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Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings
BRIEF SUMMARY

Buildings are responsible for 36% of the global energy consumption, 39% of the global greenhouse gas (GHG)
emissions and for about 40% of total final energy consumption in Europe. The improving awareness of the
building-related energy consumption and GHG emissions resulted in several actions including legislative steps
to improve the energy performance of the building stock. On the other hand, recent research shows that in
modern, energy efficient buildings the embodied GHG emissions — emissions during the production and
construction of the buildings — may take about the same amount as the GHG emissions of the operation of the
buildings. To incorporate the environmental impacts of buildings throughout the whole lifecycle the method
of Life-Cycle Assessment (LCA) is increasingly applied in research and the concept starts to appear even in
policymaking.

However, the application of LCA in the support of building design is rather limited due to certain constraints.
There is a wide range of possible measures to increase energy efficiency and to reduce the environmental
impacts of a building design. Furthermore, there are conflicting aspects that need to be considered to meet a
design decision, and design solutions have both advantages and disadvantages from both the energy efficiency
and the environmental point of view. At the same time there are multiple objectives to attain, such as the global
cost besides the GHG emissions. Considering these aspects, the design process can be formulated as a Multi-
Obijective Optimization Problem. The field of applied mathematics provide widely discussed solutions to such
problems but their application to building design requires a multi-disciplinary approach. As a consequence,
there is a limited number of research studies that apply algorithmic optimization focusing on the environmental
impact of the complete building including the whole life cycle as well as the global costs and the results are
evaluated considering both objectives at the same time.

I intended to address this knowledge gap through the combination of Life-Cycle Assessment, Life-Cycle
Costing and Multi-Objective Optimization techniques in my PhD research. | developed a building optimization
framework based on a parametric building model, detailed energy, LCA and LCC calculations. The framework
is capable for incorporating existing tools and is modular to support the application of alternative solutions in
each of the workflow steps. It provides innovative visualization options and is implemented in a parallel
computing environment using state-of-the-art technology. | introduced a comprehensive methodology to
evaluate the results of the multi-objective optimization including the definition of new metrics that support the
understanding of such a design problem. Through the application of these metrics, it is possible to better
understand the trade-off between two objectives in a robust way. Through the optimization of a multi-
apartment building in the Hungarian context | presented how the framework and the metrics support design
optimization, and I identified how much ‘business-as-usual’ design could be improved in terms of GHG
emissions (using GWP) and global cost (using LCC). Furthermore, | showed which design parameters are
important to achieve this improvement. | evaluated how much the choice of the heating system influences the
optimal building design. | identified that not only the potential improvement but the extent of the trade-off
between GWP and LCC depends on the type of fuel determined by the heating system. | applied a future
projection regarding the decarbonization of the electricity supply to the calculations and | quantified its
influence on the total environmental impact of the case study building design as well as on the optimal design
parameters. Finally, I could show that the optimization workflow is adaptable to other climatic and economic
conditions by optimizing the same case study building in a Portuguese context. | identified the differences
between the two locations regarding improvement potential and optimal building design parameters.
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KIVONAT

Az épiiletek feleldsek a globalis energiafogyasztas 36%-aért, a globalis iveghazhatast gaz (UHG) kibocsatas
40%-&ért, és Eurdpéban a teljes végenergiafelhasznalas 40%-aért. Az épiiletekhez kothetd energiafogyasztas
és UHG kibocsatas mértékének tudatosuldsat szamos eldrelépés kovette — ideértve a szabalyozasi
lehetdségeket is — az épiletallomany energetikai teljesitményének javitasa érdekében. Ugyanakkor friss
kutatasok arra mutatnak ra, hogy modern energiahatékony épiiletek esetén a ,,beépitett” UHG kibocsatasok —
az épiilet 1étesitése sordn keletkezd kibocsatasok — akar ugyanakkora mértékiiek is lehetnek, mint az épiilet
lizemeltetéséhez kothetdé UHG kibocsatasok. A teljes életciklus soran okozott kornyezeti hatasok
figyelembevételére az Eletciklus-elemzés (Life-Cycle Assessment — LCA) modszertanat egyre szélesebb
korben alkalmazzak és a gondolkodasmaod a dontéshozatali folyamatokban is kezd megjelenni.

Ugyanakkor az LCA alkalmazésa az épliletek tervezésének tdmogatésara tovabbra sem elterjedt, ami szamos
korlatozé tényezonek kdszonhetd. Az energiahatékonysag novelésére és a kornyezeti hatas csokkentésére
kiilonboz6 beavatkozasok széles palettaja all rendelkezésre, de az egyes dontéshozatali Iépések soran gyakran
ellentmond6 aspektusokat is figyelembe kell venni. A legtobb megoldas rendelkezik eldnydkkel és
hatranyokkal is mind a kérnyezeti hatas mind pedig az energiahatékonysag oldalarél nézve. Mindezek mellett
egyéb tényezoket is szem elétt kell tartani az UHG kibocsatasok mellet, mint példaul a koltségeket. Ezen
szempontok alapjan a tervezési feladat egy tobb célfiiggvény szerinti optimalizacios problémaként is
értelmezhetd. Az alkalmazott matematika szakteriilete széleskorben targyalt és megvitatott megoldasokat nyUijt
ilyesfajta problémakra, azonban ezek alkalmazaséra az épuletek tervezési folyamataban multidiszciplinaris
megkozelitésre van sziikség. Ennek megfelelden korlatozott szamban allnak rendelkezésre kutatasok, melyek
az éplletek kornyezeti hatésat célzo algoritmikus optimalizélassal foglalkoznak beleértve a teljes életciklust
¢s a globalis koltségeket is, majd pedig az eredményeket mindkét célfiiggvény egyidejli szem el6tt tartasaval
értelmezik.

Kutatasommal ezt a hianyossagot szerettem volna pétolni, mégpedig az Eletciklus-elemzés, az Eletciklus-
koltségelemzés (Life-Cycle Costing — LCC) és a tobb célfiiggvény szerinti optimalizalasi technikak
kombinalasaval. Ennek érdekében kifejlesztettem egy épuletoptimalizacids keretrendszert, mely egy
parametrikus épuletmodellre és részletes energetikai, valamint LCA és LCC szamitasokra épll. A
keretrendszer meglévo eszk6zok integralasara is alkalmas és modularis abban az értelemben, hogy alternativ
megoldasok befogadasat is lehet6vé teszi a munkafolyamat minden 1épésében. Mindemellett innovativ
vizualizacios technikakat vonultat fel és olyan naprakész technoldgiaval valdsitottam meg, amely alkalmas a
parhuzamos szamitasi kapacitas kihasznalasara. Bevezettem egy teljeskori modszertant a tobb célfiiggvény
szerinti optimalizacié eredmeényeinek részletes elemzésére, tobbek kdzott olyan Gj metrikdk definialasaval,
melyek a optimalizalasi feladat eredményét falhasznalhatéva teszik a tervezési folyamatban. Ezen metrikak
hozzasegitenek, hogy a két célfuiggvény kozotti egyensilyt megbizhaté modon értsiik meg. Egy magyarorszagi
tarsashdz optimalizaciojan keresztill bemutattam, hogyan segiti a keretrendszer és a metrikak az
épiiletoptimalizalast, és szamszerlsitettem, hogy a ,,szokvanyos” épiiletmegoldasok mennyivel lennének
javithatéak mind UHG kibocsatas (GWP alapjan), mind pedig globalis kéltség (LCC alapjan) tekintetében.
Ezen tilmenden megmutattam, hogy mely épiiletparaméterek a legfontosabbak a javulas eléréséhez.
Megvizsgaltam, hogy mennyiben befolydsolja az épiilet valasztott fiitési rendszere az optimalis
épliletparamétereket. Megallapitottam, hogy nem csupan a potencialis javulas, de a GWP és LCC kozti
ellentmondas mértéke is fligg az adott flitési rendszer altal meghatarozott energiahordoz6 fajtajatdl. Egy az
elektromos ellatohalozat jovobeli dekarbonizécidjat figyelembe vevé modell segitségével szamszerlsitettem
annak hatéasat az optimalis épiiletparaméterekre és a példaépiilet teljes UHG kibocsatasara nézve is. Végiil egy
portugél helyszin segitségével megmutattam, hogy az optimalizalési eljaras mas gazdasagi és klimatikus
kornyezetben is elvégezhetd. Beazonositottam a két helyszin kozotti kiillonbségeket mind az optimalis
épliletparaméterek mind pedig a potencialis javulas tekintetében.
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TERMINOLOGY

Businessas-usual (BAU) - cases during the optimization that reflect the current practice in the construction
industry. These cases serve as the reference for determining the improvement achieved through
optimization. The cases are manifested in specific limited value ranges for the optimization variables.

containerization - software technology that refers to an OS-level virtualization method used to deploy and
run distributed applications without launching an entire virtual machine.

decarbonization- the effort to reduce the greenhouse-gas emissions attributed to the electricity production.

dominated solutions- those solutions of a multi-objective optimization, for which at least one other solution
exists in the same objective space that is better in all objective values.

elitism - a widely used strategy in the selection of good solutions in stochastic multi-objective optimization.
Best solutions from a calculated set of solutions (population) are transferred directly to the next
generation without further judgement or modification (mutation).

embodied impact - environmental impact that is caused during the production and construction of the
building.

fitness function - a function to evaluate the quality of a solution within a multi-objective optimization
considering all objectives.

Global Warming Potential (GWP) - widely used environmental indicator, that expresses the impact of
human emissions on the radiative forcing of the atmosphere and is often referred to as “climate change”.
GWP is expressed in kilograms of carbon-dioxide equivalents (kgCO2-eq.) by applying characterization
factors to certain emitted greenhouse-gases.

Life Cycle Cost (LCC) - widely used economic indicator, often referred to as “global cost”. It means the sum
of the present value of the initial investment costs, sum of running costs, and replacement costs (referred
to the starting year), as well as disposal costs if applicable.

lifecycle environmental impact and cost the environmental impact and cost of a product (e.g., the building)
considering all life-cycle phases from cradle to grave (e.g., the production of construction materials, the
operation, and the decommissioning of the building etc.).

non-dominated solutions- those solutions of a multi-objective optimization that are not dominated by any
other solution. Non-dominated solutions are Pareto-optimal within the evaluated set.

NSGA-II - Non-dominated Sorting Genetic Algorithm —a widely used stochastic multi-objective optimization
algorithm developed by K. Deb, A. Pratap, S. Agarwal, T. Meyarivan.

objective function, objective (value) the abstract function that takes the optimization variables as input and
returns the target value of the optimization as an output. Objective (value) is the result of the objective
function.

Pareto-front - the set of all Pareto-optimal solutions.

Pareto-optimal - solutions in a multi-objective optimization are considered Pareto-optimal if and only if there
is no alternative solution that is better in any of the objectives without being worse in another.

guasi-optimal - solutions in a multi-objective optimization that are close to (and including) the Pareto-optimal
solutions. Inclusion criteria is the Distance to Pareto-front metric.

trade-off - a compromise between two conflicting objectives.
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| Introduction

Buildings are responsible for 36% of the global energy consumption and 39% of the global greenhouse gas
(GHG) emissions according to the IEA [1] and for about 40% of total final energy consumption in Europe [2].
The built environment is the largest industrial sector in economic terms, and also the largest in terms of research
flow [3]. The improvement of the energy efficiency in both new and existing buildings is crucial to reach
climate and energy targets and to increase energy security [4]. The most important legislative step of the
European Union for improving the energy performance of the building stock is the Energy Performance of
Buildings Directive, introduced in 2002 [5] and recast in 2010 [6]. According to the directive, all new buildings
constructed in Europe must be nearly-zero energy buildings by 2020. By reaching the deadline, the initiative
has been further developed and the idea of net-zero energy buildings became a new challenge [7,8]. The high
interest form both research and policy making keeps up the pursuit of increasing energy efficiency of buildings.

On the other hand, researchers show that in modern, energy efficient buildings the embodied greenhouse gas
emissions (GHG) — emissions during the production and construction of the buildings — may take about the
same amount as the GHG emissions of the operation of the buildings [9]. This is due to the tendency that the
aim to reduce the energy consumption in the use phase is achieved through the massive employment of
insulation, and technical equipment. Thus the avoided emissions in the use phase are shifted to the construction
and demolition phases of the building’s life cycle. [10]. Longo et al. [11] goes so far to say: “In fact,
notwithstanding the increasing number of scientific studies and the relatively high number of reviews on the
topic, an important issue as the environmental impact of the building was often neglected in the past”. This
kind of “problem shifting” has been already highlighted by many researchers [12,13]. Even though the
environmental impact has become an acknowledged issue in our society, the application of measures on
buildings is still limited by economic conditions. Therefore, life cycle thinking also needs to be applied during
the cost calculation of buildings. This concept is manifested in Life Cycle Costing (LCC).

I.1  Environmental impact of buildings

Energy saving may be achieved through different combinations of measures, including thermal insulation,
high-performing windows, efficient and controllable technical systems and renewable energy sources [14].
However, a reduction in operational expenditures usually generates higher investment costs and this is
generally also true for the embodied energy and environmental impacts, such as greenhouse gas emissions
[15-17]. The research question arises what the optimum trade-off between embodied and operational
environmental impacts is and where the minimum is found if we consider not only the operational phase, but
the whole life cycle of a building.

1.2 Life Cycle Assessment in the building design

Life Cycle Assessment (LCA) is increasingly used for the assessment of the environmental performance of
buildings [18,19]. Different countries use LCA results as part of their building regulations. It has become
mandatory to submit a calculation of the so-called embodied environmental impact related to the
manufacturing of building materials as part of the building permit application process in the Netherlands [20],
for example. Sweden introduced a mandatory calculation of the embodied (GHG) emissions for new residential
buildings that will enter into force in 2022 [21]. Furthermore, LCA has become a relevant part of several green
building certification systems, such as BREEAM [22] or the system by the German Sustainable Building
Council (DGNB) [23], amongst others.

Despite of the increasing applications, LCA is still often considered as a complicated method for experts [24].
The method has been developed initially for consumer products and is standardised in the I1ISO 14040/44
[25,26] framework. The method consists of four phases: goal and scope definition, life cycle inventory (LCI),
life cycle impact assessment (LCIA), and interpretation. EN 15804 [27] has been developed for the LCA of
building materials and provides a basis for Environmental Product Declarations (EPDs). EN 15978 [28]
describes an approach for the LCA of a building and defines several life cycle stages: A production and
construction, B use, and C end-of-life of buildings. A separate stage D describes the benefits and loads beyond
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the system boundaries, for example in the case of recycling. To simplify the process and decrease the amount
of work, most building LCA studies use predefined datasets for the materials or components. Databases
especially developed for building materials, such as KBOB [29] or OKOBAUDAT [30] provide the data.
Furthermore, more and more building material manufacturers publish EPDs of their products. These
endeavours are highly supporting the integration of life-cycle thinking in building design.

1.3 Building design support through optimization

Even though both policy making and the scientific community agrees in the need for low-energy and low-
impact building design, the steps to achieve it raise several difficulties. This is due to the following reasons
based on the review of Longo et. al. [11]:

1 Wide range of possible measure€nergy efficiency of a building design may be achieved through
applying active and passive efficiency measures. Designers have to choose between a huge variety of
design solutions or the combination of them.

91 Design uniguenessEach building design represents a unique combination of architectural solutions.
Consequently, a proved efficiency measure may not be adequate on another building. Therefore, the
analysis of measures is carried out on a model. The model is a theoretical representation of the reality,
and simplifications have to be made.

1 Multiple methodological options: During the modelling and the quantification of the environmental
impact several methodological choices have to be made. A wide range of solutions exist only for
example to evaluate the energy consumption of a design. Furthermore, the accounting for the impact
of “green” or “sustainable” solutions also raises questions (e. g. how to account for reusable
components, recycled content of materials, or exported energy).

1 Conflicting aspects Often, design solutions have both advantages and disadvantages on the whole
building which may also influence the energy and environmental aspects. For example, a large window
may lower the heating energy demand of the building through gaining more solar energy, but this gain
may lead to overheating in summer. Similarly, it may reduce the electricity demand of artificial
lighting, but the usage of large glass panes may have higher environmental impact than using an
ecological wall material assembly.

1 Multiple objectives to attain: Stakeholders during the design process may evaluate a certain design
from different points of view. For example, minimizing the life-cycle cost, or the life-cycle
environmental impacts as well as the maximum thermal comfort or maximum energy savings can be
both targeted by a design optimization. From this aspect the design process becomes a Multi-Objective
Optimization Problem (MOOP).

At this point the field of applied mathematics and the term optimization becomes important. If the building
design can be optimized using mathematical algorithms, moreover, multiple objectives can be considered at
the same time, than the process may be capable of actively supporting the stakeholders (architects, engineers
or investors and policy making) during the building design. To achieve this, a wide range of disciplines needs
to be combined such as mathematics for optimization, building physics to calculate energy performance,
environmental studies to quantify the environmental impacts, etc.

1.4 Goal setting and structure of the thesis

Derived from the above problem statements, a main goal of my research can be formulated as: Support the
design of efficient low-impact buildings while maintaining reasonable costs throughout the life cycle
through algorithmic optimization . To achieve this, I reviewed the literature to become familiar with the state
of the art of the field, | developed a framework to apply multi-objective optimization on a building design, I
developed a consistent methodology to evaluate the results of the optimization problem, and | applied the
framework and the methodology to several case studies to evaluate the pathway to achieve low impact
buildings and to demonstrate the potentials of such design support.
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Figurel. Structure of the thesis

The thesis is structured as follows. First the problem is formulated and the context of building optimization
and building environmental impact is introduced (Chapter 0), Second, the literature is reviewed in a critical
way focusing on the research gaps to be filled with my research (Chapter I1). It includes five relevant topics
such as: the LCA of buildings; building performance optimization; LCA of the electricity mix (and its
application to buildings); workflows and design tools; and LCA result visualization. Third, based on the
identified gaps, the objectives of the thesis are set (Chapter II). Fourth, the methodology is described and
justified in a thorough way from the definition of the framework through the discussion of LCA and LCC
calculations until the actual implementation of the system. The analysis of the multi-objective optimization
results and the corresponding metrics is defined, then the case study building that is targeted by the
optimization is introduced (Chapter V). Fifth, the different aspects of the optimization are evaluated through
the application of the optimization framework and methodology on the case study building (Chapter V). The
most important steps and the analysed cases are depicted on Figure 1. Finally, the main results of my thesis
are collected after a brief summary of the thesis in Chapter VI and VII.

Il A critical review of the field

There is a growing number of publications focusing on building LCA as well as on building optimization. The
availability of tools, computation capacity, the more and more widely applied methodology of Building
Information Modelling (BIM) as well as the increasing interest in designing buildings with low environmental
impact results in high quality research all around the scientific community. To illustrate the tendency of
publications in the field, a metadata-search was conducted on Sciencedirect.com using the keywords
“BUILDING + LCA” and “BUILDING + LCA + OPTIMIZATION” within the search field “Title, abstract
author-specified keywords” (the search results have been revised on June 18, 2021 to reflect the latest known
status). The results were filtered to review articles, research articles and book chapters. Figure 2 shows the
number of publications corresponding to the search results. The share of research articles covered 87% of the
results, while review articles and book chapters covered 10% and 3%, respectively.



Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings

keywords
120 4| —s— BUILDING + LCA

BUILDING + LCA + OPTIMIZATION

Publications

————— T
2000 2005 2010 2015 2020
Year

Figure2. Number of papers published in each year in the building LCA optimization field.

There are multiple approaches to evaluate the environmental impact of buildings. Akanbi et. al. [31] for
example applied the concept of the circular economy and developed a method to quantify how much of the
building materials can be salvaged from the structural components. However, in my thesis | only focus on the
application of LCA as a method to quantify the environmental impacts. Therefore, the literature review focuses
primarily to studies using LCA.

The review of the scientific literature is structured in the following way. First, studies regarding the building
optimization and building LCA are reviewed with special focus on the application of multi-objective
techniques. The application of optimization and LCA during the design process using various tools has gained
interest recently, therefore a dedicated section reviews the different workflows and design tools applied in the
literature. Then, the options for the communication of the LCA results is reviewed with special focus on
visualizations. The decarbonization of electricity supply mix is widely discussed in the literature because it
has a huge influence on all economic sectors. Therefore, the modelling of the environmental impact of the
electricity mix and the application of such models to building LCA is reviewed finally. The review covers the
available scientific literature until 2021 January.

1.1 Building Life Cycle Assessment

There are numerous studies in the literature that evaluate the environmental impacts caused by buildings with
the help of Life Cycle Assessment (LCA) [19]. Furthermore, there has been an exponential growth in the
application of LCA to buildings in the recent years [32-34] (see Figure 2).

Environmental optimization, which refers to the search for the minimum impact of a building, is complicated
by the fact that the number of alternatives in the design phase is very large. Even if we consider only a few
variables, these can take many different values (e. g. material types, insulation thickness, window types, etc.),
which results in a large number of combinations. The scientific literature often compares a limited number of
design options and this approach is called ‘optimization” [35-38], but this does not allow for comprehensive
conclusions. Additionally, the reliability of LCA results is highly dependent on how the inherent uncertainty
and variability is handled. Uncertainties may relate, for example, to the construction materials [39], service
lives [40], modelling options [41] or user behaviour during the use phase [42].

11.1.1  Building optimization combined with life cycle assessment

The tools of applied mathematics are increasingly applied to such problems. Mathematical optimization is the
minimization or maximization of one or more objectives that are functions of some variables [43]. In single-
objective optimization, there is one objective, while in multi-objective optimization two or more conflicting
objectives are optimized simultaneously [44], [45]. If the number of combinations is low, even simple tools
may be suitable, such as a dynamic parametric analysis tool [46]. However, due to the large design space and
the non-linear nature of the calculations, classical optimization techniques are usually not suitable for solving
building-related problems. Efficient derivative-free algorithms can be applied instead. There is a growing body
of scientific literature on the application of mathematical optimization to building design [11,47,48]. The
10
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objectives can be the minimization of costs [49-52], energy use [53,54], the maximization of thermal
comfort[55-57], or the performance of building elements [58,59]. However, there exists a limited number of
optimization studies related to the life cycle environmental impact of buildings [11], as summarized as follows.

The research of Antipova et al. [60] was one of the first trials to combine life cycle assessment and optimization
algorithms for buildings. The objective was to optimize the environmental impact and total costs of the retrofit
of a semi-detached house in Portugal by varying the insulation materials, windows and solar panels with a
rigorous mixed-integer linear program (MILP). Although they suggest overcoming the problem of using
simple environmental metrics (e. g. thermal energy and electricity consumption) in optimization problems of
buildings by applying the methodology of life cycle assessment, their approach does not ultimately comply
with the LCA methodology either. That is because only the environmental impact of the operational energy
use is considered, without the impacts embodied in the materials. Azari et al. [61] applied a multi-objective
optimization algorithm to explore optimum building envelope design, energy use and life cycle impacts on a
case study of an office building in Seattle. First, an LCA was performed on an initial sample of 91 random
design combinations. For the optimization, they developed a two-phase methodology: in Step 1, the operational
energy use and environmental impacts were modelled by Artificial Neural Networks (ANN), while in Step 2,
a multi-objective optimization was performed by genetic algorithms with equal weights on each impact
category. Hester et al. [62] compared the efficiency of sequential specification and genetic optimization for
environmental assessment in an early design stage. They concluded that genetic optimization leads to more
optimal solutions with greater flexibility.

In these studies, energy calculation is linked to existing or self-developed LCA modules to find the design
options with the lowest environmental impact, usually with a focus on greenhouse gas emissions. The optimal
design will be different depending on whether only the operational performance is assessed or also the trade-
off between embodied and operational impacts [49]. In some cases, life cycle costs are also selected as an
objective function to find both environmental and cost optimums [63,64].

Both new buildings and retrofit designs have been assessed [12,65]. For example, Amain and Kiaee [66]
combined energy simulation with DesignBuilder and LCA in SimaPro to rank internal insulation systems for
the retrofit of existing buildings with maximum energy saving and minimum environmental impact. Besides
residential buildings, non-residential buildings have also been optimized [61,63].

Commonly evaluated variables include the insulation material and thickness, glazing and window type,
window-to-wall ratio, heating system, heat recovery and lighting system. Mayer et al. [67] also considered
different hybrid renewable energy systems and their components. In rare cases, the building shape is also a
variable, for example to maximize solar radiation incident on the building envelope [68,69].

11.1.2  Building modelling approaches for the support of optimization

Developments in Building Information Modelling (BIM) make it possible to integrate LCA in the building
design work flow [70-75]. Either the bill of quantities (BoQ) is derived automatically from the model [76] or
plug-ins to CAD programs directly calculate the environmental impact (e.g. Impact [77] or Tally [78]).
However, combining BIM, LCA and energy calculations for optimization can still only be carried out by
specialists. For example, Najjar et al. [79] developed a framework integrating mathematical optimization, BIM
and LCA to assist the building design process. Using the framework, considerable energy, cost and
environmental impact savings were achieved through the analysis of the building envelope. Shadram et al. [80]
integrated a multi-objective optimization into a BIM model for solving the trade-off problem between
embodied and operational energy tested on a Swedish low energy building. They connected several tools such
as Grasshopper, Archsim, Octopus etc. to assist existing software with the analysis.

There have also been some attempts to apply LCA to building design using a parametric design tool, where
geometry can be described using mathematical formulae [81]. Hollberg et al. [12] presented a parametric
approach coupled with evolutionary algorithms for optimizing the life cycle environmental impact at an early
design stage. A retrofit case was solved with an evolutionary algorithm where variables comprised the
insulation material, as well as thickness, window type and the heating system. Lobaccaro et al. [68] applied a

11



Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings

parametric design approach to minimize the embodied greenhouse gas emissions and operational energy, with
a generative workflow developed in a visual scripting environment. Bre et al. [82] focused on applying
sophisticated building energy simulation to a multi-objective optimization problem supported with parallel
computing to minimize energy demand and to maximize internal thermal comfort. They achieved improvement
on a case study of a single-family building and the computation time could be significantly reduced through
computer-cluster implementation.

1.2 Workflows and Design Tools

The application of building design tools to assess the environmental impact of buildings has been already in
focus of multiple researchers [83,84]. However most of the papers were focusing on the applicability of BIM
for building LCA [85] or the extension of BIM [86] to include environmental data. Soust-Verdaguer and
colleagues [73] evaluated the limitations of BIM-based LCA in a comprehensive review. They identified three
levels of integration, from which only the third level includes automated data exchange. It is also recognized
that this is not the current practice yet. On the other hand Hollberg and Ruth [12] applied a different approach
focusing on the parametric definition and optimization of the model instead of starting from a predefined BIM
geometry model. They emphasized the advantages of a parametric model in optimization processes and in
early design stages. Other studies were focusing on the data management to bridge the gap between the input
requirements of an LCA and the data availability in BIM. Cavalliere et al. [87] defined the minimum
requirements to include environmental data in BIM models. They developed an “architecture of variables” so
that the various parameters can be included depending on the life cycle stage and the available data. Tecchio
et al. [88] on the other hand described a hierarchic decomposition structure for building model data and
proposed a method to conduct LCA even if the data availability is low and the information is underspecified.
Further studies applied LCA on case studies [89-91], most of them facilitated some features of BIM (e.g.
extract material quantities, visualization of 3D building model, etc.), but they either use some self-developed
tools (e.g. Excel spreadsheet) [91] or apply commercial plug-ins [90] to evaluate the environmental impacts.
Some papers were focusing on the evaluation of LCA results through different visualization techniques by
using the capabilities of a complex 3D building model [70,92]. The extended integration of LCA into the
design practice [93] and into certification systems [94] is also in focus of recent research.

1.3 Analysis of Life Cycle Assessment results through visualizations

Although LCA is more and more applied for the environmental assessment of buildings, the way how it
supports the design decision making is still rarely discussed [95]. Most of the guidelines and reports are
focusing on recommendations for experts, such as the EeBGuide [96] or the guide of the European Joint
Research Centre on the interpretation of LCA results [97]. The American Institute of Architects issued an
extensive guide for building LCA, but the discussion of the results is rather limited to qualitative and
comparative assessment [98]. Decision support of building environmental design should target a wide audience
including architects, investors or policy making. Since the interpretation phase of LCA is considered to be
rather complex [99,100], practitioners struggle to apply it broadly because of the difficulties in understanding
and the communication of results [92,101]. Previous research provides evidence that the integration of life-
cycle thinking can improve the decision-making within partners with different fields of expertise including
non-experts [102]. Still, the result of LCA is often not comprehensible for most stakeholders. This might be
one of the barriers why LCA in the current practice is only used for certification or documentation instead of
supporting fundamental decisions or to improve the building design [103,104].

The suitable visualization of the results is an obvious solution to provide the necessary information for decision
support as widely discussed in the literature [92,105,106]. Visualization techniques are used for both the
analysis and the communication of data and information. The field of visual analytics has gained interest since
decades [107] and becomes especially useful when the information grows. Different disciplines apply the
techniques to facilitate human cognitive capabilities through enhancing the pattern recognition or reducing
search and lost [108], especially those ones that require an extensive use of large datasets such as LCA. The
different applications of LCA within the construction sector (EPDs, design decision support, policy-making)
require specific forms of information and communication [92], therefore visualization is a key factor in
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decision support [106] as well as in design optimization [109]. Basbagill et. al. concludes that meaningful
visualizations can help designers to achieve significant improvement in the environmental impact [110].
Additionally the collaboration within interdisciplinary teams can be further supported [111], which is crucial
in building design.

Even though the need for advanced visualization is evident and is stated in the literature, there are only few
studies that focus on the visualization of building LCA results. Within these studies either novel types of
complex visualizations are proposed [110,112] for assessing large datasets, or integrated techniques are applied
for the easier understanding of results such as a 3D model [70] or virtual reality [113]. Despite of these efforts
there is no common practice on how to make the results of LCA more accessible to non-LCA experts, therefore
their integration into the design practice is rather limited.

I1.4 Electricity in Buildings

In 2018, 42% of worldwide CO, emissions stemmed from electricity and heat producers [114]. The reduction
potential of power generation is very large with investments into renewable energy and other low-emission
sources, such as nuclear power plants and fossil fuel power stations with carbon capture and storage technology
[115]. Decarbonization of electricity is a key step towards a low carbon future as it influences the
environmental impact of all sectors, including buildings. Besides the electricity consumption of appliances,
increasing electrification of space heating and cooling with heat pumps will play a major role [116].

There is a wide range of literature available on the environmental assessment of electricity generation
technologies and the electricity supply mix (e.g. [117,118]). There are also many studies in the literature
assessing the technical and economic feasibility of different decarbonization pathways (e.g. [119-123]).

Recent papers show that future electricity mix has a very significant influence on LCA results, as the
decarbonisation of the grid is expected in the near future. Pehnt [124] considered the variation of the electricity
mix until 2030 in a dynamic LCA of renewable energy technologies. Garcia-Gusano et. al. [125] linked an
economic model (TIMES-Spain) with an LCA model to study the evolution of the electricity production in
Spain from 2014 to 2050 according to two future projection scenarios. Significant long-term reduction was
shown in nearly all environmental categories. The model of Tokimatsu et. al. [126] combined LCA and an
economic model for Asian countries.

In LCA studies, electricity use in buildings is measured, derived from statistics, or calculated with steady-state
and dynamic methods. The total annual final electricity demand is then multiplied with life cycle based
emission factors to obtain the impact assessment results. The current approach in building LCA is to apply a
static, average national electricity mix. There are only few studies on the effect of electricity modelling on
building LCA. For example, in a survey of the Nordic building industry, stakeholders named emission factors
for energy sources and electricity as an important knowledge gap in building LCA [127].

Future energy mix scenarios are occasionally explored in a sensitivity analysis in building LCA, but this is still
not common practice [128]. Among the relevant precedents in the literature, De Wolf et al. [129] showed that
4 industry experts out of 12 took grid decarbonization into account when calculating the carbon dioxide
equivalent of buildings. Another attempt concerned the present and future Swedish mix for 2035 for electricity
and heating when analysing rebuilding vs. new construction of a multi-family house [130]. Blom et al. [131]
studied the effect of policy-based and theoretical electricity mix scenarios in a sensitivity analysis of a Dutch
apartment dwelling and concluded that changing the environmental impact of the electricity supply may be
more effective than changing user habits. In an Austrian residential case study, the impact of future energy
scenarios was used among many options to identify the refurbishment scenario with the lowest environmental
impact [132]. It was shown that the environmental benefit of applying photovoltaics will be reduced in the
long-term with the shift towards renewables in the mix. Rasmussen et al. [133] took into account the average
of the Danish grid mix between 2010 and 2060 in a sensitivity analysis of an office building. In a dynamic
LCA study incorporating time-dependent factors, 3 single family houses were analysed with a pessimistic and
a very optimistic future energy mix scenario [134]. In the latter scenario a technological breakthrough is
assumed where oil power plants are replaced by gas and coal technologies with Carbon Capture and Storage

13



Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings

(CCS). Roux et al. [135] developed an hourly model to include the long-term evolution of the electricity mix
and the effect of climate change on the demand. The results showed a high variation depending on the long-
term scenarios, and the energy mix evolution had a greater influence on the results than climate change
showing the relevance of this topic. Vuarnoz et al. [136] also came to the conclusion that the use of hourly
conversion factors has a significant influence on the LCA results.

The decarbonization of electricity will not only reduce the indirect operational emissions of buildings but it
will shift the balance between the embodied and operational environmental impacts. This will also affect the
results of building optimization, as different solutions may prove to be environmentally optimal depending on
the conversion factors of the energy source.

I11 Research gap and objectives of the thesis

As concluded from the literature review, there is a high need for the integration of Life Cycle Assessment into
design practice [93]. However, there are some challenges that need to be faced before implementing such a
system. First, the steps of the calculation need to be interchangeable, which means that alternative solutions
should be easy to apply for each component. Second, the framework that incorporates the model, data and
calculations should be interoperable so that many external existing solutions (e. g. BIM software) can be
connected to provide input to the calculations. Third, the system should be scalable in terms of the level of
detail of the calculation. In an early design stage low information granularity is available, but after construction
the calculation can be done based on much more specific information. The framework should be able to handle
this problem.

The literature review also reveals that there is a limited number of cases where an environmental optimization
was performed on a building. In most of the existing studies, either the energy performance calculation or the
environmental impact calculation is much simplified. Also, usually either the building envelope or the building
service systems alone are considered and not both combined. In addition, very often only one or two life cycle
impact assessment categories (global warming / cumulative energy demand) are considered. Optimization still
requires expert knowledge due to the lack of a single tool that easily integrates the 3D model with the ability
to calculate the operational energy demand, to associate the environmental impacts and to connect to
optimization algorithms. Parametric design environments present a promising tool integrating all these aspects.
Moreover, there are very few cases in the literature where the geometrical aspects of the building were included
in the optimization and these tools allow the building shape to be used as an optimization variable. Last, the
interpretation of results including informative and easily understandable visualizations is still a demanded part
of the integration of LCA into the design process.

As a result, the following research objectives can be formulated:

Objective 1: Development of a modular framework.To integrate all aspects discussed in the literature
review a new framework should be developed with the following requirements: It should
consider all life-cycle stages of the full building including embodied and operational impacts
and costs. It should apply a parametric building model that is the basis of the algorithmic
definition of certain design options and so automated optimization procedures can be applied
to it. Finally, it should be modular, meaning that the specific calculation steps can be easily
replaced with a module corresponding to another methodology.

Objective 2:  Definition of multi -criteria analysis. As the goal of the optimization is to support design
decision making, it is crucial to discuss how the optimization results are evaluated. As the goal
of the study is not only to minimize the environmental impacts but to do that at reasonable
costs, the method should consider both objectives at the same time. The results should focus
on both the achievable saving through the optimization as well as the recommendations
regarding design choices on how to achieve it.
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Researchers of the field always highlight in their studies the importance of the building sector, and its
contribution to the energy consumption and environmental load of the World as well as the potentials to
achieve the decarbonization goals. Applying the framework and the methodology described in objectives 1
and 2, the quantification of such contributions should be possible, therefore a third objective may be
formulated:

Objective 3:  Application of optimization to building design. Through application of a suitable
optimization algorithm, the potential savings regarding environmental impact and cost should
be quantified. Furthermore, information should be provided on the optimal design variables
for low-impact buildings at reasonable costs. Suitable visualization techniques should be
applied to support the broad understanding of the multi-objective optimization results.

As seen from the literature review, most LCA studies still apply static, current electricity emissions factors but
an increasing number assess the sensitivity of the results to future scenarios as well. To the best of my
knowledge, no studies analysed the effect of a decarbonizing electricity mix on the building design optimum
considering both life cycle environmental impacts and costs. But this is not the only issue that may increase
the uncertainty in building design optimization. To evaluate the influence of certain methodological and design
aspects a well as external conditions on the optimization, the following goals can be set:

Objective 4:  Evaluate the choice of heating systenThe choice of the heating system determines the fuel
used to heat the building. Depending on the share of operational and embodied impacts as well
as the conversion factor of a heating fuel, the optimization may significantly differ. The effect
of applying different types of fuels (such as biomass, fossil, or electricity) should be
investigated.

Objective 5: Evaluate the decarbonization of he electricity mix. In case of a heating system where
electricity is used as the main fuel and the demand is covered through the grid supply, the
decarbonization of the electricity production can similarly influence the optimization results
as the heating system discussed in objective 4. Therefore, this effect should be analysed using
different scenarios.

Objective 6:  Evaluate the climatic and economic conditionsAs the energy consumption of the building
depends on the climate, furthermore, the life-cycle costs as well as the embodied impacts are
influenced by local economic and technological conditions, results of the optimization may
significantly depend on the location of the building. The extent of the difference should be
investigated through applying the optimization in different locations.

IV Methodology

The aim of this chapter is to provide a thorough description of all methodological steps supported by
justification of choices based on literature data and previous research. Therefore, the use of environmental
indicators in the quantification of the environmental impact through LCA is discussed first. Then the developed
framework is introduced. After that, the analysis of the multi-objective optimization results is explained in
detail. Finally, the case study building, along with its modelling is introduced.

IV.1 The use of environmental indicators

LCA provides a consistent methodology on how to quantify the environmental impacts using the concept of
“cradle-to-grave”, meaning that all life-cycle phases are considered of the analysed product (the building in
my case). However, the choice of environmental indicator is up to the analyst and should be defined according
to the goal and scope of the study. The standard EN 15978 [28] defines six most important environmental
indicators that is supported by a consistent and widely accepted scientific background applicable to buildings.
This is extended with indicators describing resource use. Among them Global Warming Potential (GWP) is
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the most widely applied indicator in building environmental assessment. GWP expresses the impact of human
emissions on the radiative forcing of the atmosphere. Most of the emissions enhance the radiative forcing,
causing the temperature at the earth’s surface to rise. The effect is often called the “greenhouse effect” and the
most influencing gases as “greenhouse gas” (GHG) [137]. The impact that the effect is causing is often referred
to as “climate change”. The method was originally developed by the Intergovernmental Panel on Climate
Change (IPCC) [138] and was adapted by the Institute of Environmental Sciences (CML) of Leiden University
[139] to be included in the CML2001 set of indicators. During my calculation | use the latest updated
characterisation factors (2016) from the CML-IA database [140] to calculate GWP.

GWP is expressed in kilograms of carbon-dioxide equivalents (kgCOz-eq.) by applying characterization factors
to certain emitted GHGs. These express the ratio between the increased infrared absorption due to the emission
of the GHG and that due to an equal emission of carbon-dioxide, both integrated over time. Most GHGs
decompose in the atmosphere over time, but the speed of decomposition may vary significantly among them.
Therefore, the time horizon on which the factors are calculated is important. The most often used time horizon
is 100 years, which is often noted along with the indicator as GWP100a.

While the environmental impact is expressed in GWP with specific methodology, life cycle costing (LCC) is
more widely used, furthermore, it serves as the basis of calculating the cost-optimal levels of minimum energy
performance requirements for buildings supplementing the EPBD [141]. The result of LCC is the global cost.
According to the regulation [141], “global cost means the sum of the present value of the initial investment
costs, sum of running costs, and replacement costs (referred to the starting year), as well as disposal costs if
applicable”.

Since GWP and LCC are in primary focus of my thesis, the following methodology aims to support the
calculation of GWP using LCA and the global cost using LCC. When expressing the results of the calculations,
often the abbreviation LCC is used to express the indicator (instead of the method) which may be resolved as
Life Cycle Cost and equals to the global cost.

IV.2 Framework

The first objective of my research is to develop a framework that is capable of minimizing the life cycle
environmental impact as well as the life cycle costs of a building design through automated optimization. The
full life cycle assessment of buildings is limited by the challenges posed by its complexity. First, an elaborate
calculation must be made in each life cycle stage. Each of these calculations raise various methodological
questions. Furthermore, diverse standardised or non-standardized methods exist that are all applicable for the
same purpose (e. g. the options for the calculation of operational energy use range from simplified steady-state
seasonal methods to complex hourly simulations). Second, the different calculations rely on different input
data, therefore the granularity of the modelling and the background data is highly influenced by the applied
method (e. g. if time-dependent LCA is used, then both the background data and the calculation of
replacements should be based on time-dependent values). Last, the calculations rely on each other, so the
inaccuracy of each calculation would influence the final results. To overcome this issue, | developed a modular
methodology, where all the modules are replaceable and verifiable independently from each other.
Furthermore, the framework integrates existing tools (if available) for specific workflow steps instead of
implementing new ones.

