or 

cooled using energy 

 Since 2020, Public buildings 

with a total floor area of 1000 ㎡ 

or more  

 Since 2025, Public buildings 

with a total floor area of 500 ㎡ 

or more 

Private buildings with a total 

floor area of 1000 ㎡ or more 

Apartment buildings with 30 
households 

 Since 2030, All buildings with a 

total floor area of 500 ㎡ or more  

Main criteria Energieausweis 

1) 75% of annual primary en-
ergy requirement for heat-
ing, water heating, ventila-
tion and cooling 

2) Maximum values of the 
specific transmission heat 
loss related to the heat-
transferring surrounding 
area 

3) Annual primary energy re-
quirement calculated with 
the same method for both 
the residential building to 
be constructed and the ref-
erence building  

4) Requirements of residen-
tial buildings for summer 
thermal insulation. 

 

EEWärmeG 2011 

 Covering at least 15 percent of 
the heating and cooling energy re-
quirements with solar radiation 
energy 

1) Building energy efficiency cer-
tification (annual primary energy 
requirement) 

2) Energy self-sufficiency rate 

3)Installation of building energy 
management system (BEMS) or 
remote detection electronic me-
ter from all kinds of energy 
sources 

(These criteria are the same with 
3 specifications of energy and en-
vironmental pollution topic in G-
SEED.) 

 

 

Table 2.8 Certification systems for energy performance in buildings [22] [23] [24] 
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2.2.4 Energy simulation software – IDA ICE 

This chapter describes IDA ICE which will be used for energy simulations. IDA Indoor Cli-

mate and Energy (IDA ICE) is a new type of simulation tool that takes building performance 

to another level and accurately models the building, its systems, and controllers – ensuring 

the lowest possible energy consumption and the best possible occupant comfort [25] 

Table 2.9 summarizes features of IDA ICE in terms of simulation solution, complete geomet-

ric description, renewable energy systems, and HVAC systems. IDA ICE has functions about 

almost all renewable energy systems except for building integrated photovoltaics. So there 

should be an alternative way for energy simulations with semi-transparent. The assumption 

will be introduced in chapter 3.3.3. 

 

Classification Contents IDA ICE 

Simulation solution  Simulation of loads, systems, and solutions 

 Iterative solution of nonlinear systems 

X 

X 

Complete geometric 
description 

 Import and export of simulation models of 
programs 

 Calculation of thermal balance 

 Human thermal comfort 

 Solar analysis 

 Daylighting and lighting controls 

 Infiltration and pressure coefficients of a 
zone 

 Thermal bridges 

X 

X 

X 

X 

X 

X 

Renewable energy 
systems 

 Photovoltaics 

 Building integrated photovoltaics 

 Solar thermal 

 Wind energy 

 Ground source borehole loop system 

X 

 

X 

X 

X 

HVAC systems  HVAC idealized 

 Possible configuration of HVAC systems 

 Modeling CO2 

 Forced air unit per zone 

 Repetitions cycle air 

X 

X 

X 

X 

X 

Table 2.9 Features of IDA ICE [26] 
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3 Methodology 

3.1 Research Framework 

 

Figure 3.1 Diagram of Process 

 

The progress of this thesis shows as Figure 3.1. The total is divided into 5 procedures and 

specific energy simulations are carried out in the third stage. 

 

1
• Generating the model in Revit

2
• Importing IFC file of the model into IDA ICE

3

• Scenario 1: Simulation of the current energy performance of 

the model

• Scenario 2: Energy simulation of the model with the 

improved envelope

• Scenario 3: Energy simulation of the model with semi-

transparent PVs on the windows

• Scenario 4: Energy simulation of the model with opaque 

PVs on the facade

4
• Comparison with results of each senario

5

• Analyzing the potential of building integrated photovoltaic 
systems in the multi-family house 
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The first step is to create models of multi-family houses in Germany and South Korea in 

Revit. These two models are the existing residential buildings. 

 

The second step is to import the models transformed as IFC files into IDA ICE. IFC files are 

compatible into IDA. The German residential building was already present in IDA ICE and 

the Korean building will be imported.  

 

The third step is based on four scenarios. Simulating the energy performance of the current 

initial state, performing the energy simulation of the model with the improved envelope, 

then installing transparent solar modules in the windows to execute the energy simulation. 

Finally, opaque solar modules are installed on the facade to evaluate energy performance. 

 

The fourth step compares and analyzes the results of each scenario related to heating load, 

energy consumption, carbon dioxide emissions. 

 

The final step is to find out which scenario is the most optimized solution to maximize en-

ergy performance. 

 

3.2 Case Study Models 

 

There are 2 models from Germany and South Korea. The German model is located in Dres-

den and the Korean one is in Seoul. 

 

3.2.1 German Residential Building 

 

The German residential building is a 6-storey (and additional basement) and stair type 

multi-family house built in the period of 1960s ~ 1990s as Figure 3.2. There are 3 flats on 

each floor in Figure 3.2. The gross area of the first flat with 2 rooms, a living room, and a 

bathroom and a kitchen with a hall is 63.96 ㎡, the second area with same 6 zones is 63.44

㎡, and the last one with 6 zones is 53.92 ㎡.  

 

⚫ The front of the building is south facing but only 2 flats are influenced by this ori-

entation and the other one is north-west facing. 

⚫ Not all shading systems in the balconies exist outside the building. 2 flats facing 

south have one shade for a window in the living room, while the other one has one 

shade for two windows. 
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⚫ There is a water radiator system for each household. 

 

 

Figure 3.2 German Multi-family House and Floor Plan [27] 

 

There is no mechanical ventilation controlled by the center and only natural ventilation 

through openable windows and exhaust fans in the kitchen and the bathroom. 

 

3.2.2 Korean Residential Building 

 

 

Figure 3.3 Korean Multi-family House and Floor Plan [28] [29] 
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Figure 3.3 shows the front of the typical Korean apartment building constructed in 1999. 

This is a 20-storey and stair type residential building mirrored at the stairs room. There is 

19-storey according to the German way to count levels of a building. The gross area of one 

flat for the private place is 79.7 ㎡ and the total area included with the private and public 

places such as stairs, halls, and elevators for one flat is 105.6 ㎡ by two ways to measure the 

house area in Korea.  

 

⚫ The front of the building is east facing. 

⚫ No shading system exists outside the building and blinds or curtains are installed 

inside the window personally.  

⚫ There is a heating floor system and a central heating system for each household. 

⚫ There is no artificial ventilation system controlled by the center and only natural 

ventilation through openable windows and exhaust fans in the kitchen and the 

bathroom. 

⚫ Large sliding windows such as curtain walls with safety railings were installed on 

the front balconies. 

