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PREFACE 
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relevance. Therefore, I chose to further develop knowledge in this field through this 
graduation work.  

I would like to thank my graduation committee for their inspiration, knowledge and 
useful feedback during this project. Thanks to Sanne van Leeuwen for her energy, 
enthusiasm in our weekly talks and the extensive supervision. Also, thanks to Peter 
Kuindersma for sharing his passion and practical recommendations. I would like to 
thank Eric van den Ham for sharing knowledge about the energy performance, 
helpful insights and guidance through the project. Thanks to Henk Jonkers for 
introducing me to the environmental performance, useful comments, and 
brainstorms about my graduation work. Finally, I want to thank Rob Nijsse for 
chairing this committee and steering this project in the right direction.  

Hopefully, this thesis can provide inspiration and also give practical solutions to 
design more sustainable buildings. Enjoy reading! 
 
Rens Nijman,  
Delft, September 2019 
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SUMMARY 
The life cycle of a building has a tremendous impact on the environment. This is due 
to its energy demand, production and transportation of building materials, and its 
maintenance. Actually, the building industry is one of the most polluting industries 
that contribute to climate change. In the Netherlands alone, this sector is 
chargeable for 50% of the materials consumed, 40% of the total energy used and 
35% of the total CO2 emissions.  
To limit the effects of climate change, the Dutch government has set several 
requirements for new buildings concerning energy use and emissions. The energy 
performance of buildings is a requirement to minimise the energy demand of 
buildings. The environmental performance is a requirement to reduce the 
environmental impact of materials used in the building. These requirements 
correlate negatively. Therefore, when the regulations get more strict, it will not be 
possible to satisfy both. Thus, the requirements will adversely affect each other.  

This thesis ‘When energy savings become a waste’ describes research about the 
design of facades to increase the sustainable performance of office buildings steered 
by the regulations energy performance of buildings and environmental performance 
of buildings. It is about the conflicting demand and how to design a facade in such a 
way that no energy will be lost because the energy reduction is less than the energy 
needed for the production of an element. The main research question that is 
answered in this research is ‘How can the Dutch building industry achieve sustainable 
buildings by designing according to both the energy performance and environmental 
performance of buildings applied on facades?’ 

First of all, the relation between sustainability, energy performance-, environmental 
performance- and circularity of buildings is established. In this research, 
sustainability is defined as a goal to minimize harmful emissions to the planet. This 
goal can be achieved in different ways , one of which is the circular building principal. 
A circular approach of building aims to no longer use new resources and produce no 
more waste. The energy performance of buildings and the environmental 
performance of buildings can help steer towards sustainable buildings. 

Next, the concepts of the environmental performance of buildings (MPG) and the 
energy performance of buildings (EPC) are introduced, and their current use in 
methods and tools is analysed. Several methods exist in which the energy 
performance and the environmental performance are combined. For this research, 
the ‘sustainability performance of buildings’ (DPG) will be used, which is an objective 
method combining the energy and material by converting the total CO2 emission in 
the energy performance to shadow costs and by adding this to the shadow costs as 
calculated in the environmental performance. Therefore, the sustainability 
performance indicates the total emissions of the whole life cycle of a product, 
process or building and the total costs required to bring the environmental impacts 
of a product, process or building to an acceptable level. The sustainability 
performance of buildings is expressed in shadow costs per square meter, €/m2.  

In a one-factor-at-the-time analysis, the environmental- and energy performance of 
buildings is calculated in different scenarios with a varying parameter in the design 
of the facade. For this analysis, a reference office building was used as a study case. 
This is a medium-sized office building with a curtain wall facade of aluminium and 
triple glazing. Eight variants are examined, in particular: type of glass, insulation value 
and insulation material, the ratio of open and closed parts in the facade, use of PV-
panels on the facade, sun shading, facade composition, orientation and changing the 
building process from linear to circular.  

The most important results of the case study are as follows: 
 In types of glazing, vacuum glazing has the best sustainability score. Also, triple 

glazing with a total glass thickness of 12 mm is an improvement compared to 
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the current thickness of 16 mm. The performance of HR++ glazing is only 1% 
worse than triple glazing and can, therefore, also be considered in use.  

 The insulation value, as well as the insulation material, has no significant 
influence on the sustainability performance. The reduction in energy by adding 
more insulation material is almost equal to the energy needed for the 
production of the extra material.  

 The percentage of glass in the facade has a tremendous impact on both the 
environmental performance and energy performance. Both the performances 
get worse with a higher percentage of glass. The trend in the design of office 
building is, however, to increase the percentage of glass.  

 The use of PV panels in the facade is beneficial for the sustainability 
performance. The revenue is small for PV panels on the north facade, and the 
investment will not pay off. In the other orientations the PV panels the payback 
time is between 11 and 15 years. PV panels on the south facade achieve the 
most improvement.    

 The addition of sun shading will only slightly improve the sustainability 
performance when no louvres are included in the design and the control system 
is optimal to reduce the heating and cooling demand.  

 A change in the facade system and materials can significantly reduce the 
sustainability performance. However, this is mainly caused because no louvres 
are added in the other facade designs. Therefore the addition of louvres is not 
sustainable; neither is increasing the height of the floors. The facade with 
wooden cladding has the best sustainability performance.  

 The orientation of the building can influence the sustainability performance 
without changing other parameters. For the reference building, the most 
optimal orientation is achieved by a rotation of 90 degrees. The windows are 
then orientated north and south.   

 The effect of different circular scenarios is calculated and compared to the 
reference scenario with a service life of 50 years. The scenario considering the 
reference situation with a realistic service life of 20 years, has the highest score 
of all. In the next scenario, the percentage of reuse is increased to 60% and the 
service life of the facade is 20 years, resulting in an improved sustainability 
performance of 2%. In the last scenario, the service life is extended to 100 years, 
causing an improvement of 4%.  

Conclusions of this research are only based on the sustainability performance and do 
not take into account social and financial aspects. Therefore in some variants, the 
most sustainable solution might not be feasible in practice. For example, vacuum 
glazing is very expensive, and consequently, triple glazing with a thickness of 12 mm 
is advised to use. One realistic variant is calculated with a combination of variants. In 
this scenario, financial and social feasibility are taken into account, and an 
improvement of 15,5% is achieved, showing the value of this integral approach.  

Based on this research, it can be concluded that the Dutch building industry can 
achieve sustainable buildings when the design is focused on decreasing the 
sustainability performance of buildings. An integral approach considering both 
energy and material use is essential when enhancing the sustainability performance 
of buildings. The goal of the Dutch government to steer on CO2 emission can help to 
improve the sustainability performance. However, the relationship between the 
sustainability performance and CO2 emission is not entirely linear. Energy and 
material use need to be balanced together to accomplish a sustainable built 
environment.    

To be able to use this knowledge in a broader context it is recommended to conduct 
this research for a combination of the used variants, take into account design aspects 
of the whole building, and perform analysis on multiple buildings. In this research, 
only the aspects of sustainability concerning the planet are taken into account. 
Aspects regarding people and profit should also be considered to determine the 
feasibility of sustainable measures.   
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NOMENCLATURE 
LIST OF ABBREVIATIONS 

BENG  =  Bijna Energie Neutrale Gebouwen (=nZEB)  
BREEAM   =  Building Research Establishment Environmental  
                                     Assessment Method  
C2C    =  Crade to Cradle  
CO2  = Carbon dioxide 
CPG   =  Circulariteits Prestatie Gebouwen  
                                     (Circularity Performance Buildings)  
DGBC  = Dutch Green Building Council 
DPG =  Duurzaamheids Prestatie Gebouwen (Sustainability     
                                     Performance Buildings) 
EPD   =  Environmental Product Declaration  
EPG   =  Energie Prestatie Gebouwen (Energy Performance Buildings) 
FV = Future Value 
GFA =  Gross Floor Area  
GPR =  Gemeentelijke Richtlijn Gebouw (Municipal Guideline Building) 
IFD =  Industrial, flexible, demountable 
LCA =  Life Cycle Analysis  
MKI  =  Milieu Kosten Indicator (Environmental Costs Indicator) 
MPG  =  Milieu Prestatie Gebouwen  
                                     (Environmental Performance Buildings) 
MRPI = Milieu Relevante Product Informatie  
                                     (Environmental Relevant Product Information) 
NIBE = Nederlands Instituut voor Bouwecologie en Ecologie  
                                     (Dutch Institute for Buildingecology and ecology 
NOM =  Nul Op de Meter (Zero On the Meter) 
NPV = Net Present Value  
OFAT = One factor at a time 
RVO =  Rijksdienst voor Ondernemend Nederland  
SBK  =  Stichting Bouwkwaliteit  
SHGC = Solar Heat Gain Coefficient = g-value 
PV =  PhotoVoltaic / Present Value 
nZEB =  Nearly Zero Energy Buildings 

LIST OF SYMBOLS 

U = U-value in W/m2/K 
A = Area in m2 

lψ = perimeter length in m 
ψ = linear thermal transmittance in W/(mK) 
λ = Thermal conductivity in W/m²/K 
L = Length in m / service life in years 
r =  Discount rate 
R = Revenues / Insulation value in m2K/W 
C = Costs in € 
n =  Number of years 
E = Energy 
t = Thickness in mm 
g = Solar Heat Gain Coefficient (SHGC) 

LIST OF SUBSCRIPTS 

w  =  Window 
g  =  Glass  
f = Frame 
g =  Building 
p = Product  
tot = Total 
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In this chapter, an introduction is given on sustainability, 
the problem is stated, and the scope and objectives of the 
research are explained. Furthermore, the research 
questions are proposed, and lastly, the research 
methodology is illustrated.  

1.1 INTRODUCTION OF 
SUSTAINABILITY 
Climate change is an issue that will have severe 
consequences on the environment and to society. The 
rise in the average temperature on earth is an aspect of 
climate change known as global warming. (NASA, 2019) 
To limit the effects of global warming, immediate action 
is necessary. This can be done by implementing measures 
in the most polluting industries, such as the building 
industry. In the Netherlands, this sector is chargeable for 
50% of the materials consumed, 40% of the total energy 
used and 30% of the total water consumption. 
Furthermore, 40% of the waste is from the building 
industry, and the sector is responsible for 35% of the CO2 
emissions, see figure 1. (Dijkstra & Kamp, 2016)  

 

Figure 1: Consumption of the Dutch building industry 

A lot of the materials and sources used for our energy 
consumption and buildings are not renewable. And thus, 
depletion of finite resources and exhaustion of materials 
is a genuine problem. The building sector stands in front 
of an enormous transition regarding the reduction of 
negative environmental effects. Buildings should be 
designed with reusable or reused materials and 
renewable resources so that no finite resources are 
needed and less waste is produced. The ambition of the 
Dutch government is to build entirely according to 
principles of the circular economy in 2050 and to realise 
50% of this goal in 2030. (Transitieteam, 2018) 

In the past decades, many energy-saving measures have 
been implemented. For example, the insulation value for 
windows in new buildings should be higher than 
achievable with single glass. (Rijksdienst voor 
Ondernemend Nederland, 2018) There is still a large 
amount of energy needed to heat and cool the building 
but also for hot tap water and other installations. 
Methods to produce energy sustainably without using 
finite resources already exist. Examples are wind energy, 
solar energy, and geothermal energy. Often these 
methods are costly and less efficient than conventional 
ways and are therefore not implemented on a large scale 
yet. The energy performance is regulated in the Dutch 
building degree and is still under development. Currently, 
the requirement for energy performance coefficient 

(EPC) of office buildings is the dimensionless number 0.8, 
further elaborated in chapter 2.3. (Rijksdienst voor 
Ondernemend Nederland, 2018)  

Since 2012 it is obligatory in the Netherlands to perform 
an environmental performance for all new residential 
and office buildings with a gross floor area larger than 100 
m2. (Rijksoverheid, Wetten en regels gebouwen, 2018) 
From January 2018 on, the environmental performance 
of buildings, (MPG=milieu prestatie gebouwen) which is 
expressed in €/ m2, should be less than 1,0. The MPG can 
be calculated with the Life Cycle Assessment (LCA) 
methodology. In this methodology, 11 impact categories 
are considered, each addressing a specific environmental 
aspect. This required value of 1,0 is already attained by 
most existing buildings, see figure 3. However, this 
requirement is only a start and is expected to get more 
strict in the coming years. 

To achieve a sustainable building industry, the 
regulations can be adjusted and used to stimulate the use 
of reusable, renewable materials. Therefore, a method 
should be available to evaluate the sustainability of 
buildings, used measurements and materials.  

This research looks on to what extent sustainability can 
be achieved with the environmental performance and 
energy performance.  

1.2 PROBLEM ANALYSIS 
The regulations for environmental and energy 
performance of buildings are expected to be tightened in 
the coming years. (Rijksoverheid, Wetten en regels 
gebouwen, 2018) These parameters correlate negatively,  
see figure 2. Data on research about the relation between 
MPG and EPC of residential buildings are used. In this 
figure, the energy performance on the horizontal axis is 
plotted against the environmental performance on the 
vertical axis.  

 

 

 

Figure 2: Relation environmental and energy performance  
Based on (Nieman & Anink, 2017) 
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The light-grey area represents the current requirements 
of EPC and MPG for residential buildings (EPC=0,4 or 
lower and MPG=1,0 or lower) The dark-grey area 
represents requirements that the current buildings 
wouldn’t be able to fulfil. (EPC = 0,0 or lower and MPG = 
0,5 or lower). In this figure, a large share of the buildings 
does not even meet the current standards. The MPG 
requirement is easily fulfilled by most buildings; this is 
also visible in figure 3. In this figure, the environmental 
performance of offices and residential buildings is 
plotted. For offices, only 5% of the buildings have an 
environmental performance of 0,9 or higher and in the 
residential sector 5% score above 0,68. A large difference 
in environmental performances between offices and 
residential buildings is found. Therefore, it is important to 
make a distinction in building types in this research.  

When the regulations become more strict in the coming 
years, the negative correlation could cause problems in 
fulfilling both requirements. For example, to improve the 
energy performance, insulation is added to the building. 
This insulation causes an increase in environmental 
performance, although this performance also needed to 
be improved. Because of the strict energy performance 
requirements, the tendency is to add more material to a 
building, for example, extra layers of glass, insulation or 
Photovoltaic (PV) cells. This extra material has a negative 
impact on the environmental performance. Therefore, it 
is even harder to lower the environmental impact and 
satisfy the requirements. To anticipate this conflict, the 
environmental performance and energy performance 
cannot be seen apart from each other. To achieve 
sustainable buildings and to meet both requirements, 
these parameters should be integrated and optimised 
together.  

Figure 3: Distribution of environmental performances for 
residential buildings and offices (Nieman & Anink, 2017) 

1.3 SCOPE 
Sustainability is a very complex terminology and includes 
many aspects. Therefore, it is important to limit the scope 
and clearly state what aspects of sustainability are taken 
into account. According to John Elkington, the pillars of 
sustainability are people, planet and profit. (The 
Economist, 2019) In figure 4, components of 
sustainability are shown. The pillar ‘people’ is subdivided 
to quality of use and health and comfort. Energy and 
materials represent the pillar planet, and future value 
stands for profit. The focus of this research will be on 
materials and energy, the planet part of sustainability, as 

can be seen in figure 5. The planet and profit parts of 
sustainability are left out of scope in this study. This 
choice is further elaborated in chapter two.  

 

This research will be limited to office buildings as the type 
of building has a lot of influence on material and energy. 
Less research is done on offices than residential buildings. 
In the Netherlands, currently 6 million m2 of the office 
area is not used while there is a great demand for 
residential buildings. (Geraedts & Voordt, 2015) To zoom 
in the design of the facade will be looked at in more 
detail. 

Health and comfort, user quality and profitability can be 
seen as boundary conditions in this research.  

 
 

Figure 5: Scope of research  

1.4 OBJECTIVES 
In this research, the following objectives are formulated: 

 Define the terms sustainability, circularity, 
environmental performance and energy 
performance and the relation between these 
terms.  

 Define a way to combine both parameters to 
obtain more sustainable buildings and to be 
able to know when energy is wasted, based on 
existing tools to combine the environmental 
performance and energy performance. 

 Analyse relevant design parameters that 
influence the energy- and environmental 
performance of buildings. 

 Describe the relevance of the case study in 
facades.  

Figure 4: Components of sustainability 
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 Analyse different facade concepts on energy- 
and environmental performance.  

 Get to know the influence of different design 
parameters and optimal values in each variant. 

 Recommend improved requirements for the 
Dutch government to steer towards more 
sustainable buildings.    

1.5 RESEARCH QUESTIONS 
The main research question of this research reads: 

‘How can the Dutch building industry 
achieve sustainable buildings by designing 
according to both the energy performance and 
environmental performance of buildings 
applied on facades?’ 

To answer this question, the following sub-questions are 
formulated: 

1. What are the relations between 
sustainability, energy performance-, environmental 
performance- and the circularity of buildings? 

In this sub-question, the terms sustainability, circularity, 
environmental performance and energy performance are 
defined, and the relations between these terms are 
examined.  

2. How are the environmental performance and 
energy performance currently combined in methods and 
tools to indicate sustainability, and how should these 
parameters be combined to indicate sustainability?    

In the second sub-question, existing tools and methods 
for combining environmental performance and energy 
performance are evaluated. A way to combine and weigh 
both parameters is suggested to obtain more sustainable 
buildings.  

3. How should the design of office building 
facades be approached in the Netherlands when 
implementing optimised environmental performance 
and energy performance requirements? 

In the last sub-question, different approaches to design 
facades will be analysed regarding environmental 
performance and energy performance. With the 
outcome of this study, a design of optimal sustainable 
facade in terms of environmental and energy 
performance can be made.  

1.6 METHODOLOGY 
The research can be subdivided into four phases. This is 
visualised in figure 6. In the first phase of the research, 
the problem and scope are defined. Then the terms 
sustainability, circularity, environmental performance of 
building and energy performance of buildings will be 
explained through a literature study. Also, the relations 
between those terms will be established.  

To define a way to combine the EPG and MPG existing 
tools and methods are analysed and discussed. The 
relevant design parameters that are of influence for EPG 
and MPG are defined in the synthesis phase. This will be 
done by analysing research results of variations in design.   

In the implementation phase, the relevance of facades in 
this subject is shown by a literature review. Then the EPG, 
MPG, and total energy use are analysed of different 
scenarios of facade designs. These scenarios are further 
explained in table 6 in chapter 4.  

In the optimisation phase, the results of the case study 
will be analysed, and the sensitivity of parameters will be 
evaluated. Then the optimal design parameters can be 
established by means a discussion of the results in 
combination with essential assumptions made and 
limitations of research.  

After the discussion, conclusions and recommendations 
for future research can be formulated.  

 
Figure 6: Methodology  
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In this chapter, the terms sustainability and circularity will 
be defined in the context of this research. Then, the 
background of the energy performance and  
environmental performance of buildings will be 
elaborated. At last, the relationship of these terms with 
sustainability is explained.  

2.1 SUSTAINABILITY 
2.1.1 Definition 
Sustainability is defined in the dictionary as ‘The ability to 
be maintained at a certain rate or level.’ (2019) It is crucial 
to develop buildings in a sustainable way to maintain 
their value. The social value, environmental value, and 
economic value are essential to sustain the building. The 
triple bottom line is a framework to drive decision making 
first used by John Elkington in 1994, including the three 
pillars people planet and profit. (The Economist, 2019) 
Nowadays, these three pillars are often seen as the three 
aspects of sustainability, see figure 7.  

Social, economic and environmental aspects should be 
considered in an integral approach. This causes 
sustainability to be an enormous broadly used and 
increasingly complex concept applicable and relevant in 
various themes, products and branches. It is particularly 
complex due to the lack of a clear definition of the 
phenomena and existence of various ideas, visions and 
approaches. The concept of sustainability depends on the 
perspective of a company or person. (VMRG, 2018) 

 

Figure 7: PPP (Duurzaam beleggen, de basis, 2019) 

Sustainable development is, according to the widely 
known and accepted definition of the Brundtland 
commission, ‘Development that meets the needs of the 
present without compromising the ability of future 
generations to meet their own needs.’ (Brundtland, 1987) 
This means that we have the responsibility to take care of 
the planet and reduce harmful emissions. Until now, the 
profit of companies mostly is the driving force in decision 
making. To make sustainable development feasible, the 
mechanism of demand and supply has to change.  

In an integral approach where the three ‘P’s cannot be 
seen apart from each other, it is complicated to measure 

sustainability. Because there are so many aspects that 
matter, it is not easy to compare and to weigh the 
different aspects of sustainability. Sustainability can be 
seen from a lot of different perspectives, and therefore, 
a ‘sustainable building’ can mean a scale of different 
things. Several organisations and companies have other 
objectives and perspectives and will give a different 
priority to aspects of sustainability. Therefore it is 
important first to establish the boundaries and scope and 
what priority is given when considering sustainability.  

From the problem statement, it became clear that the 
requirements of the Dutch government focussed on 
reducing emissions to the environment are decisive to 
design sustainable buildings. Therefore the priority is 
given to environmental aspects in this research. The 
requirements of the Dutch government are derived from 
the Paris agreement, an agreement of the United 
Nations, including a plan to limit the rise in temperature 
with 1.5°C. (United Nations, 2019)  Sustainability in this 
thesis will be understood as minimalization of harmful 
emissions to the environment. Also, minimal finite 
resources should be used as possible to produce energy 
and materials to build. Note that other components of 
sustainability are still relevant and are seen as boundary 
conditions in this research. Without considering aspects 
concerning people and profit, it is not possible to make a 
design that can be implemented. Including social aspects 
and profitability as boundary conditions, the research will 
remain realistic.  

2.1.2 Sustainable building discussion 
In the Dutch building industry, a building is generally 
called sustainable once a sustainability label or certificate 
is awarded. This raises a number of questions about the 
actual value of a sustainability label or certificate. In 
chapter 3, several tools that indicate sustainable 
buildings will be analysed. (VMRG, 2018) For example, 
according to GPR-Gebouw, sustainability has five 
different topics, namely materials, energy, future value, 
quality of use, and health and comfort. (GPR gebouw, 
2018)  

Despite the fact that many organizations and countries in 
the world are actively involved in the sustainability issue, 
there is no clear strategy to design sustainable buildings 
and no clear definition of sustainable buildings. The 
Dutch government is developing more regulations aimed 
at creating sustainability in the built environment. For 
example, the Netherlands is participating in the climate 
agreements of Paris. This climate agreement states that 
there should be 49% less harmful emissions in the 
Netherlands in 2030 in comparison to 1990 to counteract 
climate change. This is 48,7 megaton (48,7*10^9 kg) of 
CO2 less. (Rijksoverheid, Over het klimaatakkoord, 2019) 

The ambition of the Dutch government to accomplish a 
circular economy in 2050 is written in an agreement to 
use sustainable resources for products and buildings, the 
‘Grondstoffenakkoord’. Already a lot of parties like 
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companies, governments, societal organisations and 
knowledge institutions are participating in this 
agreement. (Rijksoverheid, 2019) The ambition of this 
agreement is to reduce the use of primary resources with 
50% in 2030 in comparison to 2014. (Dijkstra & Kamp, 
2016) This implies that the current building standards 
have to change significantly. ‘We cannot just add 
sustainable development to our current list of things to 
do but must learn to integrate the concepts into 
everything that we do.’ (The dorset education for 
sustainability network, 2019) 

Adjacent to these agreements, two important 
requirements are set in the National building degree to 
stimulate the building industry towards sustainable 
practices. The energy performance of buildings is a way 
to measure the CO2 emissions of the building-related 
energy used, further elaborated in 2.3. The 
environmental performance of buildings is a way to 
measure the environmental impact of materials used in a 
building, explained in more detail in 2.4.  

The prediction of the level of sustainability is uncertain. 
This is because it is hard to predict the future. It can be 
sustainable to design a building for 100 years, but if the 
demand is entirely different in 20 years, the service life of 
100 years will not be reached.  Also, when designing a 
building completely demountable, there is a risk of 
adding too much material and quality because the 
elements might not be reused in the future. One of the 
most challenging problems in sustainable development is 
the time frame. Society can be developed for 10 years, a 
whole lifetime or even a thousand years. (Worster, 1993) 
The longer the service life of buildings, the less certainty 
of design assumptions can be assured. 
 
Sustainable design can be defined as design which seeks 
to minimise negative environmental impacts over the 
whole life-cycle of the project. There are several 
strategies to design sustainable buildings. The most 
known and used strategy is the Trias Ecologica: 
(Ministerie van VROM, 2010) 

1. Reduce the demand  
2. Use sustainable resources 
3. Use finite resources efficiently.  

Other strategies to achieve sustainable building are: 

IFD-Building: Industrial, flexible and demountable 
building is an approach to design, develop and to build a 
building. With this method, the possibility arises to adjust 
the building to a changing demand during the service life.  
build for the future.   
 
Cradle to Cradle (C2C) is based on the principle ‘waste is 
food’. The three basic rules of C2C are: waste is food, the 
sun is the energy source and respect the diversity. C2C is 
following the same principle as a circular economy (see 
2.2). (Ministerie van VROM, 2010) 

2.2 CIRCULARITY 
2.2.1 Circular building process 
Circularity is an often-used term when considering 
sustainability. Circular building is an approach of building 
that corresponds to the line of a circular economy. In a 
perfect circular economy, no more resources (input) are 
necessary, and no more waste (output) is produced, see 
figure 8. 

 

Figure 8: Linear and circular economy (Bradley, 2018) 

In the traditional linear building process, the following 
stages can be distinguished: 

1. Excavation of resources 
2. Production of (half)products from raw 

materials 
3. Distribution of products and assembly of a 

functional product of construction 
4. Consumption of the product is the use phase 

where several maintenance and repair actions 
may be required 

5. Demolishing at end life phase  
6. Landfilling  

In a circular process, the excavation of raw materials and 
the landfilling phase are substituted by reuse and 
recycling of the materials or products. Because of the 
relatively long service life of buildings, the speed of 
innovation in the building industry is slow. Because of a 
lack of experience regarding reuse of elements, financial 
risks of investing in the circular processes exist. 
Responsibility, uncertain investments and corresponding 
risks are blocking action for most companies.  