In this chapter I introduce the developed modular framework that combines LCA with comprehensive 3D
modelling and optimization in a parametric environment. The goal of the framework is to support the
architectural design process by showing the options with the lowest environmental impact for the whole life
cycle as well as the total life cycle costs. The framework allows for the assessment of the effect of building
geometry, building envelope, and building service systems via single- or multi-objective optimization of
several indicators. The framework is designed so that the calculation modules are replaceable, and different
options can be applied depending on data availability and the scope of the optimization. This chapter first
introduces the concepts behind the framework and its modules. Next, each module and workflow step are
discussed in detail. Finally, the technical implementation is presented.
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IV.2.1 Modules and workflow

While developing the framework, the following aspects were kept in mind:

9 It should be able to assess the most important building parameters that influence LCA and LCC such
as geometry, material usage and thermal properties.

1 The calculation should cover the whole life cycle ‘from cradle to grave’.

9 It should include the whole building not only parts of it.

9 Itshould be capable of algorithmic optimization, meaning that the model can be altered automatically,
and the calculation procedure is fully integrated.

Architects are increasingly using Building Information Modelling (BIM) for the “digital representation of
physical and functional characteristics of a facility” [142]. In BIM, the building is modelled in a virtual way
including graphic information and data about materials and components of the building. However, the use of
a BIM model for the assessment of the energy performance, LCA, and LCC requires special details that are
not necessarily present in the model (e. g. internal thermal comfort parameters, ventilation rates, transport
distances, etc). Furthermore, the geometric definition of the building and its component are often difficult to
change once the model is created by the designer. Hence, | decided to apply a parametric modelling approach
[12] and combine it with energy calculations to be able to automatically calculate LCA and LCC.

Initial model Parameters Background data
- Simulation model - Names - Environmental data
- Weather data - Types - Cost data
- Linking info - Limits / options - Materials physical data
Parametric Calculations Result evaluation
model definition Model - Bill of quantities - Model visualizations
- Materials & Constructions - Energy demand - Optimization results
- Geometry - Environmental impact - Data manipulation
- HVAC & Weather - Global cost - Data visualization
r Optimize
Evaluate »
Parameter values | Selected result(s)

Optimization |<

(optimization variables) | (optimization objectives)

Figure3. Structure of thecalculation framework and illustration of the workflow steps

The overview of the developed framework is illustrated on Figure 3. The workflow can be described in three
major steps. (1) Setup: First, an initial simulation model is developed with additional information (construction
material names) linked to cost and environmental impact datasets. Design parameters are defined to serve as
optimization variables and background data is prepared about the information that is not included in the initial
model (environmental data, cost data and material physical data). (2) Optimization: The parametric model
definition accumulates the initial model and the design parameters so that the model can be recreated with
different parameter values (including geometrical aspects, materials and constructions or building mechanical
systems such as heating and cooling equipment (H-C)). Calculations use this model and the previously linked
background data to perform energy demand calculation, extract the bill of quantities and calculate the
environmental impact along with the life cycle cost. The result (single-objective) or results (multi-objective
case) are used by the optimization module as objectives to define a new set of parameter values (optimization
variables). The model is recreated with the new parameters and the loop is continued until a certain stop
criterion (e. g. maximum number of loops) is met. (3) Evaluation: In the last step, the optimization results are
analysed using different model and data visualizations with regard to the objectives as well as the optimal
values of the design parameters.
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The framework is developed in a modular manner so individual modules can be easily replaced. For example,
energy demand can be calculated with a steady-state method, or a dynamic simulation and different
optimization algorithms can be connected. In the following sections | explain the methodological choices as
well as alternatives for each module in more detail. In section 1V.2.8 the actual implementation and the
workflow is described in a technical manner.

IV.2.2 Hierarchical building model

The calculation procedure builds on the data model of the building. As the standard EN15978 [28] suggests,
the building model should consist of a hierarchical data structure to enable aggregations on different levels.
There are different approaches to compile all necessary data into a full model that holds the information for a
complete LCA. BIM provides a standardized way to structure hierarchical data of the building model, and it
can be even extended to include custom data. Wastiels and Decuypere [143] identified five different strategies
for the application of LCA using BIM. However, all approaches include manual steps between the specific
software tools, and therefore none of them is applicable for an automated workflow which is necessary for the
optimization. Furthermore, the calculation of the energy demand using standard BIM models is still a challenge
in the design process.

In BIM, objects are often modelled with their realistic volumes (e. g. walls are represented as masses). My
strategy on the other hand is to model the building in a more abstract way that is directly usable in building
energy modelling. The geometry is modelled with surfaces (without a volume) instead of masses, and the
further attributes are contained in a hierarchic data structure. The approach is used in most of the building
energy simulation tools. The model hierarchy is illustrated in Figure 4.

[ Building ] [ Zone } [ Building surface ] Fenestration sruface

Opaque material

Component Library
\(Construm Window material ]

Heating

Natural ventilation
Lighting

Figure4. Modell hierarchy and the connection between components

Shade material ]

Blind material

HVAC

subcomponent

The building geometry is decomposed into zones and non-zone surfaces. Zones consist of building surfaces
and building surfaces may include fenestration surfaces. Each component has further, non-geometric
subcomponents. As many of the subcomponents are used within multiple other components, these ones are
collected into a library of the model, and they are referenced within the parent component. For example, an
opaque material (concrete) may be used in multiple constructions (ground floor, flat roof), or the wall
construction is used in all fagade surfaces. All components incorporate the required data or a reference to the
background data that is required for the LCA an LCC calculations. More information on the data model of the
building can be found in the Appendix X.3.

Such approach for the modelling of the building geometry incorporates some limitations due to the simplified
representation. First, material volume at junctions (e.g., wall corner, slab-wall joints) have to be estimated, and
the accuracy may depend on the thickness of the construction layers. Also, the missing volumetric model of
the constructions may further influence the energy simulation (e.g., a thick insulation layer may shade a
significant portion of the window). The inclusion of construction-integrated heating, cooling and ventilation
systems in the model is not possible either or it requires additional preliminary calculations to estimate
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equivalent physical properties for the materials. Additional elements that are usually not modelled in an early
design stage (such as chimneys, rooftop accessories, elements of the mechanical systems) cannot be
incorporated in the calculation of material amounts calculation, or they have to be estimated based on
simplified statistical data. Although this influences both the environmental impact and the cost calculations, it
IS not expected to alter the optimized building parameters significantly.

IV.2.3 LCA calculation

Life cycle assessment is a method for evaluating the environmental impact of products [25]. The standard
stages of the assessment are the 1) Goal and scope definition 2) Life Cycle Inventory analysis (LCI) 3) Life
Cycle Impact Assessment (LCIA) and 4) Interpretation. The first stage provides and outline of the assessment
including all assumptions and definitions as well as the intended use or the system boundary of the study.
According to the standard 1SO 14044 [26], “the definition of the goal and scope of a study provides the initial
plan for conducting the life cycle inventory”. The life cycle inventory is a collection of data about the studied
system including all input and output flows. More precisely it includes:

1 energy inputs, raw material inputs, ancillary inputs, other physical inputs,
9 products, co-products, and waste,

9 releases to air, water, and soil, and

9 other environmental aspects.

These “elementary flows” reflect the total exchange between the environment and the boundaries of the studied
system. In the third phase, specific environmental indicator values are assigned to each elementary flow,
therefore a quantifiable environmental impact can be associated with the total of the system. These results are
than interpreted in the last phase of LCA.

Although the general principles apply to buildings as well, often the quantification procedure is somewhat
different. Due to the complexity of buildings, usually no full life cycle assessment is conducted, but existing
environmental data from Environmental Product Declarations (EPD) or databases is summed up for the
building [144]. This means that LCI and LCIA are usually merged, and environmental impact is quantified by
summing up aggregated environmental data [145]. The standard EN 15978 [28] provides specific modules for
buildings to be considered within its life cycle. The exchanges regarding building components, construction
materials, energy or other operational aspect of the building may be quantified within each module. The
environmental impact is then determined for each module by multiplying the amounts and the corresponding
indicator values (see Eq. 1.):

0 QQMBO O £ 108 QOG0B QQWOOE | ©aé 60
00 Q¢ QQWRH 0 108 'QQBH 0@ Q QDO O W G € 0 ¢ 0 (1)
E E E E E
where
00 is the vector containing the indicator values of the module “Qn the building,
0 is the matrix containing the environmental indicator values per unit used in module "Q
W is the vector containing the gross amounts of products and services used in module "Q

The information model of the building should cover it as a whole, and it may be structured hierarchically
allowing different levels of aggregation. The following sections provide a comprehensive overview about the
background data collection (section 1V.2.3.1) the considered life cycle modules (section 1V.2.3.2), and the
quantification of the building-related impacts (section 1V.2.3.3).

IV.2.3.1 Background data

There are several options to collect the LCIA data of construction materials and services used in the building.

There are existing EPDs providing environmental information based on manufacturer data. Furthermore,

databases exist that collect EPDs that can be directly use in the LCA of buildings (e. g. Okobaudat [30]). The
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disadvantage of the EPDs are that there is low availability in the local (Hungarian) context, and the adaptation
of the datasets is not possible, since the background data and the methodology is not required to be published
along with the EPDs.

The other option is to use generic databases (e. g. ecoinvent [146]). These datasets are based on industry
averages and statistical data. The advantage is that the available data is very broad, and consistent in terms of
methodology. The drawback is that some datasets are too generic, i.e., they do not express the specific
construction material very precisely. On the other hand, the data is published in a unit process-based system
which makes it possible to adapt the datasets to the local context.

In my model, the preparation of the LCIA data is a preliminary step before the calculations. Based on the data
model of the building, the framework provides a set of templates that collects the materials and systems and
generates a table, where the LCIA data can be inserted. The template extracts the list of components and
generates a reference to the corresponding environmental data for the specific life cycle stages (Table 1).

Tablel. The list of extracted component types in the template along with the referenced cost and environmental data.

Referenced data Additional data
Cost Environmental impact
= =
2 g g
c c c - IS ] 3
g€ € € § £ £ o 3
s £ 3 & ¢ o £ 2 £
o Il ° c 0 %] = = 2
o 12} o © © < L 5 o
o £ a = = = 3 0O =
[kg/m2]
[year] [frac.] [kg/m3]
Component Unit [kg/pcs]

Opaque Material ~ kg; m2; m3
Window Material  kg; m2
Blind/Shade Materi kg; m2
Heating System  pcs
Cooling System  pcs

Lights System pcs
Energy Carrier(s) kWh; MJ

" required only if not included in the model
required

The template also holds information on some additional data that is required for a full LCA but might be
missing from the initial model of the building (e. g. weight of H-C units that is necessary for the accounting of
transportation impact; the estimated service life of the components and the cutting waste of the installation
process).

The required LCIA data and cost of the components can be filled into the templates according to the needs of
the study and the available data sources. This process makes the calculation transparent and reproducible, since
the LCIA data can be published along with the life cycle assessment results. The tables used in my study are
to be found in the Appendices X.1 and X.2, the implementation of the data preparation step is further discussed
in Section 1V.2.8.1 in more detail.

IV.2.3.1.1 Localization of LCIA data

In my research I applied the most well-known generic database, ecoinvent — version 3.6, Cut-Off system model
[147] —to generate the required LCIA data. The name and ID of the assigned datasets can be found in Appendix
X.2. In ecoinvent, the unit-processes of all included products are available A unit-process expresses the
transformation from input resources into a product or service (e. g. clay brick production). The input might be
another product (e. g. refined clay), energy (e. g. electric energy) or service, or a resource extracted from the
biosphere (e. g. raw clay). The output is the product itself (e. g. fired clay brick), which is expressed in the
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appropriate unit (e. g. kg), along with the resulting waste and emissions (e. g. carbon-dioxide) that are
transferred back to the biosphere. The product system also holds information on the connection between the
processes, i. e. what process provides the input of another process. The calculation creates a matrix containing
all exchanges between processes and calculates the required amounts for the processes to produce the final
(reference) product. Knowing these amounts, it is possible to sum up all resources and emissions (elementary
flows) required by the product (inventory). In the next step (life cycle impact assessment) impact factors are
assigned to the elementary flows based on different impact assessment methods. These methods categorize the
resources and emissions and summarize the corresponding impact in a specific indicator (e. g. global warming
potential — GWP) expressed in a corresponding unit (e. g. COz-equivalent). In this study | use the impact
assessment method of CML2001 [139] and cumulative energy demand (CED).

The generic datasets contained in ecoinvent are location-specific, which means they are valid only in a specific
region or country. This expresses the technological and economical differences between regions. However,
most of the difference is due to the dissimilarity of the energy supplies in the countries. Since electric and heat
energy is required in almost all construction material production, the difference is also reflected in the
calculated production impact. To create localized datasets, | apply a localization process for those datasets that
are not valid for the local context but are available in the market.

This localization is achieved by the changing the electricity and gas providers in the product system from the
original location to specific for the new location. This change is made in all processes within the product
system. The applied changes are summarized in Table 2 for the Hungarian context. Further details on the
updated processes are to be found in Appendix X.4.

Table 2. Electricity and natural gas flows in the product system that are updated in the localization procedure.

c 5
S 3
g 3
= % = Original location of
Flow name (@) p4 -) reference process
CH DE RER
electricity, high voltage CH HU kwWh
electricity, medium voltage CH HU kwWh
electricity, low voltage CH HU kWh
% electricity, high voltage DE HU kwh
§ electricity, medium voltage DE HU kWh
% electricity, low voltage DE HU kWh
electricity, high voltage RER HU kWh
electricity, medium voltage RER HU kWh
electricity, low voltage RER HU kWh
@ heat, district or industrial, natural gasEwS HU MJ
© heat, district or industrial, natural gasCH HU MJ
g natural gas, high pressure EwS HU m3
§ natural gas, high pressure CH HU m3
natural gas, high pressure DE HU m3

updated in the product system

This way the LCIA values are adapted to the local production conditions. Furthermore, with this procedure it
is possible to create localized datasets where the main technology of production is not different but there is no
local dataset available. The calculation of the product system is made after the localization. The calculation of
the LCIA data from the unit-process data is established in OpenLCA software [148].

IV.2.3.1.2 Energy carriers and mechanical equipment data

Besides the localization process, modifications have been made in the referenced ecoinvent processes to adjust
the product systems to the requirements of the framework. Heat production from different energy sources
(reflecting different type of heating and cooling systems) include the production of the boiler and auxiliary
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power of the boiler converted to a per-kWh basis. This means that the service life of the system is estimated
within the process. Since the embodied impact of the H-C systems, as well as the auxiliary power required by
the system and the efficiency of the boiler is calculated separately in the framework, these inputs are excluded
from the processes. Also, the transformation from the energy carrier into energy is overwritten to reflect the
upper heating value for all systems. Table 3 summarizes the modifications of the original processes.

Consistently, the production and the waste treatment of boilers and furnaces is separated because the
calculation requires a specific process for both. For all H-C systems a new waste treatment process was created
based on inputs and outputs of the original ecoinvent process. Heat pumps for heating or cooling utilize the
same technology, therefore the production technology and the associated environmental impact is also similar,
and the same ecoinvent process is used for the modelling. However, the required heating power is usually
higher than the cooling power, therefore the equipment size is also somewhat lower in case of cooling-only
heat pumps. Important to mention that, the effect of evaporation of the refrigerant through leakages is
considered in both cases, since the most often used refrigerant (R134a — 1,1,1,2-tetrafluoro-ethane) is known
to be a strong GHG [149]. In case of cooling-only heat pumps, a lower total impact is considered due to the
smaller size.

Table3. Modifications in energy transformation processesHetsystems.

Energy ecoinvent Original Output Heating
source process name location unit Modifications value

heat producti tural . . - .
eat procuction, hatura Excluding boiler efficiency, boiler

Natural gas gas, at boiler condensing CH MJ . . 39 MJ/m3
modulating <100kW production and auxiliary power
heat production, wood . . - .
Wood pellet pellet, at furnace 9kW, CH MJ Efocétilinognb:r:Ic;a;ﬁ)f(fillci:;enc;gﬁg:ler 19 MJ/kg
state-of-the-art 2014 P yp
Excluding heat from ambient air (it is
Electricity for heat production, air-wate CH MJ modelled in the HVAC systems efficienc 3.6 MI/KWh

heatpump  heat pump 10kW Including evaporation of refrigerant
(leakage) during operation

1V.2.3.2 System boundaries and considered life cycle stages

To define system boundaries is a necessary step for conducting LCA of the building. The standard EN 15978
[28] provides a complete module system to incorporate all life cycle stages of the building.

[ Building Assesment Information J
; Supplementary
Building Life Cycle Information | |Information Beyond the
| Building Life Cycle
I
A1l-3 A 4-5 B1-7 cC1-4 | D
- | -
Construction B | | | Benefits and loads
End of Life
Product stage Process Use stage | | | beyond the system
stage |
stage | boundary
Al A2 A3 A4 A5 B1 B2 B4 B5S c1 c2 c3 ca ||
I
_ o . o 2 5
(] & €c g H g Sc o I
5= | % 5 5 |22 5 < g E Ss |l 8 [les || ® || Reuse-
= a G @ 5®g 2 c T @ & 5= a % <] | Recovery-
= = < ..g < 5me =1 g 9 E K] 2 E S g I¥] % | Recycling-
A = z = g= = o 3 83 = £ a | potential
L3 = o = o« g & |
|
[ B6 Operational energy use ] |
scenario }
{ B7 Operational water use J |
) scenario }

Figure5. Modular information for the different stages of the building assessif2&jt Considered stages are highlighted.
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Considered system boundaries include the product stages (A1-3), the construction process (A4-5), the use stage
(B4 replacement and B6 operational energy use), and the end-of-life (C2-C4). Other modules are not
considered in this study, because they are expected to have low impact on the final environmental performance
or data availability is low. Water use (B7) can be important [144], but as the architectural design has little
influence on this, here this was neglected. Maintenance (B2) and repair (B3) of materials and constructions
may also influence the total impact [150], but due to high uncertainty and user dependency there are also
neglected in this study. The impact of refurbishment (B5) may be significant, considering that the energy
performance is often affected, but in this study no mid-term refurbishment was accounted for in any of the
cases. For module C1 there is no data available, but studies claim that most of the environmental impact in
module C is associated with the unused and landfilled construction materials [151,152]. The optional Module
D was not considered. The life cycle stages are summarized in Figure 5.

The environmental impact in the different life cycle stages is calculated using specific methodology including
several assumptions. These are explained for each life cycle stage in the following. The LCIA (background)
data includes three types of unit impact data: production, transport, and waste treatment. For each model
element (e. g. material, H-C system, energy carrier — for further details see section 1V.2.2) a selected LCIA
dataset is assigned in each category. Furthermore, some additional life cycle data is defined such as lifetime
(in years), cutting waste (in fraction), weight (kg/unit) depending on the type of model. The required data is
summarized in Table 1 for each data model. For each life cycle stage, the corresponding impact is calculated
based on this data.

IV.2.3.2.1 Product stage (A1-3)

The LCIA data of the production of materials or systems can be expressed on a /kg, /m?, /m? or /piece basis.
Within the calculation the unitized impact is always multiplied with the calculated amount depending on the
available LCIA data.

O 0w Op MQ (2)
where:
is the production impact of the material or system,
O is the unit impact of the material or system included in the LCIA data,
@ is the weight / area / volume / number of material or systems used in the model,
Q is the fraction of cutting waste associated with the material (included in the background

data).

1V.2.3.2.2 Transport stage (A4)

In ecoinvent, the system boundary “cradle to gate” is applied, which means that the analysis ends when the
product leaves the factory. The transport from the factory to the construction site is not taken into account in
the datasets. The impact of transportation can be very well expressed in txkm, which will be multiplied with
the transportation distance and the weight of the transported material. In this study, instead of estimating a
transportation distance for each material we established nine transport categories, and all construction materials
have been classified into these. The categories are based on the number and location of factories in the local
context (e. g. Hungary for the case studies) and standard distances. The categories are listed in Table 4.
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Table4. Transport categories and the corresponding distances.

code Considered distances and transportation types Description
t005 20 km road in 16-32t lorry Produced very close to the construction site
t001 50 km road in 16-32t lorry Produced in many factories in the country

t002 150 km road in 16-32t lorry, and 30 km in light commercial vehidRzoduced in 2-3 factories in the country

t007 350 km road in 16-32t lorry, and 30 km in light commercial vehidRroduced in only one factory in the country

t003 800 km in freight train, and 30 km in light commercial vehicle Imported from neighbouring countries on rails
t004 800 km road in 16-32t lorry, and 30 km in light commercial vehidimported from neighbouring countries on road
t008 1300 km road in 16-32t lorry, and 30 km in light commercial vehiagorted from mid-far locations within Europe
t009 3000 km road in 16-32t lorry, and 30 km in light commercial vehiaported from far locations within Europe

tw001 30 km in light commercial vehicle Transported to local landfill site (construction was

The impact of transportation will be than calculated by the formula:

© 0 Op M (3)
where:
O is the transportation impact of the material or system,
O is the unit impact of the transportation category associated with the material included in the
LCIA data in a /kg basis,
0 is the weight of material or system,
"Q is the fraction of cutting waste associated with the material (included in the background

data).

Since the weight of some components is not defined in the model (e. g. all the model data of the windows are
given for a m? of fenestration, or the weight of a heating system is not modelled) for these materials the input
data must include information on their weight (e. g. kg/m? for windows and kg/pcs for H-C systems).

1V.2.3.2.3 Construction stage (A5)

For the construction phase, very little information is available, hence only the treatment of cutting waste was
accounted for. The waste factor was estimated based on [153] to be 1% for glass, 2-3% for brick, concrete and
insulation materials, 4% for metal, 5% for mortar and plastic, and 10% for timber elements. (For further details
see Appendix X.1)

The impact of installation is calculated by the formula:

'O 03b JQ 4)
where:
O is the installation impact of the material or system,
O is the unit impact of the waste treatment (end-of-life) of the component included in the
LCIA data,
is the weight / area / volume / number of material or systems used in the model,
Q is the fraction of cutting waste associated with the material (included in the background

data).

IV.2.3.2.4 Replacement (B4)

In the case that a material has lower estimated service life (ESL) than the reference study period (RSP) of the
building, the materials need to be replaced. The number of replacements is calculated with the floor division
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of ESL/RSP for each material and system. In some cases, the replacement time may be shorter than the
estimated service life, if the material needs to be replaced to access another material in construction assembly.
For example, if the insulation material in the floor construction is replaced, the floor cover (e. g. tiles) will be
also replaced. In this case the service life of the outer materials is reduced to be equal of the inner materials.

In the case that a (replaced) material has longer service life than the RSP, a so-called residual value can be
associated with the remaining service life. In other words, the embodied impact of the material is associated
with a shorter time than it could have been used for. However, the accounting for the residual value is very
uncertain and therefore it is calculated as zero for all materials.

The impact of the replacement includes the production of the new component, the transportation to the building
site, the installation, and the end-of-life scenario of the replaced component. The impact can be calculated as
follows:

O O 0 0 0% (5)

where:

O is the replacement impact of the component,

‘O is the production impact of the component (Equation 2.),

‘O is the transportation impact of the component (Equation 3.),

O is the installation impact of the component (Equation 4.),

O is the waste treatment impact of the component (Equation 6.),

3 the number of replacements during the RSP

IV.2.3.2.5 End-of-life (C2-C4)

In the end-of-life phase, the most probable scenario for reuse / recycling / disposal was taken into account. The
basic assumptions were that wood and plastics are incinerated, minerals are landfilled, and metals are recycled.
The transportation of waste (C2) was calculated with a standard distance of 30 km.

O 03 0D (6)
where:
‘O is the end-of-life impact of the component,
O is the unit impact of the waste treatment of the component included in the LCIA data,
@ is the weight / area / volume / number of the component used in the model,
O is the unit impact of the transportation category associated with the construction waste
included in the LCIA data in a /kg basis,
0 is the weight of the component.

1V.2.3.2.6 Operational energy use (B6)

The operational energy is consumed by the H-C systems in the building during its operation. The calculation
of the amount of energy for each system is explained in section 1V.2.5. The impact of the energy use can be
calculated by

O 03 0 D7 D (7

where:
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O is the operational impact of the H-C system,

O is the unit impact of the energy from the energy carrier associated with the H-C system
included in the LCIA data,

O is the unit impact of the grid electricity included in the LCIA data,

n is the net energy required for the operation of the H-C system for one year,

o the efficiency of the H-C system including system losses,

n the auxiliary electric energy demand of the system in percentages of the total net energy
demand,

0 is the length of the RSP in years,

IV.2.3.3 Calculation of the impact using the hierarchic building model

According to the standard [28] the impact should be calculated based on the following equation for each life
cycle stage:

00 & 0 (8)
where:
(O]} is the vector containing the indicator values of the component “Qn the building
(%) is the vector containing the gross amounts of products and services used in component "Q
0 is the matrix containing the environmental indicator values per unit used in component "Q

In case of a database with both LCI and LCIA data (such as ecoinvent), the calculation is possible for any
environmental indicators of which the Impact Assessment Method is provided. In case of the hierarchic
building model described in section 1V.2.2, the equation can be further extracted to component specific
equations. The impact of main life cycle stages is calculated for each low-level component (Opaque material,
Window material, Shade/Blind material, Heating system, Cooling system, Lights system) in the building
model. To establish a full life cycle assessment, these impacts need to be summarized to the whole building
according to the amount of materials and the required energy use. Table 5 summarizes how the total amount
is calculated for each component.

Tableb. Calculation of environmental impact for each type of component.

Component Notation Equation Reference unit
Opaque Material ‘0 © 0 000 m?
Window Material O O O 0O O O m?
Blind/Shade Material (@) O O 00 ©° of material
0
Construction O 0O m?
O ab
Shading O 0 . m*
KO) of window area
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Fenestration Surface ‘O 0 0 W total
R v 0 3 O total

Building Surface (@] (incl. windows)

Non-zone Surface O OJRe /) total

Internal Mass KO) OJRe /) total

Zone O 0 © total

8

Heating 0 © 0 OO0 0O © total

Cooling O © 0O 00 0O © total

Lights O © 000 0O ©° total

H-C* O © 0O ©° total

Building 0 0 0 © total

8 8

() area of shade / blind material per window (vertical) square meter

@ window area

() net area of building surface (without fenestration)

*

in the current model no mechanical ventilation is considered, but lighting equipment is
incorporated

1V.2.3.4 Future values

The previously specified calculation methodology insists only a single unit impact value can be associated
with a particular component. However, the environmental impact of the products may be subject of change in
the future, therefore time-dependent values could be used in case of replacement and operational energy use.
On one hand, development in the production technology of certain construction materials may reduce the
environmental impact through increased efficiency or a change in raw materials. On the other hand, the energy
mix — especially — electricity is expected to change in the longer term. Since electricity is used in almost all
production processes, this change (e. g. decarbonization) can influence the impact attributed to the construction
materials. Furthermore, the environmental impact associated with grid electricity can highly influence the
operational impact of the building if electricity is used as a major fuel in the operation (e. g. heat pumps).

While future changes in the impact of material production is not considered in my research, the change in the
operational energy use through the decarbonization of electricity is discussed in chapter V.4 in detail.

IV.2.4 Cost calculation

Life cycle costing is a widely used methodology to calculate the cost of buildings regarding the whole life
cycle, including the establishment, the operation and the maintenance / replacement of components. The result
of an LCC is often called the “global cost” of the building. The EU regulation supplementing the EPBD also
requires member states to use the global cost for the calculation of cost-optimal levels of minimum energy
performance requirements for buildings [141].

Since the change of construction costs are very dependent on the actual economic situation the best option is
to rely on up-to-date statistical data. Therefore, in the Hungarian context the cost data was collected from a

year-by-year published collection of manufacturer-specific and average data for construction costs [154]. For
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materials that were not available in the collection, manufacturer and market values were collected. Installation
costs are based on standard hourly wage in the construction sector specific to different working types, and the
standard installation time extracted from the online construction budgeting platform TERC [155]. Energy
prices are based on statistical data for natural gas [156] and electricity[157], and market analysis for pellet. All
prices are consumer prices and include local VAT (27% in the Hungarian context), and are expressed in EUR.
For data in HUF an exchange rate of 330 HUF/EUR was applied. The background data on cost can be found
in Appendix X.1.

IV.2.4.1 LCC stages

Similar to the LCIA data, for cost data preparation the templates are generated for the same model elements
(Table 1). For cost data the production (market price) of the products are separated from the installation costs,
since the former mainly depends on the product itself, and the latter reflects much more the installation
technology. The structure and methodology of the life cycle cost calculation is very similar to the life cycle
environmental impact calculation. In cost calculation there are four stages: production; installation;
replacement and operation. The calculation methodology depends on the stage and is explained in the
following.

IV.2.4.1.1 Production

The cost data of the production of materials or systems can be expressed on a /kg, /m2, /m3 or /piece basis.
Within the calculation the unitized cost is always multiplied with the calculated amount depending on the
available cost data.

0 o0 W Op M 9)
where:
0 is the production cost of the material or system,
o] is the unit cost of the material or system included in the cost data,
W is the weight / area / volume / number of material or systems used in the model,
Q is the fraction of cutting waste associated with the material (included in the background

data).

IV.2.4.1.2 Installation

The calculation of the installation cost is principally the same as the production cost, but very often the price
is determined on a different unit. For example, the production cost of an insulation material can be well
determined on a /kg or /m? unit, but the installation cost correlates better with the covered area in m2. The
installation costs are calculated with the following equation.

6 0WIop M (10)
where:
0 is the installation cost of the material or system,
o] is the unit cost of the installation included in the cost data,
@ is the weight / area / volume / number of material or systems used in the model depending
on the unit of installation cost data,
Q is the fraction of cutting waste associated with the material (included in the background

data).
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IV.2.4.1.3 Replacement

The number of replacements is calculated the same way as for the environmental impact based on the ESL and
the RSP. The residual value is also relevant in terms of cost if a component did not reach its estimated service
life at the end of the RSP. However, since the price is determined by the market, it is very uncertain to estimate
the residual value of a used construction product. Often linear depreciation is applied [158], but this might be
an overestimation for the resell price for construction products. Therefore, the residual value of the components
is neglected in this study which is allowed by the EU regulation [141]. The equation to calculate the
replacement is calculated as:

0 6 0 & (11)
where:
0 is the replacement cost of the component,
0 is the production cost of the component (Equation 9.),
0 is the installation cost of the component (Equation 10.),
€ the number of replacements during the RSP

IV.2.4.1.4 Operation

Within the costs of the operation only the energy consumption of the H-C systems is incorporated. The
calculation of the amount of energy for each system is explained in section 1V.2.5. The maintenance cost might
be relevant especially in case of H-C systems (e. g. refill of refrigerant in the heat pump), but the amount is
expected to be insignificant compared to the life cycle costs, and therefore they are neglected. The cost of the
operation use can be calculated by

6 03D (12)
where:
0 is the operation cost of the H-C system,
0 is the unit cost of the energy from the energy carrier associated with the H-C system
included in the cost data,
N is the net energy required for the operation of the H-C system for one year,
& the efficiency of the H-C system,
0 is the length of the RSP in years,

IV.2.4.2 Calculation of the LCC in the hierarchic building model

The life cycle cost calculation of the building model follows the same strategy as the life cycle environmental
impact, therefore only the differences are explained here. Table 6 summarizes how the total LCC is calculated
for each component.

Table6. Calculation of LCC for each type of component.

Component Notation Equation Reference unit
Opaque Material o) 6 0 0o m?
Window Material o) 6 0 0o m?
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2

Blind/Shade Material 8 6 6 & m
of material

Construction 0 m?
Shading 0 m?
Fenestration Surface 0 total
Building Surface 0 i aiQd 6 o total
Non-zone Surface 0 total
Internal Mass 0 total
Zone o total
Heating 0 6 0 o6 06 o total
Cooling o) 06 6 o o total
Lights o) 6 6 0 ¢© total
H-C 0 P S total
Building 0 [ 6adI0d 60 total
0 the cost of auxiliary energy demand from a different energy carrier (e. g. electric energy for the

controller of a gas boiler)

IV.2.4.3 Future cost alterations

Since the LCC of buildings covers a relative long period (e. g. 50 years) the current prices are not necessarily
valid for the entire timespan. The problem is relevant for the calculation of replacement and operation. The
standard EN 15459 [158] provides a framework for the economic evaluation for energy systems in buildings.
This includes the consideration of price increase of products, services, and energy as well as the discounting
of future investments.

In general, the costs of products and services are both targeted by price increase (e.g., because of increasing
demand) and decrease (e.g., better availability of commercialized technologies). This is very uncertain, and
influenced by the market, therefore we estimate neither increase, nor decrease for the commercial price of
construction products.

IV.2.4.3.1 Discounting

In the financial field, future cash-flows are expressed in their present value. In case of investment (e. g. the
construction and operation of a building) the present value expresses the required amount of money that we
need at the current moment to cover all costs of the building over its lifetime. In general, we do not need to
own the full amount of money for future costs, because in the meantime it is possible to invest the money into
general financial products and realize interest. The present value is calculated backwards from the possible
interest that can be achieved. This method is call discounting, and the interest rate by that the present value is
calculated is called discount factor (or discount rate). The present value can be calculated with the following
equation:

6o — (13)
where:
o] is the present value of the future investment,
0 is the cost of the investment in the future,
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i is the yearly discount rate,
3 is the number of years between the current time and the time of the future investment,

In all cases in this study discounting is applied to future investments (replacement of components and
operational costs), however the discounting rate may differ from case to case.

IV.2.4.3.2 Energy price increase

In contrast to the product prices, energy prices are influenced by policy decisions and national subsidies.
Therefore, a yearly energy price increase is accounted for in this study. The increase is differentiated for each
energy carrier and may vary from case to case. The future prices can be calculated by the following equation:

0 O0ROp i (14)
where:
0q is the future energy price in year I,
0 R is the current energy price,
i is the energy price increase rate,
3 is the number of years between now and year i.

IV.2.5 Energy Performance calculations

For energy demand calculation the most common methods are quasi steady-state seasonal and monthly
methods and dynamic simulation. In the latest implementation of the framework, the modeller can choose from
dynamic energy simulation with the EnergyPlus engine [159], monthly steady-state calculation according to
EN 1SO 52016 [160] or seasonal method according to the Hungarian energy performance regulation [161].
Integration of further methods is possible.

Hungarian National Method

The simplest method is the quasi-steady state seasonal method described in the Hungarian government decree
on building energy performance specification. This method is based on international norms, but several
simplifications were introduced. A major simplification is that dynamic parameters in the utilization of heat
gains are included in the form of fixed utilization factors for two categories of buildings (lightweight and

heavyweight).

Heat balance method based on utilization factors

This quasi-steady state method calculates the energy needs for heating and cooling based on the heat balance
of the building zone(s). Dynamic effects are considered by empirically determined gain and/or loss utilization
factors. Within the framework the monthly method from the EN ISO 52016 [160] standard has been
implemented.

Dynamic Simulation

Dynamic simulation can calculate the energy consumption in a transient way in hourly or sub-hourly time
steps. Tools that facilitate dynamic simulation need to be validated against internationally accepted protocols.
A further advantage of the dynamic simulation is that the thermal inertia of the building (through the utilization
of the heat store capacity of the construction materials) is modelled more precisely than in the other two
methods. (Heat exchange between the air and the materials is modelled through the change in the
thermophysical properties of the materials in each timestep of the simulation).

All calculations use the same building model, so no further adjustments are required if one calculation method
is selected. However, depending on the method, further data may be needed (e. g. detailed weather data and
operational schedules for energy simulations). This data can be supplied as default from the Background Data
module, or the user can define it according to the requirements.
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In the framework, it is up to the modeller to select the suitable method and to find the compromise between
accuracy, presentation of results and processing time. Monthly or seasonal methods have the advantage of
faster calculation, but many simplifications are involved, and the output may be limited. As dynamic
parameters in monthly / seasonal methods are derived from dynamic simulation, they can deliver sufficiently
accurate results [P1]. However, monthly, and seasonal methods are limited to the boundary conditions to which
they were tested end evaluated. For example, a building with extreme high insulation level might fall outside
of the validity of the method. If these extremities are targeted by the calculation and optimization, a simulation
is a better choice. Therefore, in the following results are calculated using the dynamic energy simulation option.

In the current framework, the modelling of the H-C system is simplified. System efficiencies, losses and
auxiliary energy demand is assumed based on default data from the standards and regulations, expert judgment,
and default data in ecoinvent (for further details please refer to Section IV.4). This module can be extended in
the future to incorporate detailed building mechanical systems design.

IV.2.6 Visualization techniques

The standard 1SO 14040:2006 [25] puts high emphasis on the interpretation phase, which shows the importance
of results communication. Visualisation techniques are usually used to communicate and analyse data and
information. For example, they can make information easy to explore and more useable when the volume of
information grows [107].

In our paper with fellow researchers [P3], we reviewed existing visualization types and provided a structured
overview along with recommendations on which type is to be used depending on the scope of the study. We
identified that scatter plots and parallel coordinates plots are appropriate for displaying and comparing a high
number of solutions, while pie chart is the most common option for visualizing parts-to-whole comparison (e.
g. the share of life cycle stages. Bar chart is the most often used option for comparing design options with each
other. Figure 6 illustrates the visualization techniques that are extensively used in my research for the analysis

of the optimization results.
-|—-- "

Cluster Parallel Stacked Benchmark
diagram coordinates bar chart scale

Scatterplot Pie chart

Figure6. Examples of visualization types appropriate for the analysis of optimizasaits fromP3]

Further advanced visualization technigques have been also discussed that support the thorough analysis of
results (Figure 7). For example, visualizing energy and material flows a Sankey diagram is a proper choice
[162], but it is often not available in tools developed for conducting building LCA. For the analysis of deep
hierarchic systems such as LCA results of buildings one good option is a sunburst diagram. If LCA is used for
design guidance, the projection of the environmental impact onto the 3D model of the building is another good
option for facilitating the better understanding of the result. In my paper [P9] | applied these techniques to
identify the most impacting components of an example building.

3D 3D Sunburst Sankey
scatterplot colour code diagram diagram

Figure7. Examples of advanced visualization techniques for the analysis of complex hierarchic building data
from [P3]
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The raw results of the calculation procedure in the framework are available, any further visualization technique
can be used for the analysis of the results.

IV.2.7 Optimization techniques

Within applied mathematics, the field of optimization aims to study methods to maximize or minimize the
value of objective functions through modifying values defined as variables. The bounds of the variables are
often limited by technical or design considerations in engineering problems. Also, other intermediate
constraints may invalidate solutions (e. g. if a sum of fenestration area on a facade is larger than the facade
area). The space of all possible solutions is called the feasibility space [11].

IV.2.7.1 Classification of optimization algorithms

Optimization techniques can be classified in several ways based on the type of parameters, the number of
objectives or the type of the algorithm. If only one objective is to be optimized, then the problem is called
single-objective optimization (SOQ). In this case the evaluated solutions can be ordered using the numeric
value of the objective function, and the best solution can be selected. If multiple objectives are to be optimized
parallelly, the problem is called a multi-objective optimization (MOQ) [163]. If the objectives are independent,
while comparing solutions a better solution for one objective does not necessarily mean a better one for the
other. Often, improving one objective leads to the deterioration of the other, which means that the objectives
are conflicting and multiple solutions can be classified as optimal. In this case to compare the solutions during
an optimization, an additional evaluation method needs to be applied (e. g. weighting of the objectives).

The application of multi-objective optimization has been in the focus of researchers for decades [164]. Cohon
and Marks called it “vector optimization” and classified the techniques a priori, a posteriori and progressive
based on the articulation of the preference between the objectives. Cohon and Marks [165] highlights that an
a priori techniques require deep knowledge of the analysed problem to formulate the priority of the objective
functions before the optimization. This drawback is not relevant in case of a posteriori methods but the
selection of appropriate solutions from the pareto front still needs an additional decision from the expert.

Loucks [166] classified multi-objective solving techniques to techniques using assumed preference functions
and to techniques that reduce incomparability and uncertainty. The latter can be divided into two groups. If the
objective function can be estimated with certainty, then the problem is called deterministic, otherwise it is
probabilistic (or stochastic [63]).

Depending on the number of alternatives evaluated within one step of the optimization methods can be
considered as single-point or population based. In the latter multiple set of values for the decision variables
are evaluated within a single iteration, while in the former variable compositions are evaluated one-by-one.
[11]. A disadvantage of population-based algorithms is that often they use random numbers to initiate the set
of solutions, which makes reproducibility more difficult. On the other hand, they can easily make use of
parallel computing which can substantially reduce the computational time.

