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Abstract
The building sector is undergoing a transition, where the aim is to build energy efﬁ cient, costoptimal and carbon-optimal buildings. One such example in terms of regulation is European
performance of buildings directive (EPBD), where EU member states agreed that by the end of
2020 all new buildings are to be nearly zero energy building. Here, the focus is to reduce the
operational energy (heating, electricity, cooling etc.) needs of a building, although at the same time
there is a rise in energy demand in building elements production and construction phase (i.e,
embodied energy). Thereby, the present dissertation argues with the conventional design approach
based on only operational energy. This dissertation uses simulation, life cycle analysis and life cycle
optimization as methods to design life cycle energy efﬁ cient, cost-optimal and carbon-optimal
building envelope and services through case studies for residential building in Finland.
For building envelope, the life cycle energy balance of different structural alternatives is shown.
It is f o u nd t hat e ne rg y d if f e re nc e s b e t w e e n c o ns id e re d s t ru c t u ral c o nc e p t s are rat he r vis ib l e in t he
production stage of building and energy beneﬁ t from material recycling. Among the considered
advanced window technologies, in general vacuum window and in some conditions PV window
provide maximum life cycle cost savings for the case study building in Finland. The energy-cost
optimization study shows that many of the non-dominated optimal solutions shows higher U-value
or, t hinne r insulat ion obtaine d f rom life cycle op timization comp are d t o conve nt ional op e rational
phase optimization. Moreover, the pareto fronts obtained from life cycle optimization are steeper
in nature towards the head, compared to the pareto fronts obtained from operational optimization.
In carbon-cost optimization study, the results shows that heating system is a dominant design
variable, which results in clearly separated pareto fronts for each systems. The embodied carbon
is 39% and 28% of life cycle carbon footprint for a carbon-optimal and cost-optimal solution
respectively obtained in the case study. The results obtained from the early building design
o p t i m i z a t i o n c a s e s t u d y a re r a t h e r o b vi o u s , b u t i t s h o w s t h e p o w e r o f m u l t i - o b j e c t i ve o p t i m i z a t i o n
for aiding early design decisions. Finally, the results of this dissertation can contribute towards the
design of life cycle low energy or low carbon cost effective optimized building.
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1. Introduction
1.1.

Background

The building sector contributes 40% of the energy use across EU [1].
Generally, a reduction in building energy consumption will be an
important measure to improve the energy efficiency and cut greenhouse
emission within EU. This is capable to partially fulfill the EU
commission ‘2030 climate and energy framework’ key objectives of 40%
cut in greenhouse emission (from 1990 level), 27% improvement in
energy efficiency and 27% share from renewable energy. In this
conjunction, the EU member states agreed that by the end of 2020 all
new buildings are to be nearly zero energy building (nZEB), widely
known as European Performance Building Directive (EPBD) recast [2].
The EPBD recast aims to reduce the operational energy use (e.g: heating,
electricity, cooling etc.) of buildings. As a result of such efforts,
improvements in the thermal insulation performance of the building
envelope, development of advanced building service equipment’s and
onsite renewables could bring significant reduction in operational energy
demand of buildings. Although it accounts a major part of the building
life cycle, the relative importance of embodied energy (EE) has
increased, for instance, accounting for up to 46% of the life cycle energy
use (service life of 50 years) in the case of low-energy buildings [3]. The
EE is the energy sequestered in the building components during all
processes of production, from on-site construction to final demolition
[4]. The embodied energy has been studied in the past through life cycle
assessment studies [5] [6] [7] [8] [9] [10]. The Cole and Wong shows
that the embodied energy contributes up to 40% of life cycle energy use
for a residential building [9]. A relatively recent study by Rasmussen and
Birgisdóttir [11] on a Danish single-family house, concluded that the
share of EE is increasing with stricter operational energy requirements,
as more insulation and improved building technical equipment is
required. In this background, life cycle design and optimization approach
is necessary to improve the overall energy performance and
sustainability of building sector.
1.1.1. Life cycle design of building envelope
Firstly, a building is a complex system consisting of many different
materials. The material selection, therefore, directly influences the
environmental impacts of a building. Several researchers have
7

investigated the relationship between the choice of building materials
and the resulting impacts. For example, Basbagill et al. [12], investigated
the influence of material choice and thickness on a building’s embodied
impact in four building elements (Substructure, Shell, Interiors and
Services). Thormark [13] investigated the effect of material choice on
both the embodied energy and recycling potential in an energy efficient
apartment block in Sweden. He noted that embodied energy could be
decreased by approximately 17% (or increased by about 6%) by
implementing a simple material change. Cole [14], observed the energy
consumption and greenhouse gas emissions associated with the on-site
construction of buildings. He found that there were significant
differences when alternative frame materials (wood, steel and concrete)
were used. Moreover, the effects of building material choice on the
operational energy have also been investigated. Dodoo et al. [15]
analysed the effect of thermal mass on the space heating energy demand
and life cycle primary energy balances of a building. Jokisalo and
Kurnitski [16] and Ståhl [17] conducted simulations using a similar
approach and found that the space heating energy savings benefits of
thermal mass to be about 0.7-2.0% for buildings in the Nordic climate.
Although to date there has been little research carried out about the end
of life (EoL) stage of buildings [18], the recycling aspect has been
highlighted as potentially being a significant factor in reducing the life
cycle energy use of buildings [13] [15] [19]. For instance, Thormark [13]
found that recycling in low energy buildings in Sweden brought about
40% recovery of the embodied energy. Therefore, the effect of material
selection on the life cycle energy balance of a building is clearly a
complex issue. For instance, Takano et al. [20], investigated the influence
of building material selection on the embodied environmental impacts,
environmental benefits and materials costs of a building in the three
building component categories (structural frame, inner components and
surface components) and expressed the results as an index of relative
difference between the alternative materials studied. It indicates the
importance of a multidisciplinary approach, since a multi-parametric
perspective is significant for decision-making in building design.
Secondly, another key element of the building envelope is window.
According to Gustavsen et al., a two-storey residential house with 30 %
of the walls covered by windows accrues up to 60% of its total energy
loss through windows [21]. This house complies with the standards of
the 2007 Norwegian building codes, with a window U-value of 1.2
W/(m2K). A lot of recent research has been done towards the
development of advanced windows with maximum energy performance
and visual comfort [22] [23] [24] [25] [26] [27]. Another important trend
in this development is the integration of innovative materials, such as
self-cleaning nano-structures [3] and transparent solar photovoltaic
8