Circularity is thus focussed on reuse and recycle of 
materials. It is not just a business model.   
A circular economy asks for system thinking. People and 
businesses are part of a system where the actions of one 
actor influence other actors. (Ellen Macarthur 
Foundation, 2013) Making the building process circular is 
a way to achieve sustainable building. Sustainability and 
circularity have respectively a goals-means relationship.  
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2.2.2 Strategies circular building 
There are several strategies to achieve a circular building 
process. It is unambiguous that circular building not 
simply implies buying circular products. A different way 
of thinking is needed, described as a paradigm change by 
Brown. This means that a fundamental assumption 
changes in a short period of time. We have to start seeing 
the economy as part of the ecological system, instead of 
the other way around. (Brown, 2000) 

Natural ecosystems have many similarities with an ideal 
circular economy and serve as an example in the 
arrangement of a circular economy. In ecosystems, use of 
resources and waste are minimized. Using this as an 
example, thinking about the building industry as a 
complete system is useful. To be able to make the 
transition to a circular economy the following aspects in 
the design process must be taken into account: minimize 
material use, design demountable and adaptive, increase 
the service life of materials, high-quality recycle and use 
renewable materials. (Levels-Vermeer & Oorschot-Slaat, 
2016) This corresponds to the strategy of Lansink.  

Ladder van Lansink 
In the ladder of Lansink, a hierarchy is given of 
environmental friendly methods to process waste. The 
higher on the ladder, the more circular and sustainable, 
see figure 9. In every step, strategies can be thought of to 
fulfil this step. The steps are: 

1. Reduce: Prevent waste and reduce the number of 
materials used.  
2. Re-use: Use the product again for the same goal. 
3. Recycling: Extract resources from old products. 
4. Energy: Burn materials and gain energy. 
5. Incineration: Burn materials without energy 
recuperation. 
6. Landfill: The least desirable option and fits in the 
concept of a linear building process.  

  

Figure 9: Lansink’s ladder (Recycling.com, 2019) 

The theory of Lansink is one strategy to achieve a circular 
economy. Within these steps, several methods can be 
thought of, representing their own strategy to achieve a 
circular building process. Below, different examples are 
shortly explained.  

 

10 R’s 
The 10-R model is a detailed version of the Ladder of 
Lansink. 10 elements starting with an ‘R’ describe the 
level of circularity of a product or material. This is used by 
a lot of  companies as an ingredient for a new method and 
relevant strategies. It consists of the following elements: 
(from a circular to linear perspective) (Koolen, 2019) 
10. Refuse: To prevent the use of materials 
9. Reduce: To diminish the use of materials 
8. Rethink: To (re)design a product towards circularity  
7. Re-use: To find new product use 
6. Repair: Maintain and repair the product to increase the 
service life.  
5. Refurbish: Improve the quality of a product  
4. Remanufacture: Produce a new product of second-
hand materials 
3. Repurpose: Re-use the product in another function 
2. Recycle: Recover materials to make them suitable for 
reuse. A distinction is made between downcycling and 
upcycling. In downcycling, the materials are processed 
into new materials of less quality and reduced 
functionality. In upcycling, the materials are processed 
into materials with the same or higher quality and better 
functionality. 
1. Recover: Extract energy from materials. 
  
Ownership 
In a circular economy, the design of buildings is focussed 
on closing the cycle and restore and reuse materials and 
products. Therefore, for technical products, the circular 
economy could replace the concept of a consumer with 
that of a user. In a circular economy, a strategy can be to 
lease, rent, or share sustainable products. This can also 
be applied to facades. The ownership of the 
facade(element) changes and the focus lies on value 
preservation. (Ploeger, Prins, Straub, & Brink, 2017) 

Urban mining 
The urban mining collective is an innovative company to 
re-use or repurpose materials from demolition projects. 
(Urban mining collective, 2019) 

Increase material productivity 
The Ellen MacArthur foundation made a clear illustration 
of the circular economy, see figure 10. It shows how 
technical and biological-based materials cycle through 
the economic system, each with their own set of 
characteristics. In the building industry, technical 
nutrients are used, so the right side of the model is 
relevant. In different circles, the elements of the Ladder 
of Lansink can be recognized. To increase the material 
productivity, four principles can be distinguished:  

1. Power of the inner circle 
The smaller the circle, the less a product has to be 
changed and the more savings of material, labour, energy 
and capital. 
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 Figure 10: Model circular economy Ellen MacArthur (Ellen 
Macarthur Foundation, 2013) 

2. Power of circling longer 
The longer the circle, the more the number of cycles is 
maximised. 
3. Power of cascaded use 
The more diverse reuse across the material value chain, 
the more virgin materials it can substitute.  
4. Power of pure circles 
The more uncontaminated materials are used, the more 
quality and efficiency is kept in the cycle.  
 
These four principles offer opportunities to create and 
maintain value in comparison with linear principles and 
material use, see figure 11. (Ellen Macarthur Foundation, 
2013)  

 
Figure 11: Principles to increase material productivity 
(Ellen Macarthur Foundation, 2013) 

A circular economy has a large potential to realize a more 
sustainable world from an ecological view. Also, on a 

social level, it can be of importance because in a circular 
economy threats of climate change will decrease, and 
therefore, it leads to a more liveable world. Nevertheless, 
a focus on the material side of sustainability can be a 
possible danger because it may give less attention to the 
social side. (SMO promovendi, 2016) 

Challenge circular building  
Learning for the circular neighbourhood Buiksloterham, 
the challenges appeared to be limited physical space and 
sometimes conflicting interests of the residents and 
owners. Also, the infrastructure has to cope with the 
ideas of the circular building process. For example, the 
existence of a district heating network in the 
surroundings interferes with the implementation of a 
more sustainable heating system. (SMO promovendi, 
2016) 

In general, it is difficult that it is not yet clear on which 
scale (local, regional or even larger) circular initiative can 
best be implemented. (SMO promovendi, 2016) 

2.3 ENERGY PERFORMANCE 
OF BUILDINGS 
2.3.2 Energy Performance Coefficient (EPC) 
Since 1995, the Netherlands is familiar with minimum 
energy performance requirements for new buildings. 
(Rijksdienst voor Ondernemend Nederland, 2018) The 
Dutch Building Decree sets requirements for the energy 
efficiency of new buildings. The standard for energy 
efficiency is called the Energy Performance Coefficient 
(EPC). The conditions of the EPC are written in the norm 
‘NEN 7120 Energieprestatie van gebouwen (EPG)’. This 
standard applies to new residential and non-residential 
buildings. (Rijksdienst voor Ondernemend Nederland, 
2018) During the past decades, the requirements have 
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become more and more strict. In the beginning, the 
energy performance was expressed in MJ/ m2. This 
requirement was only about building-related energy. As 
a consequence, the energy bills appeared to be higher 
than expected when costs for domestic energy were 
included. This was confusing, and the Dutch government 
decided to divide the energy performance by a certain 
number. Since then, the EPC is a number without 
dimension and has become more and more complicated 
by adding several correction factors to be able to 
measure different building types in the same method. 
(Loos & Gaalen, 2019) 

After several years the dimensionless number was not 
clear enough anymore to be the criteria for energy 
performance of buildings. Therefore the EPC will be 
dilapidated by the introduction of the Zero-Energy 
Buildings requirements (nZEB) in 2020. (Groot, 2019) The 
EPC is calculated based on building properties, 
installations and materials used. Several software 
programmes are known to calculate the EPC value. The 
EPC requirement for offices is currently 0,8, for 
residential buildings, it is more strict, namely 0,4.  

2.3.2 Nearly zero energy buildings (nZEB, BENG in 
Dutch) 
From 1 July 2020 on new buildings, both residential and 
non-residential, must comply with the requirements for 
nearly zero energy-neutral buildings (nZEB). (Rijksdienst 
voor Ondernemend Nederland, 2019) nZEB is the result 
of the Energy Agreement for sustainable growth and the 
European guideline EPBD. (European Commission, 2019) 

The energy performance for nearly zero-energy utility 
buildings is determined based on the following three 
criteria:  
1: A maximum energy demand of 90 (revised value of 
2018, before it was 50) kWh/ m2/year. To calculate this, 
the total energy need for cooling and heating is summed. 
2: A maximum primary fossil energy use of 40 (revised 
value of 2019, before it was 25) kWh/ m2/year. This is a 
sum of the primary energy used for heating, cooling, hot 
tap water and ventilation. For utility buildings also the 
lighting and humidification are taken into account. When 
renewable energy resources are available, the primary 
energy is reduced by the amount of renewable energy 
induced.  
3: A minimal share of 30% (revised value of 2018, before 
it was 50%) renewable energy used. This is calculated by 
dividing the share of renewable energy by the share of 
primary fossil fuels energy use.  

The nZEB requirements were first proposed in 2015 and 
revised in November 2018 and June 2019. The new 
requirements of 2018 caused a lot of indignancy in the 
building industry. It seems like a step back regarding the 
level of sustainability. Professionals claim that the new 
performance is even worse than the average EPC-building 
at the moment, see figure 12. (Ensoc, 2019) For utility 
buildings, the EPC only changed in 2000 and 2003. In 2006 

the requirement was 1,5, in 2013 it was 1,1, and in 2015 
it changed to the current requirement of 0,8.  

 

Figure 12: Development EPC (DWA, 2018) 

It is hard to say that the new requirement is a step back 
because the requirement has completely changed and is 
now consisting of three different elements; therefore, it 
is like comparing apples to oranges. The second nZEB 
requirement can mainly be compared to the old EPC 
requirement, but the first and third requirements are 
new, and therefore, the requirements could be not as 
easily fulfilled as thought.  

The requirements published in 2018 are fundamentally 
different from the requirements of 2015. The assessment 
method changed, and therefore, the requirements are 
nearly incomparable. An important difference is the 
ventilation system taken into account in the first nZEB 
requirement. In the new method, a standard ventilation 
system (C1 system) is chosen. So the used ventilation 
system is not relevant for the first nZEB requirement 
results anymore. As a consequence, in the calculation, 
the Rc values will decrease, and it will have less effect to 
include thick insulation because, with the standard 
ventilation system, a lot of air infiltrates the building. The 
relationship between the second requirement of nZEB 
and EPC is large but not linear, see figure 13. This is 
because the energy consumptions calculated are not 
similar. For example, in the nZEB calculation, lighting is 
not included, contrary to the EPC calculation. (Kruithof & 
Valk, 2016) In figure 13, the EPC and nZEB 2 are plotted 
for different projects. Note that the steepness of the line 
has no meaning. Results of another research are 
analysed. In figure 14, the EPC and nZEB 2 of different 
sustainable measures are plotted of four different 
residential building types. The type of building has a large 
influence on the EPC and nZEB values. The curve of both 
criteria is comparable but not the same.  

 

Figure 13: Relation EPC/ nZEB 2 (Kruithof & Valk, 2016) 
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The requirements are changed because of the following 
three reasons:  

 The EPC is calculated with the new norm 
NTA8800, which is more realistic. The old EPC 
calculations suggested a more favourable 
energy consumption than possible in practice. 
Therefore the energy consumption determined 
with the NTA8800 will turn out higher 
compared to the old system.  

 nZEB definitions have been changed in the 
building sector by the Dutch government. From 
several comments and studies, it became clear 
the ambitions would be unreachable for several 
building types. Therefore a correction is made 
for buildings with an unfavourable ratio of 
users area and loss area. 

 The estimated values in 2015 appeared to be 
too expensive to fulfil. An optimization has 
been looked for between the rising 
construction costs and stricter requirements. 
(Valk, Bang voor BENG, 2018) 

  

Figure 14: Relation EPC and nZEB 2 for different types of 
houses. The purpose of this figure is to show the relation; 
the measures are not important in this case. Based on 
(Themagroep MPG ZEN platform, 2017) 

The policy for nearly zero energy buildings is still under 
development. After the summer of 2019, the final 
requirements will be published. In June 2019, a letter 
with the final requirements is sent to the Dutch House of 
representatives. (Ollongren, 2019) Calculations in this 
research made with software packages are, therefore 
based on current norms and requirements.  

A few terms are often confused with nZEB. Zero- on the 
meter (NOM = nul op de meter in Dutch) is not the same 
as nZEB (BENG = Bijna Energie Neutrale Gebouwen, in 
Dutch). nZEB is calculated with building-related energy 
use. In the calculation for zero on the meter, also the 
domestic energy such as computers or refrigerators are 
taken into account. The primary fossil energy use of the 
nZEB buildings has to be negative to reach the level of 
zero on the meter.  

In this research, especially the first nZEB requirement  will 
be interesting because this is only about the energy 
demand. This requirement cannot be compensated by, 
for example, solar energy. With the new requirements, 
the importance of design increases. The shape and 
orientation have a direct relation with the energy 
demand of the building. (Valk & Haytink, BENG: 
Wettelijke eis voor energieneutraal bouwen, 2017) 

In a study of Nieman about nZEB indicators of existing 
energy-efficient buildings, the first nZEB requirement is 
not met for the majority of the projects. Point of 
attention to be able to meet the nZEB requirements is, 
therefore, a further limitation of the energy demand of 
buildings. Within the current requirements, the energy 
demand is not highlighted, as the outcome of EPC 
calculation does not provide specific information about 
this. On the contrary, in the passive building approach, 
the focus is on limiting the heating demand and 
prevention of overheating. Therefore, passive building 
projects score well in this indicator.  (Kruithof A. , 2016)   

To satisfy the nZEB requirement, the energy extracted 
from the surroundings can only be included in the energy 
performance calculation of a building when a physical 
connection with the building exists. A study done by 
Arcadis and DGMR shows that increasing the insulation 
values no longer has a positive impact on the costs over 
the whole life cycle. The current requirements are 
optimal in term of costs. This means that it will be more 
expensive to insulate more. (Nieuwe BENG-eisen bekend 
gemaakt, 2019)  
 
2.3.3 Influencing design parameters  
In general, to improve the energy performance, the 
following parameters influence the energy performance: 
design of the building, technical execution, building 
installations and methods to generate sustainable 
energy. (DGMR, 2017) 

In the design, the combination of orientation and 
percentage of glass in the facade is essential. Also, solar 
blinds and compactness are relevant. In the technical 
execution, the insulation values of floors, facade, roof 
and glass have influence. The installations used for 
heating, cooling, hot water, ventilation and lighting 
determine the energy performance of the building. These 
are less relevant than the design when considering the 
facade of the building. Also, the renewable energy source 
is mostly not related to the facade in existing concepts, 
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except when solar panels are used on the facade. (DGMR, 
2017) 

Research has been done about innovative solutions and 
concepts to fulfil the requirements for almost energy-
neutral buildings. These innovative techniques can help 
to meet the demands: 

 Four-layers glazing, heat pumps with high 
efficiency and integration of PV-panels. 

 LED lighting decreases energy consumption in 
non-residential buildings. 

 Booster heat pumps can result in a better 
energy performance in residential buildings. 

In the case of hospitals, more research is necessary to be 
able to fulfil the BENG requirements. (Heide, Vreeman, & 
Haytink, 2019) 

In a study conducted by Nieman, the consequences of the 
nZEB requirements on stacked housing are indicated. Five 
projects are analysed having an EPC between 0,0 and 
0,38. Three of the projects already fulfil the second and 
third requirement of nZEB whether none of the projects 
fulfils the requirement of energy demand. This 
requirement seems to be the biggest challenge. Design 
aspects that have significant influence regarding this 
requirement are the geometry, orientation, thermic shell 
and ventilation system. Results of the research 
demonstrate that compactness is favourable to decrease 
the energy demand. Transparency is not necessarily 
favourable or unfavourable; it depends on cooling- and 
heating requirements and differs per project. In this 
study, it is stated that an energy-efficient design is a 
boundary condition. In addition, several measures are 
necessary to fulfil the first nZEB requirement, such as 
triple glass, optimised connections, increased thermal 
resistance and optimised ventilation system and solar 
gains. (Kruithof & Valk, 2016) 

The percentage of open parts and the relation of 
shell/users area are related to the nZEB criteria 1, see 
figure 15 and 16. A correlation is visible, but also other 
aspects determine the first nZEB requirement. Therefore 
the correlation is not linear. (Kruithof & Valk, 2016) 

Figure 15: % open part and nZEB1 (Kruithof & Valk, 2016) 

Figure 16: Relation ratio shell/floor area and nZEB1 
(Kruithof & Valk, 2016) 

2.3.4 Embodied energy 
The energy considered in the energy performance is 
energy only used by installations to heat, cool, ventilate 
etc. The embodied energy is the energy used for mining, 
processing of resources, manufacturing and transport 
and is not taken into account in the energy performance 
but in the environmental performance of buildings, see 
paragraph 2.4.   

Embodied energy can be seen as the energy locked in a 
material. The operation and disposal are not included in 
the embodied energy, but they are included in the life 
cycle analysis, as explained in 2.4.2. The operational 
energy is the energy used in operating the building over 
its life. (Milne, 2013) By improving the energy 
performance of buildings generally embodied energy is 
added to the building as there is used more material to 
insulate the building. The service life of products is 
essential to estimate when too much embodied energy is 
added. Then the reduced operational energy over the 
service life is less than the added embodied energy, see 
figure 17. By reuse of building materials, about 95% of the 
embodied energy can be saved. (Milne, 2013) 
 

 

Figure 17: Operating energy and embodied energy over 
the years (Milne, 2013)  

The energy performance requirement is a way to 
decrease CO2 emissions to the environment and 
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therefore, beneficial for the sustainability of buildings. 
However, the operational energy and embodied energy 
should be balanced so that no energy is wasted. With the 
new nZEB requirements the environmental performance 
increases on average with  €0,25/ m2, an increase of 
about 45%. This is mainly due to the extra installations 
with a service life shorter than the structural elements in 
the building. (Grefelman & Weerd, 2014) 

2.4 ENVIRONMENTAL 
PERFORMANCE BUILDINGS 
2.4.1 Introduction MPG 
The environmental performance of buildings (MPG) 
indicates the environmental impact of materials used in 
the building. Since 2012 it is obligatory in the Netherlands 
to perform a calculation of the environmental 
performance for all buildings with a gross floor area larger 
than 100 m2. (Rijksdienst voor Ondernemend Nederland, 
2018) Building materials used in new buildings must not 
superfluously burden the environment. Therefore, a 
method is developed for professionals to measure the 
environmental performance of buildings. This method is 
focused on the environmental performance, which is an 
important indicator of sustainability. From January 2018 
the environmental performance of buildings should be 
less than 1,0 €/m2. The MPG can be calculated with the 
Life Cycle Assessment (LCA) methodology. In this 
methodology, 11 impact categories are considered, each 
addressing a specific environmental aspect. These 11 
indicators can be converted into shadow costs and 
summed to know the shadow costs of the building or per 
unit of a product (per kg, m2 or m3). It is not necessary to 
perform a new LCA of the same product over and over 
again.  

The MPG of a whole building is the sum of all shadow 
costs of the applied materials. Therefore it is crucial to 
know the technical service life of the different materials 
or parts of a building. Also, the materials used for 
maintenance will be taken into account. The total sum of 
environmental impacts is divided by the lifetime and the 
gross floor area (GFA) of the building. Therefore the MPG 
is expressed in shadow costs per square metre GFA per 
year (€/m2GFA/year).  

The calculation rules to determine the MPG are defined 
in EN15978. A detailed calculation will relatively take 
much time, and therefore, a lot of software tools are 
developed to calculate the MPG and to make it broadly 
accessible. To provide a clear and useable method to 
calculate the environmental performance of 
constructions over their entire service life ‘Stichting 
Bouwkwaliteit’ (SKB) has written a document about the 
assessment method ‘Assessment Method Environmental 
Performance Construction and Civil Engineering Works. 
This method is based on NEN-EN 15804:2012 + 
Amendment A1 (2013), which is developed for 
Environmental Product Declarations (EPDs). (SBK, 2014) 

The assessment method is performance-oriented, not 
solution-oriented. 
 
In the Netherlands, environmental data of materials, 
products and processes are provided by the ‘Nationale 
MilieuDatabase (NMD)’. This database is managed by 
‘Stichting Bouwkwaliteit’. A producer or supplier has the 
responsibility to ensure a product is included in the NMD. 
Unfortunately, this is quite expensive, and not a lot of 
producers are contributing to this database yet. 
(Leeuwen, 2019) In the National Environment Database, 
three product information categories exist. (SBK, 2014) 

Category 1 contains brand data, verified by an 
independent, qualified third party according to the SBK 
Verification Protocol.  

Category 2 contains generic data which is verified by an 
independent third party according to the SBK Verification 
Protocol. A declaration of the representative is also 
included. The representative can be, for instance, be an 
association of producers or the Dutch market.   

Category 3 also contains generic data (brand-less), but 
not verified according to the SBK Verification Protocol. 
With unverified data, the environmental profiles can be 
too low, or specific environmental impacts are missed. 
Therefore, when a product of category 3 is used a 
multiplication factor of 30% applies to the environmental 
profiles.  

The new NMD of June 2017 results in an average of 40% 
higher environmental performance values. This is an 
implicit tightening of the environmental performance 
requirements because these requirements are based on 
NMD 1.0. Because of this, a correction factor of 0.4 may 
be used when calculating the MPG using NMD 2.0. So the 
environmental impact may be decreased temporarily 
with 0.4 so that the limiting value of 1.0 easily can be 
achieved. (SBK, 2014)  

The required value of 1,0 €/m2 is just a start and already 
fulfilled by most existing buildings. The requirement is 
therefore expected to be tightened in the coming years. 
(Themagroep Circulair Bouwen, 2018) This requirement 
will develop faster than the requirement for EPC. 
(Nieman & Anink, 2017) 

The MPG requirement is active for buildings that fulfil the 
EPC requirement from the Building Degree. For zero on 
the meter- and very energy-efficient buildings, the EPC is 
significantly lower than the requirement. In this situation, 
the energy-saving measures taken can be partly left out 
of consideration when calculating the MPG.  For example, 
a building is provided with 20 PV panels attaining an EPC 
of -0,36. To achieve an EPC of 0,4, only four PV panels are 
required. Therefore only four PV-panels have to be 
included in the MPG calculation. (Themagroep MPG ZEN 
platform, 2017) 
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Research showed that the MPG of office buildings, with a 
GFA lower than 5000 m2, varies from 0,6 till 1,1. The MPG 
of  offices with a GFA higher than 5000 m2 is mostly in 
between 0,4 and 0,6. In some sustainable projects that 
are studied, the performance varies from 0,35 till 1.1. 
Retail scores between 0,5 and 0,8. With energy-positive 
buildings, the MPG becomes close to 1,0. (Levels-
Vermeer & Oorschot-Slaat, 2016)  

10% of the offices score 0,36 or lower and 10% score 
above 0,79. The median is 0,48. In offices, the standard 
deviation is more substantial than for residential 
buildings. (Nieman & Anink, 2017) 

2.4.2 Life Cycle Assessment 
The Life Cycle Assessment (LCA) methodology can be 
used to determine the MPG. The life cycle assessment is 
a technique to assess the environmental impacts of 
products, processes and materials. The impact from raw 
material extraction through manufacture, distribution, 
use, repair, maintenance, disposal and recycling can be 
obtained. The procedure of LCA is described in ISO14000. 
According to this norm, an LCA is carried out in four 
different phases, as explained below. (ISO-14040, 2016)  

1. Goal and scope definition. 
In the first step, the goal and scope are defined. In the 
definition of the goal, the reason for assessment is 
explained, the intended audience and application. Also, 
the functional unit of the research is defined. The scope 
comprises of the following elements: The functional unit, 
system boundary and allocation procedures. Besides, the 
considered impact categories are included and the 
assumptions made as well as limitations of the study. The 

functional unit quantifies the performance characteristics 
of a product and is, therefore, important when comparing 
different options. The system boundary defines the 
included processes and life cycle stages in the system.  
 
2. Life cycle inventory analysis (LCI) 
In the inventory analysis data of the processes and 
products are collected. The relevant in- and outputs are 
listed in various life cycle stages and drawn in a process 
flow diagram. The life cycle stages of considering are the 
production stage, construction stage, use stage and end 
of life stage all including transport, see figure 19. Also, 
category D is inserted in the LCA, including information of 
reuse, recovery and recycling of the product. Assessment 
of this module is still in development. 
 
3. Life cycle impact assessment (LCIA) 
In this phase, the collected data is assigned to the chosen 
impact categories and indicators, see figure 18. For all 
categories, environmental profiles can be calculated.   

Figure 18: Environmental impact categories (ISO-14040, 
2016) 

 Figure 19: Life cycle stages EPD (ISO-14040, 2016) 
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4. Interpretation 
In the last phase, the results of the previous phases are 
discussed and drawn in conclusions. Possible limitations 
and recommendations are also included.  
 
Limitations of the LCA method 
The LCA is an excellent method to show the 
environmental impact within the specified scope. 
Environmental issues outside the goal and scope are not 
considered, and therefore, the assessment is not a 
complete analysis. The 11 mentioned impact categories 
are all quantifiable and measurable. However, a part of 
the impact caused by the linear use of materials such as 
land use or consequences for biodiversity are not taken 
into account. The depletion of resources is part of the 
LCA, but the related scarcity is not taken into account.  

An LCA calculation can show the usefulness of recycling, 
but the LCA does not make a distinction between 
downcycling and upcycling.   

In the LCA the building-related energy use is also 
considered. When the costs are calculated, only 
emissions of materials are taken into account, and 
therefore, energy is not taken into account in the 
environmental cost indicator (MKI). So the MPG does not 
say anything about the energy use of the building.  

2.4.3 Influencing building design parameters  
The MPG is relatively new, and therefore, only little 
research is performed on this subject. In 2017 W/E 
adviseurs published a report of research about the 
principles and parameters of the environmental 
performance of buildings. (Nieman & Anink, 2017) 
Several design parameters are described which influence 
the MPG. Most of their research is focussed on residential 
buildings. In this research, it is assumed these parameters 
are also important regarding non-residential buildings.  

Gross floor area; the influence is relative high in small 
apartments or offices. 

Amount of floors: environmental performance of 
buildings with only a few floors is relatively high (so 
relative unfavourable)  

Height of elevations: per 10% more height the 
environmental impact increases with 2% till 3%. 
  
Facade area: with an increase in the facade area with an 
equal amount of service area, the environmental 
performance is increasing. An increase of 10% in the ratio 
of facade/floor area will result in an increase in the 
environmental performance of a few percents.  

Open parts in the facade: Open parts in facade have a 
higher environmental impact than closed parts. An 
increase of 25% in open parts leads to a few percents 
higher environmental impact.  