Sharif and Hammad [63] outlined another categorization based on Goldberg and Holland [167] depending on
the type of search: Enumerative methods evaluate all solutions sequentially which is often called a brute-force
or exhaustive search. These methods are only applicable if the parameters are finite or discretized. Also,
another limitation is that evaluation time is proportional to the number of all options which makes it
inappropriate if the solution space is very large. Systematic methods (or deterministic as of Longo et al. [11])
are mainly gradient-based or calculus-based. The problem of these methods is also outlined by Shadram and
Mukkavaara [80], in case of energy simulation programs, the objectives are calculated in a “black-box”
manner, which makes the determination of the gradient impossible. Also gradient-based methods are sensitive
for local optima especially if the gradient is very flat [168]. Therefore, the third category, stochastic (gradient-
free or derivate-free) techniques seem to be the best option for building optimization that utilize many different
steps during the calculation of the objective function. The major advantage of these techniques is that nothing
other than the numeric value of the objectives is needed for the evaluation of the solution and any type of
numeric parameter (continuous or discrete) can be optimized. These methods are often called heuristic methods
too [11]. Also Nguyen et al. [169] identify that stochastic population-based algorithms (evolutionary
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algorithms, genetic algorithms, particle swarm optimization and hybrid algorithms) are the most frequently
used ones for building performance optimizations. The major disadvantage of these techniques is that the entire
solution space is not evaluated, therefore a global optimum is not guaranteed. However, if the purpose of the
optimization is to support decision-making and to improve building design, this is not a problem if a “good
enough” solution or a range of such solutions can be determined by the algorithm. It is important to mention
that it is theoretically impossible to find the global optimum in case of “black-box” functions, only if a full
(brute force) search is made evaluating every single possible solution. In most of the cases this is limited by
the evaluation time, and so impossible. On the other hand, these techniques are very robust in terms of
discovering the entire feasibility space instead of searching for local optima. Also, an infeasible or invalid
solution (e. g. if the building energy simulation fails) does not limit the algorithm in continuing the iterations,
instead these solutions are simply dropped. Another advantage is that they are not sensitive to discontinuities
in the objective function, therefore they are often applied for engineering and design problems. Finally, they
fully support parallel computation of individual solutions which make them very efficient in todays’ computer
architecture.

IV.2.7.2 The genetic algorithm

Based on the above considerations an a priori, stochastic population-based type such as the genetic algorithm
is a proper choice for the optimization of the building design. Based on the book of Audet and Hare [170], the
genetic algorithm (also called as evolutionary strategy) “use survival-of-the-fittest to weed out poor solutions
and breed new solutions to an optimization problem”. Solution points “are often referred to as individuals and
a collection of points forms a population”. In genetic algorithms the comparison of the solutions considering
all objectives is made through a fitness function. The general principle of the algorithm can be described as
follows based on Audet and Hare [170]:

Given a fitness function "QDsi M s and an initial population O who B ot
0. Initialiser ¥ tip mutation probability and "N Ttiteration counter.
Fitness use "Qa to assign fitness to each individual o™ 0 .
2. Reproduce
a. Selection select 2 parents from 0 and proceed to 2b. or select 1 survivor from 0 and
proceed to 2d.
b. Crossover use the 2 parents to create and offspring.
c. Mutation : with probability[ mutate the offspring.
Check the feasibility of the mutated offspring.
If the offspring is infeasible, declare the offspring deceased and return to 2a.
Otherwise declare the offspring a survivor and proceed to 2d.
d. Update next generation place survivor into 0
If O nideclare the population complete and proceed to 3.
Otherwise declare population incomplete and go to 2a
3. Update: increment N "Q p, stop or go to 1.

=

Audet highlights that genetic algorithm leave a great deal of flexibility in interpretation. For example, it is up
to the implementor to formulate a criterion weather the algorithm stops or continues in step 3. There is no
general guidance on how to build the initial population or how to decide between selecting 2 parents of 1
survivor in step 2a. There are several methods to create a new offspring from 2 parents (crossover) or to mutate
the offspring (mutation). Similarly, any fitness function may be suitable that assigns a value to a set of
parameters. The difference between the few frequently used genetic algorithms lies in the abovementioned
flexibility. It follows that multi-objective genetic algorithms only differ from single-objective ones in the
formulation of the fitness function. In a MOO the value of each objective function is calculated for an
individual, and the fitness function takes these values as arguments to derive the fitness.
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IV.2.7.3 Non-dominated sorting genetic algorithm (NSGA-II)

Truly multi-objective optimization solvers have been developed and are applied in a wide variety of
engineering problems recently, for instance MOPSO [171], SPEA2 [172], and NSGA-1I [173]. Among them,
NSGA-II is the most often used, especially in building performance optimization problems [56,59,174-179].
The most important properties of NSGA-II are that it is very efficient in sorting the non-dominated solutions,
it converges very quickly through the application of elitism and gives a set of Pareto-optimal solutions that are
well distributed along the Pareto-front.

These features are achieved through the refinement of the specific steps in the genetic algorithm. The most
important properties of NSGA-II:

1 Initial population is generated using random variables.

9 Offspring population is generated using simulated binary crossover [180] and polynomial mutation.

1 Elitism: Parent and offspring population is combined for the selection step, in order to maintain the
best solutions without any modification.

9 Binary tournament selection: To select the parents from the population to generate an offspring, the
individuals within a subset of the population are compared pairwise, and the best one is chosen based
on a two-level criterion:

1 Nondomination rank: Solutions are ranked based on their non-domination fronts. Fronts with
increasing rank are included until the number of solutions exceeds the population size.

1 Crowding distance: Solutions in the last included rank are compared based on the density of other
points in either side of them along each of the objectives. Solutions are selected that have the largest
distance to its neighbours until the number of selected solutions reaches the population size. This
step helps the solutions to be evenly distributed along the Pareto-front.

Other parameters of the optimization, such as mutation probability, crossover probability, population size, and
maximum number of generations may be defined by the user.

IV.2.7.4 Tested alternative optimization algorithms

Although NSGA-II is widely used in the literature for engineering and design problems, | tested two other
advanced techniques regarding their applicability in multi-objective building design optimization.

Direct Multi -Search(DMS) [181] is a derivative free solver for multi-objective optimization problems that
does not aggregate any components of the objective function. It generalizes all direct-search methods of the
directional type from single to multi-objective optimization. The method has already been used in complex
engineering problems such as the optimization of a viscoelastic sandwich plate [182], the analysis of laminated
sandwich panels with viscoelastic core using finite element model [183] or to find the trade-off between
performance and weight of functionally graded material plate structures [184]. The strength of DMS is that it
is a deterministic method (in contrast to stochastic ones like NSGA-II), and as such optimizations are fully
reproducible. Although DMS tries to capture the whole Pareto-front, in my tested cases the algorithm failed to
extend the set of non-dominated solutions from some of the found local optima. While it could improve the
solutions found by NSGA-II within the same problem, the extent of improvement was negligible considering
the amount of required iterations. DMS tried to densify the Pareto-front (fill gaps between found non-
dominated solutions), while NSGA-II is known to be efficient in exploring the whole, since it uses the
crowding distance to promote solutions with larger distance to others. As a conclusion, this feature made
NSGA-II more efficient in finding close-to-optimal solutions within the applied timeframe.

Strength Pareto Evolutionary Algorithm (SPEA2) [172] and Hypervolume Estimation (HypE) [185]
algorithms are included in the Octopus plugin [186] for Grasshopper, which make them easily accessible for
a wide range of audience from product design to engineering applications. HypE uses Monte Carlo simulation
to approximate the exact hypervolume which is a widely used indicator within multi-objective optimization
problems. This feature makes it very efficient and easily adaptable for many-objective problems, however the
authors tested it only on well-known few-objective problems. SPEA2 is the improved version of the SPEA
originally published in 1999 [187]. Its basic concept is to evaluate an individual’s fitness dependent on the
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number of external nondominated points that dominate it. The aim is to preserve population diversity and to
reduce the non-dominated set with effective sampling at the same time. Although both algorithms proved to
perform better than NSGA-I1 in test problems, the authors conclude that the main advantages are better utilized
in higher dimensional objective spaces. Furthermore, Zitzler et al. [172] concludes that NSGA-II and SPEA2
perform similarly in few-objective problems. Notwithstanding the great performance of the algorithms, the
largest drawback of the tested implementation was the lack of support for parallel computing. This made the
optimization significantly slower and about a magnitude less iterations were possible than in case of the
NSGA-II.

IV.2.8 Implementation

As discussed in section 1V.2.1, the workflow of the framework is divided into 3 steps: setup, optimization, and
evaluation. One of the goals of the framework was to integrate existing state-of-the-art software tools for the
specific modules, keeping in mind that the optimization procedure requires the model to be automatically
regenerated based on the optimization parameters. The choice of solutions used in the implementation
represents a trade-off between reliable calculation tools and customizable, low-level integrability. In this
section | present the technical implementation of the framework. Although the framework is capable for using
multiple energy calculation methods, as well as different optimization tools, here only one setup is discussed
in detail which was used to calculate all results presented in Chapter V. Specifically, energy calculations are
performed with dynamic building energy simulation, and the NSGA-II genetic algorithm is used for the
optimization.

1V.2.8.1 Setup phase
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Figure8. Workflow of the setup step

The workflow of the setup phase is depicted on Figure 8. This phase includes the preparation steps that are

required before an optimization can be run. First, the building model is created. The modelling starts in

DesignBuilder building energy simulation tool [188], which ensures a quality and validated building energy

model. The software is based on the EnergyPlus [159] simulation engine, and the model can be exported into

the standard model file format of EnergyPlus (.idf). The model is further transformed into a custom-designed

building data model with additional information required by the LCA and LCC calculations. At this step, a
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custom H-C component is added to the model. Worth mentioning that the H-C modelling capabilities of
EnergyPlus are not used, instead the heating, cooling, lighting, and natural ventilation components are
incorporated in the model in a simplified way. The hierarchic data structure of the building data model is
described in Appendix X.3. The weather file is in a standard EnergyPlus format (.epw).

Next, the background data for the calculations is prepared. Based on the building data model, template tables
are generated to structure the required environmental impact and cost data. The first sheet collects all
components and materials and creates references to the other two sheets, the environmental impact data, and
the cost data. At this step it is up to the user to fill the templates with datasets. The collection of material
physical data and cost data was performed using excel sheets, while the environmental impact data was
calculated using openLCA [148] software, applying the localisation procedure described in section 1V.2.3.1.1.

Finally, the optimization parameters are defined as custom Python components. The definitions include the
type of parameter (numeric or categorical), the lower and upper limits or the number of options as well as the
encoding procedure to reliably translate the design parameters into optimization variables. The building data
model, the weather file, the parameters, and the filled background data tables for a specific case are saved into
the setup database.

IV.2.8.2 Optimization phase

Unlike the setup phase, which is linear process, the optimization can be represented with a cycle of processes
(Figure 9). First, all the prepared data are retrieved from the setup database. The optimization algorithm
provides the value of the optimization variables. These values are translated into building design parameters
and the model update script recreates the corresponding building data model and the EnergyPlus model.

<
wa
Result
database
2 A
i Calculations :
Setup g |
|
]
1

database

\]

T I T T TN EnergyPlus Energy simulation Detailed
{ Parametric model definition simulation result calculation
' results

data model |

y l P / ;
Model update | LCA calculation / Result
- I A f evaluation
Building T\ LCC result
py

e

L .. S ——

\
|
|
|
I
I
! |

| i

| : l

I /] I :
! - | — % |
! / EnergyPlus | | A \ / !
I model ! I LCA result |
l 4 ! Py / py I
| | |
l ! I
I 1 I
| 1 !
\ I !
| |

Ir Optimization y

|

i Lg E/
|

|

|

|

Parameter Optimization algorithm Objective
values Monte Carlo algorithm value(s)

Figure9. Workflow of the optimization step
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During the calculation procedure, the energy calculation is performed using the EnergyPlus simulation engine.
The simulation results are fed into the LCA and LCC calculation scripts, and based on the building data model,
the LCA and LCC results are calculated. These result objects contain the full detailed calculation data (incl.
the impact or costs of all components). The result evaluation script extracts the selected values from the
detailed results that serve as the objectives of the optimization. These values are forwarded to the optimization
algorithm that provides new parameter values and the loop starts again. During each loop, the detailed results
of the energy simulation, the LCA calculation, and the LCC calculation are stored in a result database. For all
the cases in Chapter V a Monte Carlo simulation is performed along with the optimization. The procedure is
the same as for the optimization except for the end of the loop since the Monte Carlo algorithm does not need
the objective values to provide the parameters. For the NSGA-II algorithm the implementation of the Artap
framework [189] was applied, which has been successfully used for engineering problems [190]. An important
aspect of the implementation is that the optimization algorithm is independent from all other modules. The
communication between the algorithm and the modelling/calculation module is established through
standardized https requests. This way any external optimization system can be easily applied to the framework
that is capable for https communication.

1V.2.8.3 Evaluation phase

After the optimization is finished, the results may be evaluated. The framework provides great flexibility in
using various tools to analyse the results (Figure 10). The results of each optimization are stored in an SQL
database thus the tables can be easily exported to Excel sheets or any other tabular data format. To analyse the
results in more detail, the extensive capabilities of Jupyter notebooks [191] can be utilized. The result tables
can be easily manipulated with Pandas [192,193], while figures about the datasets can be visualized on static
plots using Seaborn [194] or interactive graphs using Plotly [195]. Furthermore, the building data model of
each setup can be retrieved from the setup database, and various model views can be generated using the
Matplotlib [196] plotting library.
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Figure10. Workflow of the evaluation step

Thanks to the usage of databases for storing the setups and the results, the three steps of the workflow can be
fully decoupled. Since an optimization may take long time (6-8 hours in the cases discussed here), it is very
useful that other cases can be set up or be evaluated in parallel. Even multiple optimizations can run side-by-
side.

38



Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings

1V.2.8.4 Software and hardware environment

One of the key goals of the framework was to integrate existing software, such as DesignBuilder, EnergyPlus,
OpenLCA for the calculation, and Jupyter, Pandas, Matplotlib, Seaborn, Plotly for the evaluation of results.
The connection between the tools is established through a “service-based” environment. This means that each
service is standalone software, and they can run on different systems, even on separate hardware or in the
cloud. This is realized with the containerization solution of Docker [197]. On Figure 11, each service
surrounded with dashed lines indicates a separate container. All software except for OpenLCA is containerized.
The containers communicate between each other through http requests and the same protocol is used by
OpenLCA. The ecoinvent database within OpenLCA is contained in a Derby database. The custom calculated
LCIA datasets and the optimization results are stored in a PostgreSQL [198] database. The calculation setups
cannot be represented in a relational database structure therefore they are stored in a “noSQL” database, using
Redis [199].

While the previously listed software components are used “as is”, the following components are self-developed
using Python [200] programming language. The core of the framework is contained in a Calculation service,
which include the parametric model definition and the calculation modules described in the previous sections.
The component uses the Flask [201] web framework to provide an interface for other services. The EnergyPlus
service is also built on Flask, while using the simulation engine of the EnergyPlus software. Since the energy
simulation is the bottleneck of the calculation procedure (it takes the longest time within each evaluation), the
simulation results are internally stored within the service, so that the same model does not need to be run twice.
The notebooks of Jupyter are used as a user interface for the complete workflow. At the same time, an
interactive result dashboard has been developed using Dash [195] to supervise the process and observe the
results of the cases during the optimization. The data exchange between the services are indicated in Figure 11
for all three phases of the workflow.

‘ Result : : Setup
: database database ““““““““““
/ “““ o ~m
" /@ . 5 LCIA OpenLCA Ecoinvent
: . . database | service database
. EnergyPlus  EnergyPlus Calculation P -
; simulation service . 1 service
engine I + pesas Il ______ . : o>
@ T B ' Notebook
B — : . user interface |
% o i I ‘ssmrmEvETRETYey i " ) Docker
= S ; n\!'_,‘ container
Simulation ; Result Setup
storage | ! dashboard ! = eprmizaon

——>  Evaluation

Figurell. Implementation of the framework using existing aadfdeveloped software. Modules with hatched background are
completely seltleveloped, modules with gradient background are customized existing software, and modules with white
background are existing software used as is. The arrows indicate the datmngedbetween the services in each phase of the
workflow.

An important feature of this implementation is that it supports parallel computing. Since genetic algorithms
can utilize parallel computation, the total calculation time of each optimization case could be significantly
reduced compared to single-threaded options. While most of the cases were run on a lab computer with a 16-
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core AMD Ryzen Threadripper 2950X 3.50 GHz processor and 128 GB RAM, a few cases were run in a cloud
server using Microsoft Azure.

V.3 Definition of metrics to analyse the results of the multi-objective optimization

The goal of the multi-objective optimization is to minimize or maximize two or more conflicting objectives.
The result of such an optimization is a set of solutions (see Chapter 1V.2.7). This usually high number of
solutions makes it more difficult for stakeholders (e. g. building design professionals or policy makers) to
choose one specific design or derive the right consequences without explicitly articulating any preference over
the objectives. Therefore, the results need to be analysed so that both the objective values and the
corresponding design parameters (optimization variables) can be expressed for the full optimal set depending
on the preference between the objectives.

The analysis of multi-objective optimization results is often discussed in the literature. Most of the time an
additional step is introduced to support the decision between the objectives. Efremov et al. [202] for example
introduced a new visual framework to improve stakeholder participation in discovering the preferences in a
multi-criteria decision. Blasco et al. [203] applied another visualization, called level diagrams for the decision-
making process. Through level diagrams it is possible to visualize many objectives in parallel ([204])
furthermore Reynoso-Meza et al. [205] use them to compare multiple Pareto fronts referring to different design
concepts within the same objective space. Another focus of Pareto-front metrics is the quantification of the
optimization performance ([206—208]). Nevertheless, very few studies attempt to evaluate all the optimized
solutions (in my case thousands of possible optimal alternatives) from an engineering perspective (without
judging between the objectives) including close-to-optimal solutions.

The aim of this chapter is to provide a methodology for the analysis of the full Pareto-front instead of only
some selected solutions and to help the stakeholders identify the full range for the trade-off between the
objectives. To achieve this, | introduced several metrics to describe the optimized set of solutions. This study
focuses on the trade-off between GWP (using LCA) and global costs (using LCC), hence the following
definitions are limited to a bi-objective problem (two conflicting objectives).

IV.3.1 Non-dominated solutions and the Pareto-front

In a MOO the conflicting objectives means that the optimization of the objectives one-by-one would lead to
different optima. If this is not the case, the problem can be simplified into a SOO problem. In MOO problems
the result of the optimization is manifested in a set of trade-off solutions that are considered equally optimal.
This set can be obtained by a pairwise comparison of all evaluated solutions. Let us examine two feasible
solutions A and B. If A is better than B for all objectives, then A dominates B (B needs to be better in at least
one of the objectives to avoid being dominated by A). After evaluating all comparisons, the remaining non-
dominated set of solutions (also called as Pareto-optimal solutions) represents the result of the optimization,
and the collection is called the Pareto-front [44] (Figure 12).

Non-dominated

Objective A
]

Objective B

Figurel2. lllustration of the nordominated solution of a kbbjective problem forming the Parefmnt
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IV.3.2 Quasi-optimal solutions based on distance to pareto front (DP)

All non-dominated solutions are considered optimal from a mathematical point of view. On the other hand,
from an engineering or architectural perspective, some of the dominated solutions might be interesting as well,
since the goal is to identify the optimal values and combination of parameters that qualifies a building design
to be low-cost (LCC) and low-carbon (GWP). In some cases, sacrificing some percent from both objectives
can lead to more design flexibility or solutions with different set of design variables that can achieve almost
the same objective value. Therefore, it is important to explore the solutions near the Pareto-front. During the
optimization procedure a high number of results are generated close to the Pareto-front, which is a direct
consequence of the stochastic nature of the algorithm. Many of these points are dominated by others even if
the difference in the objectives is very small. Incorporating these solutions in the analysis makes any statistical
measures much more reliable since the number of datapoints can be increased drastically.

Quasi-optimal Quasi-optimal

Life Cycle Cost
EUR
-
.
- -
Life Cycle Cost
EUR
L 3
L

ak 8
N

e @8
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Global Warming Potential Global Warming Potential
kgCOz —eq. kgCO3z —eq.

Figurel3. Quasioptimal solutiondased on the method of Hester et. [@2] (left) and by using the distance to Parétont (right).

For solutions that are close to the pareto-front I introduce the term quasi-optimal solutions. The determination
of quasi-optimal solutions is not that straightforward as intuitive it is visually (see Figure 13). Hester et. al.
[62] defines the quasi-optimal region based on the reduction in the objective values relative to the range
between the mean of the initial population and the best solution for each objective. This results in a triangular
area composed by the ideal point (defined as the coordinate composition of the best solutions to each objective)
and the shift of the ideal point until the specified limit into both axis on the objective space (Figure 13). This
method does not deal with the shape of the pareto-front, for example if the pareto-front is very flat along both
axes and has a sharp turn close to the origin (hyperbola form), the number of quasi-optimal solutions can be
much more than if the pareto-front is closer to a line form. Another limitation of this approach is that the
improvement potential depends on the initial population, hence it is highly dependent on the definition of the
variables and their limits. It can happen that most of the solutions in the initial population do not express
feasible or usual combination of variables, so the improvement is difficult to interpret.

Non-dominated
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Figurel4. Determination of quasiptimal solutions using the distance to pardtont (DRhay)
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In this study I introduce the distance from the pareto front (DP) to determine the quasi-optimal region (Figure
14). For each solution “Ythe distance is calculated as:

00"Y I’NET’Q YD (15)
where

'00"Y is the distance of solution "Yto the closest reference point normalized to the range of the reference set
in both objectives,

Q 6h is the eucledian distance between point 6 and 08,

nHu is the discrete set of points on the normalized pareto-front,
Y is the point of solution "Yin the normalized objective space.
0 is the points of solution O in the normalized objective space.

The normalization to the range of the pareto front is necessary, because the objectives have different units,
hence are not compatible. The normalization can be expressed as:

N

Y (16)
for each objective "Qwhere
Y is the normalized value of point “Yfor objective "Q
n is the discrete set of non-dominated points on the pareto-front

"YRO  are the values of point "Yand O for objective "'Q
This approach has some advantages in comparison to the one used by Hester:

- The limit of quasi-optimal solutions can be interpreted in the unit of the objective functions
- The quasi-optimal region does not depend on the initial population
- The inclusion in the quasi-optimal set does not depend on the shape of the pareto-front

In all cases in this study (discussed later in Chapter V) a specific O0  value was used, meaning that all
solutions that are closer to the pareto front than OO0 in the normalized objective space are considered as
guasi-optimal. The value is determined so that it corresponds to ca. 1% in percentage of the best solution in
terms of both objectives. At the same time the number of quasi-optimal solutions is about 8-10 times more
than the number of non-dominated solutions.

IV.3.3 Pareto Position Index (PPI)

All quasi-optimal solutions are considered equally optimal, but some are better for LCC and others are better
for GWP. To express the “weight” of the objectives in a specific solution (in other words, how close it is to
one or another end of the Pareto-front), the pareto position index (PPI) is introduced. PPI is calculated with
the following formula:

009 = (17)
where
00 @ is the pareto position index of point "Y
Qo is the eucledian distance between point 6 and 6,
Y is the point of solution "Yin the normalized objective space,

42



Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings

0 is the point of the pareto-front with the lowest GWP in the normalized objective space,

C

is the point of the pareto-front with the lowest LCC in the normalized objective space.

Quasi-optimal

Life Cycle Cost
.
L

et a'e
L ]

Global Warming Potential

Figurelb. Calculation of the PPI for a given point in the objective space.

Figure 15 illustrates the calculation of PPl. The value of PPl ranges from -1 to 1, with the value -1
corresponding to the GWP-optimal solution 1 to the LCC-optimal solution and 0 meaning that the solution is
in equal distance from the cost-optimal and the impact-optimal ends of the Pareto-front.

IV.3.4 Improvement potential (IP)

When analysing the objective values of the quasi-optimal solutions, the absolute values are often not useful.
Instead, a designer would be more interested in how much the optimized design is better than a standard one.
This standard (reference) solution is established in each optimization case separately through a Monte-Carlo
simulation. The mean of the reference solutions defines the reference point on the objective space (Figure 16).

To quantify the difference between the reference and the optima the concept of the improvement potential is
introduced:

O Y Y Y (18)
where
'O "Y is the improvement potential attributed to point “Yfor objective o, with reference Y,
Y is the objective value of point Y
is the objective value of the reference point.
Quasi-optimal 'I,F,-.l g |'I|:I Quasi-optimal
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Global Warming Potential
kgCO; —eq.

Figurel6. Improvement potential in case of LCC (left), and regions defined by IP with different signs.
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The relative improvement potential can be defined as the ratio of improvement to the objective value of the
reference design as:

i oy — (19)

The improvement can be calculated for each point in a provided set i of (optimized) solutions. Let
O { be the maximum improvement potential within a set i of points, and 00 i be a vector
containing "O, i for each objective. In the case that some of the optimal solutions are worse than the
reference (at least in one objective), the improvement potential is negative (Figure 16, right). Having solutions
within these regions, we can define the strict improvement potential "Of i as the maximum
improvement potential for objective o, with the other objective value not worse than the reference. On Figure
16 (left), point Q is the solution with the lowest LCC while having non-negative IP of GWP. In this case
00§ p i 'O0 O .(Atthesametime™O0 { f i OO0 i asnoneofthesolutions have
higher LCC than the reference point.)

While the improvement potential is useful for comparison with other subjects (e. g. sectoral emission data, or
other buildings), the relative improvement potential expresses the possibilities of the building design targeted
by the optimization, thus it can be used to compare different optimization options of the same model.

Hester [62] applies a similar method, but they use this measure to define optimal (at least 95% improvement
in both objectives) and quasi-optimal (75-90% of improvement compared to the optimal) solutions. Unlike
here, they use the mean of the initial population as the reference. This is arguable since it may not express an
interpretable solution. Therefore, | use a reference value that is calculated independently from the optimization
and expresses the current standard in building design (see Chapter 1V.4) in all the cases.

IV.3.5 Pareto spread indicator (PSI)

An important aspect of the optimal set of solutions is the extent of the pareto front. In other words, we need to
express how “strong” is the trade-off and how the extreme solutions perform compared to each other based on
all objectives. To express this aspect the pareto spread indicator (PSI) is introduced. PSI is calculated for a
pareto set s for each objective o as:

0 YO — (20)
where
0 "Y'O is the pareto spread indicator for the pareto set s and objective o,
awaod ,aQd are the minimum and maximum objective values of the set s.

"Og is the maximum improvement potential for objective o.
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Figurel7. Calculation of the Pareto Spread Indicator for each objectile ¥ O
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If the PSI is small, it indicates that the trade-off between the objectives is small, so we do not need to give up
too much in terms of one objective to reach the best solution in the other. The advantage of PSI is that it is
possible to compare different pareto sets using the same reference values in terms of the extent of the pareto
front.

Using 'O0  as the reference, PSI gives additional meaning to the optimization. (Figure 17) If Tt 0 "Y"Op,
then improvement is achieved in the corresponding objective regardless of the position on the pareto front (the
trade-off between the objectives). The smaller PSI is, the less the improvement is influenced by the trade-off.
It can be easily seen that 0 "Y"Ort can only occur, if “O0 is negative, meaning that the reference point is
better than any of the pareto set. If p 0 "Y'1®en we need to sacrifice the evaluated objective against another
to achieve the best solution in that. In other words, a part of the optimal solutions is worse than the reference.
Alternatively, PSI can also be calculated as:

oY —h b (21)

IV.3.6 Distance to ideal point (DI)

As emphasized earlier, the result of the multi-objective optimization is a set of optimal solutions, and a decision
making requires and additional articulation of preference (e.g. weights) between the objectives to find a single
optimal solution. Although the goal is to evaluate all quasi-optimal solutions, but this single one can be seen
as a characteristic solution for the optimization case, where the improvement in both objectives are considered
with equal weights. In this case | use the distance to the ideal point (DI) to find the best trade-off between the
objectives. For each solution “Ythe ‘O "OY is calculated as:

00Y 'Q "o (22)
where
0oy is the distance of solution "Yto the ideal point in the normalized objective space,
Q oM is the eucledian distance between point 6 and 6,
Y is the point of solution "Yin the normalized objective space,
O is the ideal point in the normalized objective space.
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Figurel8. Determination of the tradeff solutions using Rh

The Ideal Point ("@n Figure 18) can be seen as the point where the single-objective optima are united (defined

as the coordinate composition of the best solutions to each objective) ‘O “OY is also illustrated on Figure 18. It

is important to mention that DI is not independent from the normalization, and so the point at O "O either. A

similar approach is used by Bre et. al [82], but in their case objectives values are normalized prior to the
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optimization. Unlike them, | use the "O0  values for the normalization, which has the advantage that in terms
of both objectives the improvement potential will be treated with equal weights instead of the objective values
themselves. The solution with the lowest ‘O "@alue is called the trade-off solution, expressing that it is a valid
design with balanced weights between the two objectives.

IV.3.7 How to apply the metrics

The advantage of PPI, IP and DI comes visible if we plot DI against PPI (Figure 19 left) and rIP against PPI
(Figure 19 right). This makes it possible to compare different pareto sets (including the quasi-optimal
solutions) on the same diagram regarding the extent of trade-off (range in DI values), and the improvement
potential. This visualization can help to understand the characteristics of the pareto-front and the optimization
itself. DI, PSI and rIP values are in close relation. If rIP has a negative domain on PPI, then 0 "Y"Op for the
corresponding objective and on the same domain, for all solutions, © “O p (right-hand side of both plots on
Figure 19). In a good case we expect a high improvement potential (without negative domain), and low PSI.
However, if PSI is high (close to or greater than 1) we would hope for a low 'O “O , where a good trade-off
solution can be found. In this case the curves representing the objectives on the Figure 19 (right) have an
almost flat plateau at the end corresponding their optimum, then start to drop faster towards the optimal end of
the other objective.
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Figurel9. DI expressed in function of PPI (left) and rIP in the function of PPI (right).

Visualizing the results of multiple optimizations (e. g. different design cases) on the same diagram with the
helpof 0 0,"0"@ndi "Qfogether with the 0 "Yilues we gain a better understanding on how strong the trade-
offs are in the different cases.

IV.3.8 Classification of optimization variables

The goal of the MOO is to minimize (or maximize) the values of the objectives, in our case to minimize GWP
and LCC. This is achieved through the adjustment of the optimization variables. In our case, each variable
represents a design parameter. Depending on the properties of that design parameter, the corresponding
variable might be numerical (ordered, equally spaced within limits), ordinal (ordered, non-equally spaced) or
categorical (non-ordered) [209]. In my model, fenestration ratio and insulation thickness variables are
numerical, all other variables are categorical (glazing type, shading, frame type and insulation materials).
Numerical variables can be further classified as discrete (can take only specific values) or continuous (any
value within the limits is valid). Although several optimization algorithms distinguish between discrete and
continuous variables, stochastic algorithms can only treat them as discrete, because of the use of random
numbers. Values cannot be refined at higher precision than the predefined precision of these randomly
generated values. From an engineering point of view a small-enough step can be used for the discretization of
continuous parameters. In the model I use 1 cm for insulation thickness and 1 percent for fenestration ratio as
a discretization step. Decreasing the step more would lead to higher computation time for the optimization
algorithm and to results that are irrelevant from the construction perspective (e. g. insulations can only be
installed at some cm precision).

In a MOO a specific value for a variable might be beneficial for one objective, but suboptimal for the other.
Other variables may take the same value regardless of the preference between the objectives. In their study,
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Vallet et. al. [210] used the terms synergy, neutral and tradeoff to describe the relationship between ecosystem
services with a similar aim. They applied the terminology based on previous papers [211-213]. In another
paper by Luukkanen et al. [214] the concept was used to elaborate the connection between sustainable
development indicators. Although the terms are applied within different disciplines, but the general idea is to
describe a relationship between two quantitative metrics. In my case, the metrics are the objectives of the
optimization (GWP and LCC). Each variable influences the objectives, but the relationship between the
objectives may be of different type. Therefore, | apply the following classification for the optimization
variables:

9 Synergy, if a specific value for that variable is beneficial for both objectives. Synergy variables take
the same value (categorical variables) or similar range (numerical variables) along the Pareto-front,
meaning that they have an optimal value regardless of the preference between the objectives. In terms
of building parameters this is the best case, because the optimization gives clear guidance for the
design.

9 Trade-off, if one value of that variable is good for one objective, and another value is preferred by the
other objective. In this case, the variable takes different values at the single-objective optima, and the
solutions along the Pareto-front show a gradual transition from between these two. The building design
depends on the preference between the objectives.

9 Neutral, if the value of the variable does not influence the objectives. In the literature, this type is also
called “no-effect” or “delinking”, expressing that they can take any value without modifying the
objectives significantly. Within the optimal solutions on the Pareto-front, no clean pattern can be
observed in their values. This means that the corresponding design parameter of the building is up to
the designer to choose.

The classification of variables is determined based on their values within the quasi-optimal solutions. In
Chapter V. I used an occurrence of >80% of a specific value within the quasi-optimal solution for classifying
a categorical variable as synergy. For numerical variables, the standard deviation is calculated based on all
values taken within the quasi-optimal solutions. If the deviation from the mean is <5% of the range specified
by the limits of that variable, the variable classifies as synergy. All other variables are either trade-off or
neutral. To decide between the two, | looked for patterns along the Pareto-front regarding the specific values
of each variable. From the non-synergy categorical variables, the ones are selected that are responsible for the
largest visual separation of clusters within the objective space. These ones are called distinguishing variables.
The other non-synergy variables are evaluated for having a characteristic value within each cluster. (High
occurrence of a specific value for categorical variables or small deviation from the mean for numerical
variables.) If this is the case, they are classified as trade-off, otherwise, they are neutral.

V.4 Case study building

To apply the developed framework and the methodology | chose a multi-apartment building that is targeted by
the optimization. The simplified model is close to the typical 4-9 apartment building of the Hungarian building
stock (for both renovation and new built) according to the background study of the National Building Energy
Strategy [215]. These kind of simplified models are often used in the literature to evaluate the overall
performance of building types [216,217]. In my case the following data is fixed: The total net heated floor area
is 768 m? with a ceiling height of 3 m, the building has a central (heated) staircase and no basement. It has a
slab-on-ground and a flat roof, and the mass is simplified to a rectangular shape. The four-storey building has
2 apartments each floor. In order to evaluate the effect of window sizes on each facade separately, the
orientation of the model is considered to be fixed. (Instead of the rotation of the geometry, the separate window
sizes are considered towards each cardinal direction as variables in the optimization). The model of the building
is illustrated on Figure 20. The reference study period is 50 years (for both LCA and LCC), considering the
product stage, construction process, the use stage as well as the end-of-life stage according to EN15978 [28],
described in Section IV.2.3.
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Figure20. lllustration of the building model

IV.4.1 Variables

Some parameters of the building are not fixed but determined by the automatic optimization algorithm and
serve as the variables of the optimization. Longo et al. [11] categorized the design variables into four categories
in their review. In my case, the variables cover three of these categories: building envelope (wall, floor and
roof insulation type and thickness, window areas); fixtures (shading, glazing type, window frame type); HVAC
and equipment (three types of system using different energy source evaluated as a design variable). The fourth
category, renewable plants are not considered in this study. Variables in an optimization may be continuous or
discrete, but in this case, the continuous design parameters are discretized by defining a sufficiently small step
size (1% for fenestration ratio and 1 cm for insulation thickness). Because of the presence of discrete variables
only those algorithms can be used that can handle discrete values. In case of stochastic population-based
algorithms this is not a problem, and practically there is no difference in handling discrete or continuous
variables. The ranges are determined considering physical and engineering limits extended to extreme values
(e.g., 80 cm of insulation) to cover theoretical optima too. Those design parameters that serve as optimization
variables are summarized in Table 7.

Table7. Design parameters of the case study building (usechaiables of the optimization) with their limits and the values
NELINSaSyiliAy3a (KS a.daryS&aa !t a ! &adz fé

Design parameter Value limits / options Business As Usual (BAU) values
N 1-80% 13-24%
Fenestration W 1-80% 23-34%
ratio S 1-80% 33-44%
E 1-80% 23-34%
N
. W . .
Glazing type S double / triple double / triple
E
N
Shading VSV yes/no yes/no
E
Frame type plastic / wooden plastic / wooden
Boof . material EPS white / EPS graphite / PUR / EPS white / EPS graphite / PUR / rock w
insulation  thickness 20-25cm
- rock wool / wood wool / ICB - -
Wall material EPS white / EPS graphite
insulation  thickness 10-15cm
Floor material 1-80cm EPS white / EPS graphite / rock wool
insulation  thickness 4-10cm
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To quantify the potential of improvement in both objectives, a reference design has been identified, which
serves as the “business as usual” (BAU) case. The parametric building definition is the same as for the
optimization case, but the parameter values are limited to express a design corresponding to the current
practice. The values have been identified based Csoknyai [215] and are presented in Table 7 (BAU values).
The insulation material thicknesses were defined so that the any possible envelope constructions satisfy the
current requirements for the U values.

IV.4.2 Properties of the building

IV.4.2.1 Materials and Constructions

The main composition of the building elements is fixed. In Hungary, it is common to build residential buildings
with ceramic block walls with an external insulation composite system. Internal slabs and the flat roof have a
monolithic reinforced concrete structure with a typical thickness and span. Detailed description of the building
elements can be found in Table 8.
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Table8. Composition of building elements used in the case study building.

Description

Schematic view

Envelope wall

Clay hollow brick load bearing
construction with ETICS in
variablethickness and variable
insulation material. Most
common envelope
construction for Hungary.

(variable) @ (insulatio

== 1.0 cm = Gypsum plaster

0.5¢

Cm g Cover coat

crn 8 Adhesiy

1 material)

for insulation

Slabon-ground

Insulated floor construction
laying on ground with ceramic
tiles flooring. Varible
insulaion thickness and
materials.

{variable) B linsulation material)

Insulated flat roof system on
reinforced concrete slab with
bituminous membrane

{variable) B (insulation material)

Flat roof . )
waterproofing. Variable
insulation thickness and
materials. ==1.0 cm = Gypsum plaster
load b == 1.0 cm == Gypsum plaster
Non-load bearing separatin
Internal wall g sep 9

brick walls

cm = Gypsum plaster

Internal floor

Sound insulated flooring
systemwith ceramic tiles floor
cover on reinforced concrete
slab.

cm = Gypsum plaster

cm = Adhesive for insulation

0 cm ] Rockwool sound insulation

Opaque material properties are summarized in Table 9. Insulation materials are differentiated based on usage
(floor, roof, wall). Seven alternatives were considered for the insulation materials. The internal partition walls
are only considered as a fixed mass of wall constructions, considered for the energy calculation as heat storage,
and as embodied environmental impacts for LCA, but excluded from the optimization. Other elements, which
do not have an influence on the operational energy demand (e.g., foundation) are not modelled, as these

represent a constant impact and hence do not influence the optimization results.
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Table9. Thermal conductivitydensity,and specific heat capacity of the applied materiéBources: commercial software databases
218 Y|l ydzF | Ol dzNBNJ R +FyR SELISNI&aQ 2dzRISYSy.

Conductivity Density SpecificHeat

Material application W/mK kg/m3 J/kgK
floor 0.038 115 1500

Insulating Cork Board (IC flat roof 0.038 115 1500
wall 0.038 115 1500
floor 0.030 20 1460

Expanded Polystyrene

(EPS) - graphite flat roof 0.030 20 1460
wall 0.031 17.5 1460
Expanded Polystyrene floor 0.038 17.5 1460
. flat roof 0.038 17.5 1460

(EPS) - white
wall 0.039 15 1460
S floor 0.022 30 1420
© Polyurethane (PUR) flat roof 0.022 30 1420
] wall 0.022 30 1420
= floor 0.037 140 840
Rock Wool flat rOOf . 0.038 130 840
sound insulation 0.037 120 840
wall 0.037 110 840
floor 0.043 180 2100
Wood Wool flat roof 0.043 180 2100
wall 0.040 110 2100
Extruded Polystyrene floor 0.035 35 1400
flat roof 0.035 35 1400

(XPS)

wall 0.036 35 1400
Adhesive for insulation 0.850 1020 1230
Adhesive for ceramic tiles 0.900 1500 1230
Bituminous waterproof membrane 0.300 1000 1000
w Ceramicttiles 1.000 2000 1000
® Clay hollow brick 0.200 720 1000
% Reinforced concrete 2.000 2400 1000
g Cover coat (ETICS) 0.990 1800 880
3 Gravel 0.350 1800 840
5 Gypsum plaster 0.290 800 840
PE foil 0.170 0.09 100
Plaster 0.870 1700 920
Screed 1.400 2000 840
Vapor barrier 0.100 0.09 100

Windows have two options for glazing (triple or double), and two options for frame material (wooden, plastic).
Double glazing is advantageous for transmitting more solar gain during heating season and has smaller
embodied impact (due to less material) as well as cost, but has higher U value, and therefore transmission
losses are higher than for triple glazing. Wooden frames have smaller embodied impact but are more expensive
than plastic frames. Additionally, a moveable horizontal aluminium blind is considered as an option for each
window, separately on each fagade as a variable. The window models are simplified so that the considered U
value reflects the entire window (including glazing, frame and connecting heat bridges). The g value reflects
the glazing only. (The energy calculation considers only the glazed area when calculating the transmitted solar
radiation.) The values are summarized in Table 10.