materials in windows [28] [29] [30]. In the literature, the following types
of advanced glazings have been identified as the most attractive, namely;
electrochromic (EC) glazing, photovoltaic (PV) integrated glazing, selfcleaning glazing, and vacuum glazing [31]. Particularly, PV glazing is
considered very promising since it allows the window surface to be
harnessed to PV generation [28]. Aforementioned EPBD recast suggest
that all new buildings are to be nearly zero-energy buildings, i.e.
buildings with a high energy performance, where a significant proportion
of energy needs will be covered by local (on-site) renewable energy
sources [2]. So, the governing design principle is cost-optimality [32],
i.e. finding the design solution with the lowest life-cycle costs over a
given period of time, including the structures and systems that affect the
energy performance of the building. Since the analysis period is 20 years
[32], the development of technology and the market needs to be
predicted. The advanced window technologies are at various stages of
market development, from early commercial products to laboratory
prototypes. Due to early market and developing technology, the
manufacturer’s price estimates are high. For example, the current price
of the EC is around 800 €/m2 [23], which is approximately 500 €/m2
higher than the price of the state-of-the-art commercial window [33].
Using the present cost levels in economic analyses would induce a biased
figure of the economic viability of advanced windows and hence would
indirectly prevent the transition to new technology.
1.1.2. Life cycle simulation based optimization
According to the EPBD recast minimum energy performance should
be set with a view to achieving cost optimal levels [32]. In order to follow
the EPBD, there were several studies performed in the past to determine
optimal building designs in terms of energy and cost. For instance, Hasan
et al. [34] minimized the life cycle cost for a single family detached house
in Finland using a simulation based optimization. Similarly, Hamdy et al.
[33] minimized primary energy consumption and life cycle cost and, in
[35] minimized carbon dioxide emission and investment costs of a single
family detached house in Finland using simulation based optimization.
Another study by Hamdy et al. [36] minimized primary energy use and
cooling equipment size for an office building in Finland. Moreover, there
have been optimization studies on residential energy supply systems [37]
[38]. The study by Ferrara et al. [39] determines the cost optimal level of
a French single-family house by using a simulation-based optimization
method. Ascione et al. [40] has evaluated the cost optimality of energy
retrofitting for a reference hospital building in Italy using a multi-stage
optimization approach. The study by Pikas et al. [41] has investigated
9

energy efficient and cost optimal fenestration design solutions for an
office building. However, these studies have been limited for the
operational phase of the buildings.
In terms of CO2 emission, building sector accounts up to 36% of the
CO2 emission within the European Union [42]. During recent years, there
is a fast progress noticed in development of sustainable design practices
for building sector [43]. For example, zero carbon building (ZCB) is an
emerging approach getting attention in literature [44] [45] as well as in
policy statement [46]. However, majority of the efforts that reduces the
operational carbon footprint (OCF) have an adverse impact on embodied
carbon footprint (ECF). ECF comprises CO2e emissions associated with
the production, construction, maintenance and replacement of the
building elements and services. Additionally, it also includes the stored
carbon in various components of buildings. An energy assessment by
British Land’s Commercial City Office reported that the ratio of ECF and
OCF is 42:58 [47]. Moreover, according to Battle et al. [48], the ratio of
ECF and OCF will change to 68:32 with the goal of UK’s low carbon
economy in place. This rise of ECF from 42 to 68% suggests that with
future regulations in place, the building sector need to adopt reduction
possibilities of ECF.
The review of the ‘Zero Energy Building’ by Marszal et al. [49]
presented twelve methodologies for computing the ZEB balance. The
inclusion of EE was notably lacking [49]. Moreover, a study by
Hernandez and Kenny [50] proposed the definition of the life cycle zero
energy building (LC-ZEB) through a simplified conceptual
methodology, taking into account the embodied energy in the LC-ZEB
balance. They pointed out that the simplifications in the embodied energy
calculations is the limitation of their study. Further, studies by Weimin
et al. [51], Azari et al. [52] and Schwartz et al [53] seems to recognize
the need of life cycle optimization for sustainable building design. But it
lacked the comparison of the life cycle optimized designs with those of
traditional operational energy optimized designs. Although the study [51]
is conducted for a building lifetime of 40 years, it did not consider any
maintenance and replacement activities. Moreover, the building service
systems are excluded from the system boundary of the study.
Besides, the life cycle approach in building optimization, another
important aspect is how to aid early design requirements of buildings. A
study by [54] shows that early design stage of building offers the highest
possibilities to influence the life cycle performance and costs. As the
design process progresses to advance stages, changing design options is
difficult and time consuming [55]. Around 20% design decisions
executed during early design stage are responsible for 80% of the
building operational costs [56]. Usually, many of early design decisions
10