In a graduation report of Windesheim Zwolle, a study 
about lowering the environmental impact of offices is 
described. (Kampjes & Slofstra, 2019) This is done by 
stacking levels and replace several concrete elements by 
timber frames. Also, elements such as masonry and floor 
finishing are replaced with products that are in category 
1 of the NMD. The most significant impacts and thus 
shadow costs are caused by facades, floors and the 
materials concrete and sand-lime bricks. Also, the steel 
used in the load-bearing structure and open parts of the 
facade have a high environmental impact. In the open 
parts of the facade, the turning parts of windows have 
high shadow costs. Therefore glazing that is fixed is more 
sustainable when considering the MPG.  

PV-panels are used more and more and have an 
enormous environmental impact. There are different 
types of panels on the market which are expected to vary 
considerably in environmental impact. In figure 20, the 
impact of PV-panels is visible by compared projects with 
and without PV-panels. (Themagroep MPG ZEN platform, 
2017) 

 MPG WITH PV MPG WITHOUT PV 

Mid terrace 0,56 0,34 
Corner building 0,93 0,54 
Semi-detached 0,45 0,35 
Corner 1storey 0,96 0,52 
Apartment 0,65 0,47 
Health care 
apartment 

0,52 0,39 

Detached 1,13 0,75 
 

Figure 20: MPG values in example projects with and 
without PV-panels (Themagroep MPG ZEN platform, 
2017) 

2.4.4 Service life of buildings 
The default service life of office buildings is 50 years, 
whereas the default value of residential buildings is 75 
years. With a longer service life than the default value, 
the environmental impact will decrease but not in 
proportion to the longer service life. This is because a 
longer service life is only relevant for long-cyclic elements 
from which the service life is identical to the service life 
of the building. The other elements are replaced once or 
several times in those 50 years. (W/E Adviseurs, 2013) 

The long cyclic elements in a building are mainly the 
framework and skin of the building (closed parts of the 
skin). These elements have a relatively low contribution 
to the environmental impact. W/E adviseurs developed a 
method to adapt the service life of 50 years depending on 
the properties of the building. This is not meant as a 
method to calculate the service life. It is focussed on 
conditions that have a negative or positive influence on 
the service life. Therefore, it is about the deviation of the 
default value. (W/E Adviseurs, 2013) 
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Motives of relevance for a longer service life are high 
functionality, extraordinary daylight or sight, high 
comfort, a landmark, strong identity, future-directed, a 
flexible layout, and an adaptable building volume. (W/E 
Adviseurs, 2013) 

2.4.5 Discussion sustainability and environmental 
performance buildings 
In society, a transition is taking place to more energy-
efficient buildings and the use of sustainable energy 
sources. Therefore materials will become more and more 
critical in sustainability performances. The share of 
materials in harmful emissions will increase because of 
two reasons; the use of materials increases and the share 
of energy is decreasing.  

Materials needed to increase the value of buildings and 
decrease the energy demand have a negative influence 
on the emissions to the environment and therefore, the 
MPG. Knowing that the MPG is significant in achieving 
sustainable buildings, it is essential to think in concepts, 
including both energy and material. The link between 
sustainability and materials should be known widely. 
Essential aspects of materials are origin, reusability, 
renewability, processing, and weight. 

The environmental performance of buildings is a good 
indicator of sustainability. Hence, it is not complete to 
measure sustainability; other indicators are essential as 
well. Therefore, it is relevant to know what precisely the 
MPG can indicate. Definitions and context should be 
known when using the calculation and assessment 
method of the environmental performance of buildings. 

A large share of the environmental impact is caused by 
important materials where no sustainable alternative is 
known of yet, for example, glazing, concrete elements, 
connections and installations. Also, PV-panels are mostly 
not made of sustainable materials. Some of the metals 
used in PV- panels are scarce. (Veltkamp, 2019) When 
these PV-cells can be produced in limited amounts, is it 
better to save them for locations where optimum solar 
heat can be gained instead of the Netherlands? 

As the environmental performance decreases, the effort 
to reduce the environmental performance increases 
exponentially. What is the optimum of MPG when 
considering all aspects of sustainability? (Kampjes & 
Slofstra, 2019) 

2.5 RELATION 
SUSTAINABILITY TERMS 
In this chapter, the terms sustainability, circularity, 
energy performance of buildings and environmental 

performance of buildings are explained and related to 
each other.  

Sustainability consists of the three pillars people, planet 
and profit of which the planet part is looked into in this 
research. Sustainable buildings are designed and built 
without compromising the ability of future generations to 
meet their needs. Therefore harmful emissions and use 
of natural resources should be avoided and reduced. 
Circular building is a method that can be used to design 
sustainable buildings. The energy performance and 
environmental performance are requirements set by the 
Dutch government to steer onto more sustainable 
building practices.  

To realise sustainable buildings, it is essential to 
understand what building parameters contribute to both 
the energy use and environmental impact. Also, relations 
and interdependencies between those parameters and 
performances should be known.   

As explained in 2.3, the EPG and from 2020 on the nZEB 
requirements are introduced to set targets for the energy 
performance of buildings. The most critical design 
parameters related to the facade to improve the energy 
performance are the compactness of the building, 
orientation, type of glass, insulation value, the existence 
of solar blinds, and percentage of open parts in the 
facade.  The most substantial variation in EPG is due to 
PV-panels and different installations used.  

From 2018 on it is compulsory to calculate the MPG for 
new buildings. The requirement will become tighter in 
the coming years to reduce the environmental impact of 
buildings. To reduce the MPG, the most important 
aspects of the design are gross floor area, height per 
level, open parts in the facade and installation used. Also, 
the choice of materials in design can reduce the MPG. As 
for the EPG, PV-panels have a significant influence on the 
MPG. 

To conclude, sustainability is the ultimate goal where 
circularity, environmental performance and energy 
performance can serve as a means and method to reach 
this goal, see figure 21.  

 

Figure 21: Goal-means relationship sustainability
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In this chapter, an overview is given of existing tools to 
calculate the sustainability of buildings. The tools are 
compared, and a method is chosen to further use in this 
research. Then the relation between energy and material 
is analysed in existing studies. At last, the influence of 
insulation value is examined.  

3.1 EXISTING TOOLS 
In the previous chapter, it became clear that the 
environmental performance (MPG) and energy 
performance (EPG) of buildings are interdependent. 
Energy performance and environmental performance are 
both useful to steer towards more sustainable buildings. 
To measure sustainability, it is thus of interest to combine 
the environmental performance and energy performance 
of buildings. In the building degree, the requirements of 
MPG and EPG are not related to each other. 
(Rijksoverheid, Bouwbesluit online, 2019) 

Sustainability in the building industry can be encountered 
differently by different actors. Investors, engineers, 
contractors, clients and users all have their own point of 
view and opinion about sustainable (re)building. 
Agreements between these parties can be complicated 
because of these different perspectives. To regulate this, 
several tools are developed to measure the sustainability 
performance of buildings. Within the existing tools or 
methods, sustainability is described in different ways. It 
can be either quantitative or qualitative. When 
sustainability is measured qualitative, the result is mostly 
shown in a number or amount of stars on a particular 
scale. When sustainability is measured quantitative, the 
results can be expressed in costs, energy or 
environmental impacts.  

It is significant to know what the result is made up of and 
essential to stay critical. The weight of different aspects 
of sustainability can be different per tool or label. The 
outcome does not have to be decisive in terms of 
sustainability. 

 

 

 

Figure 22: Labels of existing tools to measure 
sustainability 

Next, an overview of different tools is given. 
(Rijksoverheid, Duurzaam bouwen, 2019) 

 

3.1.1 Labels for building products 
The following labels are valid to assess building products. 
The scale is therefore relatively small.  

Dubokeur: DUBOkeur is a product of NIBE  shows how 
environmentally friendly a product is in comparison to 
other products with the same application based on an 
LCA calculation. (NIBE, 2019) 

Cradle to Cradle (C2C) is an international label for 
products and buildings can be awarded for five different 
classes: basis, bronze, silver, gold and platinum. Buildings 
are judged in five assessments aspects, which are: 
composition of materials, possibilities for reuse, use of 
renewable energy, sustainable water management, and 
social justice. (Cradle 2 cradle, 2019)  

Other less well-known labels are NaturePlus, Milieukeur 
and Greenworks.  

3.1.2 Labels for buildings 
The following labels or methods to express the 
sustainability of buildings are focussed on the whole 
building. Also, the environmental performance and 
energy performance are limited to the level of buildings 
to be able to compare and set clear boundaries. However, 
this influences the results of performances and also the 
level of sustainability. This means good results within 
these labels and tools cannot directly be seen as more 
sustainable. The results have to be judged within the 
overall context. 

GPR-Gebouw (Gemeentelijke Praktijk Richtlijn) is a 
software tool to express the sustainability of buildings. It 
divides sustainability in 5 different themes, namely 
energy, environment, health, users quality and future 
value. The tool is developed by W/E adviseurs. In each 
theme, the building is rated on a scale of 1 to 10. The total 
GPR score is translated into a quality label of one to five 
stars. One star means a rate of 6, is equal to the level of 
the Building Decree. (GPR gebouw, 2018) (Agentschap NL 
Energie en Klimaat, 2019) 

BREEAM (Building Research Establishment’s 
Environmental Assessment Method) is a commonly used 
method to express sustainability performances of 
buildings developed by DGBC. The method is comparable 
with GRP-Gebouw but more extensive. Buildings can be 
evaluated in development and delivery phases based on 
different subjects, grouped in the following categories: 
Management, health, energy, transport, water, 
materials, waste, land use and ecology and pollution. In 
BREEAM, energy and materials are both important 
indicators. The total weight of energy in BREEAM is 19%, 
and the total weight of materials is 12,5%. (DGBR, 2014) 
These weights are not only based on energy and 
emissions but also on the market, consumption, and 
whether people want to invest or not. (Buijs & Scheele, 
2016) Unfortunately, a BREEAM certificate is expensive 
and therefore not accessible for everyone.  
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LEED (Leadership in Energy and Environmental Design) is 
developed by the US Green Building Council (USGBC) and 
is a method to certificate and evaluate the sustainability 
performance of buildings. It is based on a scoring system 
making use of a checklist. (USGBC, 2019)  LEED is derived 
from BREEAM. LEED makes use of international standards 
while the requirements in BREEAM are adjusted to local 
situations. (Verweij, 2019) 

DPG (Sustainability Performance Buildings): The DPG is a 
method to combine the EPG and MPG and is based on the 
procedure to calculate the MPG. To appreciate the total 
sustainability performance, it is obvious to align the 
system boundaries, assessment method and dimension 
to the environmental performance of buildings. This 
environmental performance already is based on the LCA 
methodology for integral evaluation of environmental 
impacts of products. The choice for MPG as a basis for the 
DPG means that the EPG must be converted as accurately 
as possible into impact scores that are consistent with the 
MPG. (Alsema, Anink, Meijer, Straub, & Donze, 2016) This 
does have some drawbacks because the system 
boundaries of EPG and MPG are different and also the 
functional units differ. In the EPG, ‘m2 per heated area’ is 
used as a unit while in the MPG, ‘m2 per gross floor area’ 
is used. (Korbee, 2017) 

The calculated energy use in the EPG is converted into 
environmental impacts with impact factors. The total 
impact as a result of energy use is the EPG*. Then it 
follows DPG = MPG + EPG*. Within the TKI-KIEM project, 
the impact factors are identified for the two most 
important energy carriers: electricity and natural gas. The 
energy use in kWh or m3 is multiplied with an 
environmental impact factor and are then summed. (W/E 
Adviseurs, 2016) Sustainability is then calculated with the 
following formulae. (Grefelman & Weerd, 2014)   

   𝑆𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
∑(ா௚;௧௢௧∗௙௘௠௜௦௦௜௘)∗଴,଴ହ

஻௏ை
+ ∑

(ெ∗ௌ௄)

஻௏ை∗்
 

When the DPG would be used more in practice, the 
question is if a boundary value should be set to this 
performance as for the EPG and MPG. To have three 
performance requirements in the building degree seems 
a little excessive. But when substituting the EPG and MPG 
the administrative burdens would reduce. (Backes, 
Boeve, Koolhoven, & Versteeg, 2018) 

CPG (Circularity performance buildings): In the CPG, the 
circularity performance of buildings is measured. The CPG 
is an extension of the DPG, the results of DPG are used, 
and some extra criteria are tested. The CPG is included in 
GPR-Gebouw; the results from this tool can directly be 
used to calculate the CPG. The input is converted into a 
score between 1 and 10. The scores in subcategories are 
summed and will result in the CPG. However, this method 
is qualitative; there is still no method in which the 
circularity of buildings can be determined quantitatively. 
Circularity is still playing no role in the tenders and 

investments because juridical it is difficult because 
circularity is challenging to measure. (Mak, 2019) 

3.2 SUSTAINABILITY 
PERFORMANCE OF BUILDINGS 
In the previous section, various ways to assess the 
sustainability of buildings have been discussed. Essential 
differences in the assessments are the variables that are 
measured and whether it is qualitative or quantitative. In 
table 1, an overview is given of the different tools.  

Table 1: Overview of different tools/methods 

Tool Measured unit  
GPR-Gebouw Mark Qualitative 
BREEAM Mark Qualitative 
LEED Mark Qualitative 
DPG €/m2 Quantitative 
CPG Mark Qualitative 
EPG CO2 emissions, €/m2 

or energy 
Quantitative 

MPG €/m2 or emissions Quantitative 
 
The methods that evaluate the whole building are further 
elaborated because this corresponds with the EPG and 
MPG and therefore, the scope of research. At building 
level, energy and material are both relevant. At product 
level, the energy use in a building is not taken into 
account. The tools GPR-Gebouw, BREEAM, LEED and also 
CPG, measure in a qualitative way and express results in 
a mark in a scale of 1-10. The DPG is expressed in shadow 
costs, €/m2 and is quantitative as the MPG and EPG.  

The discussed tools GPR-Gebouw, BREEAM and LEED, are 
mostly useful for companies to get a certificate or to 
show their building has a lot of value in terms of 
sustainability. The tools are less suited for scientific basis. 
First, because the tools are qualitative. For sustainability, 
it is important to know the quantity of damage to the 
environment. The second reason is that the weight in 
BREEAM is not only established by sustainability but is 
also affected by market forces. In BREEAM, 19% of the 
total score is ascribed to energy and 12,5% to materials. 
When considering the energy consumption of both 
categories, the energy used in the building during the 
service life is three times as much as the energy used for 
the production of materials. When considering the 
shadow costs, the energy use contributes 10 times as 
much as material production. (Buijs & Scheele, 2016) In 
this knowledge, it seems logical to focus on energy 
efficiency and energy reduction. However, these facts are 
based on a study in which nine office buildings are 
analysed. A transition is ongoing towards energy-neutral 
buildings and use of sustainable energy sources. The 
energy impact will decrease, and the material impact will 
increase. Therefore, innovations must be emphasized on 
the impact of used materials as well.  
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GPR-Gebouw is a tool that calculates the energy and 
material performance (DPG) and besides, takes into 
account three other categories. The outcome is 
qualitative. The CPG is an extension in GPR-Gebouw. It is 
useful to assess circularity, but there is no method yet to 
determine circularity in a quantitative way. Therefore of 
the existent methods, the DPG is the most accurate 
model to combine the energy and material impacts.  

The environmental performance of buildings can be 
expressed in money (shadow costs) or in harmful 
emissions. These emissions are of different substances 
and cannot be summed. The energy performance can be 
expressed in energy, CO2 emissions or environmental 
costs. When choosing the DPG to evaluate the 
sustainability of buildings, the sustainability will be 
expressed in shadow costs. In the environmental 
performance, 11 impact categories are taken into 
account which are possible to quantify. Some 
environmental damages, such as land competition or 
water use, are not possible to express in emissions but do 
play a role in the sustainability performance of measures.  

The title of this thesis reads ‘When energy savings 
become a waste’. The question when energy savings (by 
adding extra material to a building) become a waste 
(because it costs more energy to produce than energy 
demand is reduced) is not answered by expressing the 
sustainability performance in shadow costs. Therefore it 
is relevant to look at the energy saved by adding more 
material and the energy used by the manufacturing of 
these materials. Then the embodied energy of the 
products is compared with the reduction of the energy 
demand. There an optimum can be found, for example 
for insulation thickness:  

toptimal = ttmin(embodied energy – energy reduction)  

When considering only the total energy use of 
measurements the assessment of sustainability would 
not be sufficient. Only the effects of energy use, 
expressed in CO2 emissions, will then be taken into 
account. Yet, other emissions are left out of 
consideration. As a result, both the sustainability 
performance and the total energy use are relevant when 
comparing different scenarios. Therefore, the aim in the 
variation study is to consider the combination of energy 
and material both in shadow costs and expressed in 
energy.  

3.3 ANALYSIS RELATION 
ENERGY AND MATERIALS   
3.3.1 Introduction analysed variants 
Various research is conducted about the influence of 
energy performance on environmental performance, 
analysed in this paragraph. Less research is done on the 
influence of nZEB on MPG. It is only demonstrated that 
the nZEB requirements of 2015 are only feasible when all 

the stops are pulled out. (Kruithof A. , 2016) Especially the 
first nZEB requirement is tough to accomplish.  

A study with variations to analyse existing houses and the 
relation of MPG, EPG and nZEB is conducted and 
published by DGMR. The concept requirements and 
temporary methodology of the nZEB are applied. In this 
study, four types of residential buildings are chosen: a 
one-storey corner building, a semi-detached house, 
apartment and a detached house. The study is executed 
with the NMD1.8, but also the results calculated with the 
NMD2.0 are included (with the correction factor of 0,4). 
The analysed buildings are relatively new. Therefore, the 
basic situation has a high insulation value, a high-
efficiency kettle and has enough solar panels to fulfil the 
second and third nZEB requirement. Regarding these 
houses, the variants summed in table 2 are analysed. 
(Themagroep MPG ZEN platform, 2017) 

Table 2: Analysed variants 

 1.Basis 
Insulation 
level 

2. Building degree level of insulation 
3. Passive building concept level of 
insulation 

Geometry 4. Increase percentage of glass with 
25% 
5. Reduce compactness with 10% (+ 
10% facade and roof) 
6. Reduce compactness with 30% (+ 
30% facade and roof) 

Different 
installations 
used 

7. Ground heat pump  
8. Air heat pump  
9. District heating  
10.Biomass  
11. Solar boiler 

PV-panels 12. Vary the amount of PV panels; PV 
on the roof at the back 
13. Vary the amount of PV panels; PV 
on the roof at the front and back 
14. Increase the service life of PV-
panels to 32,5 years 

 

3.3.2 Analysis EPC 
In figure 23, the EPC is plotted for different variants for 
the different building types. Remarkable is that the EPC is 
much lower than the requirements stated in the building 
degree (EPC=0,4) when fulfilling the nZEB requirements. 
Especially the different installations used and variation in 
the amount of PV panels has a significant influence on the 
EPC.  

Insulation level 
The influence of the insulation level on the EPC value is 
marginal. It is remarkable that the insulation used at the 
level of the building degree has a better EPC score for all 
types than the passive house level.  
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Figure 23: EPC for different measures. Based on 
(Themagroep MPG ZEN platform, 2017) 

Geometry 
The geometry has even less influence on the EPC than the 
insulation. Also, with 30% more facade and roof, there is  
no difference compared to the basis insulation, while the 
surface is larger and thus more heat loss occurs. This is 
because of the chosen project where there is already a lot 
of insulation, and the rate of infiltration is low. 

Different installations 
The different installations have a negative influence on 
the EPC. This is because the new installations use (partly) 
sustainable energy and therefore fewer PV-panels are 
needed. So these results do not directly say something 
about the energy performance of the building. 

PV-panels 
The biggest variations in EPC are due to the addition of 
PV-panels. Especially for the corner house, a huge 
decrease of EPC is visible in figure 23. This is because the 
house is only one storey high, so the area of the roof is 
respectively very large compared to the floor area. Also, 
in the other types, the EPC is very low in this scenario. An 
increase in service life does not influence the EPC.  

3.3.3 Analysis MPG 
In figure 24, the MPG is plotted for different variants for 
the different building types. Especially the type of 
building has a lot of influence on the MPG. The different 
adjustments influence the MPG slightly. For the corner 
houses, most variations can be seen. Also, when 
regarding the MPG, the increase of PV panels cause a 
significant difference.  

 

 
Insulation level 
The influence of insulation value on the MPG is 
dependent on the underlying assumptions of the basic 
variant. In the corner and detached building, there was a 
lot of insulation necessary to fulfil the nZEB 
requirements. When adding more insulation, the MPG 
increases slightly.  

Geometry 
The increase of materials in the facade has a limited 
influence on the MPG. Only the detached buildings score 
higher than the requirement of 1.0. This is because this 
type of building already has a relatively large glass 
percentage and a relatively unfavourable ratio of skin and 
floor area. 

Different installations 
The MPG of variations with different installations are 
lower because fewer PV-panels are needed to achieve 
the same energy requirements. This indicates that PV-
panels have more influence on the score of the MPG than 
the installations. 

PV-panels 
The scenario with PV-panels on the whole roof has for all 
four building types the highest values of MPG. Increasing 
the service life results in a small reduction, almost 
nothing for semi-detached and detached buildings and a 
bit more for the other types. This also has to do with the 
starting conditions. 
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Figure 24: MPG for different measures. Based on 
(Themagroep MPG ZEN platform, 2017) 

3.3.4 Analysis combination EPC & MPG 
From these results, it becomes clear that in the EPG as in 
the MPG the design of the building and type of building is 
crucial for the outcome. Remarkably, the geometry and 
extra insulation do not have a significant influence on the 
EPG and MPG. The latter is also visible in figure 25. The 
effects of insulations thickness on the environmental 
impact are minimal compared to other measures.

 

Figure 25: Effects of insulation thickness on the 
environmental impact (Alsema, Anink, Meijer, Straub, & 
Donze, 2016) 

 

 

 

 

 

When comparing the EPG and MPG for different 
measures, it becomes clear that the indicators are indeed 
interdependent. When the EPG becomes lower, the MPG 
becomes higher and vice versa, see figure 26. However, 
this is not always the case. 

3.3.5 Findings in analysis 
From this analysis can be concluded that the EPG and the 
MPG mostly depend on the type of building instead of 
changes in the design. When the nZEB requirements are 
fulfilled, it becomes clear there is a shift in impact from 
energy towards material, and therefore material used 
becomes more important.  When PV panels are included 
in the design a large decrease in EPG and increase in MPG 
is visible in the results. One crucial observation is that 
adding more insulation does not significantly change the 
MPG or EPG. The trend is to add more insulation in new 
buildings, so with this outcome, the question arises 
whether that is sustainable or not. 

From this analysis can be learned that it is meaningful to 
analyse the meaning of the results with the boundary 
conditions and assumptions. In the analysed study 
certain limits and requirements are set to fulfil some 
conditions and therefore the basic variant is adjusted in 
some other variations.  
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Figure 26: EPG & MPG of different building types 

  

3.4 INFLUENCE INSULATION 
THICKNESS 
3.4.1 Reference offices  
In the previous section, various research on MPG and EPG 
of residential buildings is analysed. One interesting 
finding for the facade design is the small influence on the 
insulation thickness on the EPG as well as the MPG. It is 
relevant to look into this in more detail because it is one 
of the first measures one will think of when enhancing the 
sustainability of a building.  

In this paragraph, several example calculations are shown 
that look further into this aspect. Underlying assumptions 
in these calculations are the insulation values according 
to the building degree. This holds Rc values for facades, 
roofs and floors of respectively 4.5 m2K/W, 6.0 m2K/W 
and 3.5 m2K/W. The U-value for windows is 1,65 m2K/W. 
(Rijksoverheid, Bouwbesluit online, 2019) In the following 
calculations, the Rc value of the facade will be varied. 

In these calculations, three office buildings are used as a 
reference, as described in ‘Referentiegebouwen BENG’. 
(DGMR, 2016) The EPG and MPG of a small office, 
medium office and large office buildings are analysed. 
Tools being used are MPGcalc and Uniec2.2. 
The measurement and amount of layers are shown in 
figure 27. Three office buildings are analysed, a small 

 
Figure 27: Reference office buildings 

office with a floor area of 1800 m2, a medium office with 
floor area 4400 m2 and a large office with 24000 m2. The 
percentage of glass used in the three office buildings is 
determined based on the shape factors of Arcadis. The 
percentages are respectively 40%, 33% and 50%. (Brand, 
Roozendaal, Peppelman, & Wind, 2016) 10% of all the 
roofs are used for PV-panels. 

 

Figure 28: Difference in % EPG when varying the Rc value 
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3.4.2 Energy performance 
When varying the insulation value, the energy 
performance decreases as the Rc value increases. See the 
results in table 3 and figure 28. The relationship is not 
linear. Below the required Rc value for facades of 4,5 
m2K/W the decrease in EPG is more than from 4,5 m2K/W 
onwards. The EPG value included a lot of different 
aspects. The Rc value of the facade only influences a small 
part. The larger the building, the smaller the influence. 
When considering the difference in energy demand, the 
results are more relevant. In figure 29, the heating 
demand in different scenario’s is plotted against the Rc 
value. The heating demand has a substantial increase in 
the first step from 0,5 m2K/W to 1,5 m2K/W. 
Furthermore, after 4,5 m2K/W some decrease in energy 
demand is visible, but it relatively small.   

Table 3: Results EPG of different offices 

Rc value EPG S EPG M EPG L 
0,5 0,683 0,849 0,791 
1,5 -8,9% -7,1% -4,8% 
2,5 -1,9% -1,9% -0,8% 
3,5 -0,8% -0,8% -0,4% 
4,5 -0,5% -0,5% -0,1% 
5,5 -0,3% -0,4% -0,3% 
6,5 -0,2% -0,3% 0,0% 
7,5 -0,2% -0,1% -0,1% 
8,5 -0,2% -0,1% 0,0% 
9,5 -0,2% -0,1% 0,0% 
10,5 -0,2% 0,0% -0,1% 

  

Figure 29: Heating energy for S, M and L offices 

These results are explicable by the following formula; 

𝑈 =
ଵ

ோ೟೚೟
=

ଵ

ோೞ೐ାோ೎ାோೞ೔
  (Linden, 2011) 

For an insulated wall stands 𝑅௖ = 0,2 +
௧೔೙ೞೠ೗ೌ೟೔೚೙

஛೔೙ೞೠ೗ೌ೟೔೚೙
  

For example, for a glass wool insulated wall, the thermal 
transmittance by varying insulation thickness is visible in 
figure 30. 