Table10. Window properties used in the case study building model

Uvalue gvalue

Glazing W/m?K -
double 1.825 0.719
triple 1.287 0.624
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IV.4.2.2 Heating and cooling systems

In the model a central heating system is considered as a simplification, although apartment space heating is
still common in existing buildings. All units are heated and conditioned within the building, the corresponding
cost and environmental impact values are adjusted accordingly. The modelling of the system is simplified, the
energy calculation module calculates the net demand of the systems, and the gross demand is calculated
dividing with efficiency values. Auxiliary power (electricity) is calculated as a percentage of the net demand.
Efficiency values are estimated with reflect to the whole system including heat generator (boiler), as well as
distribution and storage losses. Three options for the heating systems are considered: condensing gas boiler,
pellet boiler and air-to-water heat pump. To avoid incompatibility of the models using the different heat
generator types, it is assumed that the same heat distribution system (radiators) is used in all cases, and the
efficiency values are adjusted accordingly. (Table 11). No mechanical ventilation is used in the building. For
room lighting LED light bulbs were considered, one per each square meter.

Tablell. Auxiliary electric power (in percentage of the heating power) and efficiency values (based on upper heating value) of the
considereH-Csystems.

Aux.
System power Efficiency
Condensing gas boiler 1% 0.95
Pellet stove 2% 0.67
Air-to-water eat pump for heating 0% 3.33
Air conditioner 0% 2.80

IV.4.3 Energy simulation parameters

The energy demand (heating, cooling, lights) is calculated with dynamic energy simulation based on
EnergyPlus. Each storey is modelled as one Zone. Although this approach simplifies the model, and the
demands of rooms facing different cardinalities cannot be considered, the overall consumption of the building
is much less influenced [219]. Internal walls are modelled as thermal mass with the appropriate construction
and wall area, but undefined location within the zone. Fixed simulation parameters and schedules are
summarized in Table 12 for each H-C system and activity.

The end-uses of space heating and cooling were considered. Heating and cooling system sizing is not part of
the simulation, therefore an “Ideal Loads Air System” was considered to calculate the net energy demand. This
assumes that the H-C system is able to deliver as much energy as required in each timestep. Energy use of
domestic hot water, and appliances are much more user-dependent parameters than the heating and cooling
energy use, therefore excluded from the optimization [220]. Although the type of the heating system usually
determines the hot water heating equipment, the amount of water and consequently the total energy demand
of heating cannot be influenced by changing the building design parameters that are chosen as the optimization
variables (Section 1V.4.1). Therefore — even if the domestic hot water energy demand was considered in the
calculation, it would not change the design parameters of the optimal solutions. Furthermore, while user
behavior has a significant influence on the actual performance of a building [221], this was out of the scope of
this study, and the concept of the “standard user” was applied. The corresponding values have been adjusted
to reflect the Hungarian energy regulation [161] as close as possible. This means for example that the modelled
internal gains are fixed to 4.7 W/m? (assuming gains from occupancy and appliances which are not modelled),
and together with the gains from the lighting the values add up to about 5 W/m? (as per regulation) on an
annual basis. Additionally, a minimum continuous air change rate of 0.5 1/h is modelled as a scheduled
ventilation. This is intended to reflect infiltration (with a good air tightness) as well as minimum fresh air
requirement at all times [161]. In the summer, when natural cooling is possible (during night) a higher, 4.0 1/h
air change rate was assumed for cross-ventilation of the building. The operation is modelled based on a
minimal temperature difference (2 °C) between indoor and outdoor and a minimum indoor temperature (23
°C) to avoid operation during heating season. Consequently, the cooling setpoint is set to a high value during
night in order to prioritize cooling through natural ventilation (it is not expected that the temperature exceeds
32 °C inside the building during night-time, therefore machine cooling will not be activated). The location of
the model is Budapest, the corresponding weather file (Lat: 47.43, Lon: 19.182) has been downloaded from
the TMY tool of the PVGIS webpage [222].
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Tablel2. Simulation parameters and schedules used in the energy demand calculation of the case study building.

System Description Schedule
Setpoint 20 °C . Heating setpoint
Set back 18 °C 20
Heating is set back duringiighttime. . |

Heating Heating system is operated based on |
temperature. 144

1z Y et
0:00 600 12:00 18:00 24:00

Setpoint 26 °C - Cooling setpoint
Set back 32 °C 25 -
Active cooling between 7:00 and 21:00, e . |

Cooling not cooled. This way natural ventilatic

24

driven night cooling is prioritized. b

B e
000 6:00 12:00 18:00 24:00

Air change per hour (ACH) 4 1/h
Outdoor max temperature 25 °C

Occupancy
Delta T limit 2 °C 1.00 4
Summer Indoor min temperature 23 °C 0.75
Natural Operates if outdoor temperature is below : ., |
ventilation °C, and the indoor temperature is at leas
o . 0.25
C higher thathe outdoor temperature anc

the indoor temperature is at least 23 * °007 TTeTTITTETTTTOCTIRT IO

(cooling effect in summer). Operated bas

on occupancy schedule.

Air change per hour (ACH) 0.5 1/h Infiltration

Constant infiltration over time. This setting 1.9

o intended to model the total minimum a 075

Infiltration  change requirement of the zones. Therefo -, |
(ventilation) it js the sum of the air change throu

infiltration and through natural ventilatiol 27
1 0.00 L I L L L L B
dnven by OCCUpant needs' 000 6:00 12:00 18:00 24:00
Power density 4.7 W/m? Internal gains
Constant internal gains (occupancy is | %
used to model internal gains) 0.75
Internal
. 0.50 4
gains
0.25 4
DC’G | L L L LI L B R R |
0:00 6:00 12:00 18:00 24:00
Power density 1 W/m? Lights
1.00 4
Control type Linear/off
Operated based on schedule and dayli 7]
Lights availability. The power density is adjust 9597
according to the daylightilluminance o025
calculations in a linear way and is complet

. . . . 0.00 LB L L L L I LN R |
switched off if no lights are required. 0:00 600 12:00 18:00 24:00
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Tablel2. (Continuation)

System Description Schedule
Solar setpoint 300 W/m2 shading
Operatedif all of the following conditions ar =0T
met: 0.75 +
Shading 1 itiscooling season 0.50 1
1 solar radiation exceeds 300/m? 0.25
1 schedule allowgsee Figure)

0.00 e
0:00 600 12:00 18:00 24:00

IV.4.4 Limitations of the model

The modelling of the building (especially the energy modelling) is rather simplified. However, there needs to
be an ideal trade-off between a detailed, high-accuracy model with special attention to all details and a generic
(not over-specified) model that is flexible enough to capture all possible combination of the design parameters.
To illustrate this aspect insulation thickness can be chosen as an example. Simplified methods such as the
monthly method of the EN 1SO 52016 standard [160] or the seasonal method of the Hungarian national
regulation [161] are widely used and tested, but are limited to commonly used parameters. Therefore, an
extreme high insulation level (e. g. 60 cm) falls out of their validity range. From this aspect, energy simulation
provides a better approach, since thermophysical aspects are included in the calculation in more detail. On the
other hand, calculation time may increase significantly depending on certain simulation parameters. This sets
a critical limitation in case of optimization where the number of evaluations is an important consideration.
This leads to a simple-as-possible simulation model as presented in the previous section. Finally, some of the
external conditions cannot be modelled as there is no information about them in this theoretical case. For
example, user behaviour is not modelled because number of users or their lifestyle unknown, or no external
shading obstacles were assumed because the exact location of the building is not defined. The known
limitations of the modelling approach are discussed at the end of the study (Chapter VI.1).
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V Results and Discussion

This chapter introduces the actual new results of the research. It consists of the two-objective optimization of
the case study building at different circumstances. The previously introduced metrics are applied in the analysis
of the results. The chapter contains four sections:

T

In Section V.1 the model and the optimization setup are pre-evaluated in terms of background data
and parameters. The goal is on one hand to validate the optimization, for example to check if the
objectives are conflicting. Without that a multi-objective optimization would not be necessary. The
other goal is to collect findings based on calculations that can be made without optimization, for
example, the comparison of insulation materials.

Section V.2 introduces the Reference case. It serves as the base of comparison in the further sections,
and it is the example of the real application of the previously introduced metrics to analyse the results
of the multi-objective optimization.

In Section V.3 | evaluate how different heating systems (using different fuels) influence the optima,
and how much is the effect of changing the H-C system in the design process on the final GWP and
LCC values.

In Section V.4 a similar comparison is made but more focus on electric heating (heat pumps) and the
effect of the decarbonisation of the electricity production. Both the optimized parameters and the
achievable improvement in GWP and LCC are evaluated.

Finally, in Section V.5 the optimization is carried out in the different climatic and economic context
of Portugal, and the results are compared with the Hungarian context.

V.1 Preliminary analysis of the optimization setup

V.11

Insulation materials

The environmental performance of insulation materials is an important aspect that can be pre-evaluated without
a complete building model. To compare the materials, the embodied impact needs to be evaluated with reflect
to the thermal conductivity, which influences the operational energy use of the building, as well as the expected
lifetime and material density. For all modelled insulation materials, the unitized impact and cost is calculated
with the formulas:

where

(23)

(24)

is the unitized impact of material & in — for GWP,

is the unitized cost of material & in 5 ,

is the impact of material & in contained in the life cycle database,
is the cost of material & in — contained in the cost database,

is the density of the material in — ,

is the thermal conductivity of material & in — ,

is the expected lifetime of material @ in W Qi i
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Figure2l. Unitized GWP and cost values of the insulation material options (within ETICS) of the model.

Figure 21 shows the calculated unitized environmental impacts and costs of the modelled materials in case of
fagade constructions. The benefit of using this metric when comparing the materials, is that all of their different
performance characteristics are included that influence the environmental impact and the cost of a building on
a life-cycle perspective. The conflicting aspects of LCC and GWP can be observed on Figure 21. Wood wool
insulation has the lowest unitized GWP, but it is the second most expensive one within the options, while PUR,
rock wool and XPS are in a lower cost-range, the GWP value is four-five times higher than to best performing
wood wool. White and graphite EPS seem to be a good trade-off between GWP and cost, since they have lower
values in terms of both indicators than any other above them in the figure. It is remarkable that cork (Insulation
Cork Board — ICB) has relatively low production impact, but since it is only produced in Portugal, the final
impact at the construction site (after accounting for the impact of transportation) will make it unreasonable in
the Hungarian context. This effect is also visible in the unitized cost value of the material. The same problem
occurs in case of wood wool, but as the transport distances are much lower (products are produced for example
in Austria), the final GWP value still makes it the best performing material, although at relatively high costs.
The analysis also suggests that this kind of comparison is specific for the Hungarian context, in other market
situations the order of materials may be very different.

400%

— PUR

350% EPS White
ICB

— Woodwool

Rackwool

XPS

EPS Graphite

300% 4

Inst. cost f Prod. cost

T T
10 20 30 40 50 60
Thickness
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Figure22. Ratio of installation cost to production cost depending on the thickness of the insulation for all modelled materials.

In contrary to the cost of production which is proportional to the amount (volume), the cost of installation
depends on the covered area and the installation technology. Therefore, the ratio of installation cost depends
on the applied insulation thickness. In this study, the same technology — ETICS — is applied for all facade
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insulation materials (same installation cost per m2). Figure 22 illustrates the installation cost per production
cost ratio of the evaluated materials in the function of the insulation thickness. Since the production costs are
very different, the ratio is highly influenced by the thickness. Installation costs have a high share in the costs
of the insulation especially at low thickness and cheap materials. While for ICB only 5 cm insulation is needed
for the production cost to be higher than the installation cost, for white EPS more than 50 cm is needed. It is
important to mention that this high thickness is not even applicable with the current construction technology,
and the installation price might increase with the thickness if another technology is applied.

V.1.2 Validation of the optimization parameters

Through optimization we are searching for the optimal set of design parameter values. In my model there are
19 parameters that are in focus of the optimization. The challenge is that the optimal value of most parameters
depends on the actual value of others. For example, the optimal thickness of the insulation might be very
different in a wood wool or an XPS insulation material is used. To evaluate, how much the individual design
parameters influence the two objectives one by one, a Monte-Carlo simulation (with 20 000 evaluations) is
carried out with the full range of each parameter. For each categorical variable, the mean of both objectives is
calculated within solutions that have a specific value of that variable (as if the Monte-Carlo simulation were
made with a fixed value of that variable). This value is compared against the mean of the full set of solutions
in the Monte-Carlo simulation, and the deviation between the two values is expressed in percentage of the total
range of solutions within the objective space. The procedure is illustrated on Figure 23 in case of ICB wall
insulation material and LCC objective.

34 .
32 o

30

28 R
rangeice =

26
.. WP 5 : aevigon;

Life Cycle Cost
EUR/m?a

24

227 PUR

EPS white
ICB

wood wool
rock wool
XPS

EPS graphite

20

L ]

18

T T T T T
17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0
Global Warming Potential

kgCO; —eq./m’a

Figure23. lllustration of calculating the deviation of LCC in case of ICB insulation. Small dots are the solutions in taaNtonte
simulations, big dots are the means of the subset of solutions havirgp#uific wall insulation material. The empty circle is the

mean of all solutions. Distribution of solutions with the specific insulation material is plotted along with both axesshEtklide
shows the distribution of all solutions.
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The calculation is repeated for all specific values in case of each categorical variable. For numerical variables
lower, mid, and higher end of the value ranges were used as categories, and the same method was applied as
for categorical variables. Results for all variables are collected in Table 13. Results show that none of the
variables can cause alone large deviation in any of the objectives. The highest deviation (12.8%) can be
observed in case of ICB wall insulation in terms of LCC. This means that the building is expected to be more
expensive if ICB is used but this does not mean that all solutions with ICB wall insulation are worse than
solutions with the other materials. On Figure 23 many solutions with ICB wall insulation fall to the lower part
of all solutions, meaning that — depending on other variables — they may have low LCC even with ICB. Within
the categorical variables in GWP only very low deviation can be observed. Those variables that show opposite
deviation between GWP and LCC are likely to be conflicting in the optimization. For example, LCC seems to
benefit from a low insulation thickness on the wall but on the burden of increasing GWP. On the other hand,
variables that show similar trend in both objectives, they might not be conflicting, so they are expected to be
synergy variables in the optimization. For example, a low fenestration ratio seems to be beneficial for both
GWP and LCC on the North facade. The same observation is true for Western and Eastern facades but to a
lower extent.

Tablel3. Deviation of subsets with the specific value of the categorical Vesifitom the range of all solutions for both objectives

Parameter Value Deviation ParameterValue Deviation Parameter Value Deviation
GWP LCC GWP LCC GWP LCC
triple  -1.6%-0.3% EPS graphite -1.0% -5.1% 0-10% [-10.3%-7.3%
double 1.5% 0.3% EPS white  -1.4% -6.2% N 35-45% 0.1%-0.1%
triple  -1.1%-0.1% Wall  ICB 0.79%12.8% 70-80% [IN0I8% 6.5%
Glazing ~ double 1.1% 0.1% insulation PUR 1.2% 1.8% 0-10% -7.8% -5.4%
type triple -0.7%-0.1% material rock wool 1.2% -3.8% W 35-45% -0.1% 0.1%
double 0.7% 0.1% wood wool -1.9% 2.4% Fenestration  70-80% | 7.8% 6.0%
triple  -1.3%-0.3% XPS 0.9% -1.8% ratio 0-10% 0.3% -6.0%
double 1.3% 0.3% EPS graphite -0.8% -1.5% S 35-45% -1.2%-0.6%
N Yes 0.6% 5.1% EPS white  -0.4% -2.5% 70-80%  1.7% 6.2%
no -0.6%0-5.1% Roof ICB 0.0% 5.2% 0-10% -8.5%-6.1%
w Yes -1.8% 3.2% insulation PUR -0.4% 1.1% E 35-45% -0.6%-0.3%
Shading 1.8%-3.2% material RockWool 1.1% -0.9% 70-80% [ 9.1% 6.7%
S yes -2.4% 4.2% WoodWool 0.1% -0.6% Wall insulation 0-10cm = 4.1%-6.3%
no 2.4% -4.2% XPS 0.4% -0.7% thickness 35-45cm -1.4%-0.5%
g yes -1.4% 3.1% EPS graphite -0.6% -1.3% 70-80cm 0.7% 6.3%
no 1.4%-3.1% EPS white  -0.5% -2.1% Roof insulation 0-10cm | 8.1% -2.0%
Frame typeplastic 1.6%-2.3% _Floor . ICB -0.1% 4.7% thickness 35-45cm -1.5%-0.5%
wooden -1.6% 2.3% insulation PUR 0.4% 0.7% 70-80cm -0.3% 3.4%
material RockWool 0.5% -1.1% Floor insulation 0-10cm  0.2%-3.3%
WoodWool -0.6% -0.1% thickness 35-45cm -0.8% 0.8%
XPS 0.7% 0.0% 70-80cm  1.2% 3.3%

Besides the mean of the solutions with a specific variable value, the distribution also helps to evaluate how
much the results are shifted with that variable compared to all solutions. On Figure 23, the distribution for the
specific wall insulation materials is plotted along the axes for both objectives. As the range of the subset
solutions (e. g. those ones with ICB insulation) is much larger than the shift in the mean. This again confirms
that using ICB as insulation material does not necessarily mean that the design will perform poorly, but it is
likely that ICB will not appear in the optimized solutions. This confirms the conclusions of section V.1.1. This
analysis is made for all the optimization variables, and we can conclude that they all are valid for the
optimization.

V.1.3 Validation of the optimization objectives

One of the important aspects of the MOO is that two or more conflicting objectives can be minimized (or
maximized) at the same time. In this context, conflicting means that one objective can only be improved on
the burden of deteriorating the other. However, if the selected objectives aren’t conflicting, the problem can
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be simplified into a single-objective optimization, since the optimization of one objective would automatically
optimize the other.

The choice of the environmental indicator in LCA is always a debated question. Often a weighting set is
defined along with the applicable indicators, to summarize them into one indicator, but this needs expert
decision before the optimization. On the other hand, using many indicators in the multi-objective optimization
(increasing the number of objectives) would increase the calculation time, and practically burdens the
responsibility of weighting onto the optimization algorithm. To overcome this issue, the six most important
environmental indicators that are suggested by the ISO 15978 standard [28] as well as Cumulative Energy
Demand (CED) are calculated for all solutions within the Monte-Carlo simulation. The aim of this section is
to evaluate, how conflicting are these indicators in my case study.
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Figure24. Pairwise relation of the most important environmental indicators based on the Moarie simulation. For each plot, the
non-dominated solutions are highlighted in red colour. The percentages express the range oftteeniosied solutions compared
to the range of all solutions within the corresponding dimension. All indicators are expressed irfaperysar unit.

Figure 24 shows the results of the analysis on a scatter-grid plot. The results of the Monte-Carlo simulation
are plotted pairwise for each environmental indicator, and the non-dominated solutions are evaluated for each
pair of indicators. The spread of non-dominated solutions is expressed with PSI values using the the range of
all solutions as the reference for each indicator. A low percentage indicates that all non-dominated solutions
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are very close to each other. These solutions are better than any other for both indicators, there is no conflict
between them. On the other hand, if the spread is large, some solutions are much better than others and moving
to a better solution for one indicator would mean worse solution to the other. Nevertheless, if the percentage
is low in case of the other indicator, we do not need to give up much to improve the first one significantly.
High percentage for both axes insist fully conflicting indicators. From Figure 24 we can conclude that none of
the environmental indicators are strictly conflicting. This is a very promising observation for environmental
design of buildings, meaning that the designer does not necessarily need to sacrifice one impact category
against another. Moreover, a high positive correlation can be observed between GWP, CED and ODP as well
as between AP and EP. These indicators are non-conflicting, and we would only need to optimize one of them
to improve the other(s) too. The highest PSI is observed for the indicator ADP, it is 29% against ODP, 29%
against GWP and 26% against CED. Although this means that an optimal design for ADP would have different
properties than for GWP, but the alterations would only cause small increase in the pairing indicators, because
its PSl is still low (11%, 6% and 6% respectively). Calculating the PSI values for the original target objectives,
it is 28% in terms of GWP and 44% in terms of LCC. Results show that GWP and LCC are valid conflicting
objectives compared to any pair of other environmental indicators.

V.2 Reference case

The goal of this chapter is twofold. First, | provide an example of how the metrics defined in Chapter 1.3 are
applied in an actual optimization case and describe the main outputs. Second, | analyse the results of the
optimization in a Reference case which will serve as a base of comparison in the further sections. This
incorporates the assessment of the optimized parameters, the clustering of the optimized solutions, the
definition of the quasi-optimal region as well as the quantification of the improvement in both objectives. As
in all cases the building is optimized for two objectives: life cycle environmental impact (in GWP) and life
cycle cost (in EUR).

The optimization runs were initiated in three steps: one multi-objective with a limit of 10 000 function
evaluations and two single-objective runs, with a limit of 6 000 function evaluations each. While the MOO
aims to find the optimal solutions in the trade-off area of the objective space, the SOO finds solutions at the
end of the Pareto-front. This way the full range of pareto-optimal solutions can be explored (Figure 25). In
addition, a Monte Carlo simulation was conducted for the BAU case with a limit of 5000 evaluations. In all
cases the NSGA-II optimization algorithm was used with the settings summarized in Table 14.

Tablel4. Settings of the NS@RAoptimization algorithm

Single-objective  Multi-objective

Population size 100 100
Max population number 30 50
Crossover probability 0.6 0.6
Mutation probability 0.2 0.2
Number of evaluations 6000 10000

The discounting rate of 3% was applied to all cost items. The energy price (both for natural gas and for
electricity) is expected to increase by a yearly 3%. No other future cost changes are considered during the
lifetime of the building. Also, impact data is assumed not to change during the lifetime of the building.
Although technological changes might influence the production impact of construction materials, this aspect
goes beyond the limits of the study, and are neglected here. A technological development might also influence
the impact and cost of energy production, and this effect will be further analysed in Section V.4.

V.2.1 Characterization of the optimization results

First, the results of the optimization are evaluated as a whole, by applying the metrics introduced in Chapter
IV.3. Using all evaluated solutions during the optimization, the non-dominated ones can be filtered. The quasi-
optimal solutions are determined using’O0 . The value of OO T8t avas selected so that it corresponds
to around 1% compared to the objective value of the single-objective optima for each objective (Table 15). In
other words, an additional 0.7% of GWP and 1.2% of LCC compared to the non-dominated solutions is allowed
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for the qualification into the quasi-optimal solutions. The limit values can be expressed in the unit of the
objectives as well. It is 0.104 kgCO,-eq./m?a for GWP and 0.220 EUR/m?a for LCC. The inclusion of quasi-
optimal solutions results in a set of 8336 optimal solutions, which is a significant increase compared to the
1323 non-dominated solutions.

Tablel5. Calculated metrics for the determination of theagtoptimal solutions.

Metric GWP LCC
Distance to Pareto front DPyax 0.03
Relative limits of quasi-optimal solutions 0.7% 1.2%
Aboslute limits of quasi-optimal solutions 0.104 0.220
kg CO2-eq./fa EUR/nfa
Number of quasi-optimal solutions 8336

The results of the optimization as well as the BAUger case is shown in Figure 25 in the objective space. The
improvement potential achieved through optimization is visible compared to the BAU case. The reduction in
GWP ranges from 9% (LCC-optimal solutions) to 26% (GWP optimal solutions), all optimized solutions are
better than the mean of the BAU. Significant reduction can be achieved in LCC as well (with a maximum of
14%), but the GWP-optimal solutions require an additional 22% LCC compared to the BAU. This corresponds
to a negativei 8O for LCC (Table 16). The maximum improvement potential corresponds to 5.39 kgCO,-
eq./m?a in terms of GWP and 2.98 EUR/m?a for LCC. Given that the GWP-optimal solutions have higher LCC
than the BAU case, the strict improvement potential i 80 ) is lower for GWP (23%) than the maximum
improvement potential, but the difference is only 3%.
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Figure25. Results of the optimization in the objective space. The three optimization runs are plotted with light colour, the quasi
optimal solutims with saturated colour. Along with the optimization, the result of the M@@deos simulation of the BAU case is
also plotted.

The spread of the quasi-optimal solutions is expressed relative to the maximum improvement potential through
the 0 "® indicator. The spread is 67% of i 80 for GWP and 253% for LCC. The high percentage for

LCC also reflects the observation that optimal solutions may have significantly higher LCC than the BAU case
if the preference between the objectives is shifted in favour of GWP. Selecting a single “trade-off” solution
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can be done through minimizing the distance to the ideal point. In this case, the “trade-off” solution has an
improvement potential of 20% GWP and 12% LCC (while its distance is OO 1@ @ The importance of
the trade-off solution is that it corresponds to a specific design which has almost as high improvement potential
as the achievable maximum in both objectives. The location of the trade-off solution as well as the single-
objective optima is indicated on Figure 25.

Tablel6. Most important indicators of the optimization

Metric GWP LCC
Maximum improvement potential MNPmax 26% 14%
Mininum improvement potential MNP 9% -22%
Strict improvement potential MNPrax.s 23% 14%
Absolute improvement potential IPrax 5.39 2.98
kg CO2-eq./fa EUR/nfa
Pareto spread indicator PSk max 0.67 2.53
Improvement potential of the trade-off solution rlPy, i, 20% 12%
Minimum distance to ideal point Dlin 0.26

V.2.2 Design parameter classification of optimal solutions

The previous section described the optimization results, in terms of the objective values. However, one goal
of the optimization is to deliver design guidance for achieving GWP- and LCC-optimal buildings. In the
following I analyse, how the improvement can be achieved through evaluating the optimal design parameter
settings depending on the preference between the objectives.
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Figure26. Values of the numerical variables within the ge@stimal solutions. Each line represents one solution, the colour of the
line indcates the PPI. Each variable is labelled by classification.

The optimized values are visualized in Figure 27 for categorical variables and on Figure 26 for numerical
variables. The variables are classified to synergy, trade-off and neutral according to the method introduced in
Section 1V.3.8. Labels indicate the classification on both figures. Figure 26 shows that the fenestration ratio
on the North, West and East facade is kept as low as possible in an optimal design, regardless of the preference
between GWP and LCC. Therefore, these variables are synergy variables. On the other hand, fenestration ratio
on the South facade, as well as insulation thickness on the building envelope highly depends on the preference
between objectives (position along the Pareto-front is indicated by the colour of each line). While LCC-optimal
solutions have rather low fenestration ratio and insulation thickness, GWP-optimal solutions tend to have
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extreme high insulation thickness and large fenestration on the South fagade. These numerical variables are
trade-off variables.

Since fenestration ratio towards North, South, and West is minimal for all quasi-optimal solutions, glazing
type and shading variables on these fagades have very little influence on the total GWP and LCC of the
building. These variables are hence classified as neutral. Figure 27 shows an example of such a variable
(glazing type on the West facade). The colour of the dots indicates that both double and triple glazing occurs
within GWP-optimal and LCC-optimal solutions as well. (The other five variables show similar behaviour but
they are not indicated on the figure.) On the other hand, windows on the South facade have triple glazing in
88% of the solutions, which classifies this variable as a synergy variable Although only 12% has double
glazing, all these solutions are at the LCC-optimal area. All other categorical variables are classified as trade-
off. The presence of shading and wooden window frame is preferred by GWP-optimal solutions, while plastic
frames, and the absence of shading is characteristic for LCC-optimal solutions. In case of insulation materials,
wood wool occurs only at GWP-optimal solutions, while both types of EPS are used by any other depending
on the position along the Pareto-front. Cork, rock wool, PUR and XPS insulations are not present within any
of the quasi-optimal solutions, hence they are suboptimal for both GWP and LCC. This confirms the
observations of Section V.1.1.
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Figure27. Values of selected categorical variables and their occurrence within theapimsal solutions. Each variable is labelled
by classification and the distinguishing variables are also indicated. The oblihe scatter indicates the PPI of each solution.

V.2.3 Clustering the quasi-optimal solutions in the objective space

The values of the trade-off variables depend on the preference between the objectives i.e., the position along
the Pareto-front. To better understand what combination of design parameters is optimal depending on the
weight of GWP or LCC, the quasi-optima solutions are clustered in the objective space. Categorical variables
that are responsible for the largest visible split are selected; they are the distinguishing variables, in this case
shading on the South, window frame type and wall insulation material (indicated on Figure 27). Even though
glazing type towards South is a synergy variable, double glazing appeared to be an important option in case of
LCC-optimal solutions, therefore it is included within the distinguishing variables. Solutions having the same
combination of the distinguishing variables form a cluster. Note that here the insulation material options “EPS
graphite” and “EPS white” were merged into the group “EPS” because the solutions were very close, and they
resulted in mixed groups. Also, some combinations are rare, and they would result in very small groups which
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is a result of the stochastic nature of the optimization. Therefore, only those clusters are considered that contain
>100 solutions. The resulting valid clusters in the objective space are depicted on Figure 28.
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Figure28. Clusters of the quasptimal solutions based on the distinguishing variables.

The characteristics of the clusters are listed in Table 17. Trade-off variables are presented with the mean
value and the standard deviation (numerical variables) or most occurring option with its occurrence
(categorical variables) within the cluster. Besides the variables, the share of embodied and operational GWP
as well as the share of production, installation, replacement, and operational costs are indicated on a pie
chart. For each group, the mean of the relative improvement potential (i "Q@ shown withi "O0 as the
maximum on the bar plot. The design parameters are visualized on a schematic figure of the building.
Insulation materials are shown on the wall, floor and roof with the corresponding thickness and a colour
indicating the material. The size of the window is proportional to the fenestration ratio on the South fagade,
colour indicates the glazing type and the frame material. Horizontal stripes correspond to shading on the
fenestration.

The GWP-optimal cluster (A) utilizes most of the improvement potential (25% in average) that can be achieved
in GWP. On the other hand, LCC is 20% higher than the average of the BAU case. Any other clusters have
positive improvement potential in terms of both GWP an LCC. Cluster B for instance has about the same LCC
as the BAU but the improvement potential on GWP is still 23%. Thei "O0 of the trade-off cluster C and D
is further reduced to 21% and 18%, buti @O is increased to 10% and 13% in return. While having the largest

improvement potential (14%) in terms of LCC cluster E still captures 9% of i "O0 compared to the BAU
case.
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Tablel7. Characteristics of the clustersthn the quasioptimal solutions

GWP shareand LCC share and

reprsentaton parametes pareto postion  MBrovement improvemen
Roof 47+4cm EPS graphite (94%)
47 cm Wall 64+5cm  wood wool (100%) a
— Floor 37+5cm  wood wool (76%) ‘ a
*<" Fenestration 75+3% wooden frame
e Glazing triple shaded m m
Roof 40+5cm EPS white (58%)
40 cm Wall 39+6cm EPS graphite (54%) ﬁ
o Floor 28+7cm  EPSwhite (87%) ‘ a %w
Fenestration 60 +6 % wooden frame
28cm Glazing triple shaded m ‘
Roof 41+5cm EPS white (71%)
41 cm Wall 38+6cm EPS white (60%) ﬂ a
Floor 24+8cm  EPS white (83%) ‘ w W
" Fenestration 50+ 8% wooden frame
adll Glazing triple not shaded m m
Roof 36+7cm EPS white (97%)
36 cm Wall 28+9cm EPS white (71%) ﬂ Q
- Floor 17+6cm  EPS white (85%) ‘ w Q@
™ Fenestration 41+7% plastic frame
e Glazing triple not shaded EE!
Roof 20+4cm EPS white (99%)
20 cm Wall 16+2cm EPS white (98%) « q
= | Floor 02+2cm  EPS graphite (89%) B b Q%
Fenestration 23 +3% plastic frame o
Zem Glazing double not shaded m m
wood wool triple glazing == wooden frame I Operational Operation
EE? aﬁi?gite double glazing == plastic frame B Embodied = mﬂalllca?;ﬁnt
B Production

V.2.4 Characteristics of trade-off parameters within the clusters

One of the most important observations within the optimal solutions is the thickness of the insulation. In
general, all the solutions have higher insulation thicknesses as the current practice. The mean thickness
increases if the weight of GWP against LCC increases. GWP-optimal solutions (cluster A) feature extreme
insulation level, 64 + 5 cm on the wall (Y T8 @ T8 pwja V), 47 £ 4 cm on the flat roof
Y Tt T8t pwj & 0), and 37 £ 5 cm on the floor (Y ™ T T8 pwj a 0). Even
though these values are technically not possible because of installation limits and the materials are not available
at these thicknesses, this demonstrates the theoretical maximum of the insulation thickness that makes sense
when minimizing the environmental impact of a building. The LCC-optimal solutions (cluster E) are more
realistic in terms of insulation thickness, with 16 + 2 cm on the walls (Y ™ X T8Icwja 0),20+4
cm on the flat roof (Y T w ™t owj & 0), and minimal thickness (2 £ 2 cm) on the floor
Y ™ w T Ywj a 0). Intermittent solutions (clusters B, C, D) show a tendency of decreasing
insulation thickness towards LCC-optimal solutions.
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Insulation material usage is in line with the preliminary assessment in Section V.1.1. The high impact and cost
justify the absence of ICB, and the relative environmental performance to their costs make PUR and rockwool
inappropriate for the optimal solutions. In most of the clusters white or graphite EPS dominates, if LCC has
more weight, the cheaper (white) is applied, but towards the GWP-optimal end, graphite EPS becomes more
relevant, because of its better thermal and environmental performance. The only other material that is present
within the quasi-optimal solutions is wood wool, because the GWP-optimal solutions can benefit from its very
low environmental impact. However, the use of wood wool increases the costs especially at high insulation
thicknesses. It is also mentionable that it is not worth to install wood wool on the roof, because the associated
increase in the operational heat loss (compared to graphite EPS) would exceed the gain in the embodied impact.

The tendency of low-embodied-GWP versus low-cost materials can be observed in the fenestration parameters
too. Double glazing is only applicable on the LCC-optimal cluster E. All other solutions are equipped with a
triple-glazed window on the South fagade. (All other sides are irrelevant because of the low fenestration ratio.)
This means that the small difference in the investment costs is only worth if the cost associated with the
increase in the heat loss is compensated by the increase in the solar gains for double glazing. On the LCC-
optimal side of the pareto-front plastic window frames are applied, while on the GWP-optimal side, wooden
frames. This is related to the increased investment cost but lower embodied GWP of wooden frames. Like the
insulation thickness, the fenestration ratio has a clear relation to the position on the pareto-front. The closer
the solution is to the GWP-optimal end, the higher the fenestration ratio is (up to 75 £ 3 %). Increasing the
windows on the South fagade decreases the heating demand through additional solar gains in the heating
season. On the other hand, windows are more expensive (per square-meter) than the wall construction. If this
can be compensated by the decrease in the heating demand, then it makes sense to increase the windows.
However, the costs of the windows in relation to the cost of the saved operational energy are much higher,
than the embodied GWP of the windows in relation to the GWP of the operational energy. Therefore, optimal
fenestration ratio for minimizing LCC is as low as 23 + 3%. When moving to intermittent clusters (from E to
D, C and B), fenestration ratio increases to 40-60%.

Increasing the window size on a South facing facade does not only decrease the heating demand but increases
the cooling demand too. For this reason, the application of shading is necessary from a certain level of
fenestration ratio. Interestingly, only the two groups closest to the GWP-optimal end feature shading. The
benefit of shading is realized through the reduction of the cooling demand, but again the investments costs are
quite high compared to the operational energy savings. On the other hand, the ratio of the embodied GWP to
the GWP of the operational energy is much smaller, and by increasing the size of the windows, more benefit
can be realized. Within the quasi-optimal solutions shading is applied from fenestration ratio of about >60%.

V.2.5 Share of life-cycle stages in GWP and LCC

Both the window size and the insulation thickness parameters are responsible for the share between the
embodied and the operational GWP and LCC. The operational GWP and LCC depend directly on the energy
demand, and the embodied GWP and LCC depend on the amount and type of installed materials and systems.
Previously | showed that the ratio of embodied to operational GWP and the ratio of investment to running cost
is crucial to realize the benefit of increasing the fenestration ratio, to apply shading on the windows, or to
change the insulation material to another one.

Table 17 shows the share between operational and embodied GWP for all clusters on a pie chart. Embodied
GWP is calculated as the sum of the production, installation, and the replacement GWP (because they are all
affected by the volume of materials), operational GWP refers to the impact caused by the operational energy
use (heating, cooling, lights). The share of embodied GWP is a notable 60% for GWP-optimal solutions, but
even the LCC-optimal solutions comprise about 42% embodied GWP. This share is very high considering that
there is no regulation in the EU currently that considers the embodied environmental impacts of the buildings.
On the other hand, the main difference in absolute values is observed in the operational GWP which means
that the trade-off parameters within the quasi-optimal solutions does not seriously influence the embodied
GWP. Consequently, most embodied GWP is caused by other materials (especially concrete and fired brick)
or constructions (e. g. internal slabs) in the building that are not included in the optimization.
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The share of life-cycle stages within LCC is also indicated in Table 17. Unlike for GWP, investment costs
(production and installation) have the largest share in LCC for all the cases (80-83%), and the operational cost
only contributes to a small extent (3% for GWP-optimal solutions and 8% for LCC-optimal solutions) to the
total LCC. This explains why the LCC-optimal solutions are equipped with the most economical materials.
The most difference is observed in the production costs, which is mostly influenced by the price of the different
materials. The replacement costs obviously correlate with the production costs since the same materials are
replaced during the use phase. The installation costs do not change significantly, because it depends much
more on the installation technology than on the price of the materials.

V.2.6 Energy performance of selected single solutions

The trade-off between operational and embodied GWP and LCC is primarily influenced through the energy
performance characteristics of the building. Specific design parameter combinations correspond to certain
energy performance; therefore, three special solutions (GWP-optimal, trade-off and LCC-optimal) are further
evaluated regarding the U-values of the envelope constructions and the net energy demand of the building.
GWP-optimal and LCC-optimal solutions are the ones having the lowest total GWP and LCC value,
respectively, while the trade-off solution is the one with the lowest distance to the ideal point (OO ). The
characteristics of the building, the calculated U-values, the corresponding requirements, and the net energy
demand is summarized in Table 18 for the three solutions.

Tablel8. Characteristics of the G\Wiptimal, tradeoff and LC@ptimal solutions

Solution Graphical representation U values Requirement Net energy demand
W/m2K W/m2K kwh/m?a
Ustlat roof 0.064 0.170
® S6lcm Uwall 0.055 0.240 58% | 28%
- Utioor 0.099 0.300 E

g6lam Ueq.floor 0.082

40 cm T T T T T T T

Utlat roof 0.102 0.170
36cm Uwall 0.093 0.240 59% 29%

Trade-off Ufoor 0.166 0.300
oL 35 cm

Ueq.ﬂoor 0.126

° 20 cm T T T T T T T
0 5 10 15 20 25 30
Utlat roof 0.198 0.170
Lty Uwall 0.188 0.240 79% 10%
Lcc-optimal Utioor 0642  0.300 E
L cm Ueq.floor 0.310
L 3cm T T T T T T T
0 5 10 15 20 25 30
wood wool triple glazing == wooden frame Lights
EPS graphite double glazing plastic frame B Cooling
EPS white B Heating

The extreme insulation level of the GWP-optimal solution corresponds to U-values of T8t @ wj & U on the
flat roof (46 cm, graphite EPS), 8t u wj & U on the external walls (66 cm, wood wool) and T8t w w | & U
on the floor (40 cm, wood wool). In case of the floor construction, the U-value equivalent including the effect
of soil (based on the standard 1SO 13370:2017 [223]) is also calculated. These values are far below the
requirements according to the current policy in Hungary ([161]). The LCC-optimal solution on the other hand
is much closer to the requirements in terms of U-values. 18 cm of white EPS is applied on the flat roof
correspondingto T® wgpj & U (requirement: T8 xwj & 0). Wall construction is insulated with 14 cm of
white EPS, which provides T® ¢ o j & U (requirement: @ Tt j & U). Since the national policy is based
on the cost-optimality (according to the EPBD [6]), my results can further justify the current in-act
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requirements. Although the cost-optimal U-value of the flat roof is somewhat higher, the U-value of the wall
is lower than the requirements, the difference can be attributed to the changing construction market and energy
prices. The floor construction shows larger difference compared to the requirements, but the insulation of the
floor is often a more complex problem than of the other envelope constructions. In this case the floor has direct
contact to the ground, and the thermal effect of the ground (in terms of insulation and of heat store capacity)
can be utilized. However, this depends on many other conditions (soil type, footprint area of the building,
perimeter insulation of the footing) that are out of scope in my study.

The different properties of the three solutions show how much the consideration of life-cycle emissions (GWP)
in an updated policy may alter the requirements of buildings. The trade-off solutions can be treated as an option
where both LCC and GWP are considered with similar weight, and the highest combination of improvement
can be utilized compared to the current practice. In this case it corresponds to 20% of GWP and 12% of LCC.