are contrasting in nature. For example, an early design concept with less
insulation thickness for building envelope to achieve low cost and more
space, can lead to potential problem of increasing heating demand.
Alternatively, a thicker insulation for building envelope increases the
cost with lower heating demand. Hence, these decisions are based on
different conflicting criteria such as energy demand, life cycle cost etc.
and thereby indicates a need of multi-objective optimization. The early
design stage building parameters like geometry, orientation, window area
are the parameters of architectural interest, which possess impact on
energy performance, are not usually included in optimization. Again,
these parameters are rather inflexible to change later in the design
process. Usually the early designers make energy decisions based on
personal experience or by performing qualitative analysis. According to
[57], the energy consumption values are rarely calculated in early stage,
despite rules of thumb for energy efficiency values are often used to aid
the design decision. Thereby, indicates the need of including
optimization as early design practice in order to ensure optimal decision
making.

1.2.

Research questions
This dissertation addresses the problems of building energy
consumption, sustainability and economic issues, by employing a
holistic approach of life cycle design and multi-objective optimization.
In particular, it aims to find reasonable answers to the following research
questions:
Q1. How to find the life cycle energy balance of different
structural materials and life cycle cost benefit of advanced
glazings?
Q2. What are the differences between life cycle optimized building
designs and operational based optimized building designs?
Q3. What are the implications of multi-objective optimization for
early design of buildings?

1.3.

Framework of the dissertation

In general, simulation, life cycle analysis and optimization are the three
methodological pillars of this thesis. Figure 1 shows the relationship
between the publications, consisting this dissertation. The chapter 2
11

(publication I & II) deals with the development of simulation and life
cycle models. The chapter 3 (publication III) and 4 (publication IV & V)
are using those models and knowledge gathered in chapter 2 as the
starting point to perform optimization. The need of chapter 3 and 4 is
very evident as the results of chapter 2 are not optimal solutions. In this
way the chapters of this thesis are supplementing each other which
justifies the synergy between the associated articles.

Life cycle design of building envelope: The
effect of material selection on life cycle energy
balance (Publication I = Chapter 2.1)

Integrating architectural and energy viewpoint
for optimization during early design stage
(Publication III = Chapter 3)

Life cycle design of building envelope: Energy
performance and economic viability of advanced
window technologies (Publication II = Chapter 2.2)

A multi-objective life cycle approach for
optimal building design (Publication IV =
Chapter 4.1)

A life cycle approach to optimizing carbon
footprint and costs of a residential building
(Publication V = Chapter 4.2.)

Conclusions (Chapter 5)

Method/approach
Results

Figure 1: Linkage between the publications in this dissertation

1.4.

Novelty of the dissertation

This section summarizes the novelty value of this dissertation based
on author’s original publications, which were conducted during author’s
doctoral study period. The novelty of original publication I, is to show
the impact of different building materials on the whole life cycle energy
balance of building covering production, operation, maintenance and
EoL stages. There was lack of studies which considers all the stages of
life cycle along with consideration of wide range of materials types
typically used in Finland. The novelty of original publication II is the
prediction of allowable additional investment costs of advanced windows
over the reference window with an alternative perspective, based on the
hypothesis that advanced window still remains economically viable for
end-users in comparison with the state-of-the-art window. In other
words, the research points out the life cycle cost savings that can be
obtained by using advanced windows due to improved energy
12

performance and lower maintenance costs, in comparison with the best
available commercial window. None of the past studies have addressed
this issue of the economic viability level of advanced windows from the
perspective of the end-user. The novelty of original publication III is to
show the possibility that simulation based optimization can aid early
design stage decision making of buildings. Conventionally this is done
using rules of thumb or, based on personal experience. The considered
design variables of this optimization are from both architectural and
engineering importance, as architects usually takes lead role during this
design phase. So, it is important to consider their interest as well in this
optimization exercise. The novelty of original publication IV is to
include embodied energy (EE) along with operational energy (OE) in a
single building optimization scheme. Another important feature is to
compare the optimized results when using OE+EE and OE only and to
discuss the benefits of the life cycle optimization approach. Finally,
original publication V is using the similar methodological approach like
publication IV, but the novelty of this study is to propose life cycle
carbon-cost optimal design along with large number of design variables
considered from both building envelope and service systems. Similarly,
it also offers the comparison between life cycle optimal designs and
operational optimal designs. Moreover, the carbon footprint distribution
among different phases of building life cycle for optimal solutions is also
considered as an important result.
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2. Life cycle design of building envelope
Building envelope (both structures and windows) has a significant
impact on the life cycle energy performance of buildings, especially in
residential buildings [58] [59] [60] [21] [61]. The focus in this chapter is
to find the influence of structural material selection in life cycle energy
balance of a case study building and economic viability of advanced
window technologies by performing a life cycle cost benefit analysis.

2.1.

The effect of material selection on life cycle energy
balance

The aim of this sub-chapter is to demonstrate how selection of
building material affects the life cycle primary energy balance of a
building in a Finnish context. The study includes comparison of building
materials typically used in Finland for the three building component
categories i.e, structural frame, surface components and inner
components.