 

Figure 30: U-value glass wool insulation 

To conclude, this study shows that insulation values 
higher than 3,5 m2K/W only cause a small improvement 
in the EPG. It is, therefore, expected it would not improve 
the sustainability performance, further analysed in the 
case study in 4.4.3.   
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In this chapter, the one-factor-at-the-time (OFAT) 
analysis of facade parameters is explained. First, the 
relevance of the study is shown in 4.1, then, the reference 
office is elaborated, and existing calculations are 
explained in 4.2 and 4.3. Furthermore, the calculated 
variants are illustrated in sections 4.4 and 4.5. 

4.1 RELEVANCE FACADE 
DESIGN CASE STUDY  
From both architectural and engineering perspective, the 
facade is of great importance and decisive in design. The 
facade is not only the appearance of the buildings but has 
a lot of functions and requirements to fulfil. Essential 
functions of the facade are thermal comfort of the 
building, transparency, waterproof, fire protection, 
ventilation, stability, internal health, acoustics, and 
architectural quality of the building. The facade can also 
be used to produce energy. 

The facade of a building comprises an interesting 
combination of energy performance and material use. 
The facade can reduce the heating demand of the 
building when achieving a high insulating value or by 
adjusting the design. It is also possible to gain energy, 
which results in a decrease in energy gained from other 
sources needed. In most of these scenarios to improve 
the energy performance, much material is added to the 
building. Therefore the design of the facade can make a 
significant difference in both the MPG and EPG.  

The facade of a building exists of a lot of different 
components such as structural elements, closed parts, 
windows, joints, ventilation in- and outlets and doors. 
Therefore the design of facades is very complex and has 
to fulfil a lot of requirements.  

The average share of the facade in the environmental 
performance of office buildings is 25%. (Movares, 2014) 

The facade has the most variation in the share in MPG of 
all elements of the building, see figure 32. Because the 
facade has such a significant influence in both material- 
and energy performance, in this research, the design 
aspects reducing impact and energy use are explored.  

Figure 32: Variation in share shadow price per building 
part, contribution to shadowcosts on horizontal axis  
(Movares, 2014) 

4.2 REFERENCE OFFICE 
BUILDING 
In this chapter, the influence of several facade design 
parameters on the MPG and EPG will be evaluated using 
a one-factor-at-a-time analysis. This will be done using a 
specific case study. The EPC and MPG of an existing office 
building will be calculated, the reference office, see figure 
31. Several adjustments are made to this existing 
situation to encounter the influence of these aspects. The 
first goal is to give an overview of the parameters that can 
make a big difference and the ones that are not relevant. 
Afterwards, the relevant parameters can be evaluated in 
more depth. Then, an optimal scenario in terms of 
environmental- and energy performance can be 
established.  

 Figure 31: Impression reference office (Source: 
confidential) 
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General information 
The reference building is a detached office building built 
in 2017, consisting of 4 storeys. The building is chosen 
because of its size, available data and representative of 
office building trends. The total user area is 4567 m2, 
which is medium-sized according to the RVO (DGMR, 
2016). Most offices in the Netherlands are medium-sized, 
and therefore, the results will be most useful. The facade 
area is about 2/3 of the user area. The size of the building 
is significant for the energy demand and material use. The 
larger the building, the less loss area.  

Facade 
The share of the facade in the environmental impact of 
this building is relatively large compared to other 
buildings, 40% of the environmental performance of the 
building is due to the facade. Therefore there is a lot of 
room for improvement. The east and west facades have 
a curtain wall facade system, Schüco FW50+-SI, see figure 
34 and 35. This system consists mostly out of aluminium 
profiles and triple glazing, see figure 33. Also, the building 
has vertical louvres, from now on called ‘louvres’ The 
louvres are also made of aluminium. The north and south 
facades are entirely closed and made of NVPU-PU 
insulation and aluminium sheeting. The structural system 
consists of wide slab floors, concrete walls and a steel 
structure in the facade. In total, the facades consist of 
80% out of glass. In building trends of office buildings, an 
increase can be seen in the use of glass in the facade.  

Installations 
Furthermore, the building has PV panels on the roof and 
a heat pump to provide heating. The ventilation is 
entirely mechanical, and some windows can be opened in 
the facades.   

Performances 
The energy performance of this building and 
environmental performance of this existing building are 
used as reference situation. Two different tools will be 
used to make these calculations. To calculate the 
environmental performance of buildings, MRPI gebouw is 
used. (W/E adviseurs, 2019) MRPI is a registered life cycle 
analysis based method for producers of building products 
to display the environmental aspects of their products. 
MRPI/EPD certificates are used by producers who want 
to profile their product in terms of sustainability. With 
this certificate, the products can be included in different 
databases used in environmental performance 
calculations. A new certificate costs €1500 and also 
registration costs are obliged. (NVTB, 2019) W/E 
adviseurs developed the MRPI tool, a free online tool to 
calculate the MPG. This tool is chosen in this research 
because in the output, next to the different impact 
categories, also the energy use (both renewable and non-
renewable energy) is given.  

For the energy performance calculation, Uniec2.2 is used. 
This is an online tool suitable for energy performance 

calculations. Uniec 2 is attested by KIWA according to BRL 
9501 (the assessment regulation for EPC calculations). 
(Uniec2.2, 2019) The calculations are made based upon 
NEN7120, NEN8088 and NEN1068. Uniec 3 is in 
development to calculate the nZEB indicators that are 
active from January 2020. Uniec 3 computes according to 
NTA8800. Uniec 2.2 also shows the temporarily nZEB 
indicators but are not entirely accurate because the 
calculation is made with the old norms. Therefore, the 
current results of the new nZEB requirements are 
indicative.  

 

Figure 33: Drawing facade reference building. (Source: 
confidential)  
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Figure 34: Impression detail Schüco section facade 
(Schuco, 2019) 

 

Figure 35: Detail Schüco section facade (Schuco, 2019) 

4.3 EXISTING BUILDING 
CALCULATIONS   
The office building that is used as a reference is obtained 
by the company Dutch Green Building Council (DGBC). 
DGBC is not the owner of this building. DGBC is a 
company that certifies buildings with the BREEAM 
certificate. There are a lot of documents and calculations 
needed to get this certificate, including calculations of the 
energy performance and energy performance. DGBC is 
not the one making these calculations. Extern parties 
provide the required documents of which DGBC will 
check the results and determines for which certificate the 
building is eligible. The calculations are checked at 
random, so not all scores and calculations are accurately 
checked by DGBC.    

Some assumptions about the building have to be made 
because the data is the reference office is not complete. 
Only data available of existing environmental 
performance and energy performance is known.  

4.3.1 Energy performance calculation 
For this project, the energy performance calculations 
with which the building permit was requested was 
different from the energy performance calculation of the 
realisation. This shows that the method to certify 
buildings and to request building permits is not entirely 
accurate. The existing energy performance calculation of 
the office building is made with ENORM V3.10 on 20th of 
June 2016. The realistic energy performance calculation 
of the building is made on 3th of October 2017 with 
ENORM V3.41. These calculations are made with 
different versions, so this can also cause differences in 
the outcome. The result of the first calculations is 
E/E=0.387. In the second version, it is slightly decreased 
to E/E=0.352.  

To be able to compare the results of the variants in table 
4, an overview is given of the heating, cooling and energy 
demand of the reference office building, made visible in 
figure 36. In appendix C, the whole calculation can be 
found. The total energy demand of the building is 
1.066.513 MJ 

 

Figure 36: Yearly primary energy reference office  

In this calculation is was remarkable that the areas of the 
north and south facade surface in the calculation do not 
correspond to the real facade surfaces. The area of the 
north and south facade in the calculation as in the 
transmission calculation is 114 m2. The building is 15,2 m 
tall, 86,40 meters long and 21,60 m in width. This means 
the north/south and east/west facades of the building 
would respectively be around 328,32 m2 and 1313,28 m2. 
The area used in the calculation is 1260 m2 and 114 m2. 
The area of the roof would be around 1866 m2, the used 
area in the calculation is 1301 m2. Some differences might 
be caused because the length, width and height are not 
constant over the whole building; the building consists of 
a combination of three rectangular volumes. When 
calculating the areas based on drawings, the east and 
west facade are 1250,6 m2. This is quite close to the value 
used in the calculation. However, the north and south 
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facade are each 302,6 m2. This is more than the doubled 
used value of 114 m2 in the calculation. This means that 
there is actually more energy needed to compensate for 
the transmission losses. There is also one variant 
calculated with actual transmission losses. The EPC of this 
variant is 0,247, so the difference is only 0,01 and 
therefore 4% more than calculated. Therefore it is not 
significant. However, it might influence other 
parameters, so it is essential to stay as close to reality as 
possible in this calculation. For example, one difference 
caused by this variation is that the percentage of open 
parts is, in reality, less than 80%. In the calculations, the 
values of the reference calculations are used to compare 
with. In this research, the results are analysed relative to 
the reference situation to compare the scenarios. It is not 
about the actual values of energy and environmental 
performance.  

The calculated energy performance is 0,237. This is 
significantly lower than 0,352. The difference in the 
calculation is mostly caused by a lower calculated energy 
need for hot tap water.  

Table 4: Energy performance reference office 

4.3.2 Environmental performance calculation 
Also, the existing environmental performance calculation 
of this building is used, and a few remarkable points are 
summed below.  

The facade has a contribution of 40% to the total 
environmental impact, see figure 37. Aluminium and 
glass have the largest share in this impact. It is 
remarkable that the insulation of the facade has a 
minimal effect, smaller than one per cent.  

In the calculation of the energy performance, the 
insulation value of the facade is set as 4,5 m2K/W. In the 
environmental impact, the insulation is filled in as 6 
m2K/W. This is probably an error because this is the 
standard value in the tool, and only the area is adjusted. 
It is not significant in the calculation, but it is a sign that 
there can be made mistakes easily without anyone 
noticing.  

In the results of the environmental performance, the list 
of materials is strikingly short. The curtain wall results in 
only a few materials for the facade, but there are for 
example no stairs taken into account in the calculation 
although the building has concrete stairs which have a 
significant influence on the total score. The number of 
materials in this kind of calculations and masses of, for 
example, the steel used are hard to trace back and to 
check.  

The existing calculation as given is used as input for the 
reference scenario. The impacts of the reference 
situation are shown in table 5.  

Because other tools are used in the calculation, not 
everything can be converted directly. Some values are 
still unknown, so the following assumptions had to be 
made in input, which resulted in a difference in scores. 
The MPG of the reference situation is 1,12 instead of 
1,22, and the EPG is 0,237 instead of 0,352.  

In the database of MRPI, there is no wall paint, so this is 
not taken into account in the environmental performance 
of the building. The wall paint is only less than 1% of the 
total environmental impact and is therefore not added.  
In the cooling part, no efficiency can be filled in so these 
could be different. Also, the lightning cannot be exactly 
filled in as in the existing calculation. For the solar 
collector, the mandatory parameters in Uniec2.2 such as 
the volume are not known, so the assumption is made by 
reference to online products. (Daalderop, 2012) 

 

 

 

 

Yearly primary energy 
 

Heating EH;P 157.030 MJ 

Backup power supply 68.703 MJ 
Hot tap water EW;P 103.705 MJ 

Backup power supply 1.063 MJ 
Cooling EC;P 92.948 MJ 

Backup power supply 39.837 MJ 
Summer comfort ESC;P 0 MJ 

Humidification Ehum;P 0 MJ 

Fans EV;P 192.331 MJ 

Lightning EL;P 532.583 MJ 

Area 
 

Total users area Ag;tot 4.235,00 m² 

Total loss area Als 5.036,20 m² 

CO2 
 

CO2-emission mco2 17.917 kg 

Energy performance 
 

Specific energy performance EP 69 MJ/m² 

Characteristic energy use EPtot 292.329 MJ 

Allowable characteristic energy use 
EP;adm;tot;nb 

1.237.212 MJ 

Eptot / EP;adm;tot;nb (building decree) 0,24 - 
Eptot / EP;adm;tot;nb (energy label)   0,17 - 
Energy label new utility buildings A++++ 

nZEB 
 

Energy need 59,2 kWh/m² 
Primary energy use 19,2 kWh/m² 
Share of renewable energy 66% 
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Table 5: Environmental performance reference office 

4.4 DESCRIPTION VARIANTS  
4.4.1 Overview variants 
In this section the different variants that are calculated 
are described and assumptions made in these 
calculations are explained.  

The goal of this case study is to give insight in the 
parameters in the facade design that have significant 
influence at building level in the total sustainability 
performance of the building and the total energy 
consumption. So the purpose is to expose the important 
aspects which can be further optimized in a more 
detailed study. In the variants, only design aspects that 
have to do with the facade are changed. So the 
installations, floors, foundations etc. all stay the same as 
in the basis variant. 

This way, a fair comparison can be made and the real 
impacts of the design aspects can be evaluated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genuinely facade systems are adjusted to the rest of the 
building, especially the structural system. In this research, 
the assumption is made that the structural system of the 
building stays the same even though the facade might be 
getting lighter/heavier in different variants. Only the 
structural system of the facade might change in some 
variants. In some variants, the facade will be heavier than 
the reference case; the material impact would be slightly 
underestimated than. This is not taken into account in 
this study. In the variants, a service life of 50 years is 
assumed.  

In table 6, the chosen variations are shortly explained and 
expectations are indicated. In the next section, the 
variants are explained in more detail.  

MPG 1,12 
Environmental effects for building decree  
Fossil fuel depletion 5.17E-002 kg Sb eq. 
Global warming (100 years) 9.75E+000 kg  CO2 eq. 
Milieueffect Ehd / m2 BVO*jaar 
Abiotic resources depletion (excl. fossiel) 5.34E-004 kg Sb eq. 
Fossil fuel depletion 5.17E-002 kg Sb eq. 
Global warming (100 years) 9.75E+000 kg  CO2 eq. 
Ozone layer depletion 7.63E-007 kg CFK-11 eq. 
Photochemical Oxidation (smog) 4.61E-003 kg C2H2 eq. 
Acidification 4.50E-002 kg SO2 eq. 
Eutrophication 7.12E-003 kg PO4 eq. 
Human toxicity  3.66E+000 kg 1,4-DCB eq. 
Freshwater Aquatic Eco-Toxicity 8.70E-002 kg 1,4-DCB eq. 
Marine Aquatic Eco-Toxicity 3.71E+002 kg 1,4-DCB eq. 
Terrestrial Eco-Toxicity 4.78E-002 kg 1,4-DCB eq. 
Indicators  
Total renewable energy  10,87 MJ 
Total non-renewable energy 120,11 MJ 
Energy 130,95 MJ 
Water use  3,67 m3 

Figure 37: Distribution shadow costs reference office 
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Table 6: Overview variants 

  

              
     

0.Reference  
Basis situation of the reference building. This is the standard variant where other results will be compared 
with. 
 

  

1.Glass  
The influence of the different type of glazing used in the facade is analysed. Types of glazing that are 
examined are: Triple, HR++, HR+, HR, double and single. The expectation is, the thicker the layers, the 
more embodied energy so the higher the MPG and the lower the energy demand and this the EPG of the 
building. The decrease in EPG is expected to be higher than the increase in MPG and the less energy 
demand needed 

                          

                 

 
2.Insulation  
RC value: The difference in MPG and EPG is analysed when the Rc value of the facade changes. Next to the 
calculations for 80% open facade, this variant will be calculated with 20% open facade. 
The insulation value is expected to influence the heating, and cooling demand, the change in Rc value in 
the variant with 20% open parts is expected to have more impact than the variant with 80% open parts. 
Insulation material: The insulation material is varied with available materials from the database. This 
variant will also be calculated for 20% open parts. The expected difference is small. 
 

       

3.Percentage open/closed 
Calculating the influence of different ratios of open and closed parts in the facade. The percentage of open 
parts is varied from 0% to 100%. This variant is also analysed for different types of glazing and for HR++ 
and no louvres. It is expected that the more closed parts in the facade, the less energy is required and less 
embodied energy is used. Therefore the EPG and MPG will both decrease.  
 

   
 
 

4.PV 
In this variant different amounts of PV panels are added on the facade. This is done for different 
orientation and different amounts of area. An increase in MPG is expected and a decrease in EPG.  
 

 
 

5.Sun shading 
Different types of sun shading will be analysed in this variant. Per type, scenarios of automatically 
controlled, hand-controlled and permanent sun shading are examined. All variants are also considered 
without louvres. A  better EPG is expected and a higher MPG in the variants with louvres.  

             

               

6. Facade composition 
Different facade packages: A different facade package with a wooden, concrete and facade of natural 
stone is calculated. In this variant, only the MPG will be varied. 
Aluminium substituted: In this variant, the aluminium used for the louvres or facade will be substituted 
by different materials. Only when no louvres are applied the EPG will change, otherwise this variant is 
about the change in MPG. 
Height:  A change in the height of facade with a constant gross floor area is analysed for 10% and 20% 
increase or reduction of facade height.  
  

               
 
 

7. Orientation  
The orientation of the reference building is changed in this variant. The orientation will only influence the 
EPG. The expected effect is small. 

 

8.Service life/ Circular 
In this variant, a change in service life for the whole building is calculated, only influencing the MPG. In a 
more detailed study, different scenarios of circular building are looked at. A significant reduction in MPG 
is expected.  
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4.4.2 Variant 1: Type of glazing 
Conventional glazing systems 

 

The type of glazing used in the reference office building is 
triple glazing with a total glass thickness of 16 mm. In this 
variant, the effect of changing the glazing system to triple 
glazing with a thickness of 12 mm,  HR++, HR+, HR, double 
glazing and single glazing is shown. The open parts of the 
facade consist of a curtain wall system with aluminium 
vertical louvres on the outside. These louvres affect the 
solar heat gain coefficient (SHGC = ZTA in Dutch). For 
triple glazing, a normal SHGC of 0,55 is known (Lente 
akkoord, 2014). The SHGC of the glazing as in the energy 
performance calculation is 0,3. This difference of 0,25 
caused by the louvres is assumed to be the difference for 
all types of glazing in the design with a curtain wall system 
with louvres. Next to the SHGC value, the U-value is 
essential input in this variant. The U-value is a measure 
for how effective a material is as an insulator. The lower 
the U-value, the better the insulation value. The U-value 
that has to be entered is the total U-value of the window. 
Following ISO 15099, the U-window can be derived using: 
(Feldmeier, 2000) 

𝑈𝑤 =
𝑈𝑔 ∗ 𝐴𝑔 + 𝑈𝑓 ∗ 𝐴𝑓 + ψ ∗ 𝑙ψ

𝐴𝑤
 

Uw U-value of the window in W/(m2K) 
Ug U-value of the glazing in W/(m2K) 
Uf U-value of the frame in W/(m2K) 
Aw area of the window in m2 
Ag area of the glazing in m2 

Af area of the frame in m2 

lψ perimeter length in m 
ψ linear thermal transmittance in W/(mK) 

The area of the glazing is 2,49 m2 (840 mm x 2960 mm), 
and the area of the window is 2,88 m2 (960 mm x 3000 
mm). This is determined based on the drawings. 
Important to take into account are the different U-values 
of the glazing and also of the frame. (Lente akkoord, 
2014) Thermal bridges have more effect on single glazing 
systems and less in the case of triple glazing. With a 
better type of glazing also better frames are used. In this 
variant, it is assumed the psi factor is constant; however, 
in reality, this will differ per type of glass. The psi factor is 

about the loss of heat at the connection of the frame and 
glazing. (lψ=7,6; ψ=0,16) In table 7, the input for the glass 
variant is summed. 

Table 7: Input glass variant 

Glazing type U glass U 
window 

SHGC (g-
value)  

SHGC 
(without 
louvres) 

Triple glass 
(t= 16 mm) 
(Reference) 

0,6 0,9 0,3 0,55 

Triple glass 
(t= 12 mm)  

0,7 0,98 0,3 0,55 

HR++  1,2 1,36 0,35 0,6 
HR+ 1,6 1,47 0,35 0,6 
HR 1,9 1,84 0,35 0,6 
Double 2,8 2,90 0,52 0,77 
Single 5,6 5,62 0,62 0,87 

 
In this variant, only the U-value and SHGC value are 
varied. The lighting is kept constant. Also, the amount of 
incoming daylight stays the same, although this 
influences the energy performance of the building. To 
know the exact influence of this, a more detailed study 
can be performed. The results of this variant already will 
give a reasonable estimation of the magnitude of 
influence of the type of glazing. 

Unconventional glazing systems 
The influence of existing glazing systems such as triple 
glazing and HR++ will be significant and can change the 
energy performance as well as the environmental 
performance. With more layers of glass, energy will be 
saved but the embodied energy increases. When taking 
into account other factors next to the DPG and energy 
such as transport and costs, the results will show that the 
triple glazing with a thickness of 16 mm used in the 
existing building will probably not the most advantaged 
type of glass. Other types also have a low sustainability 
performances and less weight than triple glazing. There 
are more innovative solutions that can reach the same 
energy performance but have a lower environmental 
impact. These options will be looked into as well. Already 
a lot of research is done of new glazing systems, 
especially of the energy performance. For example, 
coatings are optimized as well as the thickness of glass 
layers and cavities. In this section, vacuum glazing and 
triple glass with a thin layer of glass as the middle layer 
are further looked into. These systems have, next to an 
excellent energy performance, also influence on the 
environmental impact, contrary to aforementioned 
examples like different coatings.  

Vacuum glazing 
The technique for vacuum glazing systems is known for 
some years already, but it is still not applied in office 
buildings, only in monumental buildings. Because it is not 
produced on a large scale yet, the costs of vacuum glazing 
are high. In 2018 Glass Europe decided to invest in the 
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production of vacuum glazing. (Redactie Bouwwereld, 
2018)  

Vacuum glazing is double glazing of two sheets of glass of 
which one is covered with a super-insulating coating, 
separated from each other by a vacuum layer, see figure 
38. 

To keep the sheets separated, pillars are added in 
between the sheets. In this calculation, pillars made of 
steel are used having a diameter of 0,25 mm. The vacuum 
layer is assumed to be 0,25 mm.  

Different pillar intervals can be chosen. The distance 
between the pillars is of influence for the U-value. The 
larger the interval, the smaller the U-value. In this variant, 
the largest available interval of 50 mm is chosen to have 
the lowest possible U-value.  

Production 
The production process must be known to estimate the 
energy use during production and the difference 
between conventional glazing systems. The necessary 
steps in the production of vacuum glazing are: (Kocer, 
2012) 

 Cut, drill holes in one pane, clean and prepare 
glass panes to assemble.  

 Place an array of pillars on pane one and pair 
with the second pane, 

 Apply soldier glass on the edge, place a glass 
tube in the hole with soldier glass on the base 
of the hole.  

 Place in the oven, attach a pump head over the 
pump-out tube and bake at 450 – 480°C for at 
least 30 minutes. 

 Cool to solidify the soldier glass and evacuate 
the gap. 

 When the gap pressure is sufficiently low, the 
pump-out tube is sealed.  

 Glazing is cooled, cleaned, tested and installed. 

 

Figure 38: Drawing of vacuum glazing (Cho & Kim, 2017) 

 

Input  
In the energy calculation known values of vacuum glazing 
performances are used. For a system with panes of 5 mm 
and a vacuum layer of 0,25 mm a U-value can be obtained 
of 0,682 W/m²K, resulting in a total Uwindow of 0,97 W/m²K 
for this building. The g-value of 0,633 (0,383 with louvres) 
is higher than previous systems used, so more solar 
energy is gained with this glazing system. (Cho & Kim, 
2017) 

When a thickness of 3 mm is used, the Uwindow is increased 
to 1,42 and g-value is slightly increased to 0,43. (Fang, 
Trevor, & Hewitt, 2010) Also, the performance of a 
system with triple vacuum glazing is calculated. In this 
system with three panes of 4 mm, a U value of 0,28 is 
reached, resulting in a Uwindow of 0,58. All U-values and g-
values used in this variant can be seen in table 8. 

Adjacent to the type of glass, 6,33 kg of steel is included 
in the calculation of environmental performance of the 
building. (A pillar interval of 50 mm  is used and a 
diameter of 0,5 mm.) 

In the calculation of the environmental impact, 
conventional glazing systems are assumed. However, 
vacuum glazing can have a service life of 50 years. 
(Jianzheng, 2015) No LCA of the vacuum glazing system is 
known. Therefore the assumption is made that the 
environmental impact is similar to conventional 
insulation glass. However, the expected service life of 
vacuum glazing is 50 years, which is twice the service life 
of the conventional insulating glazing systems considered 
before. Therefore, it has the potential to cause less 
environmental impact as considered in this calculation. 
While the production energy of vacuum glazing will be 
more than the assumed values, the calculation will still be 
on the conservative side because of the service life.  The 
most considerable difference in production is that the 
vacuum glazing is baked. Baking for 30 minutes on 450- 
480°C will use approximately 10,8 MJ/m2. A high-
temperature benchtop oven is used as a reference with a 
maximum power of 3000 W. (Carbolite, 2019) When 
comparing this to the share of embodied energy used for 
the HR++ glazing (MPG=0,16; Energy = 15,64 
MJ/m2*BVO*year), this is only around 1%. Therefore it 
can be neglected. 

For the calculation of the single vacuum system, HR++ is 
assumed, also having two glass panes and coating. For 
the double vacuum glazing, triple glazing is assumed. 
Both the vacuum glazing and double vacuum glazing 
system is calculated with and without the louvres of the 
existing building, causing an increase in g-value of 0,25 
and a decrease in the total environmental impact. The 
third calculated variant is without louvres and with 
automatically controlled sun shading.  
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Table 8: Input innovative glazing (Cho & Kim, 2017) 

Glazing type U glass U 
window 

SHGC  SHGC 
(without 
louvres) 

Triple glass  
t=16 mm 
(Reference) 

0,6 0,9 0,3 0,55 

Vacuum 
glass 
(2x5mm) 

0,682 0,97 0,383 0,633 

Vacuum 
glass 
2x3mm 

1,2 1,42 0,43 0,68 

Double 
vacuum 

0,26 0,58 0,3 0,55 

Triple glass 
incl. gorilla  

0,6 0,9 0,3 0,55 

     
Triple glazing with the middle layer of gorilla 
glass 
Adjacent to the vacuum glazing, a variant composed of 
two normal outer layers of glass and one middle layer of 
gorilla glass is considered, see figure 39. Gorilla glass is a 
glass technology developed by Corning. It is thin glass and 
mostly used as a glass cover for smartphones, laptops or 
TVs. Gorilla Glass is chemically tempered. Corning uses 
Ion exchange to strengthen gorilla glass.  