Table 18 indicates the net energy demand of the three solutions broken downs by end uses. The highest share
is associated with heating in all the cases (58-79%). Because of the low energy prizes, the highest energy
demand is achieved by the LCC-optimal solution. However, in case of the trade-off and GWP-optimal
solutions, the reduction in the heating demand is up to 43% and 59%. The cooling energy increases with the
growing ratio of fenestration on the South facade. The trade-off solution has therefore twice as high cooling
demand than the LCC-optimal solution. In this case, the share of cooling energy within the total is a notable
29%. On the other hand, the application of shading in case of the GWP-optimal solution clearly reduces the
cooling demand, even at higher fenestration ratio. The low fenestration ratio of the LCC-optimal solution also
influences the lighting energy demand. Even though this solution has the highest energy demand for lighting,
the difference between the solutions is much less than for heating and cooling. Still important to mention that
the share of lighting demand may be up to 15% (GWP-optimal solution), and it is currently neglected by the
national building energy regulation in case of residential buildings.

V.2.7 Summary

In this chapter, the reference optimization case was evaluated, and the assessment method was presented in
detail. The results of the preliminary assessment on the insulation materials and the pre-evaluation of the
parameters in the Monte-Carlo simulation were justified after the optimization. The optimization resulted in a
collection of 8336 quasi-optimal solutions near the pareto front of the GWP-LCC objective space. The optimal
solutions show significant reduction in terms of GWP and LCC compared to the “business as usual” case.
Nevertheless, the GWP-optimal solution requires extra investment costs compared to the BAU case.
Fenestration ratio needs to be minimized on the facades towards North, East, and West regardless of the
preference between GWP and LCC. This makes the glazing type and shading parameters on these fagades
irrelevant. From the insulation materials, only white EPS, graphite EPS and wood wool occurs within the
quasi-optimal solutions, wood wool is beneficial only for GWP-optimized cases. Fenestration ratio and
insulation level shows decreasing trend towards the LCC-optimal end. The energy performance of the LCC-
optimal solution confirms the current national requirements regarding the U-value of envelope constructions.
Shading is only applied if the fenestration exceeds about 60% of the South fagade. The share of operational
GWP (42-60%) compared to the embodied is much higher than the share of operational LCC (3-8%) compared
to the investment costs. Within the operational energy, heating takes 58-79%, and shows increasing trend
towards the cost-optimal end.

V.3 Influence of choosing the operational energy carrier on the optimal solutions

V.3.1 The importance of the H-C system

In the previous chapter we could realize that the share of operational GWP is high within all the optimized
solutions, even though the energy efficiency of the building is well above current standard in all cases. The
largest contribution is caused by the energy consumption of the heating system. On the other hand, the
operational cost barely contributes to the total LCC. This implies the possibility of reducing the total GWP by
using a different energy carrier (changing the heating system), even if the price of that energy carrier is higher.
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Of course, this also affects the investment cost of the building due to the change in the corresponding heating
system.

The change of the heating system is also relevant in case of refurbishment strategies, because in most of the
cases even the same heat distribution and/or heat storage system can be used only by changing the boiler. Also,
H-C systems have much lower expected service life than other building elements, and so it is a realistic option
that the heating system changes during the lifetime of the building. Design variables that influence the building
energy efficiency (fenestration ratio, wall structure) are less likely to be changed over the lifetime of the
building. If a change in the energy carrier highly affects the optimal energy efficiency of the building, it might
be a better option to choose the appropriate heating system than investing into the improvement of the energy
efficiency regarding both LCC and GWP. Also, it is a commonly accepted approach to improve energy
efficiency first and focus on supplying the reduced demand with an appropriate H-C system afterwards. The
question is if this is always a good idea?

In this chapter we would like to answer the following questions:

9 How much is the absolute difference in both objectives between optimal solutions depending on the
heating system (i.e., what can be achieved by changing the energy carrier)?

1 What is the difference in the parameters of the optimal solutions?

1 How big is the trade-off for each system and what is the overall trade-off including all optional
systems?

V.3.2 Model and optimization parameters

V.3.2.1 Heating systems

Three heating systems were chosen to represent different types of fuels from both environmental and economic
point of view:

9 Gas boiler (same system as referred in the reference case in Section V.2). This is the most common
and widely available heating system in Hungary. The boiler is a modern condensing gas boiler with
95% efficiency (based on upper heating value). The auxiliary (electric) energy is assumed to be 1% of
the net energy demand.

9 Pellet boiler with automatic fuel supply to serve as identical system from the user’s point of view as
the gas boiler (low manual operation needs). Combustion with wood pellet (biomass) is more
advantageous in terms of fossil carbon emission but is more expensive. The efficiency of the boiler is
67% and the auxiliary energy demand is 2%. Although a heat storage tank might be required for the
system to function properly, but in this case, it is omitted both from the perspective of embodied
impact, investments cost and energy loss.

1 An air-to-water heat pump for heating, as an alternative to combustion boilers. The use of electricity
for space heating is becoming accessible for residential use and has a clear advantage of no local
emissions. Lifecycle based emissions of electricity is calculated based on Hungarian electricity mix
(see. Chapter 1V.2.3.1.1). The efficiency of the heat pump is 333% (COP value of 3.33), and no
additional electric energy is accounted for. Heat storage tank is omitted as in case of the pellet boiler.

The costs and GWP of heat from the different sources (including the efficiency factors) on the basis of
delivered energy is summarized in Table 19, the embodied impact and the investment costs can be found in
Table 20.

Tablel9. Cost and GWP of delivered energy from the three fuels. Sources for energy prices include EUROSTAT statistics (natural
gag156], electricitf157]) and market research (wood pellet), GWP values are based on ecdibdgnt

Heat source Unit GWP Cost

[kg CO2-eq.] [EUR]
Gas (boiler) kWh 0.308 0.035
Wood pellet (stove) kWh 0.057 0.081
Electricity (heat pump) kWh 0.155 0.033
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Wood pellet heating accounts for the lowest GWP, about one fifth of natural gas heating, heat pump lies in the
middle with about half of the GWP of gas. On the other hand, the operational cost of a heat pump (regarding
energy price) is almost the same as a gas boiler. In the contrary, heating with wood pellet costs more than
double as the other two options.

Table20. Cost and GWP of heatisgstems in case of the three fuel types. Values are expressed for the whole building including
additional system elements. Cost values are based on national guidé@fife$55] GWP values are based on ecoinjéaf].

GWP[kg CO2-eq.] Cost[EUR]
Heating Production Waste Total Production Installation Total
system Unit treatment
Gas boiler pcs 3084 28 3113 23273 5818 29091
Pellet boiler pcs 2838 22 2860 31030 7758 38788
Heat pump pcs 3560 7942 11501 62061 15515 77576

Regarding the embodied impact the worst option is heat pump, however the most impact is caused by the waste
treatment (assuming that the remaining refrigerant is emitted to the air). Also, regarding the investment costs,
a heat pump is about three times more expensive than the cheapest gas boiler, a pellet boiler relies in the
middle.

V.3.2.2 Optimization parameters

Similar to the reference case, the optimization sequence consists of the multi-objective (LCC and GWP), and
two single-objective runs, with a limit of 10 000 and 6-6000 function evaluations, respectively. Additionally,
the Monte-Carlo simulation is carried out based on the BAU parameters described in Chapter 1V.4 (with a
limit of 5 000 evaluations). This sequence is applied for all three heating systems separately.

Like in the reference case, a discounting rate of 3% applies for all cost items, and a 3% yearly increase is
applied to the energy price (not differentiated for the different energy carriers). Impact data is assumed not to
change during the lifetime of the building.

V.3.3 Characterization of the optimization

The optimization is carried out for the three cases. The quasi-optimal solutions are determined with a'O 0
value for each case separately so that the number of included solutions should be high, and the maximum of
relative limits (to the objective value of the single-objective optima) should be around 1%. The applied limits
and the corresponding number of quasi-optimal solutions are presented in Table 21.

Table21.'00 values for determining the quasptimal inclusion criteria and the correspondinmgits (expressed in absolute
values and relative to the best solution for each indicator in percentages) as well as the numbedaimmated solutions and
guas-optimal solutions.

Relative limits Aboslute limits Solutions
Case DP,ax GWP LCC GWP LCC Non- Quasi-
kg CO2-eq./ife EUR/mfa dominated optimal
Gas boiler 0.03 0.7% 1.2% 0.104 0.220 1323 8336
Pellet boiler 0.10 0.3% 0.9% 0.042 0.168 1253 7514
Heat pump 0.04 0.4% 1.1% 0.056 0.214 1042 9909

The result of the three cases in the objective space is plotted in Figure 29. The quasi-optimal solutions are
emphasized by saturated colour on the diagram. It is visible from the figure that the pellet boiler case
outperforms the other two cases in terms of GWP by an average of 15% and 22% (to the mean of the heat
pump case and the gas boiler case, respectively, considering the quasi-optimal solutions), and the heat-pump
case in terms of LCC by 7%. From the optimization aspect pellet boiler case dominates the heat pump case.
On the other hand, the gas boiler case delivers lower LCC than the other two cases on the cost-optimal end
and but is not significantly better in average than the pellet boiler case and the comparison with the heat pump
case also depends on the trade-off. Regarding the joint pareto front, solutions with a heat pump are fully
dominated, on the impact-optimal end the pellet boiler, on the cost-optimal end the gas boiler heating is used.
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Figure29. Results of the three optinaiion cases in the objective space. Qu@stimal solutions are depicted by saturated colours,
BAU cases are shown in light colours. The mean of each BAU case serves as a reference.

For the quasi-optimal solutions 0 0, @0values are calculated. For "© values, the mean of the Monte-Carlo
simulation of the BAU case is used as the reference (for each heating system separately). 0 "Yi€ralculated for
the three cases using the corresponding "O0  values as reference. Finally, ‘O "‘®alues are calculated using
"O0 for normalization. The evaluated values are presented in Table 22.

Table22. Indicators of the optimization results in the three cases.

Gas boiler Heat pump Pellet boiler
GWP LCC GWP LCC GWP LCC
Maximum improvement potential IMPmax 26% 14% 18% 13% 16% 14%
Mininum improvement potential MPin 9% -22% 10% -11% 13% 6%
Strict improvement potential MPrax.s 23% 14% 16% 13% 16% 14%
Absolute improvement potential 1Prax 5.39 2.98 3.32 2.98 2.37 3.15
kg CO2-eq./fa EUR/Ma kg CO2-eq./fa EUR/ma kg CO2-eq./fa EUR/Ma
Pareto spread indicator PSk max 0.67 2.53 0.44 1.87 0.19 0.57
Improvement potential of the trade-off solution Py, 20% 12% 15% 12% 15% 13%
Minimum distance to ideal point Dlrin 0.26 0.20 0.08

The gas boiler case has the largest relative improvement potential (i "O0 ) in terms of GWP by about 26%
compared to the BAU case. While 1 "O0 is lower in the other two cases (18% for heat pump and 16% for
pellet boiler) this is still a valuable improvement that can be achieved by optimization. These values convert
to 5.39 kgCO,-eq./m?a for gas boiler, 3.32 kgCO,-eq./m?a for heat pump and 2.37 kgCO.-eq./m?a for pellet
boiler. In terms of LCC,1 "O0 is almost the same for all three cases (13-14%, or 2.98 to 3.15 EUR/m?a in
absolute value). Sincei "O0 is negative for LCC in case of gas boiler and heat pump (meaning that the GWP-
optimal solution is worse in terms of LCC as the BAU case), the strict improvement potential (not allowing
LCC to be worse than the reference) is somewhat lower than the maximum (23% for gas boiler and 16% for
heat pump). For pellet heatingi "O0 1 "O0 f, meaning that all quasi-optimal solutions are better than the
BAU case for both objectives. 0 “W&lues are larger than 1 for LCC in case of gas boiler and heat pump because
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of the same reason (negative i "O0 ) but is relatively low (0.57) in case of pellet heating. For GWP, also the
pellet boiler case has the lowest 0 "Y(D19) and is larger for heat pump (0.44) and gas boiler (0.67). This means
that the trade-off affects the improvement of the LCC much more than the improvement of the GWP. In other
words, the BAU case is closer to the cost-optimal solution than to the GWP-optimal one. O O is significantly
lower for pellet boiler (0.08) as for the other two cases (0.26 for gas boiler and 0.2 for heat pump) meaning
that the trade-off solution is not much worse in terms of objective values as the extreme points for the
corresponding objective. However, the improvement potential of the trade-off solution is similar in all three
cases (15-20% for GWP and 12-13% for LCC). In summary, the indicators show that the trade-off is much
smaller if pellet boiler is used for heating compared to gas boiler or heat pump. The latter two show similar
behaviour with somewhat smaller trade-off for heat-pump, but in both cases the designer still needs to express
the preference between LCC or GWP in order to take a decision.

2.5

. Gas boiler
204 Heat pump
Sy Pellet boiler
x 15
B
=
=]
1.0
o
D.C'_:':I' 'l g LCLC

T T T T T
-1.00 -0.75 -050 -0.25 000 025 050 075 100
PPI

Figure30. Relation between the distance to ideal point (DI) and the pareto position index (PPI) in the optimization cases.

To better formulate this aspect ‘O "@ plotted against 0 O @ Figure 30. It is visible that the ‘O "@alue in the
pellet boiler case is quite low along the entire pareto-front, so all solutions are relatively good compared to the
BAU case. On the other hand, the cases with heat pump and gas boiler have a significant slope especially
towards the cost-optimal end, so there is much more to trade in from the cost aspect to achieve improvement
in GWP. The GWP optimal end is much lower which means that there is much less to sacrifice from the
improvement in GWP to achieve a cost-optimal solution.

V.3.4 Optimal solutions

To deliver design guidance based on the optimization, we need to analyse the optimization variables (design
parameters) of the quasi-optimal solutions. In Table 23 the synergy variables are highlighted with green
background, and the corresponding values are presented with standard deviation (for numeric variables) or
occurrence (for categorical variables). A limit of 5% (of the range of the variable) was used for standard
deviation, and 80% in occurrence for classification as a synergy variable as in the reference case.

All three cases are similar in terms of fenestration ratio: The optimization eliminates all fenestration except for
on the South facing facade, where the ratio depends on the preference between LCC and GWP (position on
the pareto front). In terms of glazing type, there is a clear dominance of triple glazing. In most of the cases
there is no shading applied to the windows. Given that there is practically no window on other fagade than the
South-facing, the glazing type and shading variables of North, West, and East cardinality are meaningless.
Therefore, the corresponding variables are neutral. The insulation material and thickness variables are trade-
off except for pellet boiler. In this case, the optimization results in a fairly feasible insulation thickness of 24 +
4 cm on the roof, 23 + 3 cm on the wall and 11 + 3 cm on the floor regardless of the preference between LCC
and GWP. The difference between the solutions is characterized by the insulation material (further analysis in
the following sections).
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Table23. Values taken by the variables within the quasiimal solutions for the three cases (synergy variables are shown with
green backgroundrade-off with yellow background, neutral variables with white background and distinguishing categorical
variables with red borders)

Design parameter Gas boiler Heat pump Pellet boiler
N 0.01 +0.00 0.01 +0.00 0.01 +0.00
Fenestration W 0.01 +0.01 0.01+0.01 0.01+£0.01
ratio S trade-off trade-off trade-off
E 0.01 +0.00 0.01 +0.00 0.01 +0.00
N
Glazing type w
ghp s [ triple (88%) | trade-off | triple (100%)
E
N
Shadin w
9 S | trade-off | no (82%) | no (100%)
E
Frame type | trade-off | trade-off trade-off
. . material trade-off trade-off varied
Roof insulation .
thickness trade-off trade-off 24+4cm
. . material | trade-off | trade-off | trade-off |
Wall insulation .
thickness trade-off trade-off 23+3cm
. . material trade-off trade-off EPSwhite (96%
Floor insulation .
thickness trade-off trade-off 11+3cm

Like in the reference case, the quasi-optimal solutions are clustered based on the categorical variables. Only
those variables were chosen that separate solutions in a visually observable way, i.e., that causes the groups to
have large difference in 0 0. Dhese are called distinguishing variables and are marked with red borders in
Table 23. (White and graphite EPS are merged as EPS for grouping.) Although roof and floor insulation
materials are also trade-off, but they show similar behaviour as the wall insulation material, and the groups are
more diverse if they are included in the distinguishing variables. The resulting groups are presented in Table
24 and Table 25 for the heat pump and pellet boiler separately. The gas-boiler case is identical to the reference
case therefore, it is not analysed here. (Please refer to Section V.2 for further details). Besides the variables,
the share of embodied and operational GWP as well as the share of production, installation, replacement, and
operational costs are indicated on a pie chart. For each group, the mean of the relative improvement potential
(i "Qis shown withi "O0 as the maximum on the bar plot.

V.3.4.1 Gas boiler

This case is identical to the reference case discussed in Section V.2, please refer to Section V.2.3 for the
detailed assessment of quasi-optimal solutions.

V.3.4.2 Heat pump

Table 24 summarizes the groups characteristics in case of heat pump heating. Even though the trends are
similar to the gas boiler case, the values are different, especially on the GWP-optimal end. The use of electricity
for space heating results in a slightly lower insulation level than for natural gas. This means that the building
properties are not that extreme (but still very unusual): the maximum verifiable insulation thickness is 47 cm
on the wall, 32 cm on the roof and 17 cm on the floor. Like in the gas boiler case, wood wool insulation cannot
be verified on the roof (and on the floor), instead graphite EPS is used. In terms of fenestration area, the heat
pump case results in lower ratio than the gas boiler case (63%). These two properties reflect a slightly lower
energy performance in the optimal case which is in line with the lower emission (GWP) rate of heat pump
heating. Even though the heating demand is somewhat higher in case of heat pump (12 kWh/m?a against the
10.1 kWh/m?a for gas boiler in the GWP-optimal group) the lower emission rate results in a globally better
alternative in terms of GWP. This results in a higher share of embodied impacts in the total GWP along all the
guasi-optimal solutions (56-67%). In terms of LCC, the only remarkable difference to the gas boiler is the
slight increase of the replacement costs, which is due to the higher replacement costs of the heat pump in all
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groups. The cost-optimal group is practically identical to the gas boiler case. Since the cost per kWh heat of
heat pump heating is almost the same as with a gas boiler, the only difference is caused by the higher
investment (and replacement) cost of the heat pump, which is reflected in the globally worse optimal solution
for heat-pump in LCC. The same logic explains the generally lower improvement potential for GWP in case
of heat pump. The most is achieved by reducing the operational energy use, but the saved energy is responsible
for less emissions than in the case of gas boiler.

Table24. Characteristics of the clusters in the objective space regarding design parameters improvement potential and the share of
life-cycle stages in GWP and LCC with heat pump

Graphical GWP shareand  LCC share and

representation Parameters Pareto position img(r)(t)é/ﬁtin:nt impp(r)?;/ﬁtri];elznt
Roof 32+2cm  EPS graphite (99%)

32 em Wall 47+£3cm  wood wool (100%) ﬂ
— Floor 17+2cm  EPS graphite (55%) w
e Fenestration 63+2%  wooden frame y @

£/ Glazing triple shaded m

Roof 27+1cm  EPS graphite (90%)

27 cm Wall 23+2cm  EPS graphite (99%) a
] Floor 10+4cm  EPS white (61%) Q
] [z Fenestration 39+2%  wooden frame b a W

gem Glazing triple shaded B

Roof 26+2cm  EPS white (52%)
26 cm Wall 22+3cm  EPS graphite (86%) 60% a
Floor 11+4cm  EPS white (76%) Q@
7| e Fenestration 32+3%  wooden frame . a
11 ) Glazing triple not shaded m m
Roof 25+2cm  EPS white (81%)
25cm wall 19+4cm  EPS graphite (82%) 60% g
Floor 08+4cm  EPS white (79%) Q
" 19¢M  Fenestraton 30+3%  plastic frame . a w
f.cm Glazing triple not shaded m.
Roof 20+3cm  EPS white (92%)
20 cm Wall 15+3cm  EPS white (87%) a q
Floor 03+1cm  EPS white (92%) %
i 15¢M  Fenestraton 20+4%  plastic frame . q b
—cm Glazing double not shaded m EE-
wood wool triple glazing = wooden frame I Operational Operation
E'I:g aﬁiggite double glazing —— plastic frame B Embodied = lFl{jes;;La”caet?;ﬁnt

B Production

V.3.4.3 Pellet boiler

Table 25 contains the resulting optimal variables and properties of the pellet boiler case. The previously
observed smaller trade-off is reflected in the design parameters as well. The insulation thickness is much closer
to a realistic value (21-23 cm on wall, 21-26 cm on roof and 10-11 cm in floor), and the difference between
the groups is negligible. The distinguishing variables are the material types (insulation material and window
frame material), and (like in the other two cases) the GWP-optimal solutions have wood wool on the facade
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and wooden frame for windows, while cost-optimal solutions remain to apply white EPS around the envelope
and plastic frame for windows. None of the optimal solutions apply a shading. The variation of the fenestration
ratio is also low (27-34%) and the values are in average lower than in the other two cases. However, the trend
along the pareto-front is opposite to the previous cases. Cost-optimal solutions tend to have higher fenestration
rate than GWP-optimal ones, and the insulation level is more even along the quasi-optimal solutions than for
gas boiler and heat pump. This lower energy performance can be explained with the high energy price and the
low emission rate. This latter aspect is the explanation of the lower operational rate of GWP too (compared to
the other two cases), even though the final energy demand is higher (25.7-26.5 kWh/m2a) in all groups of the
pellet boiler case. Consequently, the share embodied GWP raises up to 67-68%. Because of the higher relative
price of energy, the operational cost increases to 10-11% compared to the gas boiler and the heat pump case.
There is a notable reduction in the energy demand compared to the BAU case (from 39.8 to 25.7-26.5
kWh/m2a) in the optimal solutions. A major difference to the other two cases is that all optimized solutions
have positive i “Cfor both objectives (13-15% for GWP and 8-14% for cost).

Table25. Characteristics of thelusters in the objective space regarding design parameters improvement potential and the share of
life-cycle stages in GWP and LCC with pellet boiler

GWP share and LCC share and

reg;r:easpel:ifailion Parameters Pareto position imgcr)(t);/r?tri?a?m imgg(t);/ﬁt?;lent
Roof 21+3cm EPS graphite (94%)
21 cm Wall 21+4cm wood wool (100%) Q
Floor 10+3cm EPS white (96%) Q
i ZLEM  Fenestration  27+3% wooden frame
10cm Glazing triple not shaded m- m
Roof 23+4cm EPS graphite (58%)
23 cm Wall 23+3cm EPS white (88%) q
Floor 11+3cm EPS white (94%) Q
i 2 Fenestration  26+3 % wooden frame
11cm Glazing triple not shaded m- E_
Roof 26+3cm EPS white (82%)
26 cm Wall 23+2cm EPS white (98%) q
Floor 11+3cm EPS white (97%) Q
] e Fenestraton 34+6% plastic frame
11cm Glazing triple not shaded E_ m
wood wool triple glazing === wooden frame Operational Operation
EPS graphite double glazing plastic frame I Embodied Replacement
EPS white B Installation

B Production

V.3.4.4 Comparison of the three cases

Finally, three solutions from each case (LCC-optimal, GWP-optimal, and the solution at OO - called as
“trade-off” solution) are compared against each other. The trade-off solution can be seen as the optimal solution
if the improvement in both objectives are of equal weight. Table 26 shows the optimized building
characteristics as well as the operative energy demand and the relative improvement potential for each case.
While similarities can be observed in the gas boiler case and the heat pump case regarding GWP-optimal and
cost-optimal solutions (as previously analysed in detail) the trade-off solutions are closer to each other in the
heat pump and the pellet boiler case.
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Table26. Comparison of the energy performancebéracteristic solutions (GWiptimal, Tradeoff and LC@ptimal) within the
three cases.

Gas hoiler Heat pump Pelletboiler
QHeating 10.17 NtU QHeaIing 11.92 ths QHeaIing 18.69 N«S
= £ E £
E - 2ol QCooIing 4.87 g - S2kn QCooIing 4.44 -g & QCooIing 3.04 -g
=1 \
9 72% QLighIs 2.60 =~ 66% QLights 2.68 =~ 28% QLights 3.29 =~
o 66 cm 45 cm 28 cm
% rNPewr  25.6% rPewp  18.5% rNPewp  15.7%
40 cm I 15 cm 7cm
MNPcc  -20.9% rNPcc  -10.3% _— rNPrcc 6.6%
QHeating 13.91 NtU QHeaIing 17.91 ths QHeaIing 19.41 N«S
£ £ £
36 cm = 27 cm = 28 cm =
= QCooIing 6.71 = QCooIing 3.69 = QCooIing 312 =
; g s s
© 51% QLighIs 286 32% QLights 317 289 QLights 329
S 35cm 28 cm 23 cm
= rMPewep  19.6% rNPewp  15.3% MNPewr  14.7%
20 cm 12 cm 9cm
rPLcc 12.5% E— rNPLcc 11.5% _— rNPrcc 13.3%
QHeating 24.39 NtU QHeaIing 24.76 ths QHeaIing 17.54 N«S
= £ £ £
g doEm Qcooﬁng 3.20 g LGl QCooling 3.05 § 25 cm QCooIing 4.82 g
8- 2% Quignts 339 ~ 21% Quignts 343 ~ 0% Quights 3.02 <
(@) 14 cm 14 cm 24 cm
3 r1Pawp 9.0% rIPgwp 10.7% r1Pgwp 12.9%
3cm Jcm 1l cm
P cc 14.3% - rIP cc 12.9% - rIP cc 14.0%
wood wool triple glazing = wooden frame
EPS graphite double glazing plastic frame
EPS white

In these two cases, insulation level is very similar (27-28 cm on flat roof, 23-28 cm on wall, and 9-12 cm of
white EPS on the floor), and the fenestration ratio is 32% and 28% respectively with wooden frame and triple
glazing. This is reflected in the energy performance as well, with the highest share of net heating demand
(17.91-19.41 kWh/m?a) and a relatively low share of cooling demand (3.69-3.12 kWh/m?a) in spite of the
absence of shading. In both cases the improvement potential of the trade-off solution is not much lower than
"00 (the single-objective optima for both objectives). In case of gas boiler, the trade-off solution has an
improved energy performance compared to the other two cases, with an insulation thickness of 36 cm on the
flat roof, 35 cm on the wall and 20 cm on the floor, and a higher (51%) fenestration ratio with plastic frames.
This can be explained by the higher emission rate of gas heating in combination with the highest improvement
potential in GWP.

Table27. Uvalues of envelope constructions within the characteristic solutions of the three cases.

_ Gas bhoiler Heat pump Pellet boiler Requirement
g Uflatroof 0.064 Uflat roof 0.091 Uflat roof 0.120 Uflatroof 0.170
8 U 0055 “E U 0.077 ”E Ua 0115 ”E U 0.240 Né
Dgl' Ufloor 0.099 § Ufloor 0.173 § Ufloor 0.383 E Uﬂoor 0.300 E
O Upy*  0.082 Uno®  0.129 Uno®  0.226
= Uflatroof 0.102 Uflatroof 0.135 Uﬂat roof 0.130 Urlatroof 0.170
; Un 0093 NE U 0.112 NE Ua 0131 NE U 0.240 NE
g Uﬂoor 0.166 ; Uﬂoor 0.255 ; Uﬂoor 0.319 ; Urloor 0.300 ;
Uﬂoor* 0.126 Ufloor* 0.172 Ufloor* 0.201 Urloor*
C_EG Uﬂatroof 0.198 Uflatroof 0.208 Uﬂat roof 0.145 Urlatroof 0.170
& Ua  0.88 ”é U 0.188 NE Ugo 0127 ”E U 0.240 Né
8 Uﬂoor 0.642 E Uﬂoor 0.642 E Uﬂoor 0.273 E Urloor 0.300 E
- Uﬂoor* 0.310 Uﬂoor* 0.310 Uﬂoor* 0.181 Urloor*

*equivalent U value including the effect of soil (based on 1SO 13370)
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The insulation levels of the optimized solutions correspond to specific U-values that are summarized in Table
27 in the above-mentioned nine cases. The Hungarian building energy performance regulation [161] specifies
the “cost-optimal” requirements (according to the EPBD [6]) independently from the heating system. The
required U value for envelope walls (0.24 W/m?K based on the regulation) is higher than in all optimized cases
ranging from 0.05 W/m?K in the GWP-optimal solution with gas boiler to 0.19 W/m?K in case of cost-optimal
solutions with either gas boiler or heat pump. On the other hand, the requirement for the flat roof (0.17 W/m?K)
is even lower than the cost-optimal solutions in two cases (gas boiler and heat pump). In case of pellet boiler,
the optimum goes lower than the requirement as well as in any other cases (from 0.064 W/m?K — GWP-optimal
solution with gas boiler to 0.145 W/m?K — cost-optimal solution with pellet boiler). The results imply that
including the GHG emissions into the optimization for determining the national requirements might
result in a more energyefficient level for the regulation.

V.3.5 Overall optima

Finally, the results can be summarized in the global pareto-front including all three heating systems. This
combination can be seen as if the heating system would be included as a variable for the optimization.
Consequently, the BAU case with the gas boiler — representing the most common scenario for the Hungarian
context — has been chosen for the calculation of "Olvalues within the merged solutions. As pointed out in
Section V.3.3, all solutions with a heat pump are dominated by the optimal solutions from the pellet boiler
case, therefore heat pump cannot be seen as an optimal solution in this setting. Figure 31 shows the quasi-
optimal solutions with the three heating system options while comparing with the BAUgas case. In the
comparison with the mean of the BAUgas case, the GWP-optimal solution shows 39% relative improvement
potential in GWP, while only 1% increase in LCC. Furthermore, the Trade-off solution can still utilize 38%
improvement potential in GWP, while the improvement in LCC is 7% compared to the mean of the BAUgas.
The maximum improvement potential for LCC is 14% (LCC-optimal solution) and 9% improvement in GWP
is still present at the same time. This solution is the same as the LCC-optimal solution of the Reference case
(Section V.2). In summary, the cost-optimal part of the quasi-optimal solutions utilize the gas boiler, while
GWP-optimal solutions apply the pellet boiler.

Pellet boiler !

73 4 Gas boiler
Heat pump
Business As Ususal

22

il

! GWP-optimal solution
21 ]

W

*

Life Cycle Cost
EUR/m*a

20 4

19 Trade-off solution

18

T T T
14 16 18 20 22

Global Warming Potential
kgCO; —eq./m*a

Figure31. Qharacteristic solutions within the quagptimal set considering the heating system as a design parameter. Improvement
in GWP is expressed in comparison to the3Adase.
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To demonstrate the characteristics of the optimal solutions, the GWP-optimal, the LCC-optimal and the Trade-
off solutions are presented in more detail in Table 28. While the GWP-optimal solution in this global case is
the same as the GWP-optimal solution of the pellet boiler case (apart from the "Otvalues) and the same applies
for the LCC-optimal solution (with gas boiler), the Trade-off solution is based on the re-evaluation of O 'O
using the global pareto front and the 'O0  values compared to the BAUgas case. This one too is equipped
with a pellet boiler. It shows high but not extreme insulation level (28 cm on the roof, 25 cm on the wall and
11 cm on the floor) and relatively large widows (38%) with triple glazing. The material usage reflects more
the cost-optimal practice, white EPS insulation and plastic window frames. In general, the Trade-off solution
can be characterized as the cost-optimal one within the quasi-optimal solutions with a pellet boiler. When
comparing the three characteristic solutions, the tendency of material usage remains the same as in all cases
(low-impact materials in case of high weight of GWP and low-cost materials for increased weight of LCC).
On the other hand, in this global case the energy efficiency levels show an interesting pattern, since the lowest
heating energy demand is associated with the Trade-off solution. Also, unlike in the Reference case, there is
no extremely insulated option within the quasi-optimal solutions at the GWP-optimal part. Consequently, the
results show that instead of improving the energy performance of the envelope to extreme levels a change
in the heating system is a more adequate choice to inase the weight of GWRat the expense of LCGn
a design optimization

Table28. Characteristics of the G\i#ptimal, Tradeoff and LC@ptimal solutions within the global quasptimal solutions.

Graphical

representation Parameters Performance
Roof 24 cm EPS graphite Qhneating  18.69 .
E
Wall 28cm Wood wool Qcooling ~ 3.04 =
s 24 em 2
E ) 4
= Floor 7cm EPS white Qiights 3.29
)
T 28% .
% 28 cm Fenestration 28 % wooden frame  rIP gup EEE-
O]
7cm . -
Glazing triple not shaded P Lcc |
Heating pellet boiler
Roof 28cm EPS white Qheaing ~ 17.46 .
E
Wall 25¢cm EPS white Qcooling ~ 4.52 =
= 28 cm E
S] Floor 11cm EPS white Qiights 3.05
% 38% . .
= 25cm  Fenestration 38 % plastic frame  rIP gwp EE-
11 cm
Glazing triple not shaded MP Lcc E.
Heating pellet boiler
Roof 18 cm EPS white Qhneating  24.39 .
E
Wall 14 cm EPS white Qcooling ~ 3.20 =
< 18 cm E
£ Floor 3cm EPS white Qigns ~ 3.39
Q.
Q 2% ) .
8 gd cm Fenestration 22 % plastic frame  rIP gwp E
- 3cm .
—_— Glazing double  not shaded MP cc E-
Heating gas boiler
wood wool triple glazing === wooden frame
EPS graphite double glazing plastic frame
EPS white

V.3.6 Summary

In this chapter | evaluated the optimization of the case study building with three different heating system
options. The results show that the highest improvement potential (compared to the BAU case with an identical
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heating system) can be achieved with a gas boiler (25.6%) in terms of GWP and all three cases have similar
maximum improvement potential in terms of LCC (12.9-14.3%). The case of the heat pump and the gas boiler
are similar in terms of the optimized variables, and the GWP-optimal solutions tend to provide higher energy
efficiency than the cost-optimal ones. On the other hand, the optimized solutions with the pellet boiler are
more homogeneous regarding the design variables and the tendency is the opposite in case of energy efficiency.
The higher energy price and the lower emissions of pellet heating compared to the gas boiler and the heat pump
explain this behaviour. However, the reduction of the operational costs (through highly insulated envelope
with large fenestration area) is achieved at the expense of increased investment cost. Important to mention that
the trade-off between the investment and operational costs might be influenced by the discounting rate as well
as the energy price forecast. All in all, the energy efficiency of the optimized solutions is better than the BAU
case in all three cases. The merged solutions (including all three cases) show that solutions with heat pump are
outperformed in both objectives by the other two options. Moving towards the GWP-optimal solutions the
increasing energy efficiency stops to be optimal at a point, and a change in the heating system to a pellet boiler
becomes feasible. At the GWP optimal end of the pareto-front a total of 39% relative improvement can be
achieved in GWP (by using a pellet boiler) compared to the BAU case (with gas boiler).

Finally, some important limitations need to be mentioned regarding the different heating system types.
Although the pellet boiler (and biomass heating in general) is beneficial from the perspective of GWP, other
aspects such as emissions related to human health, or the usability of a pellet boiler compared to a gas boiler
or heat pump might limit its feasibility within certain contexts (for example cities with high population
density). Also, wood can be produced at a limited extent considering sustainable forestry, meaning that the
energy carrier is a finite resource. Furthermore, the assessment of “biogenic” CO: emissions raises
methodological questions in LCA. From this point of view, it is relevant which timeframe is considered (e. g.
from the time when the trees are planted — storage of CO, — until they are burnt in a boiler — release of CO,).
While my research focuses on the building-related environmental impacts and costs (energy related to heating,
cooling and lights is considered), the production of domestic hot water, and the related emissions are also
influenced by the heating system. These aspects might be targeted by further research.

V.4 Influence of future development of the electricity mix on the optimal solutions

V.4.1 The importance of the electricity mix

In the previous chapter we could see that within optimal solutions for the heat pump case (Table 24) the share
of the operational impact in GWP is still relatively high (up to 44%) even though it is significantly reduced in
comparison to the gas boiler case. Furthermore, this high operational impact is associated with a low share of
operational costs in the LCC. This implies the possible reduction of the operational impact through choosing
an energy source with lower emission rates, which is justified through the pellet boiler case. While the emission
rates of gas and biomass heating are only influenced by the efficiency of the boiler and the type of fuel (at a
minor level), the emission rate of grid electricity is highly dependent on the electricity production technologies
(national production mix and local production) as well as the electricity market (import/export of electricity)
[P6]. The current electricity mix in Hungary is dominated by fossil fuels and an intensive decarbonisation is
foreseen — in line with the long-term indicative EU emission reduction goals for the electricity sector as a
whole [115].

The use of heat pump for space heating is gaining popularity thanks to the increasing availability of efficient
low-power residential heat pumps. Although the investment cost is about three times higher than of gas boilers,
heat pumps may be a convenient option for places without gas connection, or building designs where cooling
is required anyway. Although the decarbonization cannot be influenced by the user/investor/designer of the
building the potential of using a low-emission energy source in the future should not be overlooked. Therefore,
it is important to know how the change in the emission-rate of the electricity influences the optimization of the
building design for GWP and LCC.

In the previous cases, operational costs have a very low share in the LCC of the optimized solutions in all

cases. Consequently, the price of electricity is not expected to have major influence on the optimized

parameters. At the same time if the emission factor of electricity is significantly reduced, the operational energy
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use might increase in the optimal solutions to save on the embodied part. On top of production cost and market
competition, the price of electric energy from the grid is influenced by both economic and political drivers,
especially for domestic use. Since the analysed timespan is long from an economic perspective, it is important
to know how the results depend on the prospective electricity price evolution.

In this chapter we would like to gain information in the following topics:

9 How does the decarbonization of the electricity mix influence the total GWP both in the BAU and the
optimized cases?

9 How the optimized parameters change depending on the emission factor of the electricity mix? In a
decarbonized case the share of operational energy is expected to increase through a lower optimal
energy performance level.

9 How much do the optimized parameters depend on the estimation of the yearly electricity price
increase? For example, if the electricity price increases, the share of operational energy is expected to
decrease in the optimal solutions which is against the above expectation.

V.4.2 Model and optimization parameters

To evaluate the influence of electricity mix decarbonisation and electricity price increase, new optimization
cases have been developed with changes in the underlying assumptions, described in the following. In all cases,
heat pump is used for space heating.

V.4.2.1 Electricity scenarios

For the calculation of the emission factor of the electricity mix two different approaches were adopted in my
work, which results in two separate scenarios:

9 Inthe baseline scenario, the default Hungarian low-voltage electricity mix contained in the ecoinvent
database is used which relies on statistical data and does not change over time (the same GWP value
is assumed during the whole RSP). This scenario represents the usual practice in LCA and is referenced
as static in the following.

9 The “Decarbon” scenario targets an emission reduction of 94% for 2050 — compared to 1990 emission
levels — in line with the long-term indicative EU emission reduction goals for the electricity sector as
a whole [115]. This scenario was developed in the South East Europe Electricity Roadmap
(SEERMAP) project [224]. The projection was carried out by the interaction of the European
Electricity Market Model (EEMM) and the Green-X model [225] [226] and life cycle based emission
factors were calculated until 2050 [P6]. No further changes are assumed after 2050 (until the end of
the RSP). This scenario is referenced as dynamic in the following.
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Figue 32. Yearly change in GWP of the electricity mix in the two scenarios.

Figure 32 compares the evolution of the GWP of 1 kWh grid electricity in the two scenarios. There is a
significant difference in GWP already at the beginning of the analysis period because of the different data
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sources for the share of technologies. The ecoinvent dataset is based on statistics from the year 2016 [227],
while the modelled period in the EEMM starts in 2018 and there are significant improvements until 2020.
Moreover, there is major decrease in the GWP in the dynamic scenario due to the fulfilment of the emission
reduction goals by 2050.

For the electricity price increase two scenarios are established:

1 3% yearly price increase (as in the previous chapter). This is a moderate assumption considering no
radical change in the energy sector. Applying the 3% discounting rate together with the price increase
results in a constant discounted price over the analysis period.

1 0% price increase. This is an extreme assumption considering that the production of renewable energy
is very cheap (after the initial investment is made). Without the price increase the lifecycle cost of
electricity use drops and together with the low burden (decarbonized) mix this may results in a higher
operational energy demand and lower passive energy performance for the building.
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Figure33. Yearly change in the electricity price in the price increase scenarios

Figure 33 illustrates the evolution of the electricity price of 1 kWh grid electricity over the analysis period in
the two scenarios.

The decarbonization and the price increase options are combined to produce all in all four distinct scenarios:

9 Static mix, 3% price electricity increase (this equals to the “heat pump” case in the previous chapter)
1 Dynamic mix, 3% price electricity increase

9 Static mix, 0% price electricity increase

91 Dynamic mix, 0% price electricity increase

The discounting rate of 3% applies for all cost items. Apart from the electricity in the dynamic scenarios impact
data is assumed not to change during the lifetime of the building. Although the decarbonization of the
electricity mix also influences the manufacturing processes this aspect is neglected here. Also, future
technological changes in the production are not considered, because they are very uncertain, and they would
only affect the impact of replaced components and thus only small difference is expected.