2.1.1. Reference building model
A hypothetical reference building model is used as the case study
according to figure 1 in publication I. The gross floor area of the
hypothetical house model is 120 m2. The reasons for using a
hypothetical building model in this study were 1) to observe the
general relationship between building material selection and the life
cycle primary energy balance, 2) to make the assessment conditions
as comparable as possible between the alternatives and, as a
consequence, 3) to generalize the results as much as possible. The
building is assumed to be located in Helsinki (60°N, 25°E) and the
energy performance level is based on the requirements of current
Finnish building code [62]. The dimensions of the building model
were scaled to those of a detached house. In accordance with Finnish
building code [63], the window area is assumed to be 10% of the net
room area and it is oriented towards north and south only.
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2.1.2. Building materials compared
This study is carried out on three building component categories:
structural frame (study 1), surface and inner components (study 2).
In study 1, six frame materials: light weight timber (LWT), cross
laminated timber (CLT), reinforced concrete panel (RC), autoclaved
aerated concrete (Aircrete), brick (Brick) and light gauge steel
(Steel), were compared using the reference building model. The table
1 show the configuration of each building element with the six frame
materials. Additionally, alternative frame material combinations
(table 3 in publication I) were also studied. In study 2, the influence
of the material for the surface components (interior cladding,
flooring, exterior cladding and roofing) as well as the inner
component (thermal insulation) have on the life cycle energy balance
is compared using the reference building having a LWT frame. The
alternative materials compared in each building component category
are shown in table 4 of associated publication I.

Table 1: Structure of each building element with the six frame materials
(Adapted from Publication I)
Foundation + Ground floor

LWT

CLT

Aircrete

Brick

w (kg/m2)

Material

t (mm)

w (kg/m2)

Material

28

13

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

PVC sheet

1.2

2

Reinforced concrete slab

80

194

Wood batten

30

2

Particleboard

22

15

OSB

18

10

Reinforced concrete footing

440

741

Vapour barrier sheet

0.1

0,2

Timber joist

225

23

Wood batten

38+50

7

Vapour barrier fleece

0.5

0,2

Timber stud

270

27

Rock wool

150

3

Rock wool

500

27

EPS

150

5

Rock wool

270

8

Gypsum board (Painted)

13

13

Timber truss

-

9

Gravel

100

90

Gypsum board (Painted)

25

15

Vapour barrier sheet

0.1

0,2

t (mm) w (kg/m2)

Material

t (mm) w (kg/m2)

Gypsum board (Painted)

30

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

PVC sheet

1.2

2

Reinforced concrete slab

80

194

Wood batten

30

2

Particleboard

22

15

OSB

18

10

Reinforced concrete footing

440

931

Rock wool

360

25

Timber joist

225

23

LVL beam

300

18

0.5

0,2

CLT

100

47

Rock wool

150

3

Rock wool

400

20

Gypsum board (Painted)

13

13

CLT

120

56

Vapour barrier fleece
EPS

150

5

Gravel

100

90

28

13

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

30

PVC sheet

1.2

2

Reinforced concrete slab

80

194

Wood batten

30

2

Cement screed

5

10

OSB

18

10

Reinforced concrete footing

440

1299

Reinforced concrete

220

533

Hollow concrete slab

265

289

Wood batten

38

4

Vapour barrier fleece

0.5

0.2

Rock wool

240

9

Rock wool

430

30

EPS

150

5

Timber truss

-

9

Gravel

100

90

Vapour barrier sheet

0.1

0.2

Hollow concrete slab

175

205

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

PVC sheet

1.2

2

Reinforced concrete slab

80

194

Wood batten

30

2

Cement screed

5

2

OSB

18

10

Aircrete slab

250

150

Wood batten

Reinforced concrete footing

440

1299

Rock wool

150

7

Vapour barrier fleece

0.5

0,2

Aircrete

250

600

EPS

150

5

Gravel

100

90

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

38

4

Rock wool

325

26

Timber truss

-

9

Aircrete slab

250

150

PVC sheet

1.2

2
10

Reinforced concrete slab

80

194

Wood batten

30

2

Cement screed

5

10

OSB

18

Reinforced concrete footing

440

1299

Rock wool

200

9

Hollow concrete slab

265

289

Wood batten

38

4

Vapour barrier fleece

0.5

0,2

Brick + Lime mortar

130

219

Rock wool

430

30

EPS

150

5

Timber truss

-

Gravel

100

90

Wood plank (Painted)

Steel

Roof

Intermediate floor

t (mm)

Wood plank (Painted)

RC

Exterior wall

Material
Wood plank (Painted)

28

13

9

Vapour barrier sheet

0.1

0,2

Hollow concrete slab

175

205

Wood plank (Painted)

28

13

Wood plank (Painted)

28

13

1.2

2

Reinforced concrete slab

80

194

Wood batten

30

2

Particleboard

22

15

OSB

18

10

Reinforced concrete footing

440

726

Gypsum board

9

9

Steel joist

200

7

Rock wool

500

30

Vapour barrier fleece

0.5

0,2

Steel stud

250

8

Rock wool

150

5

Steel truss

-

10

EPS

150

5

Rock wool

250

8

Gypsum board (Painted)

13

13

Vapour barrier sheet

0.1

0,2

Gravel

100

90

Gypsum board (Painted)

13

13

16

PVC sheet

Steel backing

50

5

Gypsum board (Painted)