 

3.3 Energy Simulation Scenarios 

3.3.1 Scenario 1 – Existing Residential Buildings 

 

Scenario 1 suggests undertaking an energy simulation for the existing state of both residen-

tial buildings. The aim of these simulations is to determine the energy efficiency of the build-

ings on the first step. All zones of the buildings including basements and roofs will be simu-

lated for annual heating and cooling loads. This first scenario is the standard that will be 

compared to the other scenarios following.  

 

The simulations determine the 3 parameters below. 

- Cooling load of the buildings. 

- Heating load of the buildings. 

- Energy consumption of the buildings. 

 

Location and Meteorological Data  

 The meteorological data for both models are from ASHRAE Fundamentals 2013 in IDA ICE 

as Table 3.1. The coordinates of the site location are taken from Google earth. These data 

include details on various climatic factors at this place for each hour. From the data, detailed 

weather information is shown in the tables below, such as temperature, cloud, etc. in IDA 

ICE (Table 3.2 and Table 3.3).  
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Table 3.1 Location and Weather data input 

 

Table 3.2 Weather data in Germany 
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Table 3.3 Weather data in Korea 

 

Figure 3.4, Figure 3.5 and Figure 3.6 show the differences between the two values at a glance 

in terms with temperature and humidity, direct normal radiance and sky clearness from 

Table 3.2 and Table 3.3.  

The temperature range between the lowest and highest temperatures in Korea is larger 

than in Germany so the demand for heating and cooling loads is expected to be higher. Ger-

man humidity is higher than the annual average from November to February, while Korea 

has higher humidity than average between June and September. This is because the rainy 

seasons in Germany and Korea are different from winter and summer, and Korea is also 

very humid from August to September due to a few typhoons. The effects of this humidity 

will add more to the rise and fall of temperature within Korean and German models. 

 

Figure 3.4 Dry-bulb Temperature and Humidity of Germany and Korea 
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The values of Korean solar radiance and sky clearness are overall higher than those of Ger-

many. Due to the climatic influence, radiance and sky clearness in Germany are plentiful in 

summer when air is dry and sunlight is high, while springtime is high in Korea, which is not 

the rainy season and the sun is strong. These two values will greatly affect the temperature 

through the windows, which will influence not only heating and cooling demands but also 

electricity production amount in Scenario 3 and 4. 

 

 

Figure 3.5 Solar Radiance of Germany and Korea 

 

 

Figure 3.6 Sky Clearness of Germany and Korea 
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Activity Data 

Table 3.4 shows the activity data input of the buildings. Except for the total floor area, wind 

profile, and pressure coefficients, other activity values are the same. Internal load is as-

sumed in a simplified manner with constant 4.17 W/m² for the hourly internal gain of equip-

ment including lights and occupants in accordance with DIN 4108-2 (2013). Unheated stairs, 

balconies, basements, and roofs are excepted. The German model is located in the suburban, 

while the Korean model is in the center of the city. Thus, the value of the wind profile is 

different. Since the pressure coefficients values are determined by the angle and height of 

the exterior walls and roofs, the two buildings with different appearances have different 

values. The value of air exchange per hour is simplified assumed to be 0.3 h-1. Other values 

are default values in IDA ICE. 

 

Table 3.4 Activity Data of Germany and Korea 

 

There are definitions in IDA ICE for understanding Table 3.4. 
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- Heat setpoint temperature: The heating setpoint for this zone. The displayed setpoint 

may be overridden by a zone control macro. 

- Cool setpoint temperature: The cooling setpoint for this zone. The displayed setpoint 

may be overridden by a zone control macro. 

- Equipment: The sensible power emitted by the equipment in the zone per square me-

ter of floor area (ignoring the equipment schedules). This column is editable for zones 

with a single "Equipment" object. 

- Thermal bridges: Coefficients for calculation of loss factors for thermal bridges in 

zones 

- Infiltration: Method and parameters for building air leakage  

- Pressure coefficients: Coefficients for calculation of wind pressure on external surfaces 

of the building 

 

Construction Data 

 

There are structural components of German and Korean models (Table 3.5). Overall, the 

more recently built Korean buildings have a slightly better U-value and especially, heat 

transfer coefficients of the floors and ceilings are much lower than the German ones. The 

large panel elements of the German model have a thin insulation layer between 2 reinforced 

concrete layers while the exterior walls of the Korean model include 2 different internal 

insulations inside the reinforced concrete layer. The exterior balconies were constructed in 

different ways. The balconies in the German building are protruded to the outside of the 

building, while Korean balconies were built as part of the building. Even at the same U-value, 

the balconies in the German buildings commonly do not have windows but Korean balco-

nies have. As a result, the Korean balconies are separated zones with a heat storage capacity 

but the German balconies only play the role of shading. The interior walls are usually 15 cm 

thick and have no additional insulation layer for the two models. The floor components have 

one layer of insulation on the ground floor in the German model, while the Korean model 

has three insulation layers. This is because there is an additional layer for a floor heating 

system in Korea. That's why the floor insulation in the Korean model is more reinforced 

compared to the German model. And the biggest differences are the components of ceilings 

and floors. The difference of the heat transmission coefficient between 2 buildings is 2.4 

W/m²K and the reason is the same as the reason mentioned above. Traditionally, all resi-

dential houses in Korea have floor heating systems but Germany mainly uses radiator dis-

tribution systems for old building types. The ceiling components of apartments on the top 

floor of Korea also have lower heat transmission with thicker insulation layers. The compo-

nents of the roof have almost similar heat transmission. The windows are double glazing for 

both models but the whole U-value including the frame and glazing is lower in the Korean 

model. The Korean details of glazing are assumed from another apartment plan [30].  
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Table 3.5 Structural components of the German and Korean Models [27] [29] 

 

3.3.2 Scenario 2 – Retrofitting with Additional Insulations and Systems 

 

Scenario 2 proposes to retrofit the models with additional insulations and systems. They 

will be installed for better energy performances compared to the results of initial models 

according to German energy-saving standard for version 2014 (BRD 2013) and Korean 

standards for energy saving in buildings. U-values for the construction components in the 
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models will be lower as much as the minimum limits of the standards because this thesis 

aim is not to find out the best thermal performance with the maximum envelope.    

 

All data information was the same for position data, operation data as Scenario 1 except for 

construction data. 