V.4.2.2 Optimization parameters

In this case too, the same optimization runs are initiated (one multi-objective with a limit of 20000 function
evaluations, and two single-objective runs, with a limit of 6-6000 function evaluations and a Monte-Carlo
simulation based on the BAU case with a limit of 5000 evaluations) for all four scenarios.

V.4.3 Characterization of the optimization

The selection of quasi-optimal solutions is based on the O 0 value for each case separately. The criteria to
determine the limit value includes the high but approximately equal number of included solutions in all cases
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as well as the maximum relative limit of about 1%. In the dynamic scenarios a higher O0  value is needed
to fulfil the criteria than in the static scenarios. The limits are summarized in Table 29 for the four scenarios.

Table29.00 values for determining the quasptimal irclusion criteria and the corresponditignits (expressed in absolute
values and relative to the best solution for each indicator in percentages) as well as the numbedainuated solutions and
guastoptimal solutions.

Relative limits Aboslute limits Solutions
Case DP,ax GWP LCC GWP LCC Non- Quasi-
kg CO2-eq./ifa EUR/nfa dominated optimal
Static, 3% 0.04 0.4% 1.1% 0.056 0.214 1042 9909
Static, 0% 0.04 0.6% 1.2% 0.083 0.232 1539 8402
Dynamic, 3% 0.10 0.2% 0.7% 0.022 0.145 2050 9873
Dynamic, 0% 0.10 0.3% 0.8% 0.029 0.155 1856 9713

Figure 34 shows the results of the four cases in the objective space (quasi-optimal solutions are emphasized
by saturated colour). As expected, the cost-optimal solutions (lowest points along the y axis) deliver the same
LCC in pairwise cases with the same energy price increase rate (3% or 0%) because the modification
(electricity mix decarbonization) only affects the other objective (GWP). The same situation applies vice versa,
there is no difference between the GWP-optimal solutions with the same electricity mix scenario. However, a
reduction of 26% (3% price increase) and 25% (0% price increase) can be observed in GWP in case of dynamic
electricity mix compared to the static mix in the mean of the quasi-optimal solutions. On the other hand, a
relatively low difference can be observed in the mean LCC of the quasi-optimal solutions if the price increase
rate changes from 3% to 0% (3% in case of dynamic mix and 1.5% in case of static mix).
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Figure34. Results of the four optimization cases in the objective space.-Qutirsial solutions are depicted by saturated colours.

This is explained by the relatively low share of operational costs within the life cycle, while initial investment
costs take the highest share in optimized cases. It is important to mention that the mean LCC is also reduced
in case of dynamic mix compared to the static mix with the same price increase rate. This means 3% (in case
of 3% price increase) and 4.5% (in case of 0% price increase) in LCC and can be explained by the high-LCC
solutions at the GWP-optimal end of the pareto-front becoming suboptimal. The difference in LCC between
the GWP-optimal solutions with dynamic and static mix is 15% in case of 3% energy price increase and 17%

82



Benedek Gyorgy Kiss Multi-Objective Environmental Optimization of Buildings

in case of 0% price increase. On the other hand, the GWP of cost-optimal solution increases by 4% if the price
increase rate changes to 0% in case of static mix, and changes to a negligible extent in case of dynamic mix.

In addition to the mean, the previously introduced indicators are calculated to better describe the quasi-optimal
solutions (0 U;"@pusing the mean of the corresponding BAU case as reference; 0 "Y'@ing the ‘O0  values
as reference; and 'O "Qising “O0  for normalization). The calculated values are presented in Table 30.

Table30. Indicators of the optimization results in the four cases.

Static, 3% Static, 0% Dynamic, 3% Dynamic, 0%
GWP LCC GWP LCC GWP LCC GWP LCC
Maximum improvement potential rlP,,a 18% 13% 18% 13% 10% 13% 10% 13%
Mininum improvement potential rlP,,, 10% -11% 6% -14% 8% 6% 7% 5%
Strict improvement potential MPraxs  16% 13% 17% 13% 10% 13% 10% 13%
3.32 2.98 3.31 2.89 1.21 2.98 121 2.89
Absolute improvement potential IPrax  kgcoz-eq EURMGa kgCO2eq EURiMa kgCO2-eq EURMMa kgCO2-€q EURIMa
/m?a /m?a /m?a /m?a
Pareto spread indicator PSk max  0.44 1.87 0.65 2.09 0.20 0.52 0.27 0.58
Improvement potential of the
trade-off solution
Minimum distance to ideal point D, 0.20 0.23 0.09 0.11

NPo mn  15%  12%  15%  11% 9%  12% 9%  12%

The relative improvement potential (i "O0 ) in terms of GWP is higher (18%) if the static mix is used and
lower (10%) in case of dynamic mix, because the mean GWP of the reference (BAU case) is also significantly
reduced when the dynamic mix is applied (explained later in Section V.4.6). The improvement potential
corresponds to 3.3 kgCO,-eq./m?a (static mix) and 1.2 kgCO.-eq./m*a (dynamic mix). On the other hand,
i "O0 is 13% in terms of LCC regardless of the price increase rate and the electricity scenario. This converts
to 2.89 to 2.98 EUR/m?a in absolute value depending on the scenario. Negative i "O0 values are only
observed in LCC in case of static mix (GWP-optimal solutions are worse thang the BAU case in terms of life
cycle cost). In these cases, the strict improvement potential slightly decreases to 16% and 17% (to avoid worse
solutions in LCC as the BAU case).

0 "Yv@lues are significantly reduced in all cases and both objectives if the dynamic mix is applied instead of
the static mix (from 0.44 —0.65t0 0.2 — 0.27 in GWP and from 1.87 —2.09 to 0.52 — 0.58 in LCC). This means
that the trade-off between GWP and LCC is lower in these cases, which makes the design choice easier. For
GWP the lowest 0 "Y(D2) is observed in case of dynamic mix and 3% electricity price increase which is close
to the pellet boiler case discussed in the previous chapter. If the electricity price increase is changed to 0%,
0"Y'@lues increase in all scenarios, but the extent of this increase is more significant in static mix is used (0.44
to 0.65 in GWP and 1.87-2.09 in LCC).

Finally, OO values are about two times higher (0.20 — 0.23 against 0.09 — 0.11) in case of static mix than in
case of dynamic mix. This means that the trade-off solution is closer to the ideal point and most of the
improvement potential can be utilized simultaneously. The relative improvement potential of the trade-off
solution is only 1-1% worse in both dynamic cases and both objectives thani "OD .

All in all, we can conclude that the application of a dynamic electricity mix results in a smaller trade-off which
makes the decision-making easier (the articulation of the preference between the objectives has less effect on
the improvement that can be achieved). The difference in GWP is significant between the application of static
and dynamic electricity mix. At the same time, the difference in LCC turns out to be minor if 3% or 0% price
increase in applied to the grid electricity.

These aspects are also visible on Figure 35, where the ‘O “® plotted against 0 0 f@r the four cases. The two-
two cases with the same electricity scenario (static or dynamic) show quite similar behaviour. While 'O '@
relatively low along the entire pareto front in case of dynamic mix, there is much more difference in ‘O “@ case
of static mix depending on the position along the pareto front. The GWP-optimal end (left side) shows that
optimizing the building for GWP causes strong increase in LCC in case of static mix, which goes above the
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BAU case (OO p). On the other hand, the cost-optimal solutions are all improved in GWP too compared to
the BAU case (OO p). The trade-off solutions (at ‘O "O ) are lower in case of dynamic mix than in case of
static mix, which means that they are closer to the ideal point, in other words we need to sacrifice less from
the improvement in both objectives at this point compared to the possible maximum.
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Figure35. Relation between the distance to ideal point (DI) and the pareto position index (PPI) in tpitaipation cases.

V.4.4 Optimal solutions

After describing the optimization scenarios, we need to evaluate the optimized variables. Table 31 summarizes
the optimized values of the variables in the four scenarios. Synergy variables are displayed with a green
background, the mean and the standard deviation is shown in case of numeric variables and the most occurring
value with its occurrence in case of categorical variables.

Table31. Values taken by the variables within the optimal solutions for the four scenarios (synergy variables are shown with green
background, tradeoff with yellow background, neutral variables with white background and distihipgicategorical variables
with red borders)

Design parameter Static, 3% Static, 0% Dynamic, 3%  Dynamic, 0%
N 0.01 £ 0.00 0.01 £ 0.00 0.01£0.00 0.01£0.00
Fenestration w 0.01+0.01 0.01 +0.00 0.01+0.00 0.01+0.01
ratio S trade-off trade-off 0.23+0.03 0.22+0.04
E 0.01 £ 0.00 0.01£0.01 0.01£0.00 0.01+0.01
N
Glazing type w :
S trade-off | triple (96%) | double (100%) double (100%)
E
N
: w
Shading s [ no®%) | tadeoff | no(100%) no (100%)
E
Frame type | trade-off | trade-off | trade-off | trade-off |
Roof insulation material trade-off EPS white (81%) trade-off trade-off
thickness  trade-off trade-off 0.17 +£0.03 0.18 £0.03
. . material | trade-off | trade-off | trade-off | trade-off |
Wall insulation | .
thickness  trade-off trade-off 0.14 + 0.03 0.15+0.04
. . material trade-off trade-off EPS white (80%) trade-off
Floor insulatior .
thickness  trade-off trade-off 0.04 +£0.02 0.03 £ 0.02

5% in standard deviation and 80% in occurrence was set as limit for classification as a synergy a variable as in
the previous chapters. The same findings are valid for the fenestration ratio, glazing type and shading as in the
H-C cases. (The static 3% case here equals to the heat pump case in the previous chapter.) Within the optimized
solutions the windows are minimized on the North, West, and East fagades. Variables regarding glazing type
and shading on these facades do not change the design (without windows it does not matter which glazing type
or shading we apply), so these variables are neutral. Fenestration ratio on the South facade depends on the
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preference between LCC and GWP in case of static mix but is synergy in case of dynamic mix (23 £ 3% and
22 + 4% in case of 3% or 0% energy price increase respectively). In the static scenarios triple glazing, while
in the dynamic scenarios double glazing is preferred on the South facade. (While glazing type is a trade-off
variable in the first scenario, predominantly triple glazing is applied.) In most of the quasi-optimal solutions
no shading is required. It depends more on the trade-off between LCC and GWP in case of static mix, while
in case of dynamic mix shading is completely removed. Variables regarding insulation material and thickness
are mostly trade-off in case of static mix, but the insulation thicknesses are very homogenous if dynamic mix
is used. These cases are similar to the pellet boiler case in the previous chapter, but with lower insulation
thickness. We can conclude that if the electricity mix is decarbonized, optimal insulation levels can be
established (17 + 3 cm and 18 + 3 cm on flat roof, 14 + 3 cm and 15 + 4 cm on wall, finally 4 £ 2 cm and 3 =
2 cm on the floor to ground for 3% and 0% electricity price increase, respectively). The thickness values
correspond to an insulation levebf g u $«- 8 8 Ti0 L taa 8 8 o0 L
Thu:-»38 8 siO L regardless of the preference between GWP an LCC.

In summary, the two scenarios with static mix are very similar in terms of variable uniformity, and so are the
other two scenarios with dynamic mix.

The clustering of the quasi-optimal solutions is based on the distinguishing categorical variables (red borders
in Table 31). In the static scenarios almost all variables that influence the energy performance of the envelope
need to be presented in each group. On the other hand, in case of dynamic mix, only the insulation and window
frame materials are responsible for the position on the pareto-front. In other words, design question is
simplified to a trade-off between the cost and GWP values of some materials. Since the first scenario (static
electricity mix and 3% electricity price increase) is the same as the heat pump case in the previous chapter,
only the other three scenarios are presented in detail regarding the varying variables.

V.4.4.1 Static electricity mix, 3% electricity price increase

This case is identical to the one discussed in Section V.3 with a heat pump. Please refer to Section V.3.4.2 for
the detailed assessment of this case.

V.4.4.2 Static electricity mix, 0% electricity price increase

Even though the glazing type is not classified as a trade-off variable in this case, it is included in the
distinguishing variables, because this variable is used to separate the LCC-optimal solutions. (Only few
solutions fall into this group that is why the occurrence of double glazing is so rare in the quasi-optimal
solutions.) Table 32 shows the characteristics of the groups in case of the static mix and 0% price increase of
electricity. The results are very similar to the first case (3% price increase — heat pump case in Chapter V.3.4.2),
only minor changes can be observed at the LCC-optimal end. These solutions are more influenced by the
operational costs, which is affected by the electricity price increase.) However, it worth mentioning that in this
case wood wool insulation is applied even on the roof at the GWP-optimal solutions (in contrast to the first
case). The reduction of the energy price increase to 0% results in an even lower energy efficiency level at the
LCC-optimal solutions than in case of 3% (double glazing, white EPS insulation, 14 cm on the roof, 9 cm on
the wall and 2 cm on the floor). Consequently, the net heating energy demand increases from 24 kWh/m?a to
29 kWh/m?a. This increase in the operational energy use is responsible for the higher share of operational GWP
(48% in contrast to the 44% in the first case), as well as a lower i Q3% instead of 11%) in GWP in the LCC-
optimal solutions. Although more energy is used during the operation of the building, the share of operational
costs is lower than in case of 3% price increase. Even though the insulation thickness values are somewhat
higher in the other groups than in the 3%-case, this is not reflected in the net energy demand, because in this
case (the worse performing) white EPS is preferred over the better graphite EPS.

85



Benedek Gydrgy Kiss Multi-Objective Environmental Optimization of Buildings

Table32. Characteristics of the clusters in the objective space regarding design parameters improvement potential and the share of
life-cycle stages in GWP and LCC with static electricity mix and 0% prézese.

GWP share and LCC share and

reGrreasF:ehr:f;Iion Parameters Pareto position  improvement improvement
P potential potential
Roof 46 £3cm  WoodWool (100%)
Bt Wall 40+2cm WoodWool (100%) ﬂ
Floor 09 +2cm EPSgraphite (87%) y W
— %% s0cm  Fenestration 68+3% wooden frame
9cm Glazing triple shaded _ m
+18%
Roof 36 £3cm EPSwhite (86%)
e Wall 27+2cm EPSgraphite (63%) 64% a8
Floor 16+3cm EPSwhite (63%) a aw
% l7em  Fenestration 41+4% wooden frame d
16 cm Glazing triple shaded F
Roof 34 +4cm EPSwhite (93%)
. 46%
e Wall 26 +3cm EPSwhite (79%)
Floor 13+4cm EPSwhite (88%) a w
2 26 cm  Fenestration 32+5% wooden frame o
13 cm Glazing triple not shaded m m
Roof 33+5cm EPSwhite (99%)
—_— wall 21+6cm EPSwhite (96%) ﬁ
Floor 09+5cm EPSwhite (92%) a Qw
= 21cm  Fenestration 28+5% plastic frame
[ ]
9.cm Glazing triple not shaded m m
Roof 14+ 6 cm EPSwhite (94%)
. 44%
1aem Wall 09+2cm EPSwhite (98%) ﬂ
Floor 02+2cm EPSwhite (99%)
18% . . 48%
9 cm Fenestration 18+ 4% plastic frame
[ ]
2cm Glazing double not shaded m EE-
wood wool triple glazing == wooden frame I Operational Operation
EPS graphite double glazing s plastic frame I Embodied Replacement
EPS white Installation

Production

V.4.4.3 Dynamic electricity mix, 3% electricity price increase

The results of the scenarios with dynamic (decarbonized) electricity mix are more affected than the previous
ones. (Table 33) They are much closer to the pellet boiler case in terms of variable values than to the heat
pump case, but with an even lower energy efficiency level of the envelope. This means an insulation thickness
of 17-18 cm on the roof, 13-19 cm on the wall, and 3-6 cm on the floor. Some of these values would not fulfil
the current requirements of the building energy regulation (0.21 W/m?K > 0.17 W/m?K with 17 cm white EPS
on the roof). In all cases double glazing is used (in contrast to the pellet boiler case, where triple glazing is
used). The only main difference between groups is the different material usage. On the GWP-optimal end the
low-emission materials are preferred (wood wool and wooden window frame) while in the LCC optimal
solutions the cheap ones (white EPS and plastic frame). There is a slight decrease in the fenestration ratio when
moving towards the LCC-optimal end (from 28% to 22%). Important to mention that in spite of the absence
of shading on the windows the net cooling energy is kept at a low level (3-4 kWh/m?a) because of the moderate
fenestration ratio. A significant reduction from 33-48% to 16-17% can be observed in the share of operational
GWP compared to the static case. The operational GWP reduction is significant although the energy efficiency
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of the envelope is much lower in the dynamic case. This reflects the huge difference between the static and the
dynamic scenarios in the GWP of the electricity mix.

Table33. Characteristics of the clusters in the objective space regarding design parameters improvement potential and the share of
life-cycle stages in GWP and LCC with dynamic electricity mix and 3% price increase.

Graphical GWP shareand LCC share and

- Parameters Pareto position improvement improvement
representation potential potential
Roof 18+1cm  EPS graphite (100%)
18em Wall 19+2cm  wood wool (100%) lo -

Floor 06 +£3cm  EPS graphite (46%)
28%

19cm  Fenestration 28+2 % wooden frame

6 cm Glazing double not shaded m_ “
Roof 17+3cm  EPS white (50%)
e Wall 13+2cm  EPS white (56%) - q
Floor 03+2cm  EPS white (99%) w @
= 13cm  Fenestration 22+3% wooden frame .
3cm Glazing double not shaded m m
Roof 17+2cm  EPS white (62%)
em Wwall 13+2cm  EPS white (68%) 2o Q
Floor 03+lcm  EPS white (99%) w %@
= 13cm  Fenestration 22+2% plastic frame
[ ]
3cm Glazing double not shaded e E_
wood wool triple glazing = wooden frame I Operational Operation
EPS graphite double glazing == plastic frame Bl Embodied B Replacement
EPS white B Installation

B FProduction

V.4.4.4 Dynamic electricity mix, 0% electricity price increase

Table 34 summarizes the characteristics of the quasi-optimal solutions in the last scenario (dynamic mix, 0%
price increase). The difference to the previous scenario (3% price increase) is practically negligible. There is
a slight decrease in the share of operational cost due to the lack of energy price increase, and the fenestration
ratios are smaller by 2-3%.

Table34. Characteristics of the clusters in the objective space regarding design parameters improvement potential and the share of
life-cycle stages in GWP and LCC with dynamic electricity mix and 0% price increase.

GWP share and LCC share and

Graphical - . -
representation Parameters Pareto position  improvement improvement
potential potential
Roof 18+3cm  EPSgraphite (65%)
- Wall 22+2cm  WoodWool (100%)
cm
Floor 03+1cm  EPSgraphite (98%)

26% .
22cm Fenestration 26 £2 % wooden frame

3 cm Glazing double not shaded
Roof 18+2cm  EPSwhite (79%)
Sa— Wall 13+2cm  EPSwhite (85%)
Floor 04+2cm  EPSwhite (91%)
23%

13cm  Fenestration 2314 % wooden frame

4.cm Glazing double not shaded
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Roof 17t4cm  EPSwhite (89%)
. 44%

e Wall 12+2cm  EPSwhite (96%) o -

Floor 03+2cm  EPSwhite (86%) Q

12 12zcm Fenestration 19+4 % plastic frame

[ ]

3 cm Glazing double not shaded n_ E_
wood wool triple glazing == wooden frame Operational Operation
EPS graphite double glazing plastic frame Bl Embodied Replacement
EPS white B Installation

B Production

V.4.4.5 Comparison of energy performance characteristics

Since only minor differences are observed between the different cases in terms of energy price increase, in the
following comparison only the two cases with 3% price increase are included. To compare the two scenarios,
the GWP-optimal, the LCC-optimal and the “Trade-off” solution (at O “O ) are collected from each quasi-
optimal set. The net energy demands (heating, cooling, and lights) as well as the U values corresponding to
the specific insulation material and thickness are calculated and presented in Table 35. Since the electricity
mix decarbonization affects the GWP only, the cost-optimal solutions are the same in both cases. The
insulation thickness and the U values are realistic (0.20 W/m?K on the roof, 0.19 W/m?K on the wall and 0.64
W/m?K in the floor), according to the current practice, however the roof is not compliant with the regulation.
The GWP-optimal solutions are similar regarding material use (wood wool insulation on the wall, graphite
EPS elsewhere and wooden window frame) but differ significantly in the energy efficiency levels. While in
the static scenario U values are much lower (0.09 W/m?K on the flat roof, 0.08 W/m?K on the wall and 0.17
W/m?K on the floor) and the insulation thicknesses are extreme, in the dynamic scenario the thicknesses are
more compatible with the usual values (0.17 W/m?K on the flat roof, 0.13 W/m?K on the wall and 0.57 W/m?K
on the floor). This aspect is also reflected in the net heating energy demand. In the dynamic scenario, the GWP-
optimal solution needs about twice as much energy for heating as in the static scenario (20.25 kwWh/m?a and
11.92 kWh/m?a).

Table35. Energy efficiency of GWiptimal, Tradeoff and LC@ptimal solutions in case of static and dynamic electricity mix.

Static mix, 3% price increase Dynamic mix, 3% price increase
Qheating 1192 Nn:s Uflat roof 0091 Qheating 2025 ths Ufla! roof 0167
T £ £
E = Qcooing 444 g Upar  0.077 N}é 7 cm Qcooing 442 g Unal 0.134 ‘“é
=1 S S
C.J 669 Qlights 2.68 =~ Ufloor 0.173 ; 30%, Qlights 3.14 ~ Ufloor 0.566 ;
a 45 cm 23 cm
% riP GWP 18.5% Uflgor* 0.129 riP GWP 9.7% Ufloor* 0.286
15 cm 3cm
riP Lcc -10.3% - riP Lcc 6.6%
Qheating 1791 Nn:s Uflat roof 0135 Qheating 2330 ths Ufla! roof 0188
S S
£ | e Qcooling ~ 3.69 g Uwan 0112 “é | ) Qcooing ~ 3.64 g Ual 0.178 Né
S 2% Qiights 317 ~ Upoor 0.255 § 25% Qiights 329 ~ Usoor 0.566 E
E 28 cm 12 cm
= MPewe 15.3% Ufigor=  0.172 rP cwp 9.1% Usioor+ 0.286
12 cm 3cm
P Lcc 11.5% - P Lcc 12.0%
Qheating 24-76 Nﬂ:s Uflat roof 0-208 Qhea[ing 24.55 ths Uflat roof 0-198
= S 1S
g T Qcooing ~ 3.05 g Uwar  0.188 N%E 8 om i Qcooing ~ 3.03 § Uuai 0.188 N}:f
S .- Qugns 343 = Upor 0642 = 1% Qighis 344 = Upeor 0642 =
(@) 14 cm 14 cm
8 riP GWP 10.7% Uﬂoor* 0.310 riP GWP 8.0% Uﬂogr* 0.310
3cm 3cm
P Lcc 12.9% - P Lcc 12.9%
wood wool triple glazing = wooden frame
EPS graphite double glazing plastic frame
EPS white

*equivalent U value including the effect of soil (based on I1SO 13370)
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Even though the trade-off solutions are closer to each other in terms of variables, similar trend can be observed
(lower insulation level and higher energy demand in case of dynamic mix). The U values are 0.19 W/m?K, 0.18
W/m?K and 0.57 W/m?K on the flat roof, wall, and floor respectively, and the corresponding heating energy is
23.3 kWh/m?a. In the static scenario white EPS and triple glazing is preferred, but in the dynamic scenario
graphite EPS and double glazing is used instead. Both cases result in a wooden frame in the trade-off solution.
The relative improvement potentials of the Trade-off solutions are in both cases not much less than the
achievable maximum (the single-objective optima), in the dynamic case less than 1% is needed to be sacrificed
fromthei "O0 in both objectives to arrive at a feasible trade-off solution. In all cases the amount of cooling
and lighting energy demand is relatively low and is less influenced by the variables.

V.4.5 Overall optima

As outlined in the previous sections the decarbonization of the electricity mix highly influences the total GWP
as well as the design parameters of the optimized solutions in case of heat pump heating. Although this change
in the electricity mix does not affect the GWP of heating in case of the other two energy carriers (biomass and
natural gas), it does have an influence on cooling and lighting energy demand. Therefore, the pellet boiler case
and the gas boiler case from Section V.3. are modified for the comparison. The total life-cycle final energy
demand of cooling and lighting is multiplied with the ratio between the GWP of the dynamic and the static
electricity mix over the life-cycle. (The optimization was not re-run and the quasi-optimal solutions were not
re-evaluated in these cases) As 3% energy price increase was assumed in the previous chapter, only this price
increase scenario is used from the different electricity mix scenarios. For comparability, the BAUgas case was
also modified to reflect the electricity mix decarbonization.

Figure 36 shows the quasi-optimal solutions including all three heating system options with and without
decarbonisation of the electricity mix. As the share of cooling and lighting energy as well as the total electricity
use varies depending on the design parameters, the shift caused by the decarbonization varies from solution to
solution. This is mostly visible in case of the gas boiler because the variability of the energy efficiency within
the quasi-optimal solutions is the highest amongst the three heating options.
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Figure36. Comparison of quasptimal solutions with the three heating systems in case of the dynamic electricity mix. The shift in
GWP (attributed to the decarbonization of the electricity mix) is depicted for both the pellet boiler and the gas boites cateas
for the BAU.
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The decarbonization of the electricity mix has significant impact on the BAU case. GWP is reduced by 13%
in average. Within the optimized solutions the larges shift (26%) is achieved in case of the heat pump as
outlined previously in this chapter. On the other hand, solutions with gas boiler and pellet boiler are both
improved by an average of 10% and 13%, respectively (Figure 36). The GWP-optimal solution remains to be
equipped with a pellet boiler. The LCC-optimal solution utilizes a gas boiler as in the previous chapter. Even
though the decrease in GWP is significant with heat pump using decarbonized electricity mix, these solutions
are not included in the overall optima. Solutions with a pellet boiler proved to be better in terms of both GWP
and LCC in an optimized design. However, the difference between the two cases is small (less than 1% for
GWP and about 4% for LCC in average). Production and replacement costs are primarily responsible for the
difference, which means that a change in the market situation (e. g. cheaper heat pumps will be available)
might make the two options equally good for an optimized building design. Moreover, the design parameters
of the quasi-optimal solutions are similar in both cases, although with somewhat lower energy efficiency with
heat pump (net heating energy demand is 19.16 kWh/m?a in case of pellet boiler and 23.63 kWh/m?a in case of
heat pump in average). This results in two alternative options in a design optimization with more flexibility on
the choice of heating system, considering that the electricity mix decarbonization may happen independently
from the development of the building stock.

V.4.6 Investment strategies
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Figure37. lllustration of the improvement that can be achieved through optimization of the building design, decarbonization of the
electricity mix or the combination of them.

Although electricity mix decarbonization cannot be influenced by the building owner or investor, viewing this
aspect from the policy-making perspective raises the question, whether it is better to improve the energy
performance of buildings or the invest more into the decarbonization of the electricity production in order to
achieve a low carbon building sector. To elaborate on this question, we can compare the results of the BAU
cases with a decarbonized mix and the optimized solutions with the static mix. Figure 37 shows the comparison
with heat pump used in all cases. Without decarbonization the maximum reduction of GWP is 18%, although
with an increased lifecycle cost (Section V.3.4.2). However, if an optimal design is applied, even with high
preference for LCC, GWP can still be significantly reduced (at a minimum of 10%) and at the same time, LCC
can be reduced by up to 13%. On the other hand, if the usual building properties are not optimized, but the
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decarbonization of the electricity mix is fulfilled, then the reduction in GWP is 30% in average, with no change
in LCC. If optimization is carried out additionally to the decarbonization, the maximum reduction is up to 37%
in GWP (with a reduced LCC of at least 6%). Most importantly, the optimized parameters are significantly
different if the decarbonization is fulfilled and are much closer to the BAU case in terms of energy efficiency
(see V.4.4.3).

The results show that the decarbonization of the electricity mix is a key aspect éxhieve lowcarbon
building sector, and it is a very relevant condition when defining the GWRptimal building design. It is
important to mention that this only applies if a heat pump is used to heat the building, which is not the most
usual case currently. Also, an important limitation of this comparison is that only one case study building is
used, the results might be altered if the size or the usage of the building is different.

V.4.7 Summary

In this chapter | evaluated the impact of different prospective electricity mix scenarios on the building design
optimization if a heat pump is used for space heating. The effect of the decarbonization of the electricity supply
as well as the influence of a change in electricity price evolution has been analysed. Although the total value
of LCC is decreased by 1.5 — 3%, we can conclude that reducing the yearly price increase of grid electricity
from 3% to 0% neither influences the optimal design variables, nor the improvement potential (GWP or LCC)
compared to the BAU case.

On the other hand, the decarbonization of the electricity mix turns out to be a key factor in determining the

optimal design as well as the lifecycle emissions of the buildings. Using a dynamic electricity mix (with

continuous improvement until 2050 in terms of emissions) based on the EEMM model] showed that2571

26%reduction in GWP can be observed between thmean of theoptimized building solutions compared
to the static mix. At the same time, the improvement potential in GWP is lower if dynamic mix is applied
which means 10% (1.2 kgCO-eq./m?a) compared to 18% (3.3 kgCO,-eq./m?a) in case of static mix. On the
other hand, the minimum improvement in LCC turns to be positive (5 — 6%) instead of negative (-11 to -14%)
in case of dynamic mix.

More importantly, if the electricity mix is decarbonized, GWP and LCC turns out to be much less conflicting
than without decarbonization. This is reflected in the optimized design variables. | showed that in case of
dynamic electricity mix an optimal passive energy performance level can be identifiedith <gu $ «- |

8 8 0 Land= tum 8 8 si0 L and fenestration ratio of 23 + 4% with
double glazing and no shading) regardless of the preference between GWP and Ld®e only variables
that are influenced by the preference between GWP and LCC (position on the pareto front) are reflecting the
material usage, meaning that more expensive, but less impacting materials are applied towards the higher
preference for GWP.

Furthermore, in case of a decarbonized electricity mix, the use of heat pump shifts to be an option with similar
optimal values as achieved using a pellet boiler in terms of GWP. While the decarbonization of the electricity
mix improves the GWP of buildings with other heating systems (pellet boiler and gas boiler) too, most benefits
are realized in case of a heat pump. Given that the electricity decarbonization is independent from the building
design, the heat pump turns out to be a real alternative to pellet boiler for heating in building designs optimized
for GWP.

Finally, | showed that the decarbonization of the electricity mix results in 80% mean improvement in
terms of GWP without optimizing the building design, which is more than the.8%that can be achieved
through design optimization. When applying optimization on the decarbonized scenario, a total of 37%

improvement can be achieved compared to the BAU case with a heat pump.
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V.5 Optimal solutions in different climates

V.5.1 The importance of the climate

The analysis of the previous cases revealed that the optimal building parameters do not only depend on the
preference between the objectives (Global Warming Potential or Life Cycle Cost), but it is also influenced by
the choice of fuel in the H-C systems as well as the decarbonization of the electricity production. However, all
previous cases relied on the specific economic and climatic context of Hungary. Both GWP and LCC depend
on factors that may vary from country to country even within the EU. Embodied impacts mostly depend on
the material usage and their availability at the construction site. Local and imported materials therefore show
significant differences in embodied impacts (considering the transport distances). In their study Réck et al. [9]
collected 238 case studies and they concluded that the operational and embodied emissions highly depend on
climatic and socio-economic conditions. In the reference case (Section V.2) installation costs took up to 26-
37% of the life-cycle costs, while replacement costs shared 12-15% in addition. These cost items highly depend
on the labour costs which vary significantly across EU member states [228]. Operational impacts and costs are
primarily determined by the operational energy use. Energy use depends on climatic conditions which is not
only manifested in reduced or increased heating and cooling energy demand but in a shift between the
dominance of heating or cooling. A reduced energy demand indirectly causes a higher share of embodied
impacts, which results in a change in the optimal design parameters. Energy price for household consumers is
influenced by local strategic policy-related decisions and the availability of energy sources. All these
considerations influence the optimal solutions in terms of absolute values (total GWP or LCC) as well as the
trade-off between GWP-optimal and LCC-optimal solutions. Furthermore, the improvement potential of
optimized solutions is evaluated in relation to the business-as-usual case, which also depends on local policies
and economic conditions. In this chapter | would like to analyse the following questions:

T How much do the total life-cycle emissions (GWP) and the life-cycle costs (LCC) depend on local
economic and climatic conditions?

1 How much is the improvement potential in terms of GWP and LCC in a different climate and different
construction practice?

9 To what extent does the trade-off between GWP and LCC change in another local context?

To answer these questions a new scenario was developed in the local context of Portugal.

V.5.2 Model and optimization parameters

The location of the case study building is in Lisbon. The city has a warm and humid climate in contrast to the
dry continental climate of Budapest. Portugal had ca. 40% higher GDP per capita in 2019 than Hungary [229].
The share of renewables in the energy mix in Portugal was more than 30% in 2019, while in Hungary it was
about 12% [230]. The electricity production in Portugal has a high share of hydro- and wind-power [231],
while Hungary relies mostly on fossil and nuclear electricity sources [232].

Table36. Comparison of labour costs in the construction sg2@8], and household natural gd$56] and electricity pices[157]in
Portugal and Hungary.

Portugal Hungary
Hourly labour cost in the construction sectoEUR 10.0 7.5
Natural gas price for household customers EUR/kWh 0.078 0.033
Electricity price for household customers EUR/kWh 0.218 0.110

Table 36 shows the comparison of some building related cost indicators of Portugal and Hungary. In 2019,
hourly labour costs in the construction sector were 33% higher in Portugal than in Hungary. Natural gas and
electricity price for household consumers were in Portugal about twice as high as in Hungary. While the former
effects the establishment costs the latter influences the operational costs of the building. In the following the
differences in the applied model parameters and background data is analysed in more detail.
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V.5.2.1 Climate scenarios — Budapest and Lishon

The climate of Hungary can be classified as a warm summer continental climate (Dfb), while the Portuguese
climate is Temperate Mediterranean with dry summers, being warm (Csb) in the North of the country and hot
(Csa) in the South (Koppen-Geiger climate classification). The weather file for Lisbon (Lat: 38.714, Lon: -
9.138) has been downloaded from the TMY tool of the PVGIS webpage [222].
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Figure38. Comparison of climatic conditions of Portugal and Hungary according to the weather files used in the simulations.

The comparison of climatic conditions in the two locations in terms of temperature and humidity is shown on
Figure 38. Budapest has colder winter than Lisbon, but the temperature in summer is very similar in the two
locations. At the same time, humidity is relatively high throughout the entire year in Lisbon, while in Budapest,
relative humidity drops in the summer period. While the cold winter implies higher heating demand in
Hungary, cooling demand is expected to be higher in Portugal due to the hot and humid summer period.

V.5.2.2 Environmental and cost data

The environmental impact (in terms of GWP) for the Portuguese context was calculated the same way as for
the Hungarian case, with the specific localizations applied to the Portuguese market (see Chapter 1V.2.3.1.1
for further details on the method, and Appendix X.2 for the dataset.) Material transport distances have been
adjusted to the local context. Most of the cost datasets for the Portuguese case were collected from several
research studies ([233-236]), construction firms, market surveys and building materials suppliers, and
reference national documents [237]. The data was collected and was provided by the authors of the referenced
studies in a bilateral collaboration project. Further data has been collected from a construction cost estimation
website [238]. Energy prices and labour costs were collected from Eurostat ([228], [156] and [157]). The
discounting rate of 3% applies for all cost items, and the energy price increase of 3% was used like in the
Hungarian context.

Figure 39 shows the comparison of the unitized GWP and cost values of wall insulation materials (based on
the method described in Section V.1.1) for the two locations. Most of the materials have very similar GWP
value, although somewhat lower in the Portuguese case. This can be explained with the lower emission rates
of the energy used in Portugal to produce these materials. Unlike the rest of the materials, cork (Insulation
Cork Board or ICB) has very low impact in Portugal and the third highest impact in Hungary. Although the
production of the insulation material is very environmental-friendly, it is only produced in Portugal. Therefore,
transport distances make the material much less reasonable in Hungary. Due to the same reason, the cost of
ICB is also extreme high in Hungary compared to other insulation materials. In general, most common
insulation materials have similar costs in Portugal and Hungary, but the two low-impact options (woodwool
and ICB) are much more expensive in Hungary. The price differences between insulation options are lower in
Portugal than in Hungary.
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Figure39. Comparison of unitized GWP and cost va{egsluding labour costsf the insulation material options (in ETICS) in
Hungary and Portugal.

Apart from the abovementioned parameters and data, the building model is identical to the reference case
(Section V.2). This means the same material usage (same thermophysical properties), constructions and
geometry (including geometric parameters) as well as the gas boiler for heating and the air conditioner for
cooling.

V.5.2.3 Business as usual parameters in the Portuguese context

Table37. Charaterization of the Business as Usual (BAU) case in the Portuguese context in terms of design parameter limits and

options.
Design parameter Value limits / options

N 13-24%
Fenestration W 23-34%
ratio S 33-44%

E 23-34%

N
Glazing type V&\:/ double

E

N
Shading V&\:/ yes/no

E
Frame type plastic / aluminium
Roof material EPS white / XPS
insulation  thickness 9-12cm
Wall material EPS white
insulation  thickness 2-5cm
Floor material EPS white / XPS
insulation  thickness 1-5cm

The “business as usual” (BAU) case in the previous sections was introduced as the basis of the improvement
potential. The design parameter ranges defined in accordance with the current practice, considering the in-act
energy regulations. Similar to the Hungarian case, the design parameters of the model in the Portuguese BAU
scenario were developed to reflect the local energy regulation [239]. Therefore, insulation thickness was
selected so that the building fulfils the current requirements in terms of U values [240]. The actual values for
Lisbon are 0.50 W/m?K for vertical elements and 0.40 W/m?K for horizontal elements. The most common
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material usage was elaborated based on consultation with local experts. The design parameter limits, and the
construction options in the BAU case are summarized in Table 37.

V.5.2.4 Optimization parameters

Like in all other cases, one multi-objective optimization with a limit of 10000 function evaluations, and two
single-objective optimizations, with a limit of 6-6000 function evaluations as well as the Monte-Carlo
simulation based on the BAU case with a limit of 5000 evaluations were performed for the Portuguese case.
The Hungarian case is identical with the Reference case.

V.5.3 Characterization of the optimization

The selection of quasi-optimal solutions is based on the OO0  value for both cases separately (for the
Hungarian it remains the same as in the Reference case in Section V.2 and the Gas boiler case in Section V.3).
Table 38 shows that the limit in terms of OO0  needs to be much higher in the Portuguese case to reach the
roughly 1% relative limit (compared to the best solutions for both objectives) and a similar count of quasi-
optimal solutions.

Table38. The applied limits for the selection of quaptimal solutions. The values are expressed in terms of maximum Distance to
Pareto front (DP), as well as the corresponding relative and absolute values of both objectives.

Relative limits Aboslute limits
Case DPax Impact Cost Impact Cost  solutions
kg CO2-eq./fa EUR/mfa
Budapest 0.03 0.7% 1.2% 0.104 0.220 8336
Lisbon 0.20 0.6% 0.9% 0.058 0.163 7777

Figure 40 shows the results of the two set of optimizations in the objective space (quasi-optimal solutions are
emphasized by saturated colour) as well as the BAU cases in both locations. Comparing the mean of the two
BAU cases, LCC is 8.5% higher in Portugal, while GWP is 37.8% lower.
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Figure40. Results of the optimization as well as the BAU cases in both the Hungarian and the Portug@ase(Panéto front and
near optimal solutions depicted by saturated colours).
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The mean GWP is even lower than the value that can be achieved with optimization in the Hungarian context.
The differences may be explained by energy demand (heating, cooling, and lights) being almost half in Lisbon
(19.3 kWh/m?a) than in Budapest (39.8 kWh/m?a) in average. Almost the same difference is retained within
the optimized solutions in terms of GWP (mean of the quasi-optimal solutions is 40% lower in Portugal). The
mean LCC of the quasi-optimal solutions on the other hand is 6.1% lower in the Portuguese case than in the
Hungarian case. The reason reveals another important aspect. The spread of the quasi-optimal solutions is
much larger in the Hungarian context than in the Portuguese.

Table39. Most important indicators of the optimization in the two cases.