30

30

2.1.3. Assessment at each stage of the building life cycle
This study considers both renewable and non-renewable primary
energy (PER and PENR, respectively) consumptions and benefits,
calculated using the unit impact value (in MJ/kg of product or MJ/MJ of
final energy) obtained from ecoinvent database [64]. The material
quantities and layer by layer thicknesses specifications are provided
in Table 1. The operational energy demand is simulated using IDA
ICE [65]. This study is based on life cycle assessment (LCA) method
[66] [67]. The life cycle stages studied are named according to the
modularity principle of a building life cycle [68]. The studied stages
are production, operation, end of life (EoL) and net primary energy
benefit from recycling.
For production stage, the method used by Takano et al. [20] is
employed when calculating the primary energy consumed during the
manufacture of all components for the case study building. The
calculations were carried out by multiplying the unit values, derived
from one square meter of the building elements (MJ/m2) by the
surface area of each building element.
The assessment of the operation stage is divided into two
categories; operational primary energy demand for 50 year service
life (module B6) and primary energy consumed in the maintenance
of the reference building (module B2+4). The operational energy use
is simulated in IDA Indoor Climate and Energy (IDA ICE) whole
building simulation software, which is validated in accordance to EN
13791 [69], and the operational primary energy consumption is
calculated based on an average energy mix in Finland [64] [70]. The
operational primary energy is calculated for space heating,
ventilation, household electricity (appliances and lighting) and
domestic hot water heating. The simulation used the Finnish test
reference year weather file (TRY2012) for Helsinki [71]. It is
assumed that heating energy is supplied by district heating system.
The set-point indoor temperature was 21°C for heating. The
ventilation system is modeled with a mechanical air-handling unit
(AHU) with a CAV (constant air volume) system. The internal heat
gains due to occupants, lighting and electrical appliances were 10.3,
7.8 and 17.8 kWh/m2 y respectively, which is in accordance with
Finnish building code D5 [72]. The dynamic profiles of domestic hot
water [62], lighting, electrical appliances and occupants are based on
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Finnish reference single family house model by the technical
research center of Finland (VTT) [73]. The air tightness of the
building envelope is set as the air change rate at 50Pa: n50, 2/h, based
on the Finnish building code [62]. In chapter 2.1.4, space heating
energy is mainly discussed since other energy uses were constant
irrespective of the building material selection. Additionally, space
cooling energy is excluded from the study because it is normally
minor in buildings located in Nordic countries. The maintenance of
the buildings is modelled according to the expected service life and
maintenance intervals of the building components [74] listed in table
5 of associated publication I. Primary energy consumption used in
the manufacture of the products used in maintenance is assessed.
At end of life (EoL) stage, it is assumed that the building is
demolished by selective dismantling and the building components
were managed according to the scenarios listed in table 6 of
Publication I. The scenarios were created based on the literature [75]
[76]. The primary energy consumed during the EoL stage deconstruction, transportation, waste processing for reuse or
recycling and disposal - is assessed up to the end-of-waste state of
the materials is reached.
The net energy benefit of the recycled materials is calculated as
the primary energy use avoided through substitution of primary
production with the materials recycled (table 6 in publication I),
according to the standard [68]. Although the assessment results in
this module would vary depending on a scenario, but the aim is to
describe the possible energy benefit of each building material after
its service life, based on current recycling methods.

2.1.4. Results and discussion
2.1.4.1 Study 1: Structural frame materials
Table 2 shows the life cycle primary energy balance of the case
study building for six structural frame materials. Overall, the share
of each life cycle stage is as follows: production stage (module A13), 6-10%; maintenance stage (module B2+4), 0.2-0.3%;
operational stage (module B6), 89-93%; and end of life stage
(module C), 0.4-1.2%. This finding is comparable to the trend
reported in previous studies [18] [77] as the case of conventional
(not energy efficient) buildings, although the dominance of module
B6 is rather high due to the lack of embodied energy associated
with interior partition wall and building service equipment.
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Table 2: Life cycle energy balance (both PER and PENR) for six
structural material and three alternative combinations (Adapted from
Publication I)
MJ/m2 (net heated floor area) PER
LWT
545
CLT
1154
RC
370
Aircrete
382
Brick
419
Steel
313
Combination 1
411
Combination 2
477
Combination 3
818

A1-3
PENR
2445
4157
3722
3377
3414
3166
3584
2976
4008

PER
9
7
7
7
7
9
8
9
9

B2+4
PENR
160
133
130
130
130
160
137
149
153

PER
10699
10687
10621
10671
10625
10727
10645
10681
10633

B6
PENR
35950
35917
35734
35871
35744
36029
35801
35901
35765

PER
5
5
18
9
13
5
14
9
9

C
PENR
192
201
610
295
408
177
500
336
313

D
PER
-28
-39
-35
-20
-20
-40
-32
-30
-35

PENR
-3926
-6273
-2493
-2040
-2040
-2599
-2703
-3320
-4788

Figure 2 displays an overview of the results. In this figure,
module B6 shows only space heating energy use in order to clarify
the influence of the material selection. The black dotted line in
figure 2 indicates the life cycle balance defined as primary energy
consumptions (modules A1-3, B2+4, B6 and C) minus the net
primary energy benefit (module D). It is demonstrated that CLT is
the largest energy consumer, which mainly originates in module
A1-3, although it also has the largest energy benefit from recycling
of the building materials at the EoL stage. This is due to relatively
high production energy per kg, use of large quantities of CLT and
inefficient configuration of building elements.
On the other hand, LWT seems to be the best option, having the
lowest energy consumption and relatively higher energy recovery
potential. On the basis of the life cycle energy balance, however,
LWT and CLT are more or less the same. The largest variation
between the materials can be seen in module C, but the difference
is more visible in module A1-3 due to its dominance in life cycle
energy consumption. The values in module C seems to be higher
in the heavy-weight structures (RC, Aircrete and Brick) than in the
light-weight structures (LWT, CLT and Steel). In module B6, the
heavy-weight structures show slightly lower space heating energy
demand than the light-weight structures. Additionally, CLT shows
a slightly lower demand than the even lighter structures - LWT and
Steel. This is due to energy saving benefit due to thermal mass
effect of the structural frame materials. These results are consistent
with previous studies [15] [16] [17], which have found space
heating energy savings due to thermal mass to be around 0.7-2.0%
for Nordic buildings.
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Figure 2: Overview of the results for six structural concepts and three
alternative frame materials (Adapted from Publication I)