 

Figure 39: Cross-section of triple glazing with gorilla 
glazing in the middle 

This process creates a compression layer on the surface 
on the glass and therefore, the glass is prestressed to 
increase the tension the glass can take. Gorilla Glass was 
first available in 2007, and at the moment the sixth 
generation is on the market. (Corning, 2019) 
It is called gorilla glass because it has the same 
characteristics as a gorilla, ‘tough yet beautiful’.    

No LCA or information about energy or impact of 
production is available of gorilla glass. However, the 
impact is expected to be higher than of conventional glass 
because more materials are used to produce Gorilla Glass 
compared to regular glass. (Earthsquad, 2019) Aluminium 
oxide is used for strengthening the material, and next to 
silica, sand, limestone and soda ash also magnesium and 
sodium ions are used. (Cheng, 2019) 

In this variant gorilla glass of 0,5 mm is used with outer 
panes of 5 mm each, so a total thickness of 10,5 mm is 
obtained. The thermal properties are assumed to be 
equal to conventional triple glazing because the thickness 

of the middle layer has no significant impact on the 
insulation value or solar heat radiation.  

In the calculation, it is assumed the production of gorilla 
glazing triple glass has the same environmental impact as 
conventional triple glazing. Some differences that can 
cause an increase or decrease in the environmental 
impact of the building are summed below.  

Possible increase in impact or energy use because of: 

 Energy is needed to prestress the gorilla glass.  
 More transport is necessary because of the 

need and import of more materials needed for 
production.  

 Other materials are used that are more of a 
burden for the environment (more metals). 

Possible decrease in impact or energy use because of: 

 The glazing is much thinner, and therefore, the 
other elements such as structural frame can be 
lighter as well.  

 Therefore, also the energy use for transport 
decreases.   

Costs of glazing types 
To be able to say something about the financial 
feasibility, the costs of different types of glazing are 
summed in table 9.  

Table 9: Costs of types of glazing (Milieucentraal, 2019) 

Type of glass €/m2  
Single glass 65  
Double glass 115  
HR glass 120  
HR+ 125  
HR ++ 130  
Triple glazing 170  
Vacuum glazing 250  
Triple vacuum  280  
Triple with gorilla glass in the 
middle  

300   

 
Vacuum glazing is not applied often because of the costs. 
It is expected that the coming years the price will be 
lowered significantly. The glazing system is not produced 
on a large scale yet, through which producers encounter 
no competition. Glass Europe already is investing in 
vacuum glazing, and therefore this market is in 
development. 

Energy savings 
To give an overview of the payback time of different 
glazing systems the Net Present Value (NPV) is calculated 
in this section. With the NPV calculation, the payback 
time can be calculated.  

The future value of money flow PV in year n is: 

𝐹𝑉𝑛 = 𝑃𝑉 ∗ (1 + 𝑟)௡ 
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FV= Future Value 
PV=Present Value 
r= discount rate = 2% 

Therefore, the present value of money flow FVn in year n 
is: 

𝑃𝑉 = 𝐹𝑉𝑛/(1 + 𝑟)௡ 

The net present value of the revenues and costs 
accumulated over n years is referred to as the Net 
Present Value (NPVn); 

𝑁𝑃𝑉𝑛 = ෍ (𝑃𝑉௜)
௜ୀ଴,௡

=  ෍ (𝐹𝑉௜/(1 + 𝑟)௜)
௜ୀ଴,௡

= ෍ ((𝑅 − 𝐶)௜/(1 + 𝑟)௜)
௜ୀ଴,௡

 

It is assumed the energy is gained from gas. The gas price 
is calculated using the new energy taxes and the energy 
price as stated by the  Dutch Tax and Customs 
Administration and the climate agreement. 
(Belastingdienst, 2019) 

In the calculation, all variants are calculated as what 
would be the influence by replacing the triple glazing by 
these innovative glazing systems. The calculation is also 
made for the conventional glazing types. Then the basic 
situation is the variant calculated, and the influence of 
replacing this by triple glazing is established. The results 
are described in 5.2.1. 

4.4.3 Variant 2: Insulation closed parts facade 

 

2a. Different Rc value closed parts 
In this variant, the effect of different thicknesses of 
insulation is examined. In the reference case, the Rc value 
of the closed parts is 4,5 m2K/W. In the building degree, 
this 4,5 is the minimum value for facades of new 
buildings. Smaller Rc -values are taken into account in this 
variant to see if this Rc -value of this 4,5 is necessary.  

 

 

Table 10: Input variant Rc values 

Rc (m2K/W) Thickness insulation 
1,5 33 mm 
2,5 55 mm 
3,5 77 mm 
4,5 (Reference) 99 mm 
5,5 121 mm 
6,5 143 mm 
7,5 165 mm 
8,5 187 mm 
9,5 209 mm 
10,5 231 mm 

 
The differences in EPC and also energy demand between 
the two extremes (Rc=1,5 and Rc=10,5) might not be 
significant in this variant. Possibly because only 20% of 
the facade consists of closed parts. Therefore, the Rc 
value is also varied for the variant with 20% open parts. 
In this variant, more insulation is used, and a variation of 
the Rc value is expected to have more influence.  

2.b Insulation material  
NVPU-PU is the insulation material used in the reference 
building. A lot of new, bio-based, reusable, sustainable 
insulation materials are developed and on the market. 
NVPU-PU is not known as a sustainable material. In this 
variant, the difference between insulation materials is 
calculated. A selection is made of materials available in 
the database. The materials each have a different 
insulation capacity. It is assumed that the thickness in all 
scenarios is such that the Rc value is 4,5 m2K/W. As a 
result, the thickness per material is different, as shown in 
table 11. In this variant, only the environmental 
performance changes, the energy performance stays the 
same.  

Table 11: Variant different insulation materials 

 Lambda 
(W/m.K) 

Thickness 
(mm) 

NVPU PU 
(Reference) 

0,022 99 

Rockwool 0,032-0,041 144-185 
Flax wool 0,038 171 
Sheep wool 0,035-0,04 157-180 
EPS panel 0,035 157 
Woodfibre 0,04-0,08 180-360 
Glass fibre 0,032-0,041 144-185 
Aerated concrete 0,23 1035 

 
Different insulation material with different ratio 
open/closed 
This variant is also calculated for 20% open parts because 
of the same reason this was done in case of different Rc 
values. The insulation material is mainly for the closed 
parts of the facade, and when this is a small part of the 
facade, it is logical this has no significant impact at 
building level.  
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4.4.4 Variant 3: Change in ratio open/closed parts  

 

As mentioned earlier, the facade of the reference 
building consists of 80% open parts. As known from the 
literature study, the percentage of open and closed parts 
has a large influence on both the energy performance 
and the environmental performance. In this variant the 
differences are calculated for 100%, 80%, 60%, 40%, 20% 
and 0% open parts in the facade. The extreme variants 
(100% and 0%) are not realistic in practice but are 
calculated to know the theoretical influence. The input 
for the energy performance calculation is shown in table 
12. 

The amount of materials used in these variants are 
calculated proportionally from the existing situation with 
80% glazing, shown in table 13. 

Because of the change in open and closed parts, not only 
the heating and cooling demand is changed because of a 
change in incoming sunlight but also the lighting is 
changed. The area of daylight is decreasing 
simultaneously with the percentage of closed parts in the 
facade.    

Table 12: Input energy calculation variant open/closed 
parts facade: area of open parts in different facades 

% 
open 
parts 

ATot 
(m2) 

N 
(m2) 

E 
(m2) 

S 
(m2) 

W 
(m2) 

Adayl 

(m2) 

100%  2736 107 1260 114 1255 3125 

80% 
(Ref.) 

2185 0 1100 0 1100 2500 

60% 1648 0 824 0 824 1875 
40% 1100 0 550 0 550 1250 

20% 550 0 275 0 275 625 

0% 0 0 0 0 0 0 

Table 13: Material input variant open/closed parts 
facade 

 

3a. Combination open/closed parts and different glazing  
The variant with a difference in open and closed parts is 
combined with different types of glazing. In the current 
situation, triple glazing is used, which is better insulating 
than other types of glazing but has more environmental 
impact compared to other types of glazing. Therefore, it 
is also interesting to combine this variant with different 
types of glazing. It is expected that the energy 
performance will decrease more, and the environmental 
performance will decrease a bit less.   

4.4.5 Variant 4: PV panels on the facade 

 

PV panels are the image of sustainability. Because of the 
known high environmental impact, it is questionable if PV 
panels are beneficial in terms of sustainability. There are 
already 538 m2 of PV panels installed on the roof of the 
reference building. 184 m2 of these panels are oriented 
east, 138 m2 are oriented west, and 216 m2 are oriented 
south. The slope of these panels is 10 degrees, and in 
total, they generate 774185 MJ per year. In this variant, 
the PV panels are included in the facade design to 
evaluate the consequences.  

In all four orientations, an amount of 114 m2 PV panels is 
included in the design. When the effect of orientation is 
known, the amount of PV panels can be multiplied. The 
variants are calculated with the amounts of PV panels as 
shown in table 14. 

The type of PV panels chosen in the MPG calculation is 
multi-crystalline silicon. On the roof the PV version for flat 
roofs is used, on the facade, the version for pitched roofs 

% open  Alu 
open 

Triple 
Glazing 

Alu 
closed 

NVPU 
closed 

NVPU 
open  

Alu 
louvres 

100% 3228 3228 0 0 475 2815 
80% (Ref.) 2582 2582 554 554 380 2252 
60% 1937 1937 1108 1108 285 1689 
40% 1291 1291 1662 1662 190 1126 
20% 645,5 645,5 2216 2216 95 563 
0% 0 0 2770 2770 0 0 
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is included because of a lack of facade PV systems in the 
database.  

To give an idea of the costs in proportion to the yield in 
energy, an NPV (net present value) calculation is made in 
which the payback time of the PV panels is calculated to 
show the financial feasibility of the different scenarios.  

Table 14: Amount of PV panels in the PV variant 

Variant Amount of PV in m2 and orientation 
Reference 0 
1 114 N 
2 114 O 
3 114 S 
4 114 W 
5 114 O + 114 S 
6 228 S 
7 114 O + 228 S 
8 228 O + 228 S 

  

4.4.6 Variant 5: Sun shading 

 

Sun shading can be beneficial for the energy performance 
of buildings. However, it is also extra material which 
results in more environmental impact. Therefore this 
variant is interesting, also in combination with other 
variants. Uniec2.2 has the option to mark if there is sun 
shading for every facade of the building. Two systems can 
be chosen, the auto and manual. Both of these systems 
are situations between no sun shading and permanent 
sun shading. Therefore also the ladder variants are 
calculated.  

Next, the variants are also evaluated without the existing 
louvres. In these variants, the SGHC is higher than the one 
with louvres. 

In this variant the performance of two types of sun 
shading is tested, roller blinds and a solid screen. Roller 
blinds are made of aluminium and can be automatically 
controlled, by hand or permanent be present. The frame 
of solar screens is also made of aluminium, and the 
screen can be of different materials, mostly from glass 
fibre with PVC. They can also be automatically or 
manually controlled. In table 15, the delta R and g-total 

of the systems can be read. The average of the lower 
bound and the upper bound is used in the calculation. The 
g-value is rounded below at a multiple of 0,05. So 0,05 is 
the lowest g-value possible, the model does not accept a 
value of 0,00.  

Table 15: Variant solar blinds 

Name Delta R g-total 
Outside roller blinds + 0.16 0.01 
Outside roller blinds - 0.13 0.05 
Outside Solar screen + 0.18 0.07 
Outside Solar screen - 0.14 0.05 

 

4.4.7 Variant 6: Facade composition 
 

 

6a. Different facade package 

In this variants, the impact of a whole new facade 
package and composition is calculated.  

The variants chosen are facade materials mostly used in 
office buildings in the Netherlands.  

In the new variants, HR++ glazing is used. The insulating 
capacity of the closed parts is assumed to be 4,5 m2K/W. 
In the calculation, a simple facade design is assumed with 
no louvres on the outside. Therefore the SGHC of 
standard HR++  glazing is used.  

Wood 

In this variant, wooden cladding is used with insulation 
and plasterboards. The frames are also made of wood. 
The assumption is made that the windows are 3m x 1,5 
so the perimeter (in m) is twice the area of the window 
(in m2). The structure behind the wooden panels is also of 
wood, and this is included in the panels in the database. 
The steel structure behind the facade is assumed to stay 
the same. In table 16, the amount of materials is shown. 
A European softwood cladding is chosen with a thickness 
of 18 mm, see figure 40. 
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Figure 40: Simplification section wooden facade  

Table 16: Variant wooden facade 

Natural stone 

In this variant natural stone is used as cladding with a 
cavity and plasterboard, see figure 41. The thickness of 
the stone is assumed to be 8 mm. In this variant, the 
existing steel structure stays the same. In table 17 the 
input used in the calculation is shown. 

  

Figure 41: Simplification section natural stone facade  

Table 17: Variant natural stone facade 

Concrete 

Concrete is used in most Dutch buildings. Unfortunately, 
concrete has a large environmental impact, and a lot of 
mass is needed which also causes more transportation 
costs. In this variant, the difference of concrete with the 
other facade designs is estimated. The concrete walls are 
also assumed to be load-bearing. Therefore, the steel 
structure, as used in the reference case, is replaced, see 
figure 42. Because there is also a variant with 0% closed 
parts, a concrete structure with beams and columns is 
attached. The beams are 500x400 mm and the columns 
350x350 mm. In total an amount of 280 m2 of beams is 
used and 317 m2 of columns. The input for this variant is 
shown in table 18. 

 

Figure 42: Simplification section concrete facade  

Table 18: Variant concrete facade 

6b. Aluminium louvres and facade panels 
substituted  

The aluminium in the facade is responsible for the largest 
share in environmental impact. A large part of this 
aluminium is used for the louvres. Therefore, variants 
with a different material for the louvres are evaluated. 
Also, an analysis is done of a variant without louvres. 
Materials that are chosen are wood, natural stone and 
fibre cement. These materials have different 
characteristics and strengths, so, therefore, a different 
amount of material is used. The existing aluminium 
louvres are 1,3 mm thick. The chosen wooden louvres are 
made of Western Red Cedar, which is available in the 
database. In this element, the steel structure behind the 
louvres is also taken into account. For natural stone, a 
thickness of 5 mm is used and for the concrete variant a 
thickness of 3 mm.  

% open 
parts 

Wooden 
cladding 

NVPU 
PU 

Glass 
HR++ 

Wooden 
frame 

100% 0 0 3104 6208 
80% (Ref.) 621 621 2483 4966 
60% 1242 1242 1863 3725 
40% 1863 1863 1242 2483 
20% 2483 2483 621 1242 
0% 3104 3104 0 0 

% open 
parts 

Natural 
Stone 

Insulation Plaster Glass 
HR++ 

Wooden 
frame 

100%  0 0 0 3104 6208 

80% (Ref.) 621 621 621 2483 4966 

60% 1242 1242 1242 1863 3725 

40% 1863 1863 1863 1242 2483 

20% 2483 2483 2483 621 1242 
0% 3104 3104 3104 0 0 

% open 
parts 

Concrete Insulation 
Rc=4,5 

Glass 
HR++ 

Frame 

100%  0 0 3104 6208 
80% (Ref.) 621 621 2483 4966 
60% 1242 1242 1863 3725 
40% 1863 1863 1242 2483 
20% 2483 2483 621 1242 
0% 3104 3104 0 0 
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6c. Height of facade  

In this variant, the influence of facade height is shown. 
The facade area is increased by 10% and 20% and 
decreased by 10% and 20%. The amount of materials in 
the facade is also decreased or increased by 10% and 20% 
in the MPG calculation. In the literature study, it already 
became clear the height of the facade has influence, and 
in this variant, the magnitude is determined. In table 19, 
the input is shown in m2 materials and area. 

Table 19: Amount of materials used in variant height of 
the facade in m2 

 Ref.  +10% +20% -10% -20% 

N & S 
facade 

114 125 127 103 91 

E & W 1260 1386 1512 1134 1008 
Glass E&W 1085 1194 1302 977 868 

Alu, open 2582 2840 2324 3098 2066 
Glass 2582 2840 2324 3098 2066 
Alu, closed 554 499 665 443 499 
Alu, lam 2252 2477 2027 2702 1802 
Insulation 934 1027 841 1121 747 

 

4.4.8 Variant 7: Orientation 
 

 

 

The building is oriented in such a way the closed facades 
are the north and south facades, and the curtain wall 
facades are oriented east and west. In this variant, the 
influence of orientation is explored by shifting the 
building over 45 degrees, 90 degrees and 180 degrees. 
The use of extra materials because of possible changes in 
the design, due to the surroundings and comfort such as 
doors or sun shading, are disregarded.   

 

 

 

4.4.9 Variant 8: Circular variant 

Service life of the building 
The service life of the building has a relation with the 
MPG of the building. Some materials are already replaced 
within the service life, so; therefore, the magnitude of 
influence is not precisely known and is different per 
building and used materials. 

In this variant, a service life of 25, 75, 100, 125 and 150 
years is compared to the existing situation having a 
service life of 50 years. 

Circular building 
In the analysis of the MPG, it became clear the impact of 
the facade is mostly determined by the glazing system 
and aluminium in the facade. Together these elements 
are 93% of the whole environmental impact of the 
facade. The facade has a higher share in MPG compared 
to the average office building, so it is expected that the 
impact of the reference building can be optimised a lot.  

One option to reduce the impact of materials used is a 
change of design or change in more sustainable 
materials. The impact when using other materials in the 
facade appeared to be small, and another design is 
probably not desirable by the architect or client. 
Therefore, different approaches should be explored to 
improve the environmental impact of the facade.  

In this variant, the impact when using materials of the 
facade in a way corresponding to the circular building 
approach is evaluated. Different scenarios are considered 
namely service life extension and reuse of materials. The 
materials can be reused in the same building or get a new 
life in another building. With the latter option, the energy 
to demount and transport the elements need to be taken 
into account as well.  

The goal is to minimise the total environmental impact. 
This can be done by increasing the service life either of a 
product or the whole building. Therefore, the quality 
needs to be improved. The problem is that nowadays the 
demand and requirements of buildings and offices 
change relatively fast. A substantial risk arises that the 
quality is still high, but the building does not meet the 
requirements in terms of aesthetics, function or 
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technique anymore, and the building is shut down. Then 
too much quality and thus energy and materials are 
added in the beginning. Another option is to reuse more 
materials. To achieve this, the initial design should allow 
either more adaptability or demount ability. Most likely, 
these options will result in an initial increase in design, so 
it is essential to assure the design of elements and 
materials can in the future fulfil the demand.  

Next, to the extra material added in the beginning, it is 
important to take into account extra transport and 
maintenance. Some parameters are hard to predict 
beforehand, and therefore, assumptions need to be 
made. In the databases, transport and maintenance are 
also assumed to be of a certain amount while this is also 
different in reality.  

In this variant, the dilemma stays whether it is better to 
increase the impact in the building stage (by adding more 
material but improve the quality such that it will last 
longer) or to decrease the amount of material (and to 
know that the service life of the building or product will 
be shorter). The reason that it is not as easily answered is 
because of the insecureness of the demand and supply in 
the future. The building industry adapts slowly in 
comparison to other industries.  

The most important options to reduce the environmental 
impact of the facade and mainly the curtain wall (and to 
keep the energy performance constant) is re-use of the 
elements and thus increase the service life or reduce the 
amount of material and thus design the facade more 
light.  

The service life can only be increased when the 
requirements are met for the following aspects:  

 

 Aesthetical: There is no demand for second 
hand (looking) products. Therefore it is 
important the products have the appearance of 
high-quality products. For this curtain wall, the 
colour and cornice must be maintained.   

 Measurements: For reuse, it is essential to use 
standard measurements, then elements can be 
used in the same condition as the previous 
building. A flexible layout is also important.  

 Performances: Requirements of the 
performances such as energy and 
environmental performance but also others 
keep changing. When a design can easily be 
changed and upgraded, it can also adapt to 
changing performance requirements and 
therefore the service life will be longer. 

To evaluate different options and know the influence of 
variants, the scenarios, summed in table 20, will be 
evaluated in the following part of the research. In figure 
43, a timeline of the different variants is shown.  

Table 20: Overview scenarios circular variant 

 
 

Service 
life 

% Re-
use  

Service 
life class 

% more 
material 

Scenario 1  
(Reference) 

50 0,1% 4 0 

Scenario 2 20 0,1% 4 0 

Scenario 3 20 60% 3 -10% 

Scenario 4 100 0,1% 5 +10% 

  

Figure 43: Timeline circular scenario's 
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Scenario 1: Reference design  
The current situation as calculated has a service life of 50 
years. 50 years is the standard service life for utility 
buildings. So the design is focused on those 50 years. The 
materials are the same as the reference case.  

Scenario 2: Reference design with shorter service 
life  
This scenario calculated the current situation with a 
realistic service life of 20 years. Unfortunately, the service 
life as used in the design of 50 years is commonly not 
realized. The average service life of office buildings is 20 
years. The service life is ended when the building doesn’t 
fulfil one of the performance requirements anymore. This 
can be functional, technical, aesthetical or economical. In 
this scenario, the realistic sustainability performance is 
calculated. Of the four considered scenarios, this will be 
the most unfavourable option. The used materials are the 
same as in the reference building; only the service life of 
these materials is shortened. 

With a service life of 40% of the environmental 
performance is expected to be around 2 to 2,5 times 
higher than the reference situation. It will be less than 2,5 
times because some elements will also be replaced within 
the service life of 50 years. 

 The information that the average service life of office 
building is only 20 years is not new. Architect Jouke Post 
designed ‘Project XX’, an office building built in 1999 with 
the goal to design and use the building for 20 years. 
According to Post circular building is nothing new; first, it 
was called building with limited service life, than cradle-
to-cradle and now circular. (Wassink, 2019) His building 
has always served as an example. Although temporarily 
building has improved, the overall concept is still not 
understood. When not designing for infinity the project 
includes responsibility for the end of a building, 

deconstruction and residual value of the materials. 
(Klomp & Post, 1999) 

Scenario 3: Reduce and reuse (new design focused 
on reuse and short service life)  
In this variant, the service life is 20 years as in scenario 2, 
but the design of the facade will be adjusted to this new 
service life of 20 years. Therefore the design is focussed 
on reuse and a short service life, see figure 44. When the 
office is designed for only 20 years, it is more a temporary 
building and the service life will belong to design class 3 
instead of 4. (NEN-EN 1990+A1+A1/C2, 2011) Less 
material will be needed because lower safety factors can 
be applied. The design will also be focussed on a higher 
percentage of reuse. Therefore the elements must be 
easily demountable or designed in another way reuse is 
made possible. In this variant, assumptions will be made 
about the amount of material that can be reused and the 
adjustments in the design and the maintenance needed 
to achieve this goal. To make a correct estimation, the 
material profiles of nibe.com are used, see appendix A. 
Furthermore, data will be used provided by suppliers 
such as Kawneer.  

The most used materials in the facade are aluminium, 
glass, steel and NVPU insulation. The service life of the 
glass panels is around 25 years. It is hard to reuse glass, 
but it can be recycled for almost 100%. The service life of 
steel is 100 years and can thus be reused about 5 times. 
The service life of aluminium is 75 years. Currently, it is 
not reused a lot, but there is a high potential to reuse it.  

 

 

 

 

Figure 44: Timeline scenario 3 
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Significant aspects of being able to reuse elements and to 
reduce material use:  

 The measurements need to be universal, the 
element size of the aluminium profile is 7,2 m, 
which is already a standard measurement.  

 The facade must be demountable, so only dry 
connections need to be used. The curtain wall 
facade system now has a horizontal kit. This has 
to be replaced by a dry connection.   

 Maintenance and preserving the quality is 
essential to be able to preserve the quality. The 
product should be as new when used for the 
second or third time in another facade.  

 The aluminium needs to be anodised instead of 
coated.  

Differences in the life cycle of products in this scenario:   

1. Design: Lighter design (-10%) 
2. Transport: Depending on the location of the 

building where the elements are reused there 
is slightly more transport. The transport is only 
0,1 % of the environmental impact and can 
there be neglected.  (Nibe, 2019) 

3. Maintenance: In the environmental impact 
profile, 3,6% of the emissions are due to 
restorations. The amount of restorations is 
expected to be less than the reference 
situation. However, maintenance will be done 
after every 20 years, and with more transport, 
the change of damage of elements is larger, so 
the energy for restorations is taken into 
account in this scenario as well.   

4. Construction: Extra energy is needed to 
construct the element after 20 years. This is 
0,6% of the emissions and can also be 
neglected in the calculation. (Nibe, 2019) 

The reuse of aluminium profiles in this calculated is 
assumed to be 90%. The steel element can be reused for 
95%, and the glass is not reused. In total 62,2% of the 
weight is reused, see table 21. In this variant, no decrease 
in material reuse is assumed within 100 years. The service 
life of the aluminium elements is 75 years. In this 
scenario, 90% of this material will last 100 years. This 
assumption can be made because the current calculation 
of service life is conservative and in this scenario will be 
maintained more consistently. Therefore the quality will 
be better maintained, and the service life of the elements 
can be increased. The assumption can be made because 
the elements do not fulfil an important function in the 
structural frame of the building. The lifespan can be seen 
as five times 20 years instead of one long lifespan of 100 
years. After 20 years, the quality of the elements can be 
as if they are new. 

 

Table 21: Reuse of facade elements 

Product 
 

Weight (kg) Reuse (%) 

Triple glazing 103280 0 
Aluminium profile curtain 
facade 

11619 90 

Aluminium facade panels 2216 90 
Aluminium louvres 16214 90 
Steel 176730 95 
 
Total 

 
313494 

 
62 

 
In this scenario, 10% less material is used in the initial 
design, which follows from a calculation of wind loads on 
the facade (see appendix E). The amount of glazing can 
be reduced by 15%. The safety factors have a direct 
influence on the wind load and weight of the glass. The 
amount of aluminium can be reduced by 10% because the 
depth of the profiles is not proportional to the stiffness of 
the profile.  