 

Construction Data 

 

Figure 3.7 Floor plans of German and Korean models retrofitted [27] [29] 

Figure 3.7 indicates floor plans for German and Korean models renovated with additional 

insulations. The German building is refurbished with external insulations while the Korean 

one is changed with internal insulations without balconies and stair zones. Because the ex-

isting external walls covered all closed zones are insulated in the German model and the 

building has six floors, which is low in height, it is not complicated that the renovation with 

the new external insulations, but since all external walls surrounding the Korean model are 

not insulated and the building has 20 floors, the renovation with internal insulations is more 

suitable and easier for the site than external insulations.  
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- German Model 

As mentioned above, the exterior walls of the German model are insulated with additional 

mineral wool. And the ceiling of the basement and ground floor and the ceiling of the top 

floor were also added with insulations. Above all, windows whose heat transmittance was 

the worst were all replaced by triple windows. 

 

 

Table 3.6 Renovation detail for the German model [27] 
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- Korean Model 

The Korean model has renovated internal insulations surrounding one flat with the excep-

tion of the balconies and stairs zones. Stairs and balconies in the Korean building ordinally 

were not insulated so the zones will not be improved by additional insulation layers [30]. 

Mineral wool against fire is used for the inside insulation layer in Figure 3.7 and the addi-

tional inside finish layer is needed but the last layer will not be considered because it does 

not have a significant impact on U-value. 

The ceiling of the basement and ground floor and the ceiling of the top floor were also mod-

ified through additional insulations. Also, floors and ceilings on each floor have been added, 

unlike the German model. The windows faced outside were changed to high-performance 

windows compared to the windows which don’t face outside.  

 

 

Table 3.7 Renovation detail for the Korean model [29] 
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Advantages and Disadvantages 

This renovation details have both advantages and disadvantages. 

Advantage: 

- Lower U-value 

- More saving-energy performance 

- Enhanced indoor thermal resistance 

Disadvantage: 

- The initial cost is relatively high. 

- The Korean model has a reduced living volume due to the additional internal insula-

tions. 

 

3.3.3 Scenario 3 – Semi-transparent Photovoltaics Installation on Windows 

 

Scenario 3 suggests installing semi-transparent photovoltaics on windows. Additional insu-

lations alone have limitations in improving energy performance. Not only reducing energy 

use but also producing energy itself is a model for a more advanced form of the future soci-

ety in terms of reducing carbon dioxide emissions. If translucent solar modules are installed 

on the surface of the windows to prevent excessive sunlight and produce electricity, it would 

be nicer. Although the energy efficiency of translucent solar cells in commercial use is only 

one-third compared with that of opaque cells, the plan is to maximize energy production 

using all available resources in buildings.  

 

There are two energy simulations with semi-transparent PV modules for both the initial 

state and the renovated state of the German and Korean buildings. In other words, total of 

4 simulations are conducted based on Scenario 1 and Scenario 2 for each building.  

 

The aim of Scenario 3 is: 

① To evaluate the electricity values produced by the semi-transparent PV modules. 

② To calculate the heating and cooling energy demands of the models integrated with 

semi-transparent PV modules. 

③ To choose the solar grid system between grid-connected and off-grid systems. 

④ To analyze how the daylighting in the models with semi-transparent PV modules is 

changed compared to the previous models. 

 

The semi-transparent photovoltaic cells as a thin-film form are designed to be laminated in 

the windows. Thus, g value and transmittance of the windows with the semi-transparent 

solar cells will be lower with those of the initial windows. Through using of solar radiance 
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to the façade for free, the cooling energy demands will be expected to decrease. But the in-

door lighting level can be lower so comparing for both the previous and last models in terms 

with installing of semi-transparent PV modules  

 

Chosen Semi-transparent Solar Cell Model and Parameters  

The chosen solar model is a cadmium telluride (CdTe) photovoltaic module in Table 3.8. The 

efficiency of the chosen solar panel is 6.44% but there will be some loss when it works. So, 

6% of the module efficiency is assumed and 50% of transparency is used for not reducing a 

lot of daylight. 

 

 

Table 3.8 Chosen Semi-transparent Solar Module [31] 

 

Table 3.9 shows the parameters for semi-transparent PV modules. The only windows facing 

south in the German model can be used for installing solar modules below because opening 

balconies surround the other windows. The Korean model has a huge area facing east as 

well as west for PV. The windows facing west are hidden from the sun by neighbor buildings 

realistically. But note that there are no surrounding buildings to study all available re-

sources for electricity generation. IDA ICE used for the simulations asks degree of orienta-

tion measured from the south so the value of south facade is 0° and the east façade has 270° 

and the west one has 90° of the value. Total electricity generated by the whole buildings will 

be calculated to multiply the total PV area and electricity production per 1 ㎡. The explana-

tion for other values is in Assumptions.  
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Table 3.9 Parameters for Semi-transparent PV 

Assumptions 

As mentioned in chapter 2.2.4, IDA ICE does not have the function applied for semi-trans-

parent PV yet. Therefore, SHGC which represents solar radiation transmittance is assumed 

as the value which is calculated by multiplying both the g value of the windows and 50% of 

transparency of the solar module for evaluating the heating and cooling energy demands. 

Because the exact g value was not provided in the specification. And semi-transparent solar 

cells will be laminated on the existing windows so the total transparency is also multiplied 

the initial transparency and 0.5 of semi-transparent PV. Table 3.10 indicates parameters for 

the glass construction applied to this assumption. 

 

 

Table 3.10 Parameters of g value and Transmittance with Semi-transparent PV  
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This assumed g value affects areas with the integrated windows regarding heating and cool-

ing energy requirements. However, the area of the windows applied in the German model 

is not large and the windows installed in the Korean model are connected with the balconies. 

No significant error due to this g value assumption is expected in terms of heating and cool-

ing energy requirements since the areas of all balconies are not heated and cooled. 

 

Chosen Grid-connected PV System for using electrical energy  

The Grid-connected PV system is chosen to use the electrical energy produced from the 

semi-transparent solar modules, which is displayed in Figure 2.2 of chapter 2. Because the 

two buildings are located in the cities where is connected to the central grid without prob-

lems.  How a grid-connected solar power system works is showed below. 

- Solar photovoltaic cells take direct current electricity from the sun. 

- An inverter converts the output of DC from solar modules to alternating current elec-

tricity. 

- AC electricity is used for in-house consumption. 

- Surplus power is fed back into the grid. 

Thus, the annual electrical energy in the buildings is identified by an hour and compared to 

the hourly electricity demand for heating and cooling. And then there will be 3 kinds of elec-

tricity; electricity from PV systems used in the buildings for heating and cooling and feeding 

into the grid as well as the remaining electricity demand from the grid for heating and cool-

ing. These three types occur according to the usage of electricity because PVs produce more 

than the internal gain between sunrise and sunset when the solar energy is generated, and 

additional electricity is needed when no electricity is produced at night.  

 

Advantages and Disadvantages 

This installation of semi-transparent PV has both advantages and disadvantages. 