The difference between the frame materials is very minor in
module B2+4, since the maintenance mainly relates to the surface
components. A large difference can also be found in module D,
especially between the wooden frames (LWT and CLT) and the
others. The recycling of wood products as a secondary fuel and
steel as a feedstock is considerable in this case. This in-line with
the studies of Thormark [13] and Dodoo et al. [15] that recycling
aspect is significant in terms of reducing the life cycle energy use
in buildings.
In the combination of LWT and RC (combinations 1 and 2),
the values increase slightly in modules A1-3 (PENR) and C, but
decreases in modules B2+4, B6 and D compared to LWT. As a
result, both combinations become worse than LWT, but better
than RC. The same trend can be seen in the combination of CLT
and RC (combination 3). The combination shows slightly better
values in modules A1-3 and B6 compared to CLT. Overall, it lies
between CLT and RC. From these results, it seems reasonable to
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partly combine heavy-weight structural elements with CLT
resulting in lower production and operational heating energy
demand.
2.1.4.2. Study 2: Surface and inner components
Figure 3 shows the comparison between materials used in surface
and inner components. Generally, the differences between the
alternatives are minor compared to the structural frame
components. The differences are rather visible in modules A1-3
and D. These mainly originate due to use of large quantity of
material. The alternatives also show differences in modules B2+4
and C, but they are not that visible due to their minor share in the
whole balance. The influence of material choice on module B6 is
not particularly noticeable in these component categories. A
detailed analysis of each component category is carried out using
a technique employed by Takano et al. [20], namely the percentage
relative differences (PRD). This method can indicate a positive or
negative difference compared with a reference case and facilitates
comparison as an index. The original specification of LWT
described in table 2 of publication I, is set as the reference (default)
and the influence of alternative materials were quantified relative
to that.
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Figure 3: Overview of the results from the comparison of alternatives in
surface and inner components (Adapted from Publication I)

2.1.5. Summary of findings of this chapter
A summary of findings from sub-chapter 2.1 are:
-

-

-

-

-

In general, the differences between the materials are rather visible in
the production stage (moduleA1-3) and the net energy benefit from
material recycling (module D).
The differences between the materials are quite large in module B2+4
and C as well, but the influence on the life cycle energy balance is
small due to their minor share in the total.
The effects of the material selection seem to be minor in the
operational energy use (module B6, space heating energy).
The heavy-weight structure has higher thermal mass effect than the
light-weight structure which results in slightly lower space heating
demand for heavy weight structure.
A combination of different structural frame (heavy-weight and lightweight) seems to be effective in some cases as it helps in lowering
production and operational heating demand.
The heavy-weight structure tends to require more energy in the
production and the EoL stages than the light-weight structure.
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-

-

The material selection for sheathing, exterior cladding and thermal
insulation has a relatively greater influence than the others in the
surface and inner components categories.
The net energy benefit from material recycling, especially the energy
recovery benefits of wood and plastic products, has a great influence
on the life cycle energy balance.
The results show that which building components and life cycle
phases should be preceded in order to find better energy balance of a
building, from a material perspective.

2.2. Energy and economic viability of advanced
window technologies
The objective of this chapter is the prediction of allowable
additional investment costs of advanced windows over the reference
window with an alternative perspective that advanced window still
remains economically viable for end-users in comparison with the
state-of-the-art window. Here ‘advanced windows’ indicate window
technologies with superior thermal properties to reduce building
energy consumption as well as reduce maintenance costs by
considering self-cleaning window feature. The life cycle cost savings
plus the cost of available commercial windows is equal to the
installed cost of economically viable advanced windows for endusers. A townhouse located in Helsinki is considered as a case study
to investigate the energy and economic performance of advanced
windows through dynamic energy simulation and an extensive
economic analysis.

2.2.1. Methodology
This methodology consists of whole-building simulation followed
by an extensive economic analysis. It includes five steps to achieve
the objectives of the study. In step 1, a selection of window systems
is performed to form Cases as shown in table 2. In step 2, the target
building (i.e. townhouse) simulation model is created in IDA ICE, a
dynamic simulation software. The plan of the three storey townhouse
is shown in figure 4. In step 3, the modeling of variable glazing
properties (Solar heat gain coefficient and transmittance) along with
the simulation of window Cases is performed. In step 4, the delivered
energies for all window Cases were calculated using post-processing
of the simulated annual heating, cooling and electrical demands. In
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step 5, the associated costs of delivered energy for the implemented
window Cases were calculated, and finally life cycle costs were
evaluated.
Table 3: Main technical specifications of analyzed window systems
(Adapted from Publication II)

Glazing
Properties

Reference
window
(Case 1)
0.32

Smart
window
(Case 2)
0.32-0.05

PV
window
(Case 3)
0.32

Vacuum
window
(Case 4)
0.32

Solar
transmittance, T

0.23

0.23-

0.23

0.23

Visible
transmittance,
Tvis
U-value
[W/(m2K)]