Different approaches to calculate the MPG in 
scenario 3 
Because it is not a standard situation, and some elements 
are being reused after the service life, a different 
calculation approach is necessary. In the databases, reuse 
is not taken into account, and therefore, the 
environmental performance will be different. Various 
methods are tried to approach a realistic impact. The 
hypotheses is that the score will be (0,403 + 0,121 + 
0,732) 1,25, see  figure 45. However, in this calculation, it 
is assumed that all materials have the same 
environmental impact. The high percentage of reuse is 
mostly because of 80% of the aluminium will be reused. 
Aluminium has the largest impact. Therefore the MPG 
could be slightly lower. Also, the MPG for 20 years for the 
parts that are not reused will not be times 2,5. This 
because the largest part of these materials is glass. The 
service life of glass is 25 years, so in the calculation of 50 
years, the glass will also be reused 2 times. Therefore the 
actual difference in the glass will be 5 years, which is 20% 
of the total service life of 25 years.  Therefore this part 
will be more around 0,19 (0,4*1,2*0,448*0,9) Then the 
total MPG will be 1,043, which is an improvement of 7%. 

 

Figure 45: Calculation distribution of MPG 

MPG = 1,12

40% of 
MPG is 

facade = 
0,448

40% not 
reused  

service life 
of 20 years

MPG = (0,4 
* 2,5 * 

0,448) *0,9 
= 0,403

60% reuse 
(service 

life of 100 
years)

MPG = (0,6 
* 0,5 * 

0,448) *0,9 
= 0,121

60% of 
MPG is not 
the facade 

= 0,732

nothing 
changes = 
service life 
of 50 years

MPG = 
0,732 
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Different approaches are used to calculate the 
environmental impact with the help of the MRPI-MPG 
tool. The difference in a multicycles analysis is compared 
to a single cycle analysis. Lastly, a scenario is compared in 
which the elements turn out to be not suitable for reuse 
after the service life of 20 years.  

3a. Multicycle 

 

Figure 46: Multicycle considered scope 

In 100 years the cycle will be run through 5 times.  
Therefore 300% of the material used for the facade is 
added in total because, after each cycle, 60% is reused 
except for the last cycle. In the first cycle, 100% new 
material is added and in the other cycles 40%, see figure 
44. 

1. The first calculation is done with a service life of 
20 years and material use of 60%. This results 
in a total DPG of 1,98.  

2. In the second calculation of the multicycle 
analysis, a service life of 100 years is combined 
with a material use of 300%, resulting in a DPG 
of 1,54.  

3. Both previous options are not accurate because 
the service life of the whole building is changed 
instead of only the facade. Therefore, in the 
calculation of 20 years, the impact becomes 
much higher than realistic. In the calculation of 
100 years, the transport, construction and 
composing of elements in between the 20 years 
are not taken into account. Therefore a 
combined approach is used in which three 
calculations of the environmental impact are 
summed. The three calculations with different 
service lives are: 
1. 50 years (whole building minus facade 

elements) 
2. 20 years (elements that are not reused) 
3. 100 years (reused elements) 

3b. One cycle of 20 years 

 

Figure 47: Single cycle considered scope 

The second approach of this variant is highlighting one 
cycle of 20 years. The amount of new materials is 100% 
at the start, but 60% is reused at the end of the 20 years 

to a reduction of 60% is given to the environmental 
performance. Again, different calculations are compared: 

1. The service life is 20 years and material use of 
the facade is reduced by 40%. The DPG in this 
variant is comparable with 3a.1 but with 1,91 
slightly lower.  

2. In the second calculation, 40% of the impact of 
3c is taken. This results in a DPG of 1,01. 

3c. Designed for reuse, but not reused in the end, 
unforeseen end of service life after 20 years 

 

Figure 48: Reduction service life considered scope 

The environmental impact for this scenario is calculated 
with a service life of 20 years and material use of 100%, 
resulting in a DPG of 2,22.  

The combined approach of 3a.3 seems to be the most 
realistic approach and thus will be used and analysed in 
section 5.2.  

Scenario 4: More quality and adaptability (new 
design focussed on the extension of service life)   

In this scenario, the same building is designed for a facade 
with a service life of 100 years. Therefore more material 
is needed because safety factors are increased, and 
higher quality is required. The percentage of reuse is 
similar to the reference case. Materials and elements of 
the facade must either be of such high quality that it can 
be sustained for 100 years, or the design should be 
adjustable so that it can fulfil the requirements with small 
interventions. With the changing requirements, it is more 
realistic to make the facade adaptable for changing 
requirements. So when an extra layer of glazing is 
required, the aluminium profile must be large enough 
that an additional panel of glass can be included. This 
corresponds to the design for change strategy. (Circular 
facades, 2019) 

The environmental performance in this scenario is 
composed of different parts, as in scenario 3. The first 
part of the calculation, with a service life of 50 years is the 
same as in scenario 3. The second part is the 
environmental performance of the facade with a service 
life of 100 years.  

Different levels of adaptive ability can be distinguished: 

 Layout 
 Allocation 
 Building volume 

The reason for the vacancy and demolition of office 
buildings is often the lack of energy performance and 
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quality of building physics, which is important for the 
comfort of the building. Due to fast changes in ownership 
of offices, also the flexibility of the building because 
changes in function are required is often a problem. 
Therefore, also the layout in the building is crucial. In 
offices, the change of vacancies and demolition is greater 
than for residential buildings because more decision 
moments exist. (PBL, 2019) 

Because of the increase in service life the design service 
life class is changed from 4 the reference situation to 5.  

Aspects of the facade that need to be changed: 

 Use of anodised aluminium instead of coated 
aluminium because the recycling process can 
be executed better. Manufacturers prefer 
anodised product because when recycling 
coated products, a particular contamination 
arises in the melting process. This reduces the 
quality of the recycled product. This is not the 
case with anodised aluminium.  

 The aluminium profiles should be designed 
with a larger width to make it possible to add 
more insulation, glass or other elements. 

 All connections need to be demountable to 
replace elements that would not fulfil the 
requirements anymore.  

 The structural frame of the building must be 
over-dimensioned to be able to add weight 
during the lifetime of the building. For example, 
more layers of glass can be added, PV panels or 
a green facade. 

Differences in the life cycle of products in this scenario:   

1. Design: Heavier design (+10%) 
2. Transport: Transport is similar to the reference 

case, only more material has to be transported 
initially.  

3. Maintenance: The maintenance is expected to 
be more than the reference situation because, 
in 100 years, the requirements change and the 
building need adjustments to fulfil the 
requirements still. However, maintenance can 
be easier because the building is designed to be 
easily adjusted.  

4. Construction: The construction is comparable 
to the reference design. In the service life, the 
building is constructed once and demolished 
once.  
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In this chapter, the results of different variants are 
showed and interpreted. Results are evaluated based on 
different aspects. First, the sustainability performance, 
which is a summation of the energy performance (EPG) 
and environmental performance of buildings (MPG), is 
looked at. Secondly, the total energy use of the scenario 
is evaluated which includes the embodied energy of the 
materials and the energy demand of the building. The 
total energy demand is determined by the sum of energy 
used for heating, cooling, hot tap water, fans and lighting. 
The results are based on standard energy calculations 
and the existing database. At last, the total CO2 emissions 
are appointed. The results are interpreted, taking into 
account several assumptions made in the models to avoid 
assuming incorrect relations.  

5.1 RESULTS OF VARIANTS 
5.1.1 Variant 1: Type of glazing 

Conventional type of glazing 
Sustainability performance 

Triple glazing made of 3 panels consisting in a total 
thickness of 16 mm glass has the lowest score in EPG. The 
EPG will increase when less insulating glass is applied. 
Therefore also the energy demand is increasing. The total 
energy use, when applying single glass, is 59% more 
compared to triple glazing, see table 23. This is mostly 
due to an increase in the heating demand. In the energy 
performance results, the only components that are 
subjected to change are the cooling and the heating. The 
heating demand has a substantial increase, and the 
cooling demand stays within a smaller range of 2,5*10^3 
MJ, see figure 49. 

When the type of glass is different, the important 
parameters being changed are the U-value and g-value. 
When the g-value decreases less sunlight is incoming, and 
the heating demand increases. Logically, the cooling 
demand decreases. When the U-value is increasing, and 
the g-value is constant, which is the case when comparing 
HR++ to HR+ and HR glazing, the same amount of sunlight 
will enter the building. However, the heat gets out easier, 
and therefore the, cooling demand is less. Then the 
heating demand is increasing, see table 22.  

Table 22: Relation U- and g- value to heating and cooling 
demand 

 

Figure 49: Heating and cooling demand for different types 
of glazing 

The environmental performance is decreasing when 
using less glass. Fewer materials are needed, and 
therefore, less energy is used for transport and 
production. The embodied energy decreases with 14% 
when comparing triple glazing to single glazing. 

With less insulating glazing systems, the sustainability 
performance is increasing. This because the energy 
performance is much worse with double and single 
glazing. HR++ glazing only has a DPG less than 1% worse 
than triple glazing. Therefore it cannot be easily 
concluded that triple glazing (t= 16 mm, the design used 
in the reference building) is better than HR++. This 
because the DPG is almost the same, and other effects 
that are not taken into account may play a role in this 
study. For example triple glazing cost more, weights more 
(so a heavier structure is needed, more labour costs, 
etc.). This is further elaborated in the discussion. Other 
parameters that will be influenced by a different type of 
glazing are not taken into account in this study. 

The triple glazing with a total glass thickness of 12 mm 
has the lowest total sustainability score because of a 
significant improvement in the MPG and a hardly 
noticeable decrease in EPG, see figure 50.   

One remarkable result of the glazing variant is the MPG 
of triple glazing with a thickness of 12 mm (1,07), 
compared to the MPG of HR++ (1,08) which has a total 
thickness of 10 mm. Probably no coating is included in the 
triple glazing. Because a higher value of MPG is expected, 
therefore the MPG of the triple glazing calculated might 
be underestimated.   

Table 23: Results variant glazing 

 DPG (€/m2) Total energy (MJ) 

Triple t=16mm 
(Reference) 

1,32 1.664.575 

Triple t=12mm 1,27 (-3%) 1.649.826 
HR++ 1,33 (+0,5%) 1.706.581 
HR+ 1,34 (+1,5%) 1.722.099 
HR 1,36 (+3%) 1.772.691 
Double 1,47 (+12%) 1.949.603 
Single 1,68 (+27%) 2.287.498 

 Heating 
demand 

Cooling demand 

Increase in g-value - + 
Increase in U-value + - 
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Total energy use  

The total energy increases when using less glass, see 
figure 50. This is because the increase in the energy 
demand of the building is more than the decrease in the 
embodied energy of the materials.  

CO2 emission  

The increase in DPG is mainly due to the increase in CO2 
in the EPG. Therefore also the percentage of CO2 in the 
contribution to DPG is increasing from 52% to 67%.  

 

Figure 50: EPG and MPG of glazing type (EPG and MPG 
in column are stacked, and the lines represent the trend 
in EPG and MPG separately) 

Vacuum glazing 
For all three types of vacuum glazing that are looked into 
the same variation in the three subvariants can be seen, 
see figure 51 and table 24. The subvariant with vacuum 
glazing and without louvres has the lowest DPG score, 
and all three subvariants improve from 4% to 7%. The CO2 
emission is the lowest in the version without louvres and 
including sun shading.  

The energy performance of the first variant of vacuum 
glazing (2x5 mm) is almost as good as triple glazing, 
without louvres and with sun shading the energy 
performance is even better. The MPG is 4% improved 
compared with triple glazing, and therefore the total DPG 
has improved with 3%. The variant without louvres is 
improved with 5% and the variant without louvres and 
with sun shading with 4%. However, this latter variant has 
an improved total energy use of 5%, and the variant 
without louvres does not. The total CO2 emission in all 
three options is less than the reference situation and the 
lowest when no louvres or sun shading is used.  

The second variant of vacuum glazing (2x3 mm) has a 
higher energy performance of 0,05 compared to the first 
one. The MPG of this variant us 0,07 lower thus in total 
the DPG score is better than the previous version, also 
without louvres and with sun shading.  

The third variant considered double vacuum glazing (3x4 
mm). The total DPG is slightly lower than the second 

variant, but the sun shading and version without louvres 
do not score better than 2x3mm glazing. Comparing the 
3x4mm with the 2x3mm, the impact for the added 
material is about the same as the reduced emission by a 
lower energy demand. When changing only the glazing 
type, this is slightly in favour of 3x4mm, and when also 
removing the louvres, the 2x3mm version is in favour. 

Gorilla glazing 
The DPG of the triple glazing with gorilla glass in the 
middle has for all three variants positive results. As well 
as the sustainability performance, the total energy 
demand decreases. The most improvement is achieved 
with the gorilla glazing without louvres and with sun 
shading. The total CO2 emission in this variant is also the 
smallest.  

Table 24: Results from innovative types of glazing 

 DPG (€/m2) Total energy 
(MJ) 

Triple t=16 mm 
(Reference) 

1,32 1.664.575 

Triple t=12 mm 1,27 (-3%) 1.649.826 
Vacuum 2x5mm 1,28 (-3%) 1.706.581 
Without louvres 1,26 (-5%) 1.668.425 
Incl. sunshades 1,27 (-4%) 1.573.463 
Vacuum 2x3mm 1,26 (-5%) 1.692.356 
Without louvres 1,23 (-7%) 1.702.498 
Incl. sunshades 1,23 (-7%) 1.596.912 
Double vacuum 
3x4mm 

1,25 (-6%) 1.596.080 

Without louvres 1,24 (-6%) 1.637.417 
Incl. sunshades 1,26 (-4%) 1.548.342 
Gorilla triple 1,26 (-5%) 1.628.923 
Without louvres 1,24 (-6%) 1.652.613 
Incl. sunshaded 1,26 (-5%) 1.567.057 

 

Figure 51: EPG and MPG innovative glazing types (EPG 
and MPG in column are stacked, and the lines represent 
the trend in EPG and MPG separately)  represents 
vacuum glazing of 2x5 mm,  represents vacuum glazing 
of 2x3mm  shows variants double vacuum glazing of 
3x4mm and in  the results triple glazing with gorilla 
glazing in the middle can be seen.    
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NPV calculation 

Although the sustainability performance is improved 
when using vacuum glazing, the energy demand is more 
than triple glazing, and the costs of the glazing are also 
more. Therefore vacuum glazing will not be financially 
profitable. The same holds for the triple glazing with 
gorilla glazing in the middle. The energy performance is 
not improving, and the costs are increasing. The triple 
vacuum has an improved energy performance but not 
enough to compensate for the extra costs of the triple 
vacuum glazing.  

For the conventional glazing, having triple glazing is only 
financially profitable when replacing it from single or 
double glazing. The payback time of triple glazing from HR 
glazing is 45 years, and when the glazing would be HR+, 
HR++ or triple glazing with a thickness of 12 mm, it is way 
more than 50 years. The results of the calculation can be 
seen in appendix G. 

5.1.2 Variant 2: Insulation closed parts facade 

2a. Different RC value closed parts 

Sustainability performance 

As expected with the knowledge of the study about the 
influence of insulation thickness in 3.4, a difference in Rc 
value almost does not influence the EPG. The heating 
demand is slightly decreased (6%) by an increase of Rc 
value from 1,5 m2K/W  to 10,5 m2K/W, and the cooling 
demand is only increased by 0,1% The total EPC is 
increased by 3% considering an Rc value of 1,5 m2K/W 
and decreased by 1% considering an Rc value of 10,5 
m2K/W.  

The increase in environmental impact for adding material 
to insulate the building is unnoticeable in the MPG score. 
It causes a small increase, but this is not significant at 
building level.  

The sustainability performance is changed in all scenarios 
by less than 1%, see figure 52 and table 25. The reduced 
emissions by adding insulation are compensated by the 
emissions released by production.   

To better understand the influence of the Rc value, this 
variant is also calculated with 20% open parts instead of 
80%. These variants score better on the sustainability 
performance because of more glass results in both an 
increase of MPG and EPG. Contrary to what was be 
expected, differences between different Rc values also 
stay small in this variant. There is a bit more difference 
visible than in the variant with 80% open parts in the 
facade. The total DPG is lowest for an Rc of 4,5 m2K/W 
and an Rc of 9,5 m2K/W. The differences are minimal, and 
therefore it can be concluded that the Rc value has no 
significant impact at building level when the same glazing 

system is used, also with a large share of closed parts in 
the facade.  

 
Table 25: Results variant insulation value 

Rc in m2K/W DPG (€/m2) Total energy (MJ) 

1,5 1,32 1.668.925 
2,5 1,318 1.665.093 
3,5  1,317 1.663.818 
4,5 (Reference) 1,316 1.663.383 
5,5 1,315 1.663.340 
6,5 1,315 1.663.534 
7,5 1,315 1.664.120 
8,5 1,315 1.664.523 

9,5 1,315 1.665.107 

10,5 1,324 1.665.719 

 

 

Figure 52: EPG and MPG of insulation value (EPG and 
MPG in column are stacked, and the lines represent the 
trend in EPG and MPG separately) 

Total energy use 

The total energy almost stays the same; it decreases by 
less than 1% and is the lowest at Rc=5,5 m2K/W. With a 
higher value of 5,5 m2K/W, the total energy increases. 
The total used energy when the Rc value is 10,5 m2K/W is 
even higher than the total energy with an Rc value of 2,5 
m2K/W. The reduced energy demand by adding insulation 
is cancelled by the extra energy used for producing the 
material. In the calculated scenario with 20% glass and 
80% closed parts in the facade the total energy is less and 
lowest for Rc=6,5 m2K/W and Rc=8,5 m2K/W. The 
difference between these values and other Rc values is 
still limited.  

CO2 emission  

The CO2 emission is in the variant with 80% open parts is 
constant 52% and in the variant with 20% open parts 
between 50% and 51%.  
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2b. Insulation material  

Sustainability performance 

In this variant the Rc value is kept constant, so only the 
environmental performance is changing for different 
materials. On average, the insulation material of the 
facade has no significant influence on the environmental 
performance of the building at building level. The 
sustainability performance is almost the same for all 
variants, see figure 53. Only isover sonepanel and wood 
fibre cause an improvement of 1%. The sheep wool is the 
only outlier; it scores 11% worse than the reference 
situation. In the current calculations, the allocation of 
environmental effects is determined based on the 
financial end products of the sheep. Before, the wool is 
seen as a waste product of the meat of sheep. Nowadays, 
the environmental impact caused by sheep is for two-
third attributed to sheep wool and for one third to the 
meat. Therefore, a significant increase in MPG is visible 
(Nibe, 2019)  

The DPG of EPS sheet and cellular glass is 0,01 higher than 
the reference case. The other insulation materials all 
result in the same shadow costs. Insulation of wood fibre 
has the best DPG score. For the scenario with 20% open 
parts, there is 2,5 times as much insulation in the facade. 
The influence at building level is still not significant. In this 
variant also the sheep wool has the highest DPG. 

Table 26: Results insulation material 80% open facade 

 DPG (€/m2) Total energy 
(MJ) 

NVPU-PU (Reference) 1,32 1.664.575 
Rockwool 1,32 1.661.585 
Flax wool 1.32 1.663.435 
Sheep wool 1.48 (+12%) 1.684.807 
EPS panel 1.33 (-0%) 1.665.361 
Woodfibre 1.31 (-1%) 1.660.632 
Glass fibre 1.32 1.661.714 
Aerated concrete 1.32 1.667.120 
Metisse 1.32 1.663.256 
Cellular insulation bio 1.32 1.660.385 
Cellular glass 1.33 1.673.424 

 

Figure 53: EPG and MPG of insulation material (EPG and 
MPG in column are stacked, and the lines represent the 
trend in EPG and MPG separately) 

Total energy use 

The total energy use has even less variation than the DPG 
in this analysis. The total energy used when applying 
sheep wool is 1% more than the reference situation, and 
the change for the other materials is less than 1%. While 
some material materials have a better insulation value 
and thus less material is needed; still, the total energy use 
is the same.  

CO2 emission  

The CO2 emission is in the variant with 80% open parts is 
50% to 52% and in the variant with 20% open parts 
between 45% and 51%. The variant with sheep wool has 
the lowest percentage of CO2 emission but still the 
highest CO2 emission.   

5.1.3 Variant 3: Change in ratio open/closed parts  

Sustainability performance 

From literature, it is known that the percentage of open 
and closed parts in the facade has a considerable impact 
on both energy and environmental performance. 
(Nieman & Anink, 2017) This is also visible in the results 
of this variant. The less per cent open parts, the lower 
thus better the energy performance of the building. Both 
heating and cooling are decreasing.  

The less per cent open parts, the lower the 
environmental performance of the building is. In contrast 
to variants seen before the energy performance and 
environmental performance do not correlate negatively 
but positively, see figure 54. 

Table 27: Results open closed percentage 

 DPG (€/m2) Total energy (MJ) 

100% open  1,41 (+6%) 1.736.921 
80% open 
(Reference) 

1,32 1.664.575 

60% open 1,22 (-8%) 1.577.779 
40% open 1,12 (-15%) 1.497.951 
20% open 1,02 (-23%) 1.418.373 
0% open 0,94 (-29%) 1.351.084 

 

 

Figure 54: EPG and MPG open closed percentage (EPG 
and MPG in column are stacked, and the lines represent 
the trend in EPG and MPG separately) 
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Total energy use 

With less per cent open parts, the building is better 
insulated and therefore less heating, or cooling is 
demanded.  Also, the embodied energy decreases, the 
open parts in the facade, mainly glazing, costs more 
energy to produce than the closed parts of the facade. 
Therefore the total energy use decreases.  

CO2 emission  

The more open parts in the facade, the more heating is 
needed and also more cooling, resulting in a higher CO2 
emission. 

Combination open/closed parts and different glazing  
With triple glazing, it is evident that a larger area of 
glazing uses more material and causes more 
environmental impacts. The influence of the type of 
glazing is looked into in this variant by calculating the 
different percentages also with other types of glazing. 
The results for HR++ and HR+ are almost the same as for 
triple glazing. For double glazing the energy performance 
becomes worse, the variants of double glazing are 
comparable with triple glazing of HR++ with 20% more 
open parts in the facade. So 60% open parts with double 
glazing gives about the same result as 80% open parts 
with HR++. The variant with HR++ without louvres in the 
facade has a better total score than with louvres. This 
effect decreases when the area open parts in the facade 
increases.    

In figure 55, the results of different types of glazing 
combined with the percentage of open and closed parts 
are visible.  A substantial difference in sustainability 
performance is noticeable between double glazing and 
the other types. The triple glazing system has the lowest 
total energy use and the HR++ without louvres the lowest 
sustainability performance. 

 

Figure 55: DPG overview of different type of glazing with 
a change in ratio open/closed parts 

5.1.4 Variant 4: PV panels on the facade 

Sustainability performance 

From this study, it appears that PV panels on the facade 
have a nett positive effect on the sustainability 
performance. The PV panels cause an increase in the 

environmental impact but not as large as the decrease in 
the energy performance, see figure 56. The most 
beneficial orientation is south after which east, west and 
then north. Still, the DPG of PV panels on the north is 1% 
improved compared to the basic situation, see table 28.  

Table 28: Results PV variant 

m2  orient
ation 

DPG (€/m2) Total 
energy 
(MJ) 

Total 
energy – 
induced 
(MJ) 

0 - 1,32 1.664.575 890.390 
114  N 1,31 (-1%) 1.678.618 855.318 
114  O 1,29 (-3%) 1.678.618 813.931 
114  Z 1,27 (-4%) 1.678.618 783.834 
114  W 1,29 (-3%) 1.678.618 814.917 
228 Z/O 1,24 (-6%) 1.694.125 750.226 
228  Z 1,22 (-7%) 1.694.125 678.742 
342 Z/O 1,19 (-10%) 1.708.901 603.016 
456 Z/O 1,16 (-12%) 1.723.677 527.290 

 

Figure 56: EPG and MPG PV variant (EPG and MPG in 
column are stacked, and the lines represent the trend in 
EPG and MPG separately) 

Total energy use  

The total energy needed in the situation where 114 m2 PV 
panels are included on the north facade is 1% more than 
the underlying situation. More energy is used for the 
production of the material, and the energy demand of the 
building does not decrease. However, when subtracting 
the generated energy from the energy demand of the 
building, the demand will decrease. When the nZEB 
requirements are regarded, the generated energy cannot 
be taken into account to satisfy the first requirement. 
Therefore the primary goal is to reduce the energy 
demand of the building.   

CO2 emission  

The percentage of CO2 in the total emissions decreases 
obviously when more PV panels are added. This is 
because, when applying 342 m2 and 456 m2 of PV panels, 
the CO2 emission from the EPG calculation is negative. 
This means more energy is generated than needed. 
However, the CO2 emission, as calculated in the MPG, 
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cannot be compensated by the negative CO2 emission in 
the energy performance calculation.  

PV panels on the facade seem like an excellent measure 
to enhance the sustainability performance. A calculation 
of the Net Present Value is made to show the financial 
feasibility of PV panels. In table 29, the payback time of 
different variants is shown and the profit after 30 years 
for the reference building.  

Table 29: Results NPV calculation PV panels 

m2 Orientation Payback 
time (y) 

Profit (€) 

114  N 28 € 2.028,60 
114  O 15 € 27.288,43 
114  Z 11 € 45.657,61 
114  W 15 € 26.686,64 
228  Z/O 16 € 47.692,92 
228  Z 11 € 91.321,93 
342 Z/O 12 € 118.617,08 
456 Z/O 13 € 145.912,22 

 

5.1.5 Variant 5: Sun shading 

Sustainability performance 

The energy performances of both the roller shades and 
solid screens are similar. The Rc value in both systems has 
improved little when applied permanent, and in other 
situations, the type of sun shading also does not influence 
the energy performance differently because the g-value 
is the same. Nevertheless, there is a significant difference 
in MPG visible. Both sun shading systems are made 
(partly) out of aluminium and the environmental impact 
of this material cannot be compensated by an 
improvement in the energy performance. The solid 
screens have a relatively lower impact and therefore have 
a better total score, shown in figure 57 and table 30.  

The scenarios without louvres have a better total score 
because, in the calculation, the louvres have no benefits. 
The reason for this is because the g-value achieved by the 
sun shading cannot be lowered with louvres. In reality, 
this would have a (small) effect. The variant without 
louvres and with an automatically controlled solid screen 
has the best score with 1% improvement in DPG. Results 
are expected to be better when the sun shading is made 
of a different material than aluminium. Unfortunately, 
these are not included in the database.  