Advantages 

- Electricity production as well as works in low light levels if the sunlight is enough 

strong before. 

- Saving cost for purchasing electricity power 

- Reducing solar heat gain in summer 

- PV cells are integrated on the glazing 

Disadvantages 

-     Expensive cost for installing 

-     Much lower energy conversion efficiency compared to opaque PV modules. 

-     Reducing solar heat gain in winter 
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3.3.4 Scenario 4 – Opaque Photovoltaics Installation on Walls 

Scenario 4 is for maximizing the electricity generated from opaque solar modules. The con-

version efficiency of Semi-transparent PV panels is the only one third of opaque ones. So the 

electrical energy will not be enough for the models. Additional electrical energy should be 

generated for saving energy. 

 

There are also two energy simulations with opaque PV modules for both the initial state and 

the renovated state of the German and Korean buildings. But opaque photovoltaics do not 

influence on energy demands for heating and cooling for the models because they are in-

stalled on the opaque walls and roofs, neglecting the shading effects and thus the lower tem-

perature at the building component surface. So the results of energy simulations are the 

same as those of Scenario 1 and Scenario 2. 

 

Chosen Opaque Solar Cell Model and Parameters 

Table 3.11 indicates the properties of the chosen opaque solar cell module. Photovoltaic 

type is monocrystalline and N-type which means that it uses an N-type semiconductor with 

more electrons than positive holes [32]. The conversion efficiency of the chose opaque solar 

module is 21.4% but 20% is assumed because of its junction loss.  

 

Table 3.11 Chosen Opaque Solar Module [33] 

 

There are parameters for opaque PV in Table 3.12. Total 5 energy simulations for determin-

ing the electrical energy per 1 ㎡ in the ways of the different slopes and orientations for 2 

buildings. The areas of walls below are chosen because of continuous walls without win-

dows. The energy output produced from walls facing both south and west in the German 

model will be integrated into the result part. The walls facing east in the German model are 

not taken into account because of the connection to a neighbor building. The extra roof area 

is also considered for 2 models. Although the roof in the German model needs a structural 

test so as to install PV modules on the 4 cm of the thin roof layer, it is assumed that the roof 
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is enough durable against the extra weight of PV. The PV modules facing east and west will 

be installed as Figure 3.8 PV Structure for German roof . The slope of the structure for the 

flat roof is 10° [34]. The roof in the Korean model has its slope facing east and west. So PV 

modules are installed by its slope. 

 

Table 3.12 Parameters for Opaque PV 

 

Figure 3.8 PV Structure for German roof [34] 

 

The grid system for utilization of electrical energy and how to compare the hourly electricity 

are the same as Scenario 3.  

 

Advantages and Disadvantages 

Advantages 

- High electricity production with the high conversion efficiency 

Disadvantages 

-      Structure test for additional weight  

-      Difficulty of installation in high buildings 

-      Higher costs for façade PV modules caused by desired extra certifications 
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4 Results of Analysis 

4.1 Results of Simulations 

 

The load profiles for heating and cooling demands as well as the electrical energy from the 

PV modules of the German and Korean models were gained. The results of simulations for 

Scenario 1-3 will be presented in a similar way in order. The results of simulations for all 

scenarios will be analyzed in terms of heating and cooling demand, electricity for the loads, 

and daylighting. The coefficients of performance for an electrical driven cooling machine 

and a electrical driven ground source heat pump is assumed as 3 which is used for calcula-

tion of the loads. The total electricity production of Scenario 3-4 is calculated by an hour 

and analyzed into the in-house consumption, electricity fed into the grid, and the remaining 

electricity demand from the grid.  

 

4.1.1 Results of Scenario 1 

 

The overall electricity demand for heating and cooling is 26.3 kWh/m² for the German res-

idential building and 14.2 kWh/m² for the Korean residential building during the period 

between 1st January and 31st December. These values were calculated from the annual en-

ergy demands for heating and cooling divided by 3 of energy performance coefficient for a 

cooling machine and a heat pump as well as the total floor area because of the comparison 

for each model. The electricity demands and CO2 emissions for the whole building of each 

model are summarized in Table 4.1. The CO2 emissions of the German model are 10.53 kg 

of CO2 per m² and those of the Korean are 6.98 kg of CO2 per m². The hourly electricity and 

energy demands for heating and cooling combined with all variations related to electricity 

production from PV modules are referred to Appendix. 

 

On the other hand, the equations below show the electricity demand for heating and cooling 

for ㎡ and CO2 emissions. 

-    Electricity demand for heating and cooling for ㎡ = Energy demand for heating and cool-

ing (Table 4.3 and Table 4.4) ÷ 3 (COP) ÷ Total floor area  

e.g. annual electricity demand per ㎡ for the German model = (5335 kWh + 120700 kWh) ÷ 

3 ÷ 1600.36 ㎡ = 26.25 kWh/m² 

 

- CO2 emissions per ㎡ = annual electricity consumption × CO2 emission factor (Table 

4.2) ÷ Total floor area 
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e.g. annual CO2 emissions per ㎡ for the German model = 42012 kWh × 0. 401 kg of 

CO2/kWh ÷ 1600.36 ㎡ = 10.53 kg of CO2/㎡ 

 

 

Table 4.1 Comparison of Electricity demand and CO2 emission in Scenario 1 

 

 

Table 4.2 CO2  emission factors for Germany and Korea  [35] [36] 
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Table 4.3 Result of Electricity demands for German model of Scenario 1 

Table 4.3 shows the electricity demands for heating and cooling for the German model in 

Scenario 1 which is based on the initial state. The annual energy demands for heating and 

cooling are 126035 kWh and the annual electricity demands are 42012 kWh using a cooling 

machine a heat pump with 3 of COP. The portion of the electricity demand for heating is 96% 

of all and Figure 4.1 displays the electricity demands for heating and cooling by month in 

Scenario 1. 

 

Figure 4.1 Result of Electricity demands for German model of Scenario 1 
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There are results of the electricity demand for heating and cooling in the Korean model of 

Scenario 1 in Table 4.4. The annual energy demands for heating and cooling are 207504 

kWh and the annual electricity demands are 69168 kWh using a cooling machine a heat 

pump with 3 of COP. The portion of the electricity for heating is 69% compared to that for 

cooling and Figure 4.2 displays the electricity demands for heating and cooling by month. 