0.52

0.52-0.03

0.10

0.52

0.60

0.60

1.10

0.20

SHGC

0.012

The Case 1 (reference window system) consists of state-of-theart commercial glazing with a U-value of 0.6 W/(m2K) and the
other specifications are listed in table 3 [78]. The window
configuration is triple glazed filled with krypton. To avoid
overheating, a shading mechanism is required in the reference
window system to prevent solar radiation from penetrating into the
building. According to the Finnish building code D3 [62], the
annual ODH above 27°C is limited to 150 °C hr. The Case 2 is a
smart window which is represented by a triple glazed
electrochromic window [79] without a solar shading device. The
smart window possesses a sufficient capacity to block solar
radiation by varying the solar and visible transmittance. For the
variation of transmittance, a control voltage of less than 5 V is
needed [80]. The rest of the specifications are listed in Table 2 [79].
Here, the U-value of the electrochromic glazing has been taken as
the same as that of the reference glazing in order to make the
examined cases comparable.
The photovoltaic (PV) window (Case 3) consists of a glazing
with an integrated semi-transparent amorphous Si thin-film
tandem cell with a thickness of 32 mm [81]. The typical electricity
generation efficiency of this type of PV glazing is 6% [82]. The
other specifications are shown in Table 2 [81]. Based on the
literature survey, it is found that currently there is no PV glazing
in the market which has a U-value of 0.6 W/(m2K). So, the
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assumed PV glazing U-value is 1.1 W/(m2K), which represents the
manufacturer’s estimate [81]. The vacuum window (Case 4)
consists of glazing which possesses very low U-value of 0.2
W/(m2K) [83]. It consists of three sets of panes separated by
narrow vacuum spaces with an array of stainless steel support
pillars keeping the glasses apart. Alongside with the four window
cases, the impact of the self-cleaning glazing feature on the lifecycle costs is also taken into account in this study. It is a useful
feature in advanced glazing group, offering a possibility to avoid
maintenance costs.
The target building case study is a three-story conceptual
townhouse, the architecture and the geometry of which is based on
German townhouse design tradition. Figure 4 shows the floor plan
of the house, developed at department of Architecture, Aalto
University [84]. The house is assumed to be located in Helsinki
(60°N, 25°E), and it has an area of 259.6 m2. The internal height
of each floor is 2.6 m. The house contains a glazing area of 47 m2,
which consists of 25 m2 on the south façade and 22 m2 on the north
façade. All the glazing area is suitable for photovoltaic (PV)
glazing. The three storey of the house are connected by a staircase.
Ground floor

First floor plan

Second floor plan

Figure 4: Plan of three-story Townhouse [84]

The energy performance level of the building envelope and
building systems has been designed to satisfy the requirements of
the Finnish Building code D3 2012 [62]. The house is ventilated
by a centralized constant air volume (CAV) mechanical supply and
exhaust ventilation system with heat recovery control. The average
exhaust air flow rate is equal to 0.65 air changes per hour (1/h),
and the temperature efficiency of the heat recovery system is 60%.
The demand profile for domestic hot water is based on
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measurements from 15 district-heated houses in Helsinki [85]. The
hourly profile of lighting, electrical appliances, occupants, etc., is
collected from [86]. The building envelope has an airtightness (n50)
of 2 1/h, where n50 is the number of air changes per hour equivalent
to an air-leakage rate, with a 50 Pa pressure difference between the
indoors and outdoors [62]. The spaces and domestic hot water are
heated by district heating system.
The modeling of solar heat gain co-efficient (SHGC) and
visible transmittance of EC glazing is based on a simple control
strategy which is based on solar irradiance in terms of time of the
day and internal occupancy rates. Simplified control offers the
possibility to avoid additional costs as the main scope of this study
is to evaluate the economic viability. The variation of SHGC, solar
transmittance and visible transmittance is modeled and controlled
by way of multiplying factors varying between 0 and 1 (stepwise
input to change the parameter) according to the scheduled timing
of the desired effect. Figure 5 shows the variation of the visible
transmittance value over a typical summer weekday. The range of
numerical values for visible transmittance is adopted from table 3.
Since the sunrise and sunset times are individual for each day of
the year, there would basically be 365 control schedules for an
annual simulation, and the sunrise and sunset timings would be
defined with the resolution of one minute. To keep the amount of
control schedules feasible, it is identified the sunrise and sunset
timings on a daily basis, with the resolution of one hour in the
present study. For instance, as per Finnish climatic behavior, the
sunrise and sunset timings during summer are 4:00 am and 00:00
pm and during winter 9:00 am and 15:00 pm. Correspondingly, the
length of a summer day is 20 hours and that of a winter day is 6
hours, the difference being (20-6) = 14 hours between the summer
and winter season. Hence, 14 hourly-based control schedules are
applied to account for the seasonal variation of solar gains.
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Figure 5: Variation of the visible transmittance value during a typical
summer day (Adapted from Publication II)

The economic analysis is based on life cycle cost (LCC)
calculation. Here, LCC is the sum of the present value of the
investment, discounted operational and maintenance costs and cost
savings due to onsite generation (applies only for PV window; for
other window types it is equal to zero) over a specified time-span
 ܥܥܮൌ  ܥܫ ܱ ܥെ ܵ  ܥܯ

(1)

where  ܥܫis the investment costs, ܱ ܥis the discounted operating
costs,  ܥܯis the discounted maintenance costs and SPV is the cost
savings due to onsite generation (only applicable for PV window,
for rest of the cases it is equal to zero). In this study, the absolute
value of  ܥܥܮis not calculated but instead a difference life-cycle
cost (݀ )ܥܥܮis calculated. The ݀ ܥܥܮis presented as the difference
between the LCC of each advanced window type (ܥܥܮ ) and that
of the reference window (ܥܥܮ ) given that the level of thermal
comfort (indicated by ODH<150) and the level of lighting are kept
constant. According to the hypothesis that advanced windows
become economically viable for end-users, then the life-cycle cost
remains equal to that of the reference window case, i.e, dLCC is
equal to zero
݀ ܥܥܮൌ  ܥܥܮ െ  ܥܥܮ = 0.