Budapest Lisbon
GWP LCC GWP LCC
Maximum improvement potential rlP,,,y 26% 14% 24% 17%
Mininum improvement potential rlP, 9% -22% 21% 13%
Strict improvement potential MPrax.s 23% 14% 24% 17%
Absolute improvement potential 1P« 5.39 2.98 3.15 3.90
kg CO2-eq./fa  EUR/mMa kg CO2-eq./fa  EUR/nfa
Pareto spread indicator PSk max 0.67 2.53 0.11 0.24
Minimum distance to ideal point Dl, 0.26 0.06

The spread can be expressed with the PSI indicator. Table 39 summarizes the values for the two cases along
with the other previously introduced indicators (0 0;@?pusing the mean of the corresponding BAU case as
reference; 0 "Y'@ing the 'O0  values as reference; and 'O Qusing 'O0  for normalization). As seen from
Figure 40, PSI is much higher in the Hungarian case (253% for LCC and 67% for GWP relative to IPmax). In
the Portuguese case PSI is lower than 100% for both indicators (11% for GWP and 24% for LCC), which
means that none of the quasi-optimal solutions are worse than the mean of the BAU. This also means that the
strict improvement potential equals to the maximum improvement potential i 00 ; 1 "O0 ). However,
maximum improvement potential is very similar in both cases (for GWP 26% and 24%, for LCC 14% and
17% for Budapest and Lisbon respectively). Minimum improvement potential (rlPmin) is much closer to the
maximum in Lisbon (21% for GWP and 13% for LCC), which is again explained by the low spread of the
guasi-optimal solutions. In terms of absolute improvement values, in the Hungarian context more can be
achieved in GWP (5.39 kgCO,-eq./m?a against 3.15 kgCO--eq./m?a in Portugal) but less in LCC (2.98 against
3.90 EUR/m?a) than in the Portuguese context. The trade-off solution has a much lower Dlmin value in Lisbon
(it is much closer to the ideal point), which is also reflected in its improvement potential being almost equal to
the maximum improvement potential for both GWP and LCC (23% and 17%).
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Figure4l. Relation betweethe distance to ideal point (DI) and the pareto position index (PPI) in the two optimization cases.

Figure 41 depicts the DI values in the function of PPI to better visualize the trade-off between the objectives.
The figure shows that DI is lower than 0.25 for all of the quasi-optimal solutions in the Portuguese case and
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the slope of the curve is much lower than in the Hungarian case with small difference between the minimum
and the maximum. The Hungarian case on the other hand has a significant minimum location with steep rise
against both ends of the pareto-front. In summary we can conclude that the trade-off between GWP and
LCC is significantly lower in the Portuguesecase than in Hungary.

V.5.4 Optimal solutions

The optimized solutions do not only differ in their improvement potential but the design parameters that
determine the low GWP or LCC are also different in the two locations. Table 40 summarizes the optimized
values of the variables in both cases. Similar notation is used for the values as in the previous chapters: synergy
variables are displayed with a green, background trade-off with yellow and neutral with white; the mean and
the standard deviation is shown in case of numeric synergy variables and the most occurring value with its
occurrence in case of categorical synergy variables (5% in standard deviation and 80% in occurrence was set
as limit for classification as a synergy a variable).

Table40. Values taken by the variables within the optimal solutions for the four scenarios (synergy variables are shown with green
background, tradeoff with yellow background, neutral variables with white background and distinguishing categorical variables
with red borders)

Design parameter Budapest Lisbon
N 0.01 +0.00 0.01+0.01
Fenestration w 0.01+£0.01 0.01+£0.00
ratio S trade-off 0.22 +0.02
E 0.01 +0.00 0.01+0.00
N
. w
Glazingtype g T
E
N
. W
s o (100%)
E
Frame type | trade-off | trade-off |
Roof insulation material trade-off trade-off
thickness trade-off 0.13+0.02
. . material trade-off wood wool (97%
Wall insulation .
thickness trade-off 0.05 +0.02
. . material trade-off
Floor insulatior .
thickness trade-off 0.01+0.01

Similar to Budapest, the optimized solutions have as minimal as possible fenestration ratio towards North,
West and East in Lisbon. Therefore, glazing type and shading variables to these cardinal directions are
classified as neutral (they do not influence the objective values). Although fenestration ratio is an important
trade-off variable in the Hungarian case, an optimal value of 22 + 2% was found to fit both objectives in the
Portuguese case. Unlike in Budapest, glazing type is a trade-off variable in Lisbon, while shading turned out
to be unfavourable independent from the preference between GWP and LCC. Also, optimal insulation
thickness values were found by the optimization regardless to the preference between the objectives. An
insulation thickness of 13 £ 2 cm on the flat roof, 5 £ 2 cm on external walls were found to be optimal
while floor insulation is not required in an optimal solution for neither GWP nor LCC in the Portuguese
context The minimized floor insulation thickness makes the floor insulation material variable irrelevant,
therefore it is classified as neutral. Woodwool insulation material turned out to be optimal for external walls.
On the other hand, other insulation and window materials are both trade-off variables. In general, it is the
material usage of the building that determines the location of the optimal solution on the Pareto-front. In other
words, it is the material choice that needs to be changed depending on the preference between GWP and LCC
in a design process.
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The quasi-optimal solutions are clustered based on the distinguishing variables of the optimization (marked
with red border in Table 40). Int the Portuguese case, it is the frame type only that causes significant separation
of clusters in the objective space, therefore only one-one cluster is established for the two options (wooden
frame and plastic frame) each. The characteristics of the clusters are collected in Table 41.

Table41. Characteristics of the clusterstire Portuguese case

GWP share and LCC share and

Graphical - . -
representation Parameters Pareto position improvement improvement
P potential potential

Roof 14+2cm cork (51%)
14 cm Wall 06+1cm wood wool (97%) “
Floor 0l+1cm - neutral -
21%
& cm Fenestration 21+2 % wooden frame
lcm . .
Glazing triple (67%)  not shaded E_ E_
Roof 13+1cm EPS white (60%)
13 cm Wall 05+2cm wood wool (97%) “
Floor 0l+1cm - neutral -
22%
e Fenestration 22 +2 % plastic frame
lcm L
Glazing triple (56%)  not shaded m E-
) - Operational Operation
wood wool triple glazing === wooden frame .
- - B B Embodied Replacement
EEE ?vﬁi?:]te Egrukhle glazing plastic frame B Inctallation

B FProduction

As the spread of the quasi-optimal solutions is relatively small, it implies that all solutions are very similar in
terms of design parameters as well as share of GWP and LCC within life cycle stages. This is also reflected in
Table 41. Within both clusters, the share of embodied GWP is 81%, which is significantly higher than the 42-
60% in the Hungarian case depending on the preference between the objectives. The share of costs is also
almost identical within the two clusters having installation costs as the most contributor to LCC (45-46%)
followed by the production costs (36-35%). Replacement costs share 15%, and operation costs are as low as
4% in both clusters. The difference in improvement potential within the clusters is only 1% in terms of GWP
(24% and 23%), while is somewhat higher, 3% in terms of LCC (14% and 17%). As the insulation thickness
and fenestration ratio parameters are synergy variables, it is only the material usage that is different within the
two clusters. Despite that the window frame material causes the largest step in the objective space, the
insultation material usage also shows some differences between the clusters. The GWP-optimal cluster applies
low-impact materials, wooden window frame and wood wool wall insulations. On the roof cork insulation
(ICB) is dominant with 51% occurrence followed by white EPS (30%) and graphite EPS (14%). At the same
time, in the LCC-optimal cluster plastic frame is applied for windows and white EPS insulation is preferred
on the flat roof with 60% occurrence, followed by cork (27%) and graphite EPS (12%).

Since the Hungarian case is identical to the Reference case, the optimized design parameters are not discussed
here in detail. Please refer to Section V.2.3 for the detailed analysis. Comparing the two locations we can
conclude that in Lisbon lower insulation thickness is optimal (5-6 cm on external walls, 13-14 cm on flat roofs
and none in floors) than in Budapest (16-64 cm on walls, 20-47 cm on flat roofs and 2-37 cm in floors
depending on the preference between GWP and LCC). The share of operational impact is lower in the
Portuguese case (19%) compared to the Hungarian case (40-58%) which gives an explanation to the lower
insultation thickness (less GWP can be saved with additional insulation thickness through reducing the energy
demand on the burden of adding more materials, hence increasing the embodied GWP). Significant difference
is observed in the fenestration ratio on the South-facing fagcade. While very large windows (75% fenestration
ratio) are optimal in Hungary in case of GWP-preference, and smaller ones in case of LCC (23%), in Portugal
a relatively low 21-22% fenestration ratio is optimal regardless of the preference between GWP and LCC.
Window glazing material and the application of shading also varies in the Hungarian case, but in Portugal,
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glazing type has less impact on the objective values (due to the small fenestration ratio) and unshaded windows
are optimal in any case.

V.5.4.1 Comparison of energy performance characteristics

Most of the optimized design parameters influence the energy performance of the building. Optimized
solutions show significant differences in operational GWP and cost, in the two locations. The share of
operational impact is significantly lower in the Portuguese context. To better understand the relation between
optimal characteristics and the energy performance, the energy demand is further evaluated and compared in
the two cases. Table 42 summarizes the heating, cooling and lights energy as well as the U-values of the three
selected solutions in both cases.

Table42. Net heating, cooling and lighting energy demand anehllies of the GWBptimal, tradeoff and LC@ptimal solutions
for the two cases

Budapest Lisbon
Qheating 10.17 NGS Uﬂalroof 0.064 Qheal\ng 0.08 Nrci Uflatroof 0.249
T S S
£ —=u Qcooling 4.87 g Uyl 0.055 N}é . Qcoolng 148 g Ul 0.287 ‘“é
=1 s S
N 72% Qugns 260 ~ Uoor 0099 2 2% Qigis 301 = Upoor 0999 =
66 cm Icm
% P cwe 25.6% Utioor* 0.082 rMNPewe 24.1% Usigor® 0.384
40 cm lcm
rIP cc -20.9% - rP cc 13.6%
Qheating 13.91 Kl Uﬂatroof 0.102 Qheatmg 0.18 8 Uflat roof 0.267
S 5 S
:3?: Skl QCooIing 6.71 g U 0.093 :\é e QCooIing 1.57 g Ul 0.335 z\é
3 o Qighis 286 ~ Unor 0166 = = Qiights 300 ~ Uper 0999 =
@ 35 cm 5cm
= P cwp 19.6% Ufioor™ 0.126 P cwp 22.8% Usioor™ 0.385
20 cm lcm
P Lcc 12.5% - P Lcc 16.8%
Qheating 24.39 Kl Uﬂatroof 0.198 Qheatmg 0.37 8 Uflat roof 0.310
- S 1S
g L8t Qcooling 3.20 g U 0.188 Né Lhom Qcooling 2.20 g Unai 0.393 N,XE
8 2% Qiights 339 < Ufioor 0.642 E 21% Qiights 298 < Usioor 0.963 E
» 14 cm 3em
8 P cwp 9.0% Ufigor™ 0.310 1P cwp 21.8% Usioor™ 0.381
3 lcm
= P Lo 14.3% —_— MPicc  17.2%
wood wool triple glazing === wooden frame
EPS graphite double glazing plastic frame
EPS white cork

*U-value equivalent according to EN ISO 13370

The cost-optimal solutions are the least-insulated in both cases. As discussed previously, the U-values in the
Hungarian case are close to the current practice (0.20 W/m?K on the roof, 0.19 W/m?K on the wall and 0.64
W/m?K on the floor), however the floor and the roof do not comply with the in-act regulation. Thanks to the
mild winter in Portugal, the cost-optimal solution has lower insulation level even though the energy price is
about twice as in Hungary. The insulation thicknesses correspond to U-values of 0.31 W/m?K on the roof, 0.39
W/m?K on the wall and 0.96 W/m?K on the floor. The local regulation requires horizontal elements to have a
U-value lower than 0.4 W/m?K and vertical elements lower than 0.5 W/m?K, so both the wall and the roof fulfils
the requirements. Also, cost-optimal fenestration ratio is very similar in the two cases (22% in Budapest and
21% in Lisbon), and the material usage is the same (double glazing with plastic frames). In neither case is a
shading optimal because the small fenestration ratio does not increase the cooling demand too much. Much
larger differences are observed in the trade-off and the GWP-optimal solutions. While in Hungary extreme
low U-values are optimal in terms of GWP (0.06 W/m?K on the roof, 0.05 W/m?K on the wall and 0.10 W/m?K
in the floor), in the Portuguese case only minor improvement is observed at the GWP optimal end of the Pareto-
front compared to the cost-optimal end. U-values are 0.25 W/m?K on the roof, and 0.29 W/m?K on the wall. In
all solutions, floor insulation is negligible in the Portuguese context.
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Budapest Lisbon
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Figure42. Share of end uses within the net energy demand of the-GMial, tradeoff and LC@ptimal solutions for the two
cases. (The two figures use different scalethery axis because of the large difference between the cases.)

The decomposition of the energy demand is significantly different in the two cases. Figure 42 shows the net
energy demand by end uses in the selected solutions together with their share within the total. Most
importantly, the total net energy demand of the optimal solutions is about one magnitude lower in the
Portuguese case. In addition, while in Budapest the heating energy demand is dominant, it is almost negligible
in Lisbon. On the other hand, the share of cooling energy is higher in Lisbon (32 — 41%) than in Budapest (10
— 28%), but still lower in total in all cases (1.48 — 2.20 kWh/m?a in Lisbon and 3.20 — 6.71 kWh/m?a in
Budapest). Finally, lighting accounts for the highest share of energy demand in the Portuguese case (54 — 66%)
while it has low share in Hungary (11 — 15%). The calculation of lighting energy demand is much less
influenced by the climatic conditions, instead, the size of the windows has larger effect on it. Therefore, the
net lighting demand is very similar in the two cases (2.98 — 3.01 kWh/m?a in Portugal and 2.6 — 3.39 kWh/m?a
in Hungary), but the significant reduction in cooling and heating energy demand in Portugal makes lighting
energy dominant within the optimal solutions.

V.55 Summary

In this chapter | compared two different climatic and economic conditions, Portugal and Hungary and their
influence on the building optimization. Portugal has mild winter with less heating degree days than Hungary,
and the construction and operation costs are higher. The building model was adjusted to the location of Lisbon
and the background data to reflect Portuguese market and environmental conditions.

By comparing the business-as-usual cases in both locations | showed that — according to the current practice —
the building related life cycle GWP is 37.8% lower, while the LCC is 8.5% higher in Portugal in average than
in Hungary. After optimization, GWP can be reduced by up to 24% and LCC up to 17%, while in a trade-off
situation, 23% and 17% can be achieved at the same time in terms of GWP and LCC, respectively. Optimized
solutions cover a much smaller area in the objective-space in the Portuguese case. By expressing the spread
with the PSI values, | showed that the trade-off between the objectives is much stronger in the Hungarian case
(253% for GWP and 67% for LCC) than in Portugal (11% for GWP and 24% for LCC).

The analysis of the optimized parameters confirmed the low trade-off between GWP and LCC. Most of the
design parameters can be classified as synergy and an optimal insulation thickness of 13 £ 2 cm on the flat
roof and 5 + 2 cm on external walls as well as an optimal fenestration ratio of 22 + 2% could be determined as
optimal regardless of the preference between the objectives. The optimization also showed that insulation is
not needed in the floor construction and shading is not required on the windows if the optimal fenestration
ratio is kept.

Similar to the Hungarian case, optimal solutions differ in material usage depending on the preference between
GWP and LCC. LCC-optimal solutions use cheap materials like white or graphite EPS and plastic window
frames, while GWP-optimal solutions use more natural materials, like wooden window frame and wood wool
insulation. In the Portuguese context the use of cork insulation (ICB) can be also justified in case of a higher
preference of GWP against LCC.
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The share of operational GWP against embodied GWP within the optimized solutions in the Portuguese case
is much less (19%) than in the Hungarian case (40-58%). The very low energy demand explains the dominance
of the embodied impact. While in Hungary heating is the major contributor (with 58-79%) in the net energy
demand of the optimized buildings, in Portugal the lighting energy takes the highest share (54-66%).

With the analysis of the two cases | showed that the total life cycle GWP and costs of the case-study building
as well as the optimal parameter values highly depend on the local climatic and economic conditions. On the
other hand, similar improvement potential could be achieved in both contexts compared to the business-as-
usual cases, but the trade-off between the objectives is much less in Portugal.

One of the limitations of this case is that the optimization resulted in solutions with very low insulation levels
for Portugal. In case of floor construction even the limit of the parameter was reached, and the wall construction
has very thin insulation in the cost-optimal solution. This means that even a simpler solution (e.g., insulating
brick without additional ETICS) would be adequate in this climate, but this falls outside of the optimization
space. This assumption is further supported by the very low share of heating energy within the total energy
demand of the optimized solutions. The high share of lighting energy might require further evaluation and
proposes that a daylighting optimization might be the subject of further research to reduce the environmental
impacts of the building.

VI Summary of the Thesis

With my PhD research presented in this manuscript | gave a consistent overview on how multi-objective
optimization can support the design of buildings with low environmental impact at reasonable costs. After
reviewing the literature, | identified the main objectives of the research in accordance with the gaps in the
common scientific knowledge. Within my research | could answer the questions formulated in the objectives
adding significant new knowledge to the field.

I developed a building optimization framework based on a parametric building model, detailed energy, LCA
and LCC calculations. The framework is capable for incorporating existing tools and is modular to support the
application of alternative solutions in each of the workflow steps. It provides innovative visualization options
and is implemented in a parallel computing environment using state-of-the-art technology (Main Result I). |
introduced a comprehensive methodology to evaluate the results of the multi-objective optimization including
the definition of new metrics that support the understanding of such a design problem. Through the application
of these metrics, it is possible to better understand the trade-off between two objectives in a robust way (Main
Result 11). Through the optimization of a multi-apartment building in the Hungarian context | presented how
the framework and the metrics support design optimization, and | identified how much “business-as-usual”
design could be improved in terms of GHG emissions (using GWP) and global cost (using LCC). Furthermore,
I showed which design parameters are important to achieve this improvement (Main Results 111-1V). |
evaluated how much the choice of the heating system influences the optimal building design. I identified that
not only the potential improvement but the extent of the trade-off between GWP and LCC depends on the type
of fuel determined by the heating system (Main Result V). | applied a future projection regarding the
decarbonization of the electricity supply to the calculations and | quantified its influence on the total
environmental impact of the case study building design as well as on the optimal design parameters (Main
Result VI). Finally, | could show that the optimization workflow is adaptable to other climatic and economic
conditions by optimizing the same case study building in a Portuguese context. | identified the differences
between the two locations regarding improvement potential and optimal building design parameters (Main
Result VII).

VI.1 Limitations of the study

Although I put much effort in providing a fully consistent and justified method in my analysis, | could identify
some limitations of the current work including unexplored fields and aspects that could not be incorporated
because of resource constraints.
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Some of the limitations are related to the sensitivity to certain assumptions within the calculations. The LCC
calculations consider a standard discount rate. The effect of applying other discount rates has not been
analysed. In connection to this, the variation in future price scenarios might be also targeted by further research.
Although | investigated the effect of future energy price increase regarding grid electricity, and the results
show low influence, other scenarios might alter the results. This aspect might be of higher interest in connection
with the transition of the energy systems considering the ambitious goals of the EU regarding the
decarbonization. Also, no technological breakthrough is assumed in my research. This might influence the
energy supply, but alternative production technologies could improve the environmental performance of
construction materials as well [241].

Other limitations are the consequences of the simplified building model, especially regarding the energy
simulation. Currently, domestic hot water production is not considered in the optimization as it is more a user-
related consumption than a building-related one, and the building envelope is not affected in its optimization.
However, as | showed in my research, the choice of fuel in the heating system highly influences the optimal
design, and thus the fuel used to produce hot water might be of high importance as well. If heating and cooling
energy is minimized, the contribution of hot water production to the life-cycle environmental impact increases.
Also, in case of low energy demand the detailed sizing of H-C equipment would result in smaller machines. It
influences both the price and the embodied environmental impacts of the H-C systems, but it was neglected in
my study. In the surface-based model used in the energy simulations thermal bridges are oversimplified, and
the effect of variable insulation thickness is neglected. The single-zone model does not capture the different
energy and daylight availability properties of rooms connected to facades of different cardinality. Although
the effect is less important regarding the energy demand, but it might further influence the operation of lights.
If the optimization eliminates the windows in the North facade for example, rooms connected to this facade
will not have daylight at all. This is problematic from both the view of lighting-related energy consumption as
well as the architectural design.

This also highlights another aspect such as the limitation of architectural design flexibility. While optimizing
to certain objectives (GHG and global cost) researchers must keep in mind that many other aspects need to be
considered during the design of a building. Therefore, solutions with higher “architectural freedom” should be
prioritized.

V1.2 Further research

The discussed limitations provide a pathway on how my work could be further developed in future research.
The problematic of the daylight availability and lighting could be addressed with a multi-zone simulation
model with separate zones to each cardinal direction. An improved energy model could also incorporate more
detailed HVAC systems (e.g., construction-integrated heat distribution or ventilation systems) and their
calculations including the sizing. More attention should be paid to the modelling of thermal bridges as well.
The impact of user behaviour could be further evaluated with a sensitivity analysis within the simulation model.

To further extend the scope of my research | identified two options that | would like to address in my future
work. First, the optimizations could be extended to other building types including both residential and
commercial buildings. Through the optimization of characteristic types defined by a building typology the
potential improvement of a building stock regarding its environmental impact could be quantified. Second,
building-integrated renewable plants could be incorporated in the design parameters and the optimization.
Although this raises several methodological questions such as the share between locally consumed and fed-
back energy to the grid as well as the accounting for its environmental impact, the option could be deeply
analysed, and the results could provide support to both building design professionals and policymaking.
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VIl  Summary of Main Results

Main Result |
on the definition of the modular framework for building optimization using life cycle assessment

Through the analysis of design tools as well as the scientific literature on building optimization and life-cycle
assessment I concluded that there is no tool that can integrate existing software solutions in a modular way and
is capable of calculating the life cycle environmental impacts and costs in an automated workflow.

| established a modular framework that is able to assess the most important building parameters that
influence the environmental impact and cossuch as geometry, material usage and theral properties;
covers the whole life cycléfrom cradle to grave’; includes the whole building in the calculation not only
parts of it; and is capable of algorithmic optimization, meaning that the model can be altered
automatically, and the calculation procedure is fully integrated.

Publications supporting this main result: [P1, P2, P3]
Main Result Il
on the definition of new metrics to support design optimization using multi-objective optimization results

I reviewed the literature regarding the analysis of multi-objective optimization results. The high number of
Pareto-optimal solutions makes it difficult for stakeholders in the design process to derive the right
consequences without explicitly articulating any preference over the objectives. To support design decision
making based on the results of the optimization | defined new metrics to analyse the full set of Pareto-optimal
solutions in a bi-objective problem. The metrics support the understanding of optimal design parameters from
an engineering perspective without judging between the objectives.

1.1 Distance to Pareto-front

| introduced the metric Distance to Paretdront ( |b to determine the quasioptimal region in the

objective space. Using ||3+.as a criterion | determined the quasioptimal solutions of each
optimization case.The inclusion of closeto-optimal solutions in the analysis significantly improves the
design flexibility as well as the robustness of the optimized solutions withodtastically reducing the

potential improvement in the objective values.

0O f& & yalues were adjusted in each case separately to reflect a maximum of ca. 1% of the total GWP and
LCC of the Pareto-optimal (non-dominated) solutions.

11.2. Pareto Position Index, Improvement Potential and Pareto Spread Indicator

I introduced a set of metrics to characterize and compare a full set of quasptimal solutions: the Pareto
Position Index (|} |)ko express the weight of the objectives in a spéci solution; the Improvement
Potential ( k }|—to show how much a solution has been improved through optimization compared to a
reference point; the Strict improvement Potential (= {4+ 4) to show the maximum of k [ffor each
objective with the otherobjective value not worse than the reference; finally, thBareto Spread Indicator
(JF) ko express the strength of the tradeff between the objectives in a particular set of quasiptimal
solutions. Using k fr1q k f, E iy and [FEI was able to compare multiobjective optimization
cases and express their characteristics depending on the evaluated assumptions.

11.3. Distance to Ideal Point

I introduced the normalized Distance to the Ideal Poin ¥to express how close a soluth is in the
objective space to the theoretical point where the singlebjective optima are united. Using thek EHT+ o
values for the normalization of 4 deter mi neodf ft"h esao“rftgggt.dhcbach optimiation
case.
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The advantage of this method compared to other methods in the literature is that the unit of the objective values
does not need to be comparable, still the improvement potential regarding both objectives is treated with equal
weights.

Publications supporting this main result: [P7]
Main Result IlI
on the evaluation of design variables and optimization objectives to support optimization

To justify the design variables of the parametric building model, 1 analysed the options for the wall insulation
materials, as well as the individual influence of other variables and the conflict of the objectives in more detail.

I11.1 Unitized environmental impact and cost value of insulation materials

I introduced the unitized environmental impact and cost value of insulatiormaterials. This metric is
suitable for a quick preliminary comparison of different thermal insulation materials considering
environmental and cost properties on top of the most important thermophysical attributes

The metric can be calculated using the following equation:

“ 2 0
(@)

o]

5
where O is the unitized impact of material & in —5 for GWP, 0 is the unitized cost of material &

, 'O is the impact of material & in contained in the life cycle database, 6 is the cost of

in

material @ in — contained in the cost database, ” is the density of the material in — , _ is the thermal

conductivity of material & in — , O is the expected lifetime of material & in WQ ] i

By calculating the unitized GWP and cost value for the Hungarian context, | compared seven insulation
materials applicable in an external thermal insulation composite system. | concluded that white and graphite
EPS perform better than rockwool, XPS, insulation cork board and PUR both in unitized GWP and unitized
cost value. Wood wool proved to be the best performing material in terms of unitized GWP, while white EPS
is the best option in terms of unitized cost.

These findings are also supported by the results of the optimization cases. Among the seven insulation
materials only white and graphite EPS and wood wool appeared within the quasi-optimal solutions of the
Hungarian cases.

I11.2 Interdependency of optimization variables

Using a Monte-Carlo simulation with all possible value combinations of the variables | created a set of
20000 solutions to cover the search space of the optimization. By filtering the solutions for each specif
value of each variable | compared the shift in the mean of the filtered solutions from the mean of all
solutionsin the optimization space | concluded that none of the variables can cause alone large deviation
in any of the objectives, therefore all veables must be optimized at the same time.

111.3 Conflicting objectives in the environmental optimization of buildings

I calculated the seven most important environmental indicators according to the EN 15978 standard [28] within
the Monte-Carlo simulation. By calculating the PSI values using the range of all solutions as a reference |
compared all indicators pairwise to each other. Conflicting indicators are indicated by high PSI values for both
objectives at the same time in the bivariate comparison.
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I showed that none of the environmental indicators are strictly conflictingn case of a typical multt
apartment building of the Hungarian building stock. Furthermore, high positive correlation is observed
between GWP, CED and ODP as well as AP dnEP. By calculating the PSI valuesfor the target
objectives,| proved that GWP and LCC are valid conflicting objectives in the proposed optnization
case.

PSI values for the indicator pairs are 29% to 11% (ADP-ODP), 29% to 6% (ADP-GWP), and 26% to 6%
(ADP-CED). PSI values for the target objectives (GWP-LCC) are 28% to 44%.

Publications supporting this main result: [P4]
Main Result IV
on the optimization of a typical multi-apartment building of the Hungarian building stock

By applying the NSGA-II multi-objective optimization algorithm [173] | optimized the parametric building
model of the case study building. Additionally, through a Monte-Carlo simulation using the BAU limits for
each variable | established a set of solutions that represent the current practice in construction.

IV.1 Improvement potential

By comparing the mean of the BAU case with the optimized solutions | identified that the GWP of the
case study building carbe reduced by 9% (LCCGoptimal solutions) to 26% (GWRoptimal solutions). A
maximum of 14% reduction can be achieved in LCQLCC-optimal solutions), but the GWP-optimal
solutions have 22% higher LCC compared to the BAU. The maximum improvement potential
corresponds t05.39kgCQOx-eq./nfa in terms of GWP and 2.98EUR/nfa for LCC.

IV.2 Optimal design parameters

I classified optimization variables into synergy, trade-off and neutral to evaluate their conflict within the quasi-
optimal solutions. While synergy variables take a similar value within all quasi-optimal solutions, trade-off
variables take specific values depending on the preference between the objectives. Neutral variables may take
any value within quasi-optimal solutions regardless of the preference between objectives. Additionally, |
introduced the term distinguishing variable for those variables that are responsible for the largest visual
separation of clusters within the objective space.

| applied this classification to the variables of the quasi-optimal solutions. Fenestration ratio on the North,
West, and East facade as well as the glazing type of the South facade were classified as synergy variables.
Variables reflecting properties of the fenestration on these fagades are neutral variables, while frame type,
fenestration ratio and shading on the South facade, as well as insulation material and thickness are trade-off
variables in the reference optimization of the Hungarian case study building. After clustering the quasi-optimal
solutions based on the distinguishing variables (glazing type on South fagade, shading, frame type and wall
insulation material) | analysed the design parameter characteristics of each cluster.

| showed thatan extreme levelof the insulation (-,—-.. $<- | 38 8 5O L Totmnm 8

8 Ti0 Landsga..,8 8 si0 L), large shaded fenestration (75 + 3 %pn the South
fagade,low-impact materials (wooden window frame and wood wool insulationgre preferred in case
of a GWP-optimal design. At the same timethe LCC-optimal designhasan EPS insulationwith . 1 u »

8 8 Fi0 L Fgusa-g 8 8 j0 L and minimal insulation (fga- - » 8

8 O L) on the floor, as well as unsh@ed small windows (23 + 3 % fenestration ratio) with plastic
frame and double glazingon the South fagade, whiclis close to the requirements oftte current national
building energy regulation.

IV.3. Embodied impacts

While the operational GWP is being regulated through building energy performance policy measures, the
embodied GWP of buildings is not considered in current policy making. In case of the optimized building
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design the share of embodied GWP is a notable 60% for GWP-optimal solutions, but even the LCC-optimal
solutions comprise about 42% embodied GWP. On the other hand, operational costs only contribute to 3-8%
to the life cycle costs, while investment costs may take up to 80-83% within the optimized solutions.

By evaluating the quasioptimal solutions, | showed that increasing the energy performanagf the LCC-
optimal designincreases the share of embodied GWiom 42% up to 60% in the life cycle GWP of the
optimal building design. However, despite of the higlshare of embodied GWP the increased energy
performance is still beneficial from the environmental point of viewand up to 16% additional
improvement can be realized in GWP compared to the LC&ptimal solutions.

Publications supporting this main result: [P4, P5]
Main Result V
on the influence of the heating fuel on the optimized building parameters

To evaluate how much the choice of heating fuel influences the optimal building design as well as the
improvement potential, | applied the optimization to three cases with different heating systems: a gas boiler; a
pellet boiler and an air-to-water heat pump.

V.1 Optimality with different heating systems

| showedthat the pellet boiler case outperforms the other two cases in terms of GWP by an average of
15% compared to the heat pump case and 22%omparedto the gas boiler case. In terms of LCC the
pellet boiler case is better than the hegpump by an average of 7% and isloseto the gas boiler case.
Furthermore, | demonstratedthat in case of choosing a pellet hier for heating, GWP and LCC are
significantly less conflicting in an optimal building design.

| quantified the conflict between GWP and LCC using O "W@lues. While the trade-off between GWP and LCC
is larger in case of heat pump (0 "Y'O 1@ X0°Y'O ¢® yand gas boiler (0 YO 18 10 "Y'O
p& Y, it is significantly less for pellet boiler (0 "Y'O 1 ) YO 1@ Y.

V.2 Optimized solutions and the regulation

By comparing the envelope U values of the optimized solahs, | showedthat the type of the heating
systemmay determine the optimal insulation level of the envelope. However, the requirements for the
envelope Uvalues are determined independently from the heating system according to the current
building energy regulation. Additionally, | showedthat instead of improving the energy performance of
the envelope to extreme levels change in the heating systerinom gas boiler to a pellet boileris a more
adequate choicavhen considering GWP in a deign optimization.

Cost-optimal U-values are higher in case of a gas boiler and a heat pump (T wwj & 0 on the wall and
T® 1T T® pwj & U on the flat roof), and are lower in case of a pellet boiler (T owj & U on the wall and
T bwj & U on the flat roof). GWP-optimal U-values range from T8t uwj & 0 (gas boiler) to
T#p pwj & U (pellet poiler) for the wall, and from T8t @w j & U (gas boiler) to T c¢wj & U (pellet boiler)
for the flat roof. The current requirements for the U-values are & twj & U onthe walland T Xwj & 0
on the flat roof.

Publications supporting this main result: [P4]
Main Result VI
on the influence of electricity decarbonization on the optimized building parameters

Using the “Decarbon” scenario of the European Electricity Market Model (EEMM) developed in the South
East Europe Electricity Roadmap (SEERMAP) project [224], | developed three additional optimization cases
using a heat pump for heating to evaluate the impact of future electricity mix decarbonization on the optimized
design. Although the decarbonization of the electricity mix reduces both the operational and the embodied
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impacts, | applied the effect only in the operational phase as most of the embodied impacts occur at the
beginning of the life cycle, when the effect of decarbonization is still negligible.

VIl

| proved that the decarbonization of the electricity mix is a key factor in the optimal design as well as
the lifecycle emissions of the buildings. Using a dynamic electricity mix (with continuous improvement
until 2050 in terms of emissions) based on the EEMM model, | showed that 226% reduction in GWP
can be observed between the mean of the optimized building sbbns compared to the static mix.

While the difference in total GWP is significant, the improvement potential is lower if dynamic mix is applied
which means 10% (1.2 kgCO--eq./m?a) compared to 18% (3.3 kgCO,-eq./m?a) in case of static mix. The
minimum improvement in LCC within optimized solutions turns to be positive (5 — 6%) in case of dynamic
mix instead of negative (-11 to -14%) when using static mix.

V1.2

| demonstrated that if the electricity mix is decarbonized, GWP and LCC are much less conflictintpan
without decarbonization. | showed that in case of dynamic electricity mix an optimal energy efficiency
level can be identifiedin the case study building \ith TR« 38 8 5O L and Totmm

8 8 O L and fenestration ratio of 23 + 4%on the South facadewith double glazing and
no shading) regardless of the preference between GWP and LCC.

The preference between GWP and LCC is only reflected in the material usage, as more expensive, but less
impacting materials are applied with a higher preference for GWP.

V1.3

| showed that the decarbonization of the electricity mix results in a 30% mean improvement in terms of
GWP without optimizing the building design, which is more than the 8% that can be achieved through
design optimization. When applying optimization on the decarbonized scenario, an additionaPb
improvement can be achieved compared to the BAU case with a heat pump and static electricity mix.

Publications supporting this main result: [P6, P7]
Main Result VII
on the influence on climatic and economic conditions on the optimized building parameters

Portugal is a good example for an economy with higher energy and labour costs, while significantly lower
heating demand than in Hungary. | established an optimization case reflecting the Portuguese climatic and
economic conditions by adapting the background data on cost and environmental impacts, changing the
weather data to Lisbon, and determining the BAU case corresponding to the Portuguese building energy
regulation and construction practice.

VIl.1

| showed t hat in a “business as usual ower asilethet he b
LCC is 8.5% higher in Portugal on average than in Hungary. After optimization, GNP can be reduced

by up to 24% and LCC up to 17%, while in a tradeoff situation, 23% and 17% can be achieved at the

same time in terms of GWP and LCC, respectively in the Portuguese contefigure 40).

Optimized solutions cover a much smaller area in the objective-space in the Portuguese case. By expressing
the spread with the PSI values, | showed that the trade-off between the objectives is much stronger in the
Hungariancase (0 "Y'O 1@ XU "Y'O ¢® { thaninPortugal (0 YO 1 puv YO TR J.

VIl.2
I concluded that most of the design parameters can be classified gergyand an optimal insulation
level of Tgu <. 8 8 Fi0 Land 5. 1aa 8 8 =0 L, aswell as an optimal
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fenestration ratio of 22 + 2% could be determinedor the location of Lisbonregardless of the preference
between the objectives. The optimization also showed that insulation is not needed in the floor
construction and shading is not required on the windows if the optimal fenestration ratio is kept.

VIIL3

| showed that the share of operational GWP against embodied GWP within the optimized solutions in
the Portuguese case is much less (19%) than in the Hungarian c48-58%). Finally, | showed that in
Portugal the lighting energy takes the highest share (586%) in the net energy demand of the optimized
buildings, while in Hungary heating is the major contributor (with 58-79%).

This result — together with the share of operational costs being low (4%) in the optimized cases — further
explains why the trade-off between LCC and GWP is much weaker in Portugal than in Hungary. Savings in
the operational energy in Portugal have much lower influence on the lifecycle impacts and costs as well.

Publications supporting this main result: [P8, P9]
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X Appendices

X.1 Cost data of materials and systems used in the case study model

TableX-1. Cost of material and installation of attmponents in the case study building. Data is collected for the Hungarian context
(HU) and for the Portuguese context (PT).