 

Table 4.4 Result of Electricity demands for Korean model of Scenario 1

 

Figure 4.2 Result of Electricity demands for Korean model of Scenario 1 
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4.1.2 Results of Scenario 2 

The annual electricity demand for heating and cooling for ㎡ is 11.76 kWh/m² for the Ger-

man residential building and 11.15 kWh/m² for the Korean residential building in Scenario 

2 renovated state with enhanced insulations and windows. The CO2 emissions in the Ger-

man model are 4.72 kg of CO2 and those in the Korean are 5.49 kg of CO2. Total CO2 emissions 

of the German model are 7546 kg of CO2 and those of the Korean model are 26732 kg of CO2. 

  

 

Table 4.5 Comparison of Electricity demands and CO2 emission of Scenario 2 

 

Table 4.6 indicates the electricity demands for heating and cooling for the German model in 

Scenario 2 renovated state with enhanced insulations and windows. The annual energy de-

mands for heating and cooling are 56452 kWh and the annual electricity demands are 

18817 kWh using a cooling machine a heat pump with 3 of COP. The portion of the electricity 

demand for heating is 88% of all and Figure 4.3 displays the electricity demands for heating 

and cooling by month in Scenario 2. 
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Table 4.6 Result of Electricity demands for German model of Scenario 2 

 

Figure 4.3 Result of Electricity demands for German model of Scenario 2 
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There are results of the electricity demands for heating and cooling in the Korean model of 

Scenario 2 in Table 4.7. The annual energy demands for heating and cooling are 163002 

kWh and the annual electricity demands are 54334 kWh using a cooling machine a heat 

pump with 3 of COP. The portion of the electricity for heating is 60% of all and Figure 4.4. 

Figure 4.2 displays the electricity demands for heating and cooling by month. 

 

Table 4.7 Result of Electricity demands for Korean model of Scenario 2 

 

Figure 4.4 Result of Electricity demands for Korean model of Scenario 2 
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4.1.3 Results of Scenario 3 

There are 2 kinds of simulations for Scenario 3 based on both Scenario 1 and Scenario 2. 

Scenario 3 based on Scenario 1 was evaluated using the initial state of the models with semi-

transparent PV modules. And Scenario 3 based on Scenario 2 was evaluated using the ren-

ovated state of the models with semi-transparent PV modules. So the total simulations are 

4 for all cases in Scenario 3. 

 

Firstly, the result of Scenario 3 based on Scenario 1 with semi-transparent PV modules in 

Table 4.8. The annual energy demand for heating and cooling per ㎡ is 26.81 kWh/m² for 

the German residential building and 14.19 kWh/m² for the Korean residential building. The 

CO2 emissions per ㎡ of the German model are 10.75 kg of CO2 and those of the Korean model 

are 6.98 kg of CO2. Total CO2 emissions of the German model are 17206 kg of CO2 and those 

of the Korean model are 34022 kg of CO2.   

 

Table 4.8 Comparison of Electricity demand and CO2 emission of Scenario 3 based on Sce-

nario 2 

The results of the heating and cooling demands for electricity in the German model in Sce-

nario 3 are provided in Table 4.9. The annual energy needs for heating and cooling are 

128722 kWh, and the annual power requirements are 42908 kWh using a cooling machine 

and a heating pump with 3 of COP. The percentage of electricity for heating is 97% and Fig-

ure 4.5 indicates monthly energy needs for heating and cooling. 
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Table 4.9 Result of Electricity demand for German model of Scenario 3 based on Scenario 1 

 

 

Figure 4.5 Result of Electricity demand for German model of Scenario 3 based on Scenario 1 
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The annual electricity demands for heating and cooling for the Korean model in Scenario 3 

are described in Table 4.10. The annual energy demands for heating and cooling are 207451 

kWh and the annual electricity demands are 69150 kWh using a cooling machine a heat 

pump with 3 of COP. The share of heating power is 76 percent of all and Figure 4.6 presents 

monthly energy needs for heating and cooling. 

 

Table 4.10 Result of Electricity demand for Korean model of Scenario 3 based on Scenario 1 

 

Figure 4.6 Result of Electricity demand for Korean model of Scenario 3 based on Scenario 1 
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Next, the result of Scenario 3 based on Scenario 2 which is improved with additional insu-

lations with semi-transparent PV modules in Table 4.11. The energy demand per ㎡ is 11.92 

kWh/m² in the German building while 10.96 kWh/m² in the Korean building. The CO2 emis-

sions per ㎡ in the German model are 4.78 kg of CO2 while those in the Korean model are 

5.39 kg of CO2. Total CO2 emissions in the German model are 7648 kg of CO2 and those in the 

Korean model are 26280 kg of CO2. 

 

Table 4.11 Comparison of Electricity demand and CO2 emission of Scenario 3 based on Sce-

nario 2 

 

Table 4.12 indicates the electricity demands for heating and cooling of the German building 

in Scenario 3 based on Scenario 2 improved by insulations from Scenario 1. The annual en-

ergy demands for heating and cooling are 57216 kWh and the annual electricity needs are 

19072 kWh using cooling and heating machines with 3 of COP. The percentage of heating 

electricity is 91% and the monthly electricity demands for heating and cooling are shown 

in Figure 4.7. 
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Table 4.12 Result of Electricity demand for German model of Scenario 3 based on Scenario 2 

 

Figure 4.7 Result of Electricity demand for German model of Scenario 3 based on Scenario 2 
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Table 4.13 shows the electricity demands for heating and cooling of the Korean building in 

Scenario 3 based on Scenario 2 enhanced by insulations from Scenario 1. The energy de-

mands for heating and cooling per 1 year are 160243 kWh and the electricity demands are 

53414 kWh using cooling and heating machines with 3 of COP for 1 year. The monthly elec-

tricity demands for heating and cooling are displayed in Figure 4.8 and the electricity per-

centage of heating is 68% compared to that of cooling.  

 

Table 4.13 Result of Electricity demand for Korean model of Scenario 3 based on Scenario 2 

 

Figure 4.8 Result of Electricity demand for Korean model of Scenario 3 based on Scenario 2 
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Results of Electricity production from semi-transparent PV modules  

Figure 4.9 and Figure 4.10 indicate the electricity generated from semi-transparent PV mod-

ules for the German and Korean models. The annual electricity production for the German 

model is 1452 kWh while that for the Korean model is 27037 kWh. The annual electricity 

per ㎡ for the German model is 51.2 kWh/㎡ and that of the Korean model is 50.6 kWh/㎡. 

The difference of 0.7 kWh/㎡ is due to the difference in solar production regarding the di-

rections where the buildings are facing. The direction of the German model is in the south 

where solar modules are installed, and in the Korean model, solar modules are installed in 

the east and west.  

The monthly electricity production is various for the 2 models. The monthly electricity gen-

erated in the German model is 4 kWh/㎡ or more from March to October except for winter. 

But in the Korean model, its value is the highest between March and June. Because Korea 

has a rainy season in Summer. 