Theoretically, an optimum can be achieved if sun shading 
is used in winter for insulation at night and is open during 
the day and is in summer open at night for cooling and is 
closed during the day. This optimised variant is calculated 
by a combination of a scenario with permanent sun 
shading and with no sun shading. The cooling demand of 
the situation with permanent sun shading will be taken 
because this reduces much extra solar heat inside the 
building in summer. The heating demand of no sun 

shading will be taken because in winter the sun can be 
used to heat the building.   

The optimal variant has a total DPG score of 4% better 
and total energy use of 8% less than the reference case. 
In this calculation, the variant with no louvres and with 
solid screen is used.  

Table 30: Results sun shading 

 DPG (€/m2) Total energy (MJ) 

Reference facade 1.32  1.664.575 
Roller auto 1,61 (+22%) 1.668.742 
Roller hand 1,61 (+22%) 1.676.930 
Roller permanent 1,63 (+24%) 1.703.381 
No lam auto roller 1,53 (+16%) 1.606.543 
No lam hand roller 1,55 (+18%) 1.648.210 
No lam perm roller 1,55 (+17%) 1.642.518 
Solid auto 1,39 (+5%) 1.657.792 
Solid hand 1,39 (+6%) 1.665.980 
Solid permanent 1,41 (+7%) 1.692.431 
No lam auto sol 1,31 (-1%) 1.595.617 
No lam hand sol 1,33 (+1%) 1.637.284 
No lam perm sol 1,33 (+1%) 1.631.592 
Optimal solids 1,26 (-4%) 1.532.390 

 

Figure 57: EPG and MPG sun shading (EPG and MPG in 
column are stacked, and the lines represent the trend in 
EPG and MPG separately)   represents roller shades with 
louvres (1),  represents roller shades without louvres 
(1.2),  shows variants with louvres and solid screen (2) 
and in  the results of solid screen without louvres can be 
seen (2.2).   

Total energy use 

The variant with no louvres and solid screens has a total 
energy use of 4% lower than the reference case. The 
optimal variant has an energy use of 8% less than the 
reference.  

CO2 emission  

The average contribution of CO2 to the total emission for 
the roller blinds is about 10% lower than the reference 
case. The percentage of CO2 for the solid screens is only 
4% lower than without sun shading.   
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5.1.6 Variant 6: Facade composition 

6a. Different materials 

Sustainability performance 

The energy performance is the same as for HR++ glazing 
without louvres in all three variants. The Rc value of the 
facade is kept constant. The MPG has improved in all 
three designs. This is not only because of a different 
material use but because no louvres are used. Therefore 
it would be better to compare the results to the result of 
the reference building without louvres. The DPG of the 
wooden design has improved by 8% relatively. The score 
or the facade with natural stone cladding is enhanced 
with 5% compared to the reference building without 
louvres, and the DPG of the concrete facade is 2% lower. 
In table 31 and figure 58, an overview is shown of the 
results.  

Table 31: Results 6a 

 DPG Total energy 
Reference facade 1.32  1.664.575 
Reference facade 
without louvres 

1,29 (-2%) 1.681.148 

Wood 1.19 (-10%) 1.694.650 
Natural stone 1.22 (-8%) 1.714.812 
Concrete 1.26 (-4%) 1.709.272 

 

Figure 58: EPG and MPG different facade materials (EPG 
and MPG in column are stacked, and the lines represent 
the trend in EPG and MPG separately) 

Total energy use 

The total energy use is more compared to either the 
reference situation or reference situation without 
louvres. Most energy is used in the design with natural 
stone. However, the difference between the other two 
considered situations is within 1%.  

CO2 emission  

The percentage of CO2 emission for three facades is 
slightly higher than the reference situation. This is caused 
by the difference in the type of glazing and not by the 
change in materials.   

6b. Aluminium louvres and facade panels 
substituted  

Sustainability performance 

In this variant, first, the aluminium louvres are 
substituted by louvres of a different material or omitted. 
The variant with no louvres has a sustainability 
performance of 2% better than the reference situation. 
The energy performance increases with 20%, but in total, 
the DPG has improved. When considering other 
parameters such as costs and transport and weight of the 
facade, the scenario without louvres would also be 
beneficial. Other effects are evaluated in the discussion. 
When substituting the aluminium louvres by other 
materials, there is no significant improvement of DPG, 
see figure 59. The energy performance stays constant, 
and the MPG is not decreased significantly by other 
materials. Although the material wood has fewer 
emissions per m3, the thickness of wooden louvres is 
more than aluminium. Also in the wooden variant, a steel 
frame is included in the LCA to attach the louvres. 
Therefore the MPG is even increased by 1% compared to 
the reference design. This calculation is limited by the 
database and available data of elements.   

When also the closed parts of the facade are substituted 
by wood the DPG is increased by 3%.  

Total energy use 

The total energy use when no louvres are used is 
increased by 1%. The extra energy in the building demand 
is almost compensated by the decrease of energy needed 
for the production of materials. The total energy required 
when other materials are used instead of aluminium is 
less when using natural stone or cement. The energy with 
wooden louvres and wooden facade panels is even more. 
The results in this variant depend on the assumed 
thicknesses of different materials. Standard thicknesses 
of example details and data are used. Depending on the 
requirements, these thicknesses could be limited.  

CO2 emission  

Although the total DPG and total energy of the wooden 
variant are not decreased, the total CO2 emission has 
reduced and therefore, the percentage of CO2 is lower in 
this scenario. The percentage of CO2 in the variants with 
other materials are comparable to the reference 
situation.  

Table 32: Results 6b 

 DPG Total energy 
(MJ) 

Reference facade 1,32 1.664.575 
No louvres 1,29 (-3%) 1.681.148 
Wooden louvres 1,33 (+0%) 1.799.609 
Stone louvres 1,29 (-3%)  1.642.488 
Cement louvres 1,25 (-6%) 1.611.973 
Wooden facade/ 
louvres 

1,36 (+3%) 1.848.798 

Synthetic facade/ 
louvres 

1,31 (-1%) 1.657.503 
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Figure 59: EPG and MPG of different louvres (EPG and 
MPG in column are stacked, and the lines represent the 
trend in EPG and MPG separately) 

Variant 6c: Facade height  

Sustainability performance 

Both the EPG and MPG are influenced by the height of the 
facade, and both will increase when the height is 
increased. This because the amount of used materials 
increase while the GFA is kept constant. Subsequently, 
the loss area in the calculation of transmission losses 
becomes bigger. When increasing the height of the 
facade with 10%, the DPG will increase by 2%. The effect 
is not linear when 20% of the height is added to the 
facade; the DPG will increase by 6%, see figure 60. In 
office buildings, it is common to increase the facade 
height of at least the ground floor of the building, 
sometimes even with a few meters. This has a significant 
influence on the sustainability of the building. 

Total energy use 

The total energy used is also depending on the height of 
the facade. It increases with the same magnitude as the 
DPG increases.  

CO2 emission  

Also, the CO2 emission has the same decrease and 
increase in percentages as the DPG. Therefore the 
percentage of CO2 emission is constant.  

Table 33: Results 6c 

 DPG Total energy (MJ) 
Reference 
facade 

1.32  1.664.575 

+10% facade 1,35 (+2%) 1.698.881 (+2%) 
+20% facade 1,40 (+6%) 1.740.111 (+4%) 
-10% facade 1,26 (-4%) 1.615.841 (-3%) 
-20% facade 1,21 (-8%) 1.574.148 (-5%) 

 

 

Figure 60: EPG and MPG of different facade height (EPG 
and MPG in column are stacked, and the lines represent 
the trend in EPG and MPG separately) 

5.1.7 Variant 7: Orientation 

Sustainability performance 

The orientation of the building influences the energy 
performance of the building. The design of a building is 
mostly adjusted to the orientation, especially the 
windows and sun shading. Remarkably the orientation of 
the reference building seems to have the worst DPG. The 
orientation is probably chosen because of logistics and 
available place.  

When the building is rotated clockwise by 90 degrees, the 
most improvement is achieved, the DPG is 1,29, which is 
2% lower. When rotating 180 degrees, almost no 
difference is noticed, which is logical because the north 
and south facade are almost similar as are the east and 
west facade. The orientation with the optimal 
performance is when the entrance is oriented to the 
north. The glass areas are then oriented north and south.  

Total energy use 

The total energy use is also the lowest when rotating 90 
degrees, mainly due to a decrease in heating demand. 
Less solar heat will enter the building. Against 
expectations also the cooling demand is increased. This 
can be explained with a calculation of the annual solar 
radiation for different orientations of the building, see 
figure 61. In the reference case, the windows are oriented 
east and west. In the figure, it is visible most heat gain is 
in summer when least solar radiation is wanted and thus 
cooling is needed in the summer period and heating in 
the winter period.  
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Figure 61: Results solar gain reference case, east and west 
facade. Based on (NEN 5060:2018 , 2018) 

In figure 62, the solar gain on the south facade is shown 
when the facade is shifted 90 degrees. Most solar heat is 
gained in the winter period. The solar gain in summer is 
less compared to the previous variant. Therefore both 
heating and cooling will decrease when the orientation is 
shifted. 

 

Figure 62: Results solar gain shifted orientation, south 
facade. Based on (NEN 5060:2018 , 2018) 

CO2 emission  

Because of an improvement in the energy performance, 
the CO2 emission is also reduced when rotating 90 or 45 
degrees.  

Table 34: Total DPG and energy when changing the 
orientation 

Shift DPG Total energy (MJ) 
Reference 
facade 

1.32  1.664.575 

45 degrees 1,31 (-0%) 1.648.927 
90 degrees 1,29 (-2%) 1.621.991  
180 degrees 1,32 (-1%) 1.644.588 

 

5.1.8 Variant 8: Circular variant 
The service life of the building 
When increasing the service life of the building, the 
environmental performance will improve, and the energy 
performance stays constant. The more years, the less 
improvement in both total energy and sustainability 
performance. From 50 years to 75 years, improvement of 
16% is made. A service life of 100 years has a 
sustainability performance of 21% less than 50 years. So 
from these results, it can be expected that after 75 years 

the investment to increase the service life is not useful 
anymore. In this variant, the service life of the whole 
building was adjusted while the variation of design in this 
design should be focussed on the facade. To evaluate this 
influence, in the next section a circular variant is looked 
at. 

The decrease in slope in figure 63 can be clarified by the 
knowledge that products are being used more optimal 
regarding the service life. Next to this, also it can be 
explained by the way the tool is programmed to calculate 
after the complete service-life of products is reached.  

Table 35: Results service life 

 DPG Total energy (MJ) 
25 years 1,92 (+46%) 1.982.551 
50 years 
(Reference) 

1,32 1.664.575 

75 years 1,14 (-14%) 1.572.425 
100 years 1,09 (-18%) 1.540.763 
125 years 1,06 (-20%) 1.521.973 
150 years 1,04 (-22) 1.509.274 

  

 

Figure 63: EPG and MPG of the service life of the building 
(EPG and MPG in column are stacked, and the lines 
represent the trend in EPG and MPG separately) 

When the service life of the product is extended the MPG 
of that part of the building stays constant.  

In the MRPI-MPG tool the following formula is used to 
determine the number of cycles; Lg/Lp-1 (Lg= service life 
of the building, Lp is the service life of the product. Every 
product is applied at least once in the construction, after 
this time, the number of cycles according to the decimal 
method (fracture, rounded up). In the first steps until the 
service life of the product, the product is applied only 
once but shared by an increasing number of years (the 
service life is longer, the MPG decreases). After 75 years, 
the number of replacements increases in the decimal. (Lg 
is longer and therefore is Lg/Lp larger) However, due to a 
growing Lg, the loading is shared by a bigger number and 
is reduced to the same extent. Therefore the MPG 
remains constant after the service life of the product. 
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Circular building 

In the circular variants, the energy performance does not 
change, except for scenario 3. The only difference from 
the reference case is the triple glazing used in scenario 3,  
a total glass thickness of 12 mm in total instead of 16 mm. 
Therefore the DPG mostly depends on the environmental 
performance. The sustainability performance is lowest in 
scenario 4, as is the total energy demand and CO2 
emission, see figure 64 and table 36.  

In scenario 3 and 4, the goal was to minimise the 
environmental performance. In this section, the results 
are elaborated per scenario.  

Scenario 1 

Scenario 1 is the same as the reference case; the DPG is 
1,32. The MPG in this scenario is 1,12, which would not 
satisfy the requirements, as stated by the Dutch 
government.  

Scenario 2 

The service life is decreased from 50 years to 20 years 
resulting in a DPG of 2,35. The performance has more 
than doubled, caused by an increase of MPG of 92%. 
When this would be the realistic service life, it would 
almost be impossible to fulfil the requirement of 1,0 
€/m2. 

Scenario 3 

The energy performance in scenario 3 is 4% higher than 
the reference case. The MPG as calculated in scenario 3 
is a summation of three calculation with service lives of 
20, 50 and 100 years as explained in 4.4.2. The MPG is 
improved by 3%, and the total DPG is 1,29, which is a 
decrease of 2%.  

The performance of this scenario was expected to be 
better. Only a small improvement is obtained. The result 
can be improved when more aspects of the building are 
designed for a short service life or reuse. This is further 
elaborated in the discussion. 

Scenario 4 

When the service life of the facade is increased to 100 
years, the MPG is again composed of different parts, 
together resulting in an MPG of 1,07. The DPG is 
therefore 1,27, which is an improvement of  4%.  

This calculation is hypothetical because, besides the 
facade, the whole building is designed for a service life of 
50 years.  Therefore the situation is not realistic. When 
the service life of the rest of the building would also be 
100 years, the DPG would be further decreased to 1,10.  

 

 

Table 36: Results circular variant 

 DPG Total energy (MJ) 
Scenario 1 
(Reference) 

1,32 1.664.575 

Scenario 2 2,35 (+78%) 2.205.747 
Scenario 3 1,29 (-2%) 1.665.292 
Scenario 4 1,27 (-4%) 1.638.956 

 

 

Figure 64: EPG and MPG circular variant (EPG and MPG in 
column are stacked, and the lines represent the trend in 
EPG and MPG separately) 

5.1.9 Realistic improvement 
In this research, a one-factor-at-the-time analysis is 
performed, which doesn’t provide insight into the impact 
when parameters will be combined. The separate 
improvement of variants cannot merely be summed 
because of the dependency between these variants. The 
goal of this realistic variant is not to select the parameters 
causing minimal sustainability performance but to take 
into account practical feasibility. Therefore, based on the 
results and discussion of feasibility, one variant is 
calculated with realistic, feasible adjustments to the 
reference building. The sustainability performance is only 
focussed on the environmental aspects of sustainability. 
However, social and financial requirements are boundary 
conditions for adjusting the design. In this variant, the 
remaining scenarios when all requirements are satisfied, 
are adapted. The following measurements are applied: 

 Triple glazing with a total thickness of 12 mm 
instead of 16 mm.  

 60% open parts in the facade instead of 80%. 
 224 m2 op PV panels added on the south 

facade. 
 Life cycle of the building focused on more reuse 

and a service life of 20 years instead of 50 years 
(scenario 3 as described in 4.4.9) 

The MPG of this variant is 1,1, and the total EPG of this 
variant is 0,02. The total DPG of this variant is 1,12, which 
is an improvement of 15,5%. The total energy has 
decreased by 10% when induced energy is taken into 
account and with 2% when induced energy is not  taken 
into account. The variant will also fulfil the nZEB 
requirements. The total CO2 emission is 13% lower than 
in the reference situation.  
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In 6.1, the discussion, the reliability of the results is 
evaluated. Besides, some remarkable results will be 
discussed and explained. In paragraph 6.2, the research 
questions, as stated before, will be answered to conclude 
this research. Then, in paragraph 6.3, recommendations 
will be given for future research on this subject.  

6.1 DISCUSSION 
The results of the case study as described in chapter 5 
suggest one value per variant to be the most sustainable 
because of having the lowest sustainability performance. 
However, in this section, several aspects of the research 
methodology, calculations and results are discussed to be 
able to formulate conclusions and to show the limitations 
in this research. The usability of the results is examined 
with a sensitivity analysis of the results.  

6.1.1 Reference building 
The calculations of the MPG and EPG, done in chapter 4 
and 5, are used as a starting point for the calculation used 
in this research. As described in chapter 4, not all 
materials are taken into account, and not all parameters 
of the environmental performance calculation 
correspond to the numbers used in energy performance 
calculation. However, for this research, it is particularly 
important to have a constant reference case to refer to 
and compare with. Therefore the relative results would 
not be influenced by a different reference case.  

The reference building was built in 2017 and was 
designed as a sustainable building, in particular, energy-
efficient. Should an older building have been used for this 
research, then the impact and need for enhancing the 
sustainability performance would be more clear. It is also 
quite challenging to improve the DPG with the imagined 
circular scenario’s because the facade has a curtain wall 
system. Since glass can only be recycled, a large part of 
the facade cannot be reused; however, the aluminium 
profiles can be reused. Curtain wall facades can even be 
better reused than other facades because in windows 
joints are glued by a mixed adhesive. (Fuchs, 2019) 

6.1.2 Decisive measured parameter 
Along with the DPG, we looked at the total energy used 
and the total CO2 emission of all variants. Which 
parameters will be normative for the most sustainable 
variant? In this research, the total energy, as well as the 
total CO2 emission, are included as emissions in the DPG. 
Therefore the DPG is overall the most critical parameter. 
However, the total energy use and CO2 emissions are 
relevant to look into as well for several reasons. The total 
energy demand is essential for the total costs of the 
project and financial feasibility. The total CO2 emission is 
essential because the Dutch government is steering 
towards a CO2 neutral building industry. The percentage 
of CO2 in the DPG is quite constant, visible in figure 65. In 
all variants, the share of CO2 in the DPG lies in between 
40% and 60%, excluding a few outliers such as single glass 
with 67%. Therefore when steering on lowering the total 

CO2 emissions, the sustainability performance will 
undoubtedly reduce with a factor of 0,4-0,6 times the 
percentage of CO2 reduction. So for example, when the 
climate objective would be reached of reducing the CO2 
emissions with 50%, the DPG would have a reduction of 
20-30%. However, the correlation between CO2 and DPG 
is not always positive. For example, the DPG of vacuum 
glazing made of 2x3mm glass panels is improved by 5% 
compared to the triple glazing. Nevertheless, the total 
CO2 emission has increased by 3%. Also, the government 
is only steering on the total Dutch CO2 emission. In LCA 
calculations, also international CO2 emissions are taken 
into account. This is another reason to consider the 
emissions caused by energy and material use integral.  

 

Figure 65: DPG and share of CO2 in DPG of all variants 
(different variants are plotted on the horizontal axis, the 
type of variant is not meaningful in this case) 

In this research, the DPG is derived from the EPG and 
MPG calculations. However, the DPG could also be 
extracted from an LCA analysis of the building. In the life 
cycle stage B1, the use phase, which represents the EPG, 
is taken into account, see figure 19. This shows that the 
DPG as a summation of the EPG and MPG is no 
completely new requirement, the EPG and MPG are both 
split off the LCA.  

6.1.3 Variants  
In this section, the outcome of the case study as 
summarised in figure 65 will be discussed. In this figure, 
the scenario in which the sustainability performance is 
lowest is highlighted per variant. In this section, the 
feasibility of those optimal design parameters is 
discussed. 

Glass variant 
As described in paragraph 5.1, triple glazing with a 
thickness of 12 mm has the lowest sustainability 
performance of the conventional glazing types. Also, the 
total used energy is less than the reference case. When 
taken into account the results described in 5.2, the triple 
vacuum glazing has a lower DPG. When not including the 
louvres in the design and adding sun shading, the DPG will 
decrease even more.  
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In the calculation of the type of glazing variant, some 
assumptions are made to simplify the calculation or   
because of missing data, such as the information about 
the production of vacuum and gorilla glazing. Some 
simplifications can influence the results. For example, 
thinner glass results in more incoming daylight, which has 
consequences for the lighting in the building. These 
effects are neglected in this research, but it might be 
interesting for a more detailed study.    

The type of glass also affects other elements in the facade 
and the structural system of the building. The weight of 
the glass is changing a lot throughout the different 
variants, which is determining the size of the frame and 
structure of the building.  

In the vacuum glazing, steel pillars are included causing 
small cold bridges in the glass which are not included in 
the calculation. The used values as input for the EPG 
calculation of different thicknesses vacuum glazing are 
based on fact sheets of different producers. The 
production process could be different for other 
producers, and along with the production, the impact can 
be slightly different. Also, the service life of vacuum 
glazing is longer than conventional glazing types. 
However, the insulation value of vacuum glass is likely to 
deteriorate earlier because it is hard to keep the vacuum 
in this type of glazing. The edge sealing of vacuum glazing 
mostly determines the service life. (Koebel, Manz, 
Mayerhofer, & Keller, 2009) The edge sealing method is 
also a problem for conventional glazing. Since the service 

life of conventional glazing is 25 years, a service life of 50 
years for vacuum glazing seems overestimated. 
Therefore, the service life is assumed to be equal to 
conventional glazing.   

The energy performance of this variant could be 
determined very accurately as well as the environmental 
performance. However, for vacuum glazing and gorilla 
glazing assumptions were made of the production 
process. As described in 5.1, the extra energy needed and 
therefore, extra caused emissions would not significantly 
change the outcome.  

Since triple glazing is relatively new, there is only one 
variant of triple glazing in the database yet, in which 
coatings are not included. Therefore, the variants with 
triple glazing would have a slightly higher environmental 
performance than estimated. This difference will be 
about 0,03 €/m2. 

Although triple glazing with a thickness of 16 mm has a 
better energy performance, the costs are substantially 
more than other types of glazing which does not make it 
financially attractive. The sustainability performance of 
triple glazing with a thickness of 12 mm is better than 
triple glazing with a thickness of 16 mm, and also the 
energy reduction cannot cover the extra costs made in 
the investment. Also, when considering the costs of HR, 
HR+ and HR++, the extra costs of triple glazing with a 
thickness of 16 mm would not be paid back within the 
service life.   

Figure 66: Optimal scenario's in the calculated variants. The percentage corresponds to the improvement in sustainability 
performance of the reference building per variant.  
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Insulation variant 
At building level, the insulation value, as well as the 
insulation material, has no significant influence on the 
sustainability performance of the building. However, 
other parameters are influenced by a change in Rc value 
and/or a different insulation material used. With a higher 
Rc value or a material with a higher heat conduction, the 
insulation will become thicker and can be heavier.  

Although the difference in DPG and energy is not 
significant at building level, the difference in energy use 
among the variants Rc=1,5 m2K/W and Rc=5,5 m2K/W is 
5585 MJ per year. The insulation values 1,5, 2,5 and 10,5 
m2K/W have a (small) detrimental effect on 
sustainability, so it is better not to apply these insulation 
values. When looking in more detail to the total used 
energy, the difference in Rc=3,5 m2K/W and Rc=6,5 
m2K/W can be neglected.  

Apart from the sheep wool, the insulation material has no 
significant influence on the sustainability performance. 
Although sheep wool is renewable, the production 
process can be more energy demanding than the other 
materials. The difference in impact can also be caused by 
the PE foil, serving as a vapour barrier, which was added 
in the MPG calculation to prevent moisture in the 
insulation. (W/E adviseurs, 2019) Regarding the other 
materials, compact and light materials are beneficial 
because less space is needed. Therefore other materials 
of the building can be smaller as well.   

Percentage open/closed  
The less open area in the facade, the more sustainable 
the facade will be. However, the trend in office buildings 
is evolving in the opposite direction. The percentage of 
open parts in the facade increases and this harms the 
sustainability of the building. Because of this trend, the 
recommendation to reduce the percentage of glass in the 
facade will unlikely be adopted in design.    

A high percentage of glass is not sustainable, but with a 
lot of measures, a building can be made energy-efficient. 
However, the position of design is then already in a sub-
optimal field because only more material needs to be 
added to improve the performance.  

A more commonly used solution for the energy efficiency 
in facades with large percentages of glass is the use of a 
double-skin facade. With a double-skin facade, again 
100% or more of the facade area of glass is added to the 
environmental impact. For office buildings, it is expected 
that it is not feasible to fulfil the MPG standard of 1,0 
€/m2 when applying a double skin facade. In the 
reference building, the curtain wall facade is responsible 
for 40% of the total impact, when this would be doubled, 
the MPG would be around 1,7. Probably less aluminium 
is needed in the second skin and also a different type of 
glass can be chosen, but still a lot of material is added, 
and it will be hard to lower the MPG drastically.   

PV panels on the facade 
The results show that next to PV panels on the south, east 
and west facade, also PV panels on the north facade have 
a positive effect on the sustainability performance. 
However, it is way less effective than the other 
orientations. Also, because of the costs for PV panels and 
scarcity of materials used to produce the PV panels, the 
small decrease in DPG is not worth the adverse effects 
that are not taken into account in the DPG.  

Adding PV panels on the facade or the roof is a good 
measure to make a building more sustainable. However, 
the new nZEB (BENG in Dutch) requirements cannot be 
satisfied when only PV panels are added. Also, other 
measures are needed to limit the energy demand. The 
introduction of the nZEB requirements is an excellent way 
to limit the primary energy demand of the building, but 
when too many materials are added to accomplish the 
requirements, it would not be beneficial to achieve a 
more sustainable building.  

As explained in section 2.4.1, only the PV panels that are 
needed to fulfil the energy performance requirements 
are obliged to take into account in the environmental 
performance calculation. In the existing calculation of the 
reference building, all PV panels are taken into account. 
Also, in this research, no used PV panels are left out of 
the calculation. This way, a fair comparison for emissions 
to the environment is made. However, the MPG of the 
building would actually be lower in most scenarios than 
calculated in this research.  

In this variant, the assumption is made that the available 
PV panels in the database are suitable for the facade. In 
the environmental impact also the frame is included, so 
no difference in systems suitable for the facade will be 
expected. Also, other types of PV cells are available such 
as thin-film cells; these have higher transparency and are 
cheaper but are less efficient. The MPG of thin-film cells 
is slightly lower than crystalline silicon cells, which is 
found by changing the type in the calculation. The 
crystalline silicon cells are nowadays the standard applied 
PV cells and are also applied on the roof on the reference 
building. Therefore this type of PV was also chosen for the 
facade.   

Sun shading 
Most of the options of different sun shading results in an 
increase in DPG. Mainly this is because of the building 
already has louvres, and apparently, the MPG of these 
louvres is lower than the MPG of the sun shading used. 
Sun shading has less influence on the sustainability 
performance than expected; it is applied in almost every 
office building for comfort and indoor climate conditions. 
The scenario with optimal values for heating and cooling 
can be achieved when a smart system is used to open and 
close the shading. Nowadays the screens are only closed 
when sunlight is too much or too much solar radiation is 
noticed in the building. The sun shading is never closed in 
the winter during the night to limit cooling of the building.   
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Although the sun shading in the calculation is not 
advantageous and the existing louvres in the building 
would not be necessary, the louvres contribute to a 
comfortable indoor climate. Therefore some type of sun 
shading is necessary to fulfil the requirements.  