Material cost Installation cost
HU PT HU PT
Contruction Material Name (EUR) (EUR) Ref.unit| (EUR) (EUR) Ref. unit
Adhesive for insulation 0.00 0.00 m2 0.00 0.00 m2
Bituminous waterproof membrane 31.67 36.16 m2 10.27 13.26 m2
Ceramic tiles + adhesive 26.07 16.90 m2 26.75 34.54 m2
Clay hollow brick 102.78 70.11 m3 21.06 27.19 m2
Cork (ICB) slab insulation (flat roof and floor) 623.45 210.76 m3 7.44 9.60 m2
Cork (ICB) wall insulation 623.45 210.76 m3 34.31 44.31 m2
Cover coat (ETICS) 7.70 43.74 m2 5.77 7.45 m2
EPS (graphite) slab insulation (flat roof and floor} 142.06 203.07 m3 7.44 9.60 m2
EPS (graphite) wall insulation 101.72 174.06 m3 34.31 44.31 m2
EPS (white) slab insulation (flat roof and floor) 92.71 114.73 m3 7.44 9.60 m2
o EPS (white) wall insulation 66.38 98.34 m3 34.31 52.96 m2
'g XPS slab insulation (flat roof and floor) 203.64 220.17 m3 7.44 9.60 m2
T XPS wall insulation 203.64 220.17 m3 34.31 52.96 m2
E Gravel 14.97 6.44 m3 32.61 42.11 m3
% Gypsum plaster 384.85 369.00 m3 13.85 17.89 m2
8— PE foil 5.12 191 m2 1.42 1.83 m2
Plaster 200.12 104.55 m3 14.78 19.08 m2
PUR slab insulation (flat roof and floor) 318.01 257.01 m3 7.44 9.60 m2
PUR wall insulation 302.95 257.01 m3 34.31 44.31 m2
Reinforced concrete 450.96 218.00 m3 125.73 162.35 m3
Rockwool slab insulation (flat roof and floor) 178.63 138.68 m3 7.44 9.60 m2
Rockwool sound insulation 106.55 81.38 m3 17.70 22.86 m2
Rockwool wall insulation 135.35 122.39 m3 34.31 44.31 m2
Screed 85.22 139.01 m3 66.69 86.11 m3
Vapor barrier 7.62 1.91 m2 1.42 1.83 m2
Woodwool slab insulation (flat roof and floor) 268.98 165.74 m3 7.44 9.60 m2
Woodwool wall insulation 343.00 165.74 m3 34.31 44.31 m2
«» Window with triple glazing and wooden frame 294.32 596.07 m2 32.22 41.61 m2
-% Window with triple glazing and plastic frame 222.07 259.26 m2 32.22 41.61 m2
© Window with triple glazing and aluminium frame { 503.84 483.73 m2 32.22 41.61 m2
g Window with double glazing and wooden frame | 273.44 569.97 m2 32.22 41.61 m2
S Window with double glazing and plastic frame 201.19 233.17 m2 32.22 41.61 m2
-é Window with double glazing and aluminium framg 482.97 457.63 m2 32.22 41.61 m2
Blinds with aluminium slats 357.21 338.25 m?2 11.66 15.06 m2
- , Electricity 0.11 0.22 kWh
£ & Natural gas 0.03 0.08 kWh
& 8 Wood pellet 0.05 0.00 kWh
Electrictiy for heat pump 0.11 0.22 kWh
% Heat pump (heating system) 62060.61 101647.20  pcs 15515.15 20035.31 pcs
Z" Gas boiler (heating system) 23272.73 14661.60 pcs 5818.18 7513.24 pcs
8 Pellet boiler (heating system) 31030.30 81040.00 pcs 7757.58 10017.66 pcs
<>f Air conditioning system 18424.24 30176.51 pcs 4606.06 5947.98 pcs
L Electric lights 50.91 83.38 pcs 12.73 16.44 pcs
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X.2 Environmental impact data of materials and systems used in the case study model

TableX-2. Life cycle properties of materials and components used in the model as well as additional information on the
environmental impact data

Life Cutting
time waste
Contruction Material Name {years % Weight Information
Adhesive for insulation 50 5%
Bituminous waterproof membra 15 3%
Ceramic tiles + adhesive 5 2%
Clay hollow brick 50 2%
Environmental impactis based on literature: J.D. Silvestre, N. Pargan:
o Cork (ICB) insulation (flat roof 50 3% .NAR G2 ad5d tAYKSANRI 2d 5dz2Nh 23
-% and floor) 0 Life Cycle Assessment of an Organic Construction Material, Materials
= (Basel). 9 (2016) 394. doi:10.3390/ma9050394.
g Cover coat (ETICS) 30 5%
2 Insulation materials 50 3% EPS (graphite), EPS (white), XPS, PUR, Rockwool, Woodwoo
S Gravel 50 2%
o Gypsum plaster 30 5%
PE foil 50 3%
Plaster 30 5%
Reinforced concrete 50 3%
Screed 50 3%
Vapor barrier 50 3%
- . 29 double glazi
Aluminium window frame kg/m? .Ou g f?‘z'”g
40 triple glazing
. 65 double glazin
Wooden window frame kg/m? i glazing
83 triple glazing
L 55 double glazin
Plastic window frame kgim? | . glazing
71 triple glazing
Double glazing 20.0 kg/m?
_(—ﬁ Triple glazing 30.0 kg/m?
% Window with triple glazingand{ 40 0% 51.9 kg/m? {composition of 30% wooden window frame and 70% triple glaz
Window with triple glazing and . L . .
g ! ) wwith friple glazing 40 0% 57.5 kg/m? icomposition of 30% plastic window frame and 70% triple glazir
£ plastic frame
2 Wind.oyv with triple glazing and 40 0% 406 kgin? composition of 30% aluminium window frame and 70% triple
= aluminium frame glazing
Window with double glazing an 40 0% 381 kgt composition of 30% wooden window frame and 70% double
wooden frame glazing
Window with double glazing an . - 1
. 40 0% 42.4 kg/m? jcomposition of 30% plastic window frame and 70% double gla:
plastic frame
Wind.oyv with double glazing an 0 0% 292 kgt composition of 30% aluminium window frame and 70% double
aluminium frame glazing
Blinds with aluminium slats 25 0% 2700 kg/m®
) Waste treatment (including the release of the refrigerant to the
2 Heat pump (heating system 20 0% 93.8 kg/pcs. . ) . o
GE, pump ( gsy ) ° ap air) and production are separated into distinct processes.
§ Gas boiler (heating system) 20 0% 37.0 ka/pcs.iWaste treatment and production are separated
8 Pellet boiler (heating system) | 20 0% 231.0kg/pcs.{Waste treatment and production are separated
< T Environmental impact is assumed the 50% of the impact of the
= Air conditioning system 20 0% 42.5 kglpcs. v Impact| . ° 'mp
I heat pump for heating
Electric lights 10 0% 0.8 kg/pcs.iWaste treatment and production are separated
'% Natural gas Excluding boiler efficiency, boiler production and auxiliary pow
o
> Wood pellet Excluding boiler efficiency, boiler production and auxiliary pow
@ e Excluding heat from ambient air (it is modelled in the HVAC
< Electrictiy for heat pump - . . .
u systems efficiency). Including evaporation of refrigerant (Ileak:
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TableX-3. Name and ID of original ecoinveasrbcesses used for the modelling of the Production of building components.
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TableX-4. Transport scenarios of the materials and components used in the case study building for both the Hungariant(ie¢U) and

Portuguese (PT) context
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TableX-5. Name and ID of original ecoinvent processes used for the modelling\Weatste treatmentof building components
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TableX-6. Environmental impact data of the applied materials in the case study buittfitige Hungarian context

HU

Ref. ODP EP ADP AP POCP GWP CEDnr CEDr

Process Year unit kg CFC-11-Eq kg-NO,-Eq kg Sh-Eq  kg-SO-eq kg GH4-Eq  kg-CO2-eq MJ-eq MJ-eq
Adhesive for insulation kg  1.1586E-07 1.8889E-03 8.7627E-03 1.0318E-02 3.6024E-04 1.0465E+001.8986E+01 1.4614E+0
Bituminous waterproof membrane kg  4.2417E-07 1.9394E-03 1.8400E-02 5.4213E-03 9.3504E-05 7.8939E-01 4.3012E+01 9.3391E-0:
Ceramic tiles + adhesive kg  9.5277E-08 1.3728E-03 5.1615E-03 4.1374E-03 9.6581E-05 5.7163E-01 1.0315E+01 8.7622E-0.
Clay hollow brick kg  3.5125E-08 2.1231E-04 1.3466E-03 6.5756E-04 3.6369E-05 2.5991E-01 2.9882E+00 1.2489E-0:
Cork (ICB) insulation (flat roof and floor) kg  2.5273E-08 3.6636E-03 3.0091E-03 8.2273E-03 5.8000E-04 3.6545E-01 7.4636E+006.9818E+0
Cover coat (ETICS) kg  1.1000E-08 1.7295E-04 7.5912E-04 5.5372E-04 1.2655E-05 1.1217E-01 1.6367E+00 2.0623E-0:
« EPS (graphite) insulation kg  1.3804E-07 2.5074E-03 4.0802E-02 1.2301E-02 7.5080E-04 3.6762E+009.3125E+01 1.2528E+0
% EPS (white) insulation ° kg  1.3730E-07 2.4891E-03 4.0766E-02 1.2281E-02 7.5066E-04 3.6715E+009.3013E+01 1.2422E+0
g XPS insulation E= kg  1.5577E-07 3.5434E-03 4.2312E-02 1.3597E-02 1.3291E-03 3.8179E+009.8787E+011.6404E+0
o Gravel © kg 7.1115E-10 1.5058E-05 3.5700E-05 2.9894E-05 9.0011E-07 5.1575E-03 9.2189E-02 6.8514E-0:
% Gypsum plaster g kg  9.7896E-09 8.4393E-05 3.8234E-04 1.6737E-04 4.2707E-06 4.5624E-02 9.0336E-01 3.6319E-0:
§PE foil kg  8.4134E-08 1.8594E-03 3.3992E-02 6.1627E-03 4.8115E-04 1.9147E+007.7885E+01 9.6813E-0:
Plaster kg  1.1254E-08 2.7431E-04 7.3316E-04 6.3719E-04 2.3568E-05 2.3932E-01 1.7126E+00 2.2377E-0:
c PUR insulation kg  1.0143E-06 1.3888E-02 5.5848E-02 3.0322E-02 3.5721E-03 5.8503E+001.2877E+025.6191E+0
% Reinforced concrete m3  6.1137E-06 1.7378E-01 3.9740E-01 3.4996E-01 1.4057E-02 1.5645E+029.4412E+025.4581E+0
= Rockwool insulation kg  1.0321E-07 2.3135E-03 8.7510E-03 9.5576E-03 3.4114E-04 1.2116E+001.7494E+011.5853E+0
g Screed kg  5.0705E-09 1.6975E-04 3.7910E-04 3.3790E-04 1.5041E-05 1.6102E-01 8.7321E-01 1.6948E-0:
Vapor barrier kg  5.3297E-07 3.2484E-03 2.0776E-02 6.7685E-03 8.7785E-05 9.7748E-015.1872E+01 1.5530E+0
Woodwool insulation kg  9.6919E-09 1.9147E-04 4.8881E-04 3.1642E-04 1.1255E-05 6.7663E-02 1.3081E+003.2711E+0
< Window with triple glazing and wooden frame m2  8.9592E-06 1.7097E-016.4740E+01 5.6611E-01 1.7961E-02 8.5025E+01 1.2522E+031.1798E+0
-g Window with triple glazing and plastic frame ° m2  2.8820E-05 2.5306E-016.5241E+01 7.4116E-01 2.2701E-02 1.1943E+022.1520E+03 1.3350E+0
g Window with triple glazing and aluminium frame E m2  1.4340E-05 3.6294E-01 6.5650E+01 1.3200E+00 4.8115E-02 2.2831E+022.8567E+032.7698E+0
= Window with double glazing and wooden frame 8 m2  8.1793E-06 1.4458E-01 4.9892E-01 4.6954E-01 1.6791E-027.0018E+011.0398E+031.1625E+0
S Window with double glazing and plastic frame g m2  2.8040E-05 2.2668E-01 9.9980E-01 6.4459E-01 2.1531E-02 1.0442E+021.9396E+031.1619E+0
-';5 Window with double glazing and aluminium frame m2  1.3560E-05 3.3656E-01 1.4083E+001.2234E+00 4.6945E-02 2.1331E+022.6443E+032.5967E+0
Blinds with aluminium slats kg 4.6406E-07 1.9147E-02 7.9823E-02 7.4109E-02 3.3229E-03 1.2712E+011.3303E+02 1.6086E+0
% Heat pump (heating system) - pcs  3.0424E-035.1895E+003.2584E+001.2062E+01 1.7664E-01 4.4495E+02 6.3483E+039.4542E+0
i Gas boiler (heating system) % pcs  2.9883E-052.0411E+002.9913E+004.3470E+00 1.6358E-01 3.8555E+025.3677E+035.9983E+0
8 Pellet boiler (heating system) ©  pcs 3.1458E-05 7.8320E-012.5224E+001.6524E+00 1.6839E-01 3.5477E+025.1946E+039.7683E+0
<>f Air conditioning system g pcs  1.5212E-032.5948E+001.6292E+006.0312E+00 8.8318E-02 2.2247E+023.1741E+034.7271E+0
L Electric lights pcs  4.3510E-07 2.2214E-02 3.2049E-02 3.0235E-02 3.4498E-04 3.9027E+005.4981E+015.2676E+0
Electricity © kwWh 8.4363E-08 2.3300E-03 3.6552E-03 2.3534E-03 2.2402E-05 4.9591E-01 1.3028E+011.1657E+0
Natural gas '“g MJ  2.0066E-08 9.8400E-06 6.7833E-04 9.7372E-05 9.3854E-06 8.1322E-02 1.3881E+00 1.6428E-0:
Wood pellet 178 MJ  9.7864E-10 4.5718E-05 6.7335E-05 1.0310E-04 2.8151E-06 1.0695E-02 1.6479E-01 5.1572E-0:
Electrictiy for heat pump 5 MJ  2.7348E-08 6.4805E-04 1.0167E-03 6.5464E-04 6.2309E-06 1.4369E-01 3.6225E+00 3.2305E-0:
H N p WWIg 6.5008E-08 1.4073E-04 2.4083E-04 3.8706E-04 1.4491E-05 4.6633E-02 8.2293E+002.1543E+0
2050 kWh 6.2046E-08 2.6087E-04 5.2242E-04 5.9793E-04 1.7377E-05 8.3335E-02 8.0616E+002.2453E+0
2049 kWh 6.3070E-08 1.8233E-04 4.8824E-04 5.2984E-04 1.7132E-05 7.6747E-02 8.0150E+002.2445E+0
2048 kWh 6.6819E-08 1.8303E-04 5.8039E-04 5.3316E-04 1.7274E-05 8.6736E-02 8.3736E+002.1091E+0
2047 kWh 7.1054E-08 1.9291E-04 7.3966E-04 5.6920E-04 1.7982E-05 1.0470E-01 8.6018E+001.9952E+0
2046 kWh 7.2254E-08 2.0614E-04 8.0822E-04 6.0725E-04 1.8064E-05 1.1258E-018.7501E+001.9357E+0
2045 kWh 7.5418E-08 2.3739E-04 9.2808E-04 6.9476E-04 1.8640E-05 1.2712E-01 8.9448E+001.8299E+0
2044 kWh 7.6974E-08 2.3214E-04 9.1754E-04 6.6477E-04 1.8331E-05 1.2552E-019.1753E+001.7633E+0
2043 kWh 7.8806E-08 2.8489E-04 9.6233E-04 8.2863E-04 1.8089E-05 1.3225E-019.4451E+001.6596E+0
2042 kWh 8.1655E-08 2.7926E-04 9.4977E-04 8.1265E-04 1.7906E-05 1.3073E-01 9.7210E+001.5560E+0
2041 kWh 8.1845E-08 2.9835E-04 9.9345E-04 8.0608E-04 1.8062E-05 1.3605E-019.7494E+001.5520E+0
2040 kWh 8.6296E-08 3.3262E-04 1.2126E-03 8.9642E-04 1.9373E-05 1.6149E-01 1.0054E+011.4220E+0
s 2039 kWh 8.7968E-08 3.0974E-04 1.3249E-03 8.8388E-04 2.0856E-05 1.7416E-019.9645E+001.4177E+0
B 2038 kWh 8.8296E-08 3.2470E-04 1.3819E-03 9.3935E-04 2.1221E-05 1.8073E-019.9128E+001.4205E+0
2 2037 kWh 8.7385E-08 3.3745E-04 1.2796E-03 9.3562E-04 2.0292E-05 1.6980E-01 1.0040E+011.4129E+0
o Electricity 2036 kWh 8.9242E-08 3.2498E-04 1.4087E-03 9.2096E-04 2.1195E-05 1.8328E-01 1.0101E+011.3783E+0
2035 kWh 9.1136E-08 3.1495E-04 1.2374E-03 8.5425E-04 1.9444E-05 1.6368E-01 1.0523E+011.2689E+0
2034 kWh 8.9090E-08 3.0967E-04 9.4337E-04 7.6648E-04 1.7847E-05 1.3102E-011.0765E+011.2536E+0
2033 kWh 7.9002E-08 4.5271E-04 7.7587E-04 1.1253E-03 1.6964E-05 1.1848E-011.0191E+011.5142E+0
2032 kWh 8.2652E-08 4.5020E-04 9.6293E-04 1.0902E-03 1.8061E-05 1.3818E-011.0381E+011.4258E+0
2031 kWh 8.4639E-08 4.2622E-04 8.4801E-04 1.0038E-03 1.6637E-05 1.2385E-011.0754E+011.3212E+0
2030 kWh 8.5918E-08 4.4750E-04 9.4913E-04 9.5560E-04 1.7204E-05 1.3644E-011.0838E+011.2787E+0
2029 kWh 7.1791E-08 9.3576E-04 1.5064E-03 2.1436E-03 2.0423E-05 2.1485E-01 9.5997E+001.6389E+0
2028 kWh 7.5591E-08 8.8408E-04 1.6087E-03 1.9694E-03 2.1157E-05 2.2366E-019.7549E+001.5673E+0
2027 kWh 7.5883E-08 8.3943E-04 1.4953E-03 1.8785E-03 2.0141E-05 2.1203E-019.7499E+001.5765E+0
2026 kWh 8.1001E-08 8.4990E-04 1.7095E-03 1.9390E-03 2.1368E-05 2.3573E-011.0119E+011.4218E+0
2025 kWh 7.8791E-08 9.5664E-04 1.6900E-03 2.0529E-03 2.0280E-05 2.3511E-011.0168E+011.4352E+0
2024 kWh 7.5133E-08 1.7841E-03 2.3803E-03 1.8754E-03 2.0182E-05 3.3087E-01 1.0901E+011.2684E+0
2023 kWh 7.7648E-08 1.7735E-03 2.4558E-03 1.7826E-03 2.0395E-05 3.3749E-011.1186E+011.1787E+0
2022 kWh 7.5807E-08 1.7900E-03 2.5316E-03 1.8352E-03 2.0035E-05 3.4848E-011.1429E+011.1439E+0
2021 kWh 7.5587E-08 1.8517E-03 2.6155E-03 2.2401E-03 1.9940E-05 3.6126E-011.1483E+011.1092E+0
2020 kWh 7.7234E-08 1.7701E-03 2.7275E-03 1.7570E-03 2.0497E-05 3.7063E-011.1818E+011.0167E+0
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TableX-6. (Continuation)

H N p mMJ; 1.8058E-08 3.9091E-05 6.6897E-05 1.0752E-04 4.0253E-06 1.2954E-02 2.2859E+00 5.9841E-0:

2050 MJ  1.7235E-08 7.2465E-05 1.4512E-04 1.6600E-04 4.8271E-06 2.3149E-02 2.2393E-+00 6.2369E-0.
2049 MJ  1.7520E-08 5.0648E-05 1.3562E-04 1.4718E-04 4.7589E-06 2.1319E-02 2.2264E-+00 6.2347E-0.
2048 MJ  1.8561E-08 5.0842E-05 1.6122E-04 1.4810E-04 4.7984E-06 2.4093E-02 2.3260E+00 5.8586E-O;
2047 MJ  1.9737E-08 5.3586E-05 2.0546E-04 1.5811E-04 4.9950E-06 2.9085E-02 2.3894E-+00 5.5421E-0.
2046 MJ  2.0071E-08 5.7260E-05 2.2451E-04 1.6868E-04 5.0179E-06 3.1272E-02 2.4306E-+00 5.3769E-0.
2045 MJ  2.0950E-08 6.5942E-05 2.5780E-04 1.9200E-04 5.1778E-06 3.53L1E-02 2.4847E-+00 5.0829E-0.
2044 MJ  2.1382E-08 6.4482E-05 2.5488E-04 1.8466E-04 5.0921E-06 3.4866E-02 2.5487E-+00 4.8981E-0.
2043 MJ  2.1891E-08 7.9137E-05 2.6732E-04 2.3018E-04 5.0246E-06 3.6736E-02 2.6236E-+00 4.6100E-0.
2042 MJ  2.2682E-08 7.7572E-05 2.6383E-04 2.2574E-04 4.9739E-06 3.63L4E-02 2. 7003E-+00 4.3222E-0.
2041 MJ  2.2735E-08 8.2876E-05 2.7596E-04 2.2391E-04 5.0173E-06 3.7793E-02 2.7082E+00 4.3111E-0.
2040 MJ  2.3971E-08 9.2305E-05 3.3682E-04 2.4901E-04 5.3815E-06 4.4860E-02 2.7929E-+00 3.9499E-0.
2039 MJ  2.4436E-08 8.6039E-05 3.6803E-04 2.4552E-04 5.7934E-06 4.8377E-02 2.7679E-+00 3.9381E-0.
2038 MJ  2.4527E-08 9.0195E-05 3.8387E-04 2.6093E-04 5.8947E-06 5.0202E-02 2.7536E-+00 3.9458E-0.
< 2037 MJ  2.4274E-08 9.3737E-05 3.5546E-04 2.5990E-04 5.6367E-06 4.7166E-02 2.7888E-+00 3.9246E-0.
T Electricty for heat pump 2036 MJ  2.4790E-08 9.0271E-05 3.9131E-04 2.5582E-04 5.8875E-06 5.0912E-02 2.8058E-+00 3.8285E-0.
g 2035 MJ  2.5316E-08 8.7485E-05 3.4373E-04 2.3729E-04 5.4011E-06 4.5467E-02 2.9231E-+00 3.5246E-0.
< 2034 MJ  2.4748E-08 8.6018E-05 2.6205E-04 2.1291E-04 4.9575E-06 3.6393E-02 2.9902E-+00 3.4823E-0.
2033 MJ  2.1945E-08 1.2575E-04 2.1552E-04 3.1250E-04 4.7122E-06 3.2011E-02 2.8308E-+00 4.2060E-0.
2032 MJ  2.2050E-08 1.2505E-04 2.6748E-04 3.0282E-04 5.0169E-06 3.8384E-02 2.8336E-+00 3.9605E-0.
2031 MJ  2.3511E-08 1.1839E-04 2.3556E-04 2.7884E-04 4.6216E-06 3.4402E-02 2.9874E-+00 3.6699E-0.
2030 MJ  2.3867E-08 1.2431E-04 2.6365E-04 2.6545E-04 4.7788E-06 3.7900E-023.0106E-+00 3.5520E-0.
2029 MJ  1.9942E-08 2.5993E-04 4.1845E-04 5.9545E-04 5.6731E-06 5.9680E-02 2.6666E-+00 4.5525E-0.
2028 MJ  2.0998E-08 2.4558E-04 4.4687E-04 5.4707E-04 5.8769E-06 6.2128E-02 2.7097E-+00 4.3536E-0.
2027 MJ  2.1079E-08 2.3318E-04 4.1536E-04 5.2180E-04 5.5949E-06 5.8898E-02 2. 7083E-+00 4.3792E-0.
2026 MJ  2.2501E-08 2.3608E-04 4.7488E-04 5.3862E-04 5.9356E-06 6.5480E-02 2.8109E-+00 3.9494E-0.
2025 MJ  2.1887E-08 2.6573E-04 4.6944E-04 5.7024E-04 5.6333E-06 6.5300E-02 2.8245E-+00 3.9866E-0.
2024 MJ  2.0871E-08 4.9557E-04 6.6121E-04 5.2096E-04 5.6061E-06 9. 1908E-023.0281E-+00 3.5233E-0.
2023 MJ  2.1569E-08 4.9265E-04 6.8216E-04 4.9516E-04 5.6652E-06 9.3748E-023.1071E+00 3.2742E-0.
2022 MJ  2.1058E-08 4.9722E-04 7.0322E-04 5.0979E-04 5.5654E-06 9.6802E-02 3. 1747E-+00 3.1773E-0.
2021 MJ  2.0997E-08 5.1437E-04 7.2654E-04 6.2225E-04 5.5390E-06 1.0035E-01 3.1896E-+00 3.0810E-0.
2020 MJ  2.1454E-08 4.9168E-04 7.5763E-04 4.8805E-04 5.6936E-06 1.0296E-01 3.2829E-+00 2.8241E-0.
50 km road in 16-32t lorry kg 1.5112E-09 5.9970E-06 5.9956E-05 2.6453E-05 8.0065E-07 8.2754E-03 1.3342E-01 1.7735E-0;
150km road in 16-22t lorry, and 30 km in light kg  1.3954E-08 8.5849E-05 5.7088E-04 3.2468E-04 2.1735E-05 8.0284E-02 1.2800E+00 2.7458E-0;
commercial vehicle
Bo0km in freight train, and 30 km in light kg  3.3599E-08 1.633LE-04 1.3503E-03 6.6857E-04 3.2260E-05 1.8786E-013.0146E+00 5.0514E-0:
commercial vehicle
800 kmroad in 16-32tlory, and 30km inlight =\ "1 3058¢ g 1.5313E-04 6.3757E-04 4.8103E-04 2.6300E-05 9. 1803E-02 1. 4534E-+00 7.5958E-0:
5 commercial vehicle 2
S 20km road in 16-32t lorry T kg  6.0447E-10 2.3988E-06 2.3983E-05 1.0581E-05 3.2386E-07 3.3102E-03 5.3369E-02 7.0940E-0
& 30km in light commercial vehicle 2 kg 9.4207E-09 6.7858E-05 3.9101E-04 2.4532E-04 1.9306E-05 5.5458E-02 8.7978E-01 2.2137E-0;
P 350 km road in 16-32t lorry, and 30 km in light 5 '
ad n - kg  1.9999E-08 1.0984E-04 8.1070E-04 4.3049E-04 2.4974E-05 1.1330E-01 1.8137E+00 3.4552E-0;
commercial vehicle
1300km road in 16-32t lorry, and 30 km in light kg 4.8711E-08 2.2378E-04 1.9499E-03 9.3310E-04 4.0357E-05 2.7062E-01 4.3488E+00 6.8249E-0;
commercial vehicle
3000 km road in 16-22t lorry, and 30 ke in light kg 1.0009E-07 4.2768E-04 3.9884E-03 1.8325E-03 6.7885E-05 5.5198E-018.8852E+00 1.2855E-0:
commercial vehicle
30 km in light commercial vehicle kg 9.4207E-09 6.7858E-05 3.9101E-04 2.4532E-04 1.9306E-05 5.5458E-02 8.7978E-01 2.2137E-0;
‘Adhesive for insulation kg 2.2446E-09 1.5354E-05 8.9567E-05 5.0025E-05 1.2050E-06 9.8863E-03 2. 1082E-01 6.3895E-0;
Bituminous waterproof membrane kg 3.1832E-09 9.9529E-05 1.4481E-04 1.4744E-04 2.5053E-05 1.1512E-01 3.1997E-01 6.5887E-O;
 Ceramic tiles + adhesive kg  2.0030E-09 2.0828E-05 8.7692E-05 6.6035E-05 1.5676E-06 1.1296E-02 2.0328E-01 8.9226E-0;
€ Cork (ICB) insulation (flat roof and floor) § kg 2497BE-00 6.3L56E-05 1.0960E-04 1.0092E-04 4.3044E-05 8.7219E-02 2.3012E-01 3.4076E-0
S EPS (graphite) insulation € kg 27675E-00 6.2728E-05 1.2574E-04 1.6331E-04 8.5427E-05 8.6893E-01 2.7198E-01 3.9545E-0
£ Gravel 8 kg 1.6763E-09 7.5641E-06 6.5847E-05 3.1641E-05 8.5632E-07 4.3602E-03 1.4959E-01 1.4465E-0:
g PE foil 2 kg 4.0610E-09 9.0843E-05 1.6149E-04 2.5619E-04 4.5004E-06 2.5678E+00 3. 4162E-01 8.0854E-0:
& PURinsulation kg 4.9677E-00 8.7481E-04 2.6609E-04 1.2257E-03 8.0519E-05 7.2154E-01 5.5875E-01 1.0271E-0;
= Reinforced concrete kg 2.2535E-09 1.1935E-05 9.2633E-05 5.2020E-05 1.7084E-06 8.2269E-03 2.0598E-01 2.4157E-;
€ Rockwool insulation kg  2.1809E-09 1.5776E-05 8.9433E-05 6.4000E-05 1.7816E-06 9.9286E-03 2.0045E-01 3.4262E-0;
§__ Screed kg 2.3213E-09 1.9879E-05 9.7423E-05 7.3381E-05 1.8221E-06 1.1915E-02 2.2070E-01 5.8920E-0;
& "5 Aluminium window frame kg 4.2389E-09 4.9097E-05 1.7927E-04 1.0620E-04 2.9987E-06 1.9328E-02 4.5896E-01 2.2001E-0:
£ 8 Window with triple glazing and wooden frame ~ ,  m2  1.2554E-07 2.0367E-03 5.4266E-03 4.6037E-03 1.8583E-03 2.5798E+001. 1889E+01 1.5819E-0.
£ & Window with triple glazing and plastic frame € m2  4.0488E-07 3.3330E-03 1.2453E-02 9.6878E-03 2.6254E-03 1. 2150E+012.6169E+01 1 4724E+40
Window with triple glazing and aluminium frame @ m2  1.1421E-07 1.0533E-03 4.8488E-03 3.1411E-03 8.2253E-04 6.3998E-01 1.1442E+01 3.3735E-0;
Window with double glazing and wooden frame £  m2  9.0935E-08 1.5409E-03 3.9355E-03 3.3879E-03 1.3637E-03 1.9728E-+008.6193E-+00 1.1534E-0.
Window with double glazing and plastic frame > m2  3.0680E-07 2.5318E-03 9.3550E-03 7.3030E-03 1.9488E-039.3676E+001.9631E+011.1326E+0

HVAC system| Window materials

Window with double glazing and aluminium frame m2  7.9106E-08 7.3655E-04 3.3580E-03 2.1684E-03 5.5045E-04 4.4018E-01 7.9495E+00 2.4030E-0:
Heat pump (heating system) -  pcs 3.4835E-07 4.7506E-03 1.4646E-02 8.2880E-03 5.0872E-049.9271E+023.2733E+01 6.0570E-0:
Gas boiler (heating system) :% pcs  3.5770E-07 3.2974E-03 1.4899E-02 8.6457E-03 3.1403E-04 3.5459E+003.3240E+01 6.0431E-0:
Pellet boiler (heating system) 2  pcs  3.3457E-07 2.8196E-03 1.3688E-02 7.4283E-03 2.5939E-04 2.7489E+003.0685E+01 5.2312E-0:
Air conditioning system g pcs  1.7417E-07 2.3753E-03 7.3230E-03 4.1440E-03 2.5436E-04 4.9635E+021.6367E+01 3.0285E-0:
Electric lights pcs  3.5756E-10 4.9103E-06 1.5010E-05 1.4356E-05 9.8277E-06 1.4047E-02 3.1434E-02 1.5332E-0:
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TableX-7. Environmental impact data of the applied materials in the case study buflalinige Portuguese context

Process

PT
ODP EP ADP AP POCP GWP CEDnr CEDr
Year Ref. unkg CFC-11-Eqkg-NO,-Eq kg Sb-Eq  kg-SO:-eq kg C;H,-Eq kg-CO2-eq MJ-eq MJ-eq

Adhesive for insulation kg  1.1223E-07 1.7994E-03 8.7296E-03 1.0348E-02 3.6002E-04 1.0412E+001.8570E+01 1.5461E+0

Bituminous waterproof membrane kg  3.9193E-07 1.1488E-03 1.8133E-02 5.6801E-03 9.2305E-05 7.4362E-01 3.9386E+011.6848E+0

Ceramic tiles + adhesive kg  5.0445E-08 8.6790E-04 4.9458E-03 4.1834E-03 9.1312E-05 5.3075E-01 7.9354E+001.3499E+0

Clay hollow brick kg  1.8811E-08 1.4546E-04 1.2660E-03 5.9694E-04 3.5327E-05 2.4285E-01 2.5735E+00 1.8744E-0:

Cork (ICB) insulation (flat roof and floor) kg  2.5273E-08 3.6636E-03 3.0091E-03 8.2273E-03 5.8000E-04 3.6545E-01 7.4636E+006.9818E+0

Cover coat (ETICS) kg 9.1914E-09 1.2819E-04 7.4271E-04 5.6866E-04 1.2542E-05 1.0952E-01 1.4292E+00 2.4865E-0:

» EPS (graphite) insulation kg  9.2565E-08 1.6466E-03 4.0473E-02 1.2535E-02 7.4686E-04 3.6205E+008.9118E+012.0665E+0

'g EPS (white) insulation - kg  9.2476E-08 1.6408E-03 4.0443E-02 1.2512E-02 7.4678E-04 3.6167E+008.9065E+012.0441E+0

g XPS insulation :% kg  9.1137E-08 1.9494E-03 4.1775E-02 1.4121E-02 1.3267E-03 3.7259E+009.1479E+013.1543E+0

o Gravel Q@ kg 4.5777E-10 8.6499E-06 3.3363E-05 3.2063E-05 8.8466E-07 4.7819E-03 6.2498E-02 1.2928E-0;

% Gypsum plaster § kg  4.9048E-09 3.9863E-05 3.6214E-04 1.6675E-04 3.6543E-06 4.1597E-02 6.9196E-01 7.7911E-0:

8 PE foil kg  3.8744E-08 1.0248E-03 3.3660E-02 6.3670E-03 4.7908E-04 1.8552E+007.3964E+011.7599E+0

Plaster kg  7.5205E-09 1.8013E-04 6.9881E-04 6.6903E-04 2.3340E-05 2.3380E-01 1.2762E+00 3.1305E-0:

c PUR insulation kg  8.1693E-07 1.0347E-02 5.4494E-02 3.1160E-02 3.5638E-03 5.6006E+001.1224E+028.9802E+0

-% Reinforced concrete m3  3.8430E-06 1.1679E-01 3.7659E-01 3.6917E-01 1.3917E-02 1.5310E+026.8002E+02 1.0860E+0

3 Rockwool insulation kg  7.3708E-08 1.8211E-03 8.5307E-03 9.6640E-03 3.3920E-04 1.1733E+001.5137E+012.0512E+0

DE_’ Screed kg  3.0373E-09 1.1858E-04 3.6042E-04 3.5517E-04 1.4916E-05 1.5801E-01 6.3611E-01 2.1798E-0:

Vapor barrier kg  4.6003E-07 1.4393E-03 2.0166E-02 7.3658E-03 8.5072E-05 8.7332E-014.3577E+013.2712E+0

Woodwool insulation kg  5.9632E-09 9.8753E-05 4.5751E-04 3.4709E-04 1.1116E-05 6.2328E-02 8.8296E-01 3.3592E+0

» Window with triple glazing and wooden frame m2  5.9439E-06 1.2559E-016.4721E+01 5.7389E-01 1.7820E-02 8.1358E+011.0366E+031.2229E+0

-g Window with triple glazing and plastic frame 2 m2  2.5569E-05 2.0814E-016.5221E+01 7.4726E-01 2.2544E-02 1.1554E+021.9366E+031.7609E+0

‘g Window with triple glazing and aluminium frame £ m2  1.0834E-05 3.1889E-01 6.5632E+01 1.3240E+00 4.7976E-02 2.2456E+022.6503E+033.1882E+0

= Window with double glazing and wooden frame 8  m2 5.7743E-06 1.0557E-01 4.8318E-01 4.7737E-01 1.6684E-02 6.7059E+018.5615E+021. 1996E+0

8 Window with double glazing and plastic frame % m2  2.5399E-05 1.8811E-01 9.8314E-01 6.5074E-01 2.1408E-02 1.0124E+021.7561E+031.5277E+0

é Window with double glazing and aluminium frame m2  1.0665E-05 2.9886E-01 1.3944E+001.2275E+00 4.6840E-02 2.1026E+022.4698E+03 2.9549E+0

Blinds with aluminium slats kg  4.6406E-07 1.9147E-02 7.9823E-02 7.4109E-02 3.3229E-03 1.2712E+011.3303E+021.6086E+0

& Heat pump (heating system) - pcs  3.0424E-035.1895E+003.2584E+001.2062E+01 1.7664E-01 4.4495E+026.3483E+039.4542E+0

i Gas boiler (heating system) s% pcs  2.2544E-05 1.9117E+002.9404E+004.3793E+00 1.6293E-01 3.7679E+024.7628E+037.2202E+0

8 Pellet boiler (heating system) Q  pcs  3.1458E-05 7.8320E-012.5224E+001.6524E+00 1.6839E-01 3.5477E+025.1946E+039.7683E+0

; Air conditioning system % pcs  1.5212E-032.5948E+001.6292E+006.0312E+00 8.8318E-02 2.2247E+023.1741E+034.7271E+0

L Electric lights pcs  4.3510E-07 2.2214E-02 3.2049E-02 3.0235E-02 3.4498E-04 3.9027E+005.4981E+015.2676E+0

S  Electricity _:E_; kWh  1.9140E-08 6.7683E-04 3.0219E-03 2.8806E-03 1.8392E-05 3.9515E-015.3347E+002.7723E+0

T Natural gas 3 MJ  8.9158E-09 7.9200E-06 6.3032E-04 3.0591E-05 8.6159E-06 7.0453E-02 1.2912E+00 2.5494E-0:

2 Wood pellet S MJ  8.8318E-10 4.3326E-05 6.6416E-05 1.0386E-04 2.8092E-06 1.0548E-02 1.5365E-01 5.1803E-0:

o Electrictiy for heat pump 5 MJ  9.2073E-09 1.8807E-04 8.3985E-04 8.0058E-04 5.1121E-06 1.1557E-01 1.4823E+00 7.7008E-0.

800 km in freight train, and 30 km in light kg  1.3928E-08 1.5313E-04 6.3757E-04 4.8103E-04 2.6300E-05 9.1803E-02 1.4534E+00 7.5958E-0.

150km road in 16-22t lorry, and 30 km in light kg  1.3954E-08 8.5849E-05 5.7088E-04 3.2468E-04 2.1735E-05 8.0284E-02 1.2800E+00 2.7458E-0:
commercial vehicle

63 km lorry kg  1.9041E-09 7.5562E-06 7.5545E-05 3.3331E-05 1.0202E-06 1.0427E-02 1.6811E-01 2.2346E-0:

108 km lorry kg  3.2641E-09 1.2953E-05 1.2951E-04 5.7139E-05 1.7488E-06 1.7875E-02 2.8819E-01 3.8308E-0!

5 86kmlorry B kg  2.5992E-09 1.0315E-05 1.0313E-04 4.5499E-05 1.3926E-06 1.4234E-02 2.2949E-01 3.0504E-0:

3 42kmlorry E kg  1.2694E-09 5.0375E-06 5.0363E-05 2.2221E-05 6.8010E-07 6.9513E-03 1.1208E-01 1.4897E-0:

§ 10 km lorry 3 kg  3.0224E-10 1.1994E-06 1.1991E-05 5.2906E-06 1.6193E-07 1.6551E-03 2.6685E-02 3.5470E-0:

F 31km lorry 5 kg  9.3693E-10 3.7181E-06 3.7173E-05 1.6401E-05 5.0198E-07 5.1307E-03 8.2723E-02 1.0996E-0:

240 km lorry kg  7.2536E-09 2.8786E-05 2.8779E-04 1.2698E-04 3.8863E-06 3.9722E-02 6.4043E-01 8.5128E-0:

136 km lorry kg  4.1104E-09 1.6312E-05 1.6308E-04 7.1953E-05 2.2022E-06 2.2509E-02 3.6291E-01 4.8239E-0:

42 km lorry kg  1.2694E-09 5.0375E-06 5.0363E-05 2.2221E-05 6.8010E-07 6.9513E-03 1.1208E-01 1.4897E-0:

348 km lorry kg  1.0518E-08 4.1739E-05 4.1730E-04 1.8411E-04 5.6351E-06 5.7597E-02 9.2863E-01 1.2344E-0.

30 km in light commercial vehicle kg  9.4207E-09 6.7858E-05 3.9101E-04 2.4532E-04 1.9306E-05 5.5458E-02 8.7978E-01 2.2137E-0:

Adhesive for insulation kg  2.1045E-09 1.1807E-05 8.8212E-05 5.1159E-05 1.1963E-06 9.6704E-03 1.9432E-01 9.8257E-0:

Bituminous waterproof membrane kg  3.1832E-09 9.9529E-05 1.4481E-04 1.4744E-04 2.5053E-05 1.1512E-01 3.1997E-01 6.5887E-0:

o Ceramic tiles + adhesive kg  2.0030E-09 2.0828E-05 8.7692E-05 6.6935E-05 1.5676E-06 1.1296E-02 2.0328E-01 8.9226E-0:

'g Cork (ICB) insulation (flat roof and floor) 8 kg  3.7267E-09 6.3079E-05 1.6940E-04 1.3140E-04 2.5137E-05 6.2278E-02 3.6834E-01 5.8456E-0.

g EPS (graphite) insulation E kg  4.1077E-09 8.1023E-05 1.9235E-04 1.8929E-04 4.7239E-05 1.0731E+00 4.1503E-01 6.6606E-0:

o Gravel 2 kg 1.6530E-09 6.9762E-06 6.5631E-05 3.1838E-05 8.5489E-07 4.3256E-03 1.4687E-01 2.0048E-0!

% PE foil § kg  3.2022E-09 8.9388E-05 1.5993E-04 2.5265E-04 4.3665E-06 2.5674E+00 3.3356E-01 9.3067E-0:

8 PUR insulation kg  7.2851E-09 1.0578E-03 4.0258E-04 9.9063E-04 4.6443E-05 9.0629E-01 8.4330E-01 1.8330E-0:

2 Reinforced concrete kg  2.2535E-09 1.1935E-05 9.2633E-05 5.2029E-05 1.7084E-06 8.2269E-03 2.0598E-01 2.4157E-0:

°E’ Rockwool insulation kg  2.1809E-09 1.5776E-05 8.9433E-05 6.4000E-05 1.7816E-06 9.9286E-03 2.0045E-01 3.4262E-0:

§ Screed kg  2.2535E-09 1.1935E-05 9.2633E-05 5.2029E-05 1.7084E-06 8.2269E-03 2.0598E-01 2.4157E-0:

= Aluminium window frame kg  3.2503E-09 2.7820E-05 1.7097E-04 1.1228E-04 2.9227E-06 1.7969E-02 3.5979E-01 4.2563E-0:

% % Window with triple glazing and wooden frame = m2  1.8591E-07 2.1440E-03 8.2600E-03 5.6476E-03 1.0647E-03 2.0241E+001.8050E+01 2.5746E-0:

‘;5 ‘g Window with triple glazing and plastic frame :»% m2  5.7865E-07 4.4984E-03 1.8100E-02 1.2659E-02 1.7122E-03 1.5345E+013.8046E+012.1042E+0

= Window with triple glazing and aluminium frame 8  m2  1.3212E-07 9.0719E-04 6.0936E-03 3.7231E-03 4.7381E-04 6.8901E-01 1.3196E+01 6.2267E-0:

8 Window with double glazing and wooden frame % m2  1.3475E-07 1.6123E-03 5.9979E-03 4.1462E-03 7.8267E-04 1.5300E+001.3102E+01 1.8859E-0:

-';5 Window with double glazing and plastic frame m2  4.3820E-07 3.4227E-03 1.3585E-02 9.5497E-03 1.2790E-03 1.1836E+012.8514E+011.6180E+0

Window with double glazing and aluminium frame m2  9.0356E-08 6.2426E-04 4.1821E-03 2.5607E-03 3.1792E-04 4.7192E-019.0490E+00 4.4491E-0.

g Heat pump (heating system) - pcs  3.0415E-035.2326E+003.6612E+001.2385E+01 1.7542E-01 2.2214E+036.6010E+039.0041E+0

i Gas boiler (heating system) % pcs  1.3142E-06 1.3196E-02 3.4628E-02 2.0219E-02 5.2674E-04 1.2773E+017.4243E+017.5758E+0

8 Pellet boiler (heating system) Q  pcs  3.2841E-07 2.7172E-03 1.3648E-02 7.4522E-03 2.5880E-04 2.7419E+003.0207E+01 6.1993E-0:

<>': Air conditioning system g pcs  1.5207E-032.6163E+001.8306E+006.1924E+00 8.7708E-02 1.1107E+033.3005E+034.5020E+0

L Electric lights pcs  3.5756E-10 4.9103E-06 1.5010E-05 1.4356E-05 9.8277E-06 1.4047E-02 3.1434E-02 1.5332E-0
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X.3 Building data model used in the framework
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X.4 Updated exchanges within product systems during the localization process in openLCA

TableX-8. Ecoinvent name and ID of processes that are updated durirlgdhkzation process as well as the target processes
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