  

 

Figure 4.9  Annual Electricity Production from Semi-transparent PV modules 
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Figure 4.10 Annual Electricity Production per ㎡ from Semi-transparent PV modules 

 

Results of Indoor Daylight  

Figure 4.11 displays how different the indoor daylight is in the rooms affected by the win-

dows installed with semi-transparent PV modules on the date when sunlight is the shortest 

of 1 year. The simulation time is 9 a.m. Firstly, the 2 rooms of Scenario 1 in the German 

model have average illuminance of 235 Lux or more. Its values are more than half as low 

after retrofitting with semi-transparent solar modules. Also, after the renovated state in 

Scenario 2, the initial double windows were changed to the triple windows so the sunlight 

values inside the rooms are lower as much as the effect of g value of the new windows. The 

values after its renovating and retrofitting are the lowest of all cases as expected. While the 

values in the German model are lower according to the 4 cases, the values in the Korean 

model are similar between Scenario 1 and Scenario 2 as well as the values after semi-trans-

parent PV modules installing. Because the windows in both the initial and renovated states 

are the same as double glazing. So the g value is the same for both Scenario 1 and Scenario 

2. The zones colored in the Korean model are affected by the windows installed with solar 

modules since they were connected through windows or glazing doors. The indoor daylight 

in the balconies are of course enough high but in other zones where occupants inhabit 

mainly, the values are low as 100 Lux or less.  

The values of the monthly indoor daylight for selected zones in different Scenarios are 

shown in Figure 4.12 and Figure 4.13. The zones are chosen for comparisons of the daylight 

inside the main living area. The first case of Scenario 1 in the German model is the initial 

state with double glazing and the other one of Scenario 3 based on Scenario is the renovated 

state, which means the early and the last stages relate to the energy performance. The day-

light of the primary stage is 640.3 Lux while that of the last stage is 266.9 Lux in the German 

model. So the daylight is reduced as 58 % but the values are much brighter for indoor activ-

ity compared to that general lighting is between 50 – 100 Lux in residences [37]. And in the 

Korean model, 82.39 Lux is for the early case and 49.2 Lux is for the last case. Both values 
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are around between the ranges for residences. Therefore, the indoor daylight for all cases 

is enough for indoor activities.  

 

Figure 4.11 Floor plans with Average Illuminance of each Scenario for the German and Ko-

rean Models on the 21st of December 

 

 

Figure 4.12 Comparison of Monthly Average Daylight for the rooms in Scenario 1 and Sce-

nario 3 based on Scenario 2 
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Figure 4.13 Comparison of Monthly Average Daylight for the rooms in Scenario 1 and Sce-

nario 3 based on Scenario 2 

 

4.1.4 Results of Scenario 4 

As mentioned in chapter 3.3.4, energy demands for heating and cooling for the models are 

not affected by opaque Photovoltaics since PV modules are installed on the opaque walls 

and roofs unlike Scenario 3 with retrofitted windows installed with semi-transparent solar 

modules. Hence the results of energy demands for heating and cooling in Scenario 4 are the 

same as the results of Scenario 1 and 2 and the only difference is whether or not electricity 

production from opaque PVs is present. 

 

Results of Electricity production from opaque PV modules 

There are 4 cases for the annual electricity generated from opaque PVs for each model in 

Figure 4.14 and Figure 4.15. The annual generated power is 18856.61 kWh from the south 

and west walls and 30103.56 kWh from the roof with PVs facing east and west with the 

slope of 10° in the German building while 117526.53 kWh from the south walls and 

53735.76 kWh from the roof facing east and west with PVs with the slope of 16° in the Ko-

rean model. The electricity per ㎡ is the highest of 231.64 kWh/㎡ in the Korean roof facing 

east and west and the lowest is in the German walls facing south and west.  The differences 

are from the direction and slope of all cases. 
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Figure 4.14 Annual Electricity Production from Opaque PV modules

 

Figure 4.15 Annual Electricity Production per 1 ㎡ from Walls and Roof with Opaque PV 

modules 
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Results of Variations based on Scenario 1 with Electricity production 

There are 2 kinds of results of total in-house consumption of electricity production, electric-

ity fed into the grid, and remaining electricity for demands with variations based on Sce-

nario 1 which is the initial state and Scenario 2 of the renovated state (Figure 4.16 and Fig-

ure 4.17). The reason why results divided into 2 results based on Scenario 1 and 2 is elec-

tricity demands for heating and cooling are different. The amount of electricity generated 

from each case of PVs is divided into electricity used at home, electricity fed into the grid, 

and remaining electricity for demands by hour. So the power amount used at home is 

different from one another since hourly electricity generated is not the same. 

The first types are results with semi-transparent and opaque PV modules based on Scenario 

1. Figure 4.16 shows 4 kinds of cases in terms of electricity production by the grid-con-

nected system for each model. The highest value in the ratio of in-house consumption of 

electricity production is 79% of electricity generated for the German model with semi-

transparent PV modules since the total power generated is very low so its 79% is used at 

home and 97% of electricity demands for heating and cooling. The lowest percentage in the 

ratio of in-house consumption of electricity production is 15% of the total power amount in 

the Korean model with all variations, which means electricity production is very high of 

198300 kWh. And additional electricity ratio for heating and cooling is 56% which is the 

lowest of all cases. 

 

Figure 4.16 Variations based on Scenario 1 related to Electricity production 
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The next types are results with semi-transparent and opaque PV modules based on Scenario 

2. 4 kinds of cases in terms with electricity production by the grid-connected system for 

each model are presented in Figure 4.17. The very high ratio in in-house consumption of 

electricity production is 73% of electricity generated for the German model with semi-

transparent PV modules and 94% of remaining electricity demands for heating and cooling. 

The very low ratio in in-house consumption of electricity generated is 13% of total power 

in both the German and Korean models with all variations.  

 

 

Figure 4.17 Variations based on Scenario 2 related to Electricity production 
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4.2 Analysis 

The analysis will compare the results of electricity demands for Scenario 1–4 with all vari-

ations as well as electricity calculated from internal loads and fed into the grid.  

 

4.2.1 Electricity demand of Scenario 1 and 2 

The annual electricity demand summary between Scenario 1 and 2 for both models is dis-

played in Figure 4.14 and Figure 4.15. The annual electricity demand per ㎡ is reduced by 

14.5 kWh for the German model applied improved insulation layers and triple glazing win-

dows. The result gives a 55% savings of the annual electricity requirement. Hence the CO2 

emissions are decreased as much as 55%. In the Korean model, the value is reduced by 3.0 

kWh by applying additional insulations and double-glazing windows with better energy 

performance. This saves energy and CO2 emissions of 21%.  