Facade composition 
Different facade system and other materials used in the 
facade 
The most important assumption made in this variant is 
the thickness of the facade cladding materials; wood, 
concrete and natural stone. These thicknesses are 
derived from standard details used in existing buildings. 
When performing a sensitivity analysis on the thickness, 
it appears to have a little influence on the total MPG. 
When, for example, 50% of the thickness of the wooden 
cladding is added, no change in MPG is visible. Also, for 
the concrete facade, a 50% thicker outer facing will not 
result in an increase in MPG. Only for the natural stone 
cladding, a 1% increase in the MPG is visible when 
increasing the thickness with 50%, which is a negligible 
difference. Therefore, the results will be a proper 
estimation of the change in impact when changing a 
different facade system.  

Aluminium substituted 
The variant in which no aluminium louvres are added in 
the design has an improved DPG score and also seems to 
be more favourable regarding other aspects of the 
building such as a lighter structure and a reduce in labour 
and material costs. Also, the transport can be reduced 
along with the emissions. The reason integrate louvres in 
the design is because of privacy, indoor climate and 
comfort. For sustainability reasons, no louvres would be 
included in the design. However, comfort is critical in the 
design of the building and is depending on the function of 
the building decisive.  

Height 
The DPG is increasing along with the increase in the 
height of the facade. This result was expected and shows 
that an increase in storey height has a significant 
influence on the sustainability performance of buildings. 
In residential buildings mostly the minimal height of 
storeys is held on to but in office buildings and public 
buildings, the storey height is often increased, especially 
on the first floor. In this variant, especially the ratio 
between the height of the facade and gross floor area is 
essential. When the building is higher, and thus the 
facade, it will not necessarily mean the DPG is increasing 
because the gross floor area can also change. However, 
in this variant, the gross floor area was kept constant.  

Orientation 
The orientation of the office affects the DPG. The 
performance of the actual position of the office building 
is worse than the rotation of 45 or 90 degrees.  

The rotation of the building is adjusted to the 
environment, access to roads and surroundings, so this 

will be different per building. However, the results show 
that there is room for improvement and that orientation 
can influence the energy performance of the building. In 
case of the reference office, no other buildings are a 
hindrance to rotate the building by 90 degrees. Only the 
main entrance would not be on the main road anymore. 
Other factors, such as the direction of the road, are 
normative and not the performance of the building itself.  

However, in the calculation of the orientation the g-value 
of the windows is not adjusted. The g-value of the 
reference building is determined by the effect of the 
louvres. When the building is shifted, the louvres will 
have a different effect because of the slope towards the 
sun. Therefore, a more detailed study of the influence of 
the rotation on the g-value should be performed before 
knowing the preferable orientation of the building.  

Circular variant 
Scenario 2 shows that the MPG massively increases when 
the office building would only satisfy all requirements for 
20 years. It is complicated to predict the demand of 
building types in the future and development in the 
building industries. Only lessons learned from the past 
and present and ongoing developments can be 
considered. However, the building industry is subjected 
to an enormous energy transition, and lots of offices need 
to be renovated or rebuilt. Therefore, it is crucial to think 
of strategies of reuse, rebuilding and recycling such as in 
scenario 3.  

Scenario 3 has less improvement than expected. 
However, when designing the building particularly for 20 
years, the total MPG could be reduced significantly 
because the design of the whole building can be taken 
into account. Different materials can be used, and the 
entire design will be focused on a service life of 20 years.  

Another reason for the moderate score of scenario 3 is 
the glass, which is responsible for a large part of the MPG, 
is replaced after 20 years while the service life is 25 years. 
When performing a sensitivity analysis on the service life, 
the scenario in which the building is designed for 25 years 
has an improvement of 3% regarding scenario 3, see table 
37. Then the DPG is improved by 5%, and the total energy 
use is 1% less. However, when designing the building for 
25 years, other safety factors and loads have to be taken 
into account, which can influence the amount of material 
used in the beginning. Besides, 3% is in the same order of 
magnitude, which indicates scenario 3 is well estimated.  

In scenario 3, the most critical assumptions were, next to 
the service life, the percentage of reuse and the 
percentage of less material needed in the design of the 
facade. When instead of 90% of aluminium, 60% of 
aluminium would be reused the DPG increases with 3% 
compared to the reference case. The difference is not 
that large, but it would be decisive in whether scenario 3 
or scenario 1 would perform better. So when less 
percentage of reuse can be realized, scenario 3 would not 
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be beneficial. The influence of the percentage of material 
reduced in the design is less than the percentage of reuse. 
In this sensitivity analysis, when only half of the reduction 
in the material would be realised, 5%, the DPG will still be 
lowered by 1,5%.   

Table 37: Important results sensitivity analysis 

Changing parameter DPG 
(€/m2) 

Total energy 
use (MJ) 

Service life : 20 years 
(assumed value) 

1,29 (-2%) 1.665.292 

Service life : 25 years 1,25 (-5%) 1.641.553 
% reuse : 90% (assumed 
value)  

1,29 (-2%) 1.665.292 

% reuse : 60% 1,35 (+3%) 1.698.606 
% less material : 10% 
(assumed value) 

1,27 (-4%) 1.638.956 

% less material : 5% 1,30 (-1%) 1.078.139 
 

The building designed in project XX can be used as an 
example for the circular building approach. The most 
used material in the facade is glass. Furthermore, the 
structural frame is made of laminated wooden beams 
and steel profiles. The pipes are visible and not 
concealed, and the air ducts are made of cardboard. 
(Klomp & Post, 1999) Although the reference building can 
be improved when the design was focused on 20 years, 
some elements are already similar to project XX.   

Even though scenario 4 results in the lowest DPG, the 
scenario is the least realistic. There is only a small chance 
that the office building will remain intact for 100 years.  
In scenario 4, the replacements needed are taken into 
account by the MRPI-MPG tool. However, it is unclear 
what amount of extra material is taken into account. 
When for example an extra layer of glass has to be added 
in 50 years, the amount of material is underestimated in 
the model.  

The chosen reference building has, of course, 
tremendous influence in the improvement of measures. 
Since the office is a relatively new and sustainable 
building, it was harder to improve the performance when 
building circular.  

It is still very challenging to design according to circular 
principles because the whole building industry, including 
the Eurocode, is not adjusted to circularity. The Eurocode 
provides requirements for materials and building 
products which are tuned to the linear building process.   

Also, the method of calculating the EPG and MPG is not 
adjusted to the circular building approach yet. It is 
possible to reduce the impact of materials with the 
inclusion of module D, as can be seen in figure 19. 
However, it is not clear what rules need to be applied and 
what assumptions need to be made.  

 

Realistic variant, optimised design 
In chapter 5, the results of a combined variant with 
realistic adjustments are described. The adjustments are 
derived from the beforementioned discussion of variants. 
In the realistic variant triple glazing with a thickness of 12 
mm is used because the technical and financial feasibility 
of glazing types with a better sustainability score, such as 
vacuum glazing, are insecure. The current insulation 
value of 4,5 m2K/W is not changed in the optimised 
design because the insulation value wouldn’t change the 
sustainability performance significantly. The share of 
open parts in the facade is diminished to 60% to decrease 
the sustainability performance and keep enough 
transparency, daylight and the character of the building. 
On the south facade, 224 m2 of PV panels is added to 
efficiently gain energy and improve the energy 
performance. The louvres of the building are maintained 
to preserve comfort in the building. Furthermore, the 
building will be designed for a service life of 20 years with 
focus on a high percentage of reuse of materials, as 
described in scenario 3 in 4.4.9.  

These adjustments will cause an improvement of 15,5% 
of the sustainability performance. This is a significant 
change, and the design is feasible in practice and will 
most likely also be cheaper. It will be less expensive 
because less glass is used in both thickness and area and 
materials can be reused. Also, the investment of PV 
panels is already paid back in 11 years. This improvement 
shows that the reference building is designed on energy 
efficiency and impact of materials is not taken into 
account.     

The optimal improvement of a combination of variants 
cannot easily be obtained by a summation of results. An 
estimation can be made, but the variants influence each 
other, and therefore the real value will diverge. For 
example, in this variant the percentage open parts in the 
facade is reduced which results in less improvement 
when the type of glass is changed.  

 

6.1.4 Database 
For all MPG calculations, the same database is used. The 
use of this database also has its drawbacks in this 
research. First, not all data are public or traceable. The 
results are highly dependent on the used database, and 
the data cannot be checked. Some of the elements can 
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be found in the public database of nibe.com, but in other 
cases, no background information is known of the 
elements. Therefore, it is recommendable to use an exact 
material profile when implementing measures in the 
design.  

The second drawback is that the available data in the 
database is still limited, and some data is not tested yet. 
Producers have to pay to include their product in the 
database. The costs for including a product are not 
affordable for all producers.  

The third disadvantage of the database is that only the 
standard 11 impact categories are taken into account in 
the calculation, visible in figure 19. Other aspects that are 
significant in terms of sustainability are not taken into 
account because of a lack of methods to quantify these 
categories. Examples of these categories are land-use, 
water-use and produced waste.  

6.1.5 Generalization  
Before, the results are analysed, especially for the 
reference building. This research, however, is also 
applicable to other office buildings. Some conclusions are 
also valid for public and/ or residential buildings.  

Variation in the type of glazing applies to all buildings 
because all facades of office buildings have a significant 
percentage of windows. The influence of the type of 
glazing is combined with a change in percentage of open 
and closed parts in the facade, and therefore the 
influence can be predicted for other office buildings with 
less area open facade. The difference in DPG of different 
glazing types decreases when the total area of the 
window decreases. However, because of a decrease in 
the DPG, the percentages of improvement stay more or 
less constant.  

The results of the insulation variant can be used to 
substantiate that the focus on insulation values might be 
reduced. For attached or even larger office buildings, the 
insulation value would even affect the performance less. 
In residential buildings, the percentage of closed parts in 
the facade is on average higher than in office buildings. 
However, the variation in insulation value is also 
calculated with 20% glass in the facade and can therefore 
also be used for residential buildings. The ventilation, 
heating and cooling systems can change per building and 
will also affect the results. However, to reduce the 
demand, passive measures must be looked into first.  

The change in the percentage of open and closed parts 
will also be significant regarding other office buildings. 
The difference will depend on the facade system and 
materials chosen. Despite that, in this research, it is 
shown that also when the glazing is HR++, HR+ or HR++ 
without louvres the open part of the facade will still cause 
more emissions in both EPG and MPG than the closed 
part of the facade. Not only the glazing system is changed 
with the percentage of open and closed parts but also the 

material in the facade is varied, and the same trend can 
be distinguished.    

The PV panels are not integrated into the design, and the 
result is therefore not depending on other properties of 
the building, assuming the facade is vertical. It is also 
assumed no other buildings or for example trees are 
blocking the sunlight. Currently, PV panels can be seen as 
an add-on; however, in future design, it can possibly be 
integrated into the roof covering or facade cladding. 

The effectiveness of sun shading has a lot to do with the 
design of the building, window area, orientation and 
location. Therefore, the results of the sun shading variant 
are especially useful for the reference building. In the 
reference building, there is already a type of sun shading. 
The addition of sun shades seems not to be beneficial but 
can be favourable in other buildings.  

The impact of change in materials depends on the 
existing structure and if the energy performance is 
influenced by the change or not. In general, the DPG of 
the design when choosing wood as cladding material will 
be lower compared to aluminium panels. The impact of 
the height of the storeys will be equal in other office 
buildings because the same percentage of extra materials 
is needed.  

The best orientation of the building is very dependent on 
the design and location. However, for office buildings 
with a design with two facades with windows, the best 
choice is to orientate the windows north and south 
instead of east and west.  

The influence of the circular variant will very much 
depend on used materials, service life, used connections 
and production of the materials. The potential of the 
concept of circular buildings is also seen in other buildings 
but can hardly be proved in this research.  

6.1.6 Integral approach sustainability 
The MPG and EPG are strongly connected as they can be 
both extracted from the LCA and can be summed; 
however, requirements are set up separately.  

Since the MPG is relatively new and there is quite some 
awareness for the energy transition, the focus is on the 
EPG. As can be seen in the results, the lowering of the EPG 
can have a negative effect on the total score, the DPG. For 
example, when adding sun shading to the building both 
in the variants with and without louvres, the EPG has 
improved, but the DPG increases significantly.   

New versus renovated buildings 
This research is focussed on new buildings. However, 
renovation is currently very important and corresponds 
to the line of circular building. Therefore the impact of 
different variants in the facade is also interesting to know 
in case of renovation. It is expected that in renovation 
projects, the sustainability performance can significantly 
improve when comparing to a scenario of demolition. 



6. DISCUSSION & CONCLUSION  77 
 

Sustainability can also be mainly improved when looking 
at the current state of some buildings. For example, in 
some buildings, single glass is still present.  

Policy recommendations government 
Regarding the current requirements (EPG=0,8, MPG=1,0)  
the reference building would only fulfil both 
requirements in the following situations: 

 Replacing triple glazing by 2x3 mm vacuum 
glazing 

 Instead of 80% open facade, 20% open facade 
 Instead of 80% open facade, 40% open facade 

with HR++ glazing and no louvres 
 Instead of a curtain wall system of aluminium, 

a wooden facade 
 Having a service life of 100 years for the whole 

building, instead of 50 years  

Although the requirements would be satisfied with these 
measures, these scenarios are not especially the variants 
with the lowest DPG, which indicates the level of 
sustainability of the building. Therefore separate 
requirements will not lead to more sustainable buildings 
and stimulate the design of sustainable buildings. 
Therefore a combined requirement should be considered 
in which the DPG should be below a certain value, see the 
equation below. Regarding the current requirements, the 
total would be DPG<1,8 €/m2. This is based on the current 
value of MPG, which is easily attainable. From the results, 
it appears the DPG for this building is far below this value. 
Therefore a first requirement for the DPG can be 1,4 
€/m2. Most of the variants will fulfil this requirement 
because the building is very energy efficient already. Only 
variants with 100% open facade, sun shading, double and 
single glazing and a service life of 25 years won’t meet the 
requirement.  

It would also be useful to consider requirements for 
existing buildings and renovated buildings. We can 
achieve more when taking into account larger parts of 
the building industry.   
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6.2 CONCLUSION 
In this section, first the sub-questions of this research will 
be addressed and answered. Subsequently, an answer to 
the main research question will be given. The conclusion 
is from a scientific perspective and relevant in research. 
Should the reader be interested in practical 
recommendations for design or optimisation purposes, 
then he should refer to chapter 5, the results and 6.1, the 
discussion.  

6.2.1 Sub questions  
1. What are the relations between 

sustainability, energy performance-, environmental 
performance- and the circularity of buildings? 

Sustainability in the context of the building industry 
focussing on the planet aspect is the outright goal which 
needs to be acquired to limit the emissions from the 
building industry to the environment. Different 
approaches and methods are developed to reach this 
goal and are already available. Circularity is an approach 
in designing to strive towards more sustainable buildings. 
The energy performance of buildings (EPG) and 
environmental performance of buildings (MPG) are 
requirements set by the Dutch government to limit 
emissions and extensive use of materials with a lot of 
environmental impacts and thus to enhance the 
sustainability in the building industry. Therefore, there is 
a goal- means relationship between sustainability and 
energy performance, environmental performance and 
circularity.  

2. How are the environmental performance and 
energy performance currently combined in methods and 
tools to indicate sustainability, and how should these 
parameters be combined to enhance sustainability?    

Currently, several methods exist in which the energy 
performance and environmental performance are 
combined. The DPG is an objective method that combines 
these performances by converting the total CO2 emission 
of the energy performance to shadow costs and by 
adding this to the shadow costs as calculated in the 
environmental performance. The DPG thus indicates the 
total emissions of the total life cycle of a product, process 
or building and the total costs required to bring the 
environmental impacts of a product, process or building 
to an acceptable level. (Wright, 2011) The DPG is 
expressed in shadow costs per square meter, €/m2.  

Other tools such as BREEAM and GPR-Gebouw are 
designed for the market and are not suitable for this 
research because next to the EPG and MPG, other 
parameters are taken into account.  

The energy performance and environmental 
performance do not have to be factorized when they are 
combined, in contrast to what other studies state (see 
chapter 3). Both performances can be converted to the 
same unit, and the calculated emissions correspond. 

Therefore, by summing the EPG and MPG, one 
unequivocal performance can be indicated from which it 
is immediately clear if the sustainability performance is 
enhancing or diminishing. 

3. How should the design of office building 
facades be approached in the Netherlands when 
implementing optimized environmental performance and 
energy performance requirements? 

The design of office buildings should be approached by 
implementing measures to lower the total sustainability 
performance. Per design parameter, there is an optimal 
value to minimise the sum of energy performance and 
environmental performance. By means of a one-factor-
at-the-time analysis and consideration of social and 
economic feasibility, the optimal strategies for eight 
different parameters can be found, summed below.  

Glass 
When considering only the sustainability performance of 
the glass, vacuum glass is the best option to use; although 
quite expensive. Triple glazing with a thickness of 12 mm 
would be a least expensive alternative and also has an 
improved sustainability performance. The triple glazing 
with a thickness of 16 mm is not paid back when 
comparing it to either triple glazing with a thickness of 12 
mm, HR++ or HR+ glazing.  

Insulation 
The current Rc value of 4,5 m2K/W in the reference 
building is sufficient and more insulation has no 
additional effect on the sustainability performance. The 
share of insulation in the environmental impact is rather 
small. Therefore a search for more sustainable or 
renewable materials will not result in a better 
sustainability performance. The only material that is not 
advised to use is sheep wool, due to the high 
environmental impact.  

Percentage open/closed 
The less open area in the facade, the better the 
sustainability performance of the building. However, the 
trend in office buildings is to design higher percentages 
of glass in the facade. To limit these effects, the focus 
should be on the development of sustainable types of 
glazing.  

PV panels 
Integrating PV panels on the south, west or east facade is 
beneficial for the sustainability performance and 
financially feasible. Nonetheless, to satisfy the first 
requirement of Nearly Zero Energy Buildings, other 
measures need to be taken as the use of PV panels does 
not limit the primary energy demand for heating and 
cooling. 

Sun shading 
Only when the sun shading is used optimal, which means 
it will be closed during cold nights and warm days and will 
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be open during hot nights and cold days, the 
sustainability performance is improved.  

Facade composition 
A change in the facade system and materials can 
significantly reduce the sustainability performance. 
However, this is mainly caused because no louvres are 
added in the other examined facade designs. Therefore 
the addition of louvres is not sustainable; neither is 
increasing the height of the floors. The facade with 
wooden cladding has the best sustainability 
performance.  

Orientation 
The orientation of the building can have a noticeable 
influence on the sustainability performance of the 
building. For this particular case of the reference office, 
the building should be rotated by 90 degrees to enhance 
sustainability.  

Circular building 
A circular building approach can be used to improve the 
sustainability performance of buildings. An extension of 
the service life of the whole building is the most effective 
scenario. However, the risk of not fulfilling the functional 
or aesthetical requirements within the extended service 
life is significant. Thus, it is preferable to focus on a 
scenario where materials are reused or recycled; this 
could potentially reduce the sustainability potential even 
more than calculated. 

6.2.2 Main research question 
‘How can the Dutch building industry achieve 
sustainable buildings by designing according to 
both the energy performance and environmental 
performance of buildings applied on facades?’ 

The Dutch building industry can achieve more sustainable 
buildings when the design is focused on decreasing the 
sustainability performance of buildings, which is a 
summation of the energy performance of buildings and 
the environmental performance of buildings.  

An integral approach is essential when enhancing the 
sustainability performance of buildings because the 

energy performance of buildings and the environmental 
performance of buildings have a negative correlation.  

For the reference office used in this research, an 
improvement in sustainability performance of 15,5% can 
be achieved when measures are implemented focused on 
lowering the combination of energy- and environmental 
performance of buildings. Although the reference office 
already is an energy-efficient building; with an integral 
approach the building can be significantly improved 
regarding sustainability.  

The goal of the Dutch government to steer on CO2 
emissions can influence the improvement of the 
sustainability performance, but the relationship between 
the sustainability performance and CO2 emission is not 
entirely linear. The reduction of CO2 emissions should, 
just as circular building, be an approach to reach more 
sustainable buildings but not a goal in itself since CO2 is 
not the only parameter affecting the DPG. A lower CO2 
could even result in a higher DPG.  

It is relevant to develop systems to generate energy such 
as PV panels. However, the impact of the used material 
must not be overlooked. It is essential to use the material 
in a more circular manner while taking into account the 
use of energy for its production. Energy and material use 
need to be balanced together to accomplish a sustainable 
optimum. 
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6.3 RECOMMENDATIONS FOR 
FUTURE RESEARCH  
This research can be used to optimise the sustainability 
performance of buildings by the design of facades. To be 
able to use this knowledge in a broader context and 
enhance the sustainability of the building industry, 
several recommendations are made in this section. 

6.2.1 Research method  
Combination of factors (multiple factor analysis) 

In this research, a one-factor-at-the-time analysis is 
performed. One facade design parameter is assigned 
different values to examine its influence on the 
sustainability performance. A study of the influence of 
varying multiple design parameters can postulate 
unexpected influences of combined parameters.  

Design of the whole building 

To limit the scope of research, the variations in design 
were all focussed on the facade in this research. A large 
part of the building design was kept constant. However, 
the rest of the building can also have a significant 
influence in reducing the sustainability performance of 
the building. Therefore a case study in which all design 
parameters of the building are taken into account is 
recommended.  

More buildings as reference 

Another limitation of this research is that only one 
building is used as a reference case. When the 
parameters are varied, and results are interpreted of 
different buildings, more general conclusions can be 
drawn.  

Renovation scenario  

In this research, only the performances of the design of 
new buildings are taken into account. The potential of 
formulating requirements for the sustainability 
performance of buildings  is a logical step to examine 
because of a large demand for renovation of buildings.  

LCA method 

More knowledge on how to use the circular building 
approach in the calculation of LCA methods must be 
gathered and spread. In this research, it was difficult to 
calculate the circular scenarios. The tools and databases 
are not developed yet to take into account reuse or 

recycling.  When the reduction in impact and/or costs 
becomes widely known, it will be more appealing to use 
this as a design approach.  

Sustainability in a broader context 

The social and economic aspects of sustainability are left 
out of scope in this research. When expanding this 
research, social and economic aspects need to be 
considered so see if the ‘most sustainable’ measures are 
also socially acceptable and financially feasible.     

6.2.2 Specific research variants  
Vacuum glazing 

From this research, we learned that vacuum glazing has 
an enormous potential in enhancing the sustainability 
performance. Unfortunately, the costs of the system hold 
back the application of vacuum glazing. Therefore more 
research has to be carried out of the exact performances 
of vacuum glazing and the production process.  

Limit amount of glazing 

The percentage of glass in the facade design of office 
building is still increasing. From this research can be 
learned that the higher the percentage of glass in the 
facade, the higher the sustainability performance. To 
reduce this effect, alternative design strategies have to 
be developed to limit the amount of glass without 
reducing the transparency of the building and incoming 
daylight. 

Without louvres 

One limitation of this research is that the design of the 
reference building includes louvres. Although it is 
commonly used in office buildings, it would be useful to 
know the influence of different parameters without the 
impact of the louvres. 

Sun shading 

Although the improvement accomplished with sun 
shading in this study appeared to be small, there is 
potential to significantly improve the sustainability 
performance is expected when lowering the MPG of sun 
shading. The available products in the database all have 
aluminium frames, meaning that a high quantity of 
material is used. More research should be conducted 
about concepts like facade screens or alternative sun 
shading systems.  
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APPENDIX B: DRAWINGS REFERENCE OFFICE 
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APPENDIX C: EPG CALCULATION REFERENCE OFFICE 
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APPENDIX E: CALCULATION WINDLOADS SCENARIO 3 
(NEN-EN 1991-1-4+A1+C2:2011 nl, 2011)  
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APPENDIX F: RESULTS CALCULATIONS 
 

The energy performance of the building is calculated in Uniec2.0 and processed in Excel, see the figures below. In the Excel 
sheets, the following formulas are used to get more insights into the results. The total energy in the energy calculation is 
determined by the following formulae: 

𝐸௧௢௧௔௟ = ෍ 𝐸௛௘௔௧௜ + 𝐸௧௔௣௪௔௧௘௥ + 𝐸௖௢௢௟௜௡௚ + 𝐸௙௔௡௦ + 𝐸௟௜௚௛௧௡௜௡௚  

The EPG is calculated with the following formulae where 0,05 the weighting factor for CO2 is in €/kg equivalent.  

𝐸𝑃𝐺 =  𝐶𝑂ଶ,௧௢௧௔௔௟ா௉ீ ∗
0,05

𝐵𝑉𝑂
 

The environmental performance of the building is calculated with the MRPI-MPG tool and is processed in Excel.  

The total sustainability performance is calculated as follows.  

𝐷𝑃𝐺 =  𝑀𝑃𝐺 + 𝐸𝑃𝐺 

 

% 𝐶𝑂ଶ 𝑜𝑓 𝐷𝑃𝐺 =  
𝐶𝑂ଶ,௧௢௧௔௔௟ ∗ 0,05

𝐷𝑃𝐺 ∗ 𝐵𝑉𝑂
  

 

All variants are compared to the reference case. Therefore the percentages of improvement are calculated like this: 

% 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡(𝐷𝑃𝐺௩௔௥௜௔௡௧) =
𝐷𝑃𝐺௥௘௙௘௥௘௡௖௘ − 𝐷𝑃𝐺௩௔௥௜௔௡௧

𝐷𝑃𝐺௥௘௙௘௥௘௡௖௘
 

 

% 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡(𝐸௧௢௧௔௔௟,௩௔௥௜௔௡௧) =
𝐸௧௢௧௔௔௟,௥௘௙௘௥௘௡௖௘ − 𝐸௧௢௧௔௔௟,௩௔௥௜௔௡௧

𝐸௧௢௧௔௔௟,௥௘௙௘௥௘௡௖௘
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Energy performance results 
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Environmental performance results 
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Sustainability performance results 
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APPENDIX G: NPV CALCULATIONS 
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