 

 

Table 4.14 Comparison of Electricity demands for heating and cooling per ㎡ in Scenario 1 

and Scenario 2 
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Figure 4.18 Comparison of Electricity demands for heating and cooling per ㎡ in Scenario 1 

and Scenario 2 

 

4.2.2 Variations based on Scenario 1 with no Electricity production 

Table 4.15 and Figure 4.19 indicate the electricity demands in variations based on Scenario 

1 with no electricity production. Before comparisons with the electricity production, there 

should be simple comparisons of electricity demands for how many demands are required 

for each variation in Scenario 1. In the variation applied semi-transparent PV modules, the 

annual electricity demands for heating and cooling increased by 0.56 kWh/㎡ compared to 

the initial state. The requirement for cooling decreased by 0.27 kWh/㎡ but 0.83 kWh for 

heating increased. This increases the electricity demand by 2.13%. In the Korean model, the 

variation with semi-transparent PV modules has a slightly low value by 14.189 kWh/㎡. The 

demands are reduced by 0.003 kWh/㎡.  
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Table 4.15 Comparison of Electricity demands for heating and cooling per ㎡ in Variations 

based on Scenario 1 with no electricity production 

 

Figure 4.19 Comparison of Electricity demands for heating and cooling per ㎡ in Variations 

based on Scenario 1 with no electricity production  
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4.2.3 Variations based on Scenario 2 with no Electricity production 

The electricity demands of variations based on Scenario 2 with no electricity production are 

shown in Table 4.16 and Figure 4.20.  In the variation with semi-transparent PV modules, 

the annual electricity requirements for heating and cooling rose by 0.16 kWh/㎡ compared 

with the renovated state. The demand for cooling decreased as 0.28 kWh/㎡ while 0.44 

kWh/㎡ for heating rose. The electricity demand rose by 1.35%. The variant with semi-

transparent PVs in the Korean model saved by 0.19 kWh/㎡. This gives a 1.69% savings on 

annual electricity consumption. 

 

 

Table 4.16 Comparison of Electricity demands for heating and cooling per ㎡ in Variations 

based on Scenario 2 with no electricity production 
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Figure 4.20 Comparison of Electricity demands for heating and cooling per ㎡ in Variations 

based on Scenario 2 with no electricity production  

 

4.2.4 Variations based on Scenario 1 with Electricity production 

The electricity demands of variations from Scenario 1 with power production are shown in 

Table 4.17 and Figure 4.21.  Compared to chapters 4.2.2 and 4.2.3, the difference of results 

is to be applied hourly electricity generated from PV modules so the annual electricity de-

mand per ㎡ was calculated with the subtraction of the electricity demand for heating and 

cooling and in-house electricity consumption generated from PV modules by an hour. To-

tally the electricity demand in all variants decreased from 0.61% to 44.13% compared with 

the initial state in Scenario 1 and the energy ratio saved is much higher in the Korean model.  

The electricity demand per ㎡ in the German model applied semi-transparent PV modules 

decreased to 0.16 kWh/㎡, which gives a 0.61% savings and the minimum value of all vari-

ants while that in the Korean model with the same condition diminished to 3.06 kWh/㎡, 

which saves the energy of 21.56%. Because the window area applied semi-transparent PV 

modules is 18 times as big as the area in the German model. And the saved energy with all 

variations in the Korean model is 44.13% which is the maximum in all cases and around 

twice as high as that in the German model.  
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Table 4.17 Comparison of Electricity demands per ㎡ in Variations based on Scenario 1 with 

electricity production 

 

 

Figure 4.21 Comparison of Electricity demands per ㎡ in Variations based on Scenario 1 with 

electricity production 

 

4.2.5 Variations based on Scenario 2 with Electricity production 

Figure 4.19Table 4.18 and Figure 4.22 indicate the electricity demands of variations from 

Scenario 2 with electricity generated. The electricity requirement in all variants overall 

saved from 4.30% to 47.60% compared with the renovated state in Scenario 2. The energy 
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ratio saved increased compared to the previous chapter based on Scenario 1. The electricity 

demand per ㎡ in the German model with semi-transparent PV modules diminished to 0.51 

kWh/㎡ and saved 0.61%. The value is still the minimum of all variants whilst the maximum 

value saved the energy demand is 47.60% in the Korean model.  

 

 

Table 4.18 Comparison of Electricity demands per ㎡ in Variations based on Scenario 2 with 

electricity production 

 

Figure 4.22 Comparison of Electricity demands per ㎡ in Variations based on Scenario 2 with 

electricity production 
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4.2.6 Scenario 1 and Variations based on Scenario 2 with Electricity produc-
tion  

Table 4.19 and Figure 4.23 compare the electricity demands of Scenario 1 and variations 

based on Scenario 2 with electricity generated, which show how efficient the variants ap-

plied renovation and electricity production are compared to the initial state. The electricity 

requirement in all variants based on Scenario 2 decreased from 57.14% to 69.61% in the 

German model. And that in the Korean model is also reduced from 43.18% to 58.83%. 

Therefore, the electricity demands in the variants renovated in both models are saved to 

43.18% or more compared with the early models.  

 

 

Table 4.19 Comparison of Electricity demands per ㎡ in Scenario 1 and Variations based on 

Scenario 2 

 

Figure 4.23 Comparison of Electricity demands per ㎡ in Scenario 1 and Variations based on 

Scenario 2 
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4.2.7 Electricity Production fed into Grid and Electricity demand for Internal 
loads 

There is each electricity production which is generated from solar modules and fed into the 

grid and the electricity demand for internal loads in Table 4.20 and Figure 4.24. This analy-

sis is compared simply using the subtraction of the total electricity production amount and 

the electricity demand for internal loads unlike the previous analyses using hourly results. 

That’s why this thesis is focused on comparisons of the electricity demands for heating and 

cooling for both models under all variants. Internal loads are the same in all variants based 

on Scenario 1 and 2 because the parameter for internal loads was fixed by one value for both 

models.  

 

 

Table 4.20 Electricity from PV modules fed into grid and Internal loads in 20 variations 

Extra electricity demand for internal loads except for heating and cooling is 40564 kWh for 

the German model and 112043 kWh is for the Korean model. After energy consumption at 
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home, there is extra electricity production fed into the grid by grid-connected systems. The 

values in 20 variants are different because of hourly energy consumption used at home. The 

saving from values of subtraction is from 0% in the state applied no PV modules to 109% 

for the German model and 155% for the Korean model with all kinds of PV modules.  

 

 

Figure 4.24 Electricity from PV modules fed into grid and Internal loads in 16 variations 
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5 Conclusion and Future Work 

5.1 Conclusion 

This thesis provides solar technologies in terms of definition, function, and comparisons 

between both countries about construction and energy as well as energy simulations for a 

typical German and Korean Multi-Family House in Dresden and Seoul. The main aim was to 

compare energy efficiency in both models and to improve the energy performance using 

semi-transparent and opaque PV modules on the façades and walls. 

 

The energy performance in the German and Korean models can be seen low because the 

construction details from the current state and the German building was constructed 30 

years or more and the Korean model was built in 1999. The main goal was to look for opti-

mal ways to enhance the energy performance for the models. Thus, not only to reduce en-

ergy demands but also to produce energy were required for the best energy performance. 

Improved insulations and windows were for reducing the energy demands for heating and 

cooling and applying semi-transparent and opaque PV modules was for producing the elec-

tricity. These PV modules were installed on windows and walls and roofs for finding out the 

best solutions for rising the production under different directions and conditions. And the 

results were analyzed by hourly electricity generated by grid-connected systems. 

 

The analysis of the electricity demand for heating and cooling indicated the energy effi-

ciency in the current state of the German model was 85% lower than that of the Korean 

model. The annual electricity demand for heating and cooling for ㎡ is 26.25 kWh/m² in the 

German residential building and 14.19 kWh/m² in the Korean residential building. After the 

renovation according to German energy-saving standard for version 2014 (BRD 2013) and 

Korean standards for energy saving in buildings, the German model saved the energy of 55% 

while the Korean model saved 21%. And the CO2 emissions per m² decreased from 10.53 to 

4.72 kg of CO2, leading to 55% less of CO2 for the German model as well as those in the Ko-

rean model also are reduced from 6.98 to 5.49 kg of CO2, leading to 21% less of CO2. 

 

The analysis showed that the electricity demands for heating and cooling under conditions 

with or without applying semi-transparent PV modules were different in the initial and ren-

ovated states for both models. The demand rose as 2.13% for the German model with semi-

transparent PV modules while that decreased as 0.03% for the Korean model with the same 

condition in the early state. The demand also rose as 1.35% for the German model and re-

duced as 1.69% for the Korean model under the previous condition in the renovated state. 

 

The simulation with semi-transparent PV modules could have errors in terms of the elec-

tricity demands for heating and cooling and the changes in indoor daylight. IDA ICE did not 

have the function of energy simulations with semi-transparent PV modules. So the analysis 
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above was started from SHGC and transmittance assumption using 50% transparency of the 

semi-transparent PV modules. But the simulations results would be expected that the errors 

from the assumption would be not big because the total area applied semi-transparent solar 

modules in the German model were 28.35 ㎡ and only 12 windows facing south in the rooms 

were combined as well as in the Korean model the solar modules were installed on the east 

and west facades in the balconies where did not use any heater and cooler. Therefore the 

electricity demands would not have big errors as much as the conclusion should be changed. 

 

The results of indoor daylight present that monthly average illuminance in the zone com-

bined semi-transparent PV modules after the renovation was reduced from 338.3 to 141 

Lux in December compared with the early state of the German model, which is enough 

bright for indoor activities. And the value of one zone connected to balconies with semi-

transparent PV modules in the Korean model also decreased from 47.27 to 28.29 Lux in 

December but the daylight in the early state was fundamentally not enough for indoor ac-

tivities. Hence, the daylight in the German model was sufficient although the solar transmit-

tance was reduced as 58 % and that in both the early state and renovated state with semi-

transparent solar modules were insufficient for the Korean model. 

 

The analysis indicated that the ways with any case applying solar modules in the renovated 

state of both models proved to be the better solutions for improving energy performance. 

The electricity demand for heating and cooling for ㎡ is 11.25 kWh/m² with semi-transpar-

ent PV modules, 8.69 kWh/m² with opaque PV modules on the walls, 8.46 kWh/m² with 

opaque PV modules on the roof, and 7.98 kWh/m² with all variations in the German resi-

dential building. These values saved 57.14%, 66.88%, 67.75%, and 69.61% of the electricity 

demand and CO2 emissions compared to the initial state in the German building. Also, the 

electricity demand per ㎡ in the Korean model is 8.06 kWh/m² with semi-transparent PV 

modules, 6.29 kWh/m² with opaque PV modules on the walls, 7.23 kWh/m² with opaque 

PV modules on the roof, and 5.84 kWh/m² with all variations. The saving ratios were 

43.18%, 55.67%, 49.06%, and 58.83%.  

 

As the result, this thesis can be regarded as an optimal strategy for improving energy per-

formance and decreasing CO2 emissions as much as 67% for the German target and as 32.7% 

for the Korean target in the building sector by 2030. 
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5.2 Future Work 

 

Further work is needed to undertake with the functionality which simulates for semi-trans-

parent solar modules for the exact results.  

 

And work is also needed to compare both models applying semi-transparent PV modules 

and shadings for improving energy efficiency. So the result is needed to compare which of 

the two cases is more efficient in terms of energy performance. 
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7 Appendix/Appendices 

7.1 Variations based on Scenario 1 

7.1.1  South windows with semi-transparent PV modules based on Scenario 1 
in the German model 

 

 

7.1.2  South and West walls with opaque PV modules based on Scenario 1 in 
the German model 
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7.1.3  East and West slope roofs with opaque PV modules based on Scenario 1 
in the German model 

 

 

7.1.4  Scenario 1 with all variations in the German model 
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7.1.5  East and West windows with semi-transparent PV modules based on Sce-
nario 1 in the Korean model 

 

 

7.1.6  South walls with opaque PV modules based on Scenario 1 in the Korean 
model 

 

 

 

 

 

 

 

 



 73 

 

7.1.7  East and West roofs with opaque PV modules based on Scenario 1 in the 
Korean model 

 

 

7.1.8  Scenario 1 with all variations in the Korean model 
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7.2 Variations based on Scenario 2 

7.2.1  South windows with semi-transparent PV modules based on Scenario 2 
in the German model 

 

 

7.2.2  South and West walls with opaque PV modules based on Scenario 2 in 
the German model 
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7.2.3  East and West slope roofs with opaque PV modules based on Scenario 2 
in the German model 

 

 

7.2.4  Scenario 2 with all variatons in the German model 
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7.2.5  East and West windows with semi-transparent PV modules based on Sce-
nario 2 in the Korean model 

 

 

7.2.6  South walls with opaque PV modules based on Scenario 2 in the Korean 
model 

 

 

 

 

 

 

 

 



 77 

 

7.2.7  East and West roofs with opaque PV modules based on Scenario 2 in the 
Korean model 

 

 

7.2.8  Scenario 2 with all variatons in the Korean model 

 