(2)

This way, there is no need to include the investment costs, but the
difference in investment costs (݀ )ܥܫcan be found out from
݀ ܥܫൌ  ሺܱ ܥ  ܥܯሻ െሼሺܱ ܥെ ܵ ሻ  ܥܯሽ

(3)

where ݀ ܥܫൌ ܥܫ െ ܥܫ , is the difference in investment costs
between each of the advanced window types to that of the reference
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window. In other words, dIC presents the allowable investment
costs of advanced windows over the reference window price
fulfilling the economic viability of end-users.

2.2.2. Simulation software
The target case study townhouse is modeled and simulated using
the IDA-ICE building simulation software. The software was
originally developed by the Division of Building Services
Engineering, Royal Institute of Technology (KTH) and the Swedish
Institute of Applied Mathematics, ITM [87]. IDA-ICE has been
validated by EN 13791 [69] [88]. The study of Travesi et al.
conducted on the empirical validation of models of five simulation
tools, including IDA-ICE, concludes that the agreement between
measured and simulated data was good [89]. The performance of
IDA-ICE has been tested and validated by several authors [90] [87]
[91]. It has been chosen as one of the major 20 simulation programs
and subjected to analysis and comparison [92]. In IDA-ICE, there are
options available to model dynamic glazing properties (i.e., by
changing key window properties based on control schedules). In the
IDA ICE simulation environment, heat balance equations are solved
by the finite difference method [93] [94]. The software allows the
modeling of multi-zone buildings, HVAC systems, internal loads,
and outdoor climate among others, and provides dynamic simulation
of heat and air flow with a variable time-step. It is a suitable tool for
the simulation of thermal comfort, energy consumption and
daylighting in complex buildings. Helsinki-Vantaa (TRY 2012)
climate file was used for the energy simulation [71]. This climate file
contains hourly data of outdoor temperature, relative humidity,
direction and speed of wind, direct solar radiation and diffuse solar
radiation over a whole year (8760 hours). The data is originated from
different calendar years between 1980-2009 and represented as
typical as possible by performing mean values, frequency
distributions [71]. It is to be noted that the PV window uses the same
climate file to calculate its electricity output.

2.2.3. Results and discussion
By analyzing the energy demand of the target building for the
considered window Cases, it is found that space heating demand for
the vacuum window (Case 4) is the lowest, because it has a lowest
U-value i.e, 0.2 W/(m2K) and the PV window has highest due to its
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biggest U-value i.e, 1.1 W/(m2K) among the alternatives. The
electrical demand for the EC mechanism is nearly negligible (1.3
kWh/m2y). The electricity generation by PV glazing (efficiency 6%)
is considered and thus reflected in the form of lower energy demand
for appliances. Generally speaking, the most recommended window
for the townhouse in terms of energy performance is the vacuum
window (Case 4). Therefore, the results suggest that the U-value still
remains the dominant parameter for attaining better performance
with windows in cold climates. Another simulation case has been
performed which shows that with a U-value of 0.6 W/(m2K) for the
PV window, a delivered energy demand of 143.8 kWh/m2y could be
obtained, which makes the PV window the most preferred option.
The electricity generation capability of the PV window at
different efficiencies is shown in table 4. An efficiency of 2%
represents a most conventional efficiency, whereas 6% represents a
modern state-of-the-art efficiency [95], followed by a hypothetical
efficiency of 10% presuming a rapid technological development of
transparent PV technology. The results suggest that with the help of
PV glazing, 5.7%, 17.3% and 28.8% of imported electricity can be
replaced at the PV efficiencies of 2%, 6% and 10%, respectively.
Furthermore, the results of the hourly energy matching analysis are
shown in Table 5.
Table 4: PV window electricity generation for different PV efficiencies
(Adapted from Publication II)

PV electrical efficiency

2%

6%

10%

Generation of PV glazing on
the south facade, [kWh/glazing
m2y]
Generation of PV glazing on
the north facade, [kWh/glazing
m2y]
Total generation, [kWh/glazing

7.9

23.8

39.7

2.4

7.5

12.5

10.4

31.3

52.3

10.4

30.1

41.7

m2y]
Total generation used onsite,
[kWh/glazing m2y]

Usually in a cold climate, onsite PV produces excess electricity
during summer time and has the possibility to export, however in
winter the opposite happens for the case study building. An hourly
electricity generation of the PV glazing (total area 47 m2) is
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obtained from the simulation results. Using the hourly data, an
energy matching analysis is performed following the principles
reported in [96]. Here, the energy matching is indicated by the onsite energy fraction (OEF), which is defined as the proportion of
the load covered by onsite generation
ܱ ܨܧൌ 
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where ࡱࡼࢂ ሺ࢚ሻ and ࡱࢋ ሺ࢚ሻ are the on-site generated electricity and
electrical demand respectively at time t, wheras ‘dt’ is the time step
used in the calculation which is 1 hour. The variables t1 and t2
represent the starting and ending points of the time span i.e. 1 hour
and 8760 hours. The best case scenario for OEF is at a value of 1.0,
means the 100% of the on-site generation is self-consumed in the
building.
Table 5: Matching analysis between PV window supply and electrical
demand (Adapted from Publication II)

PV electrical efficiency

2%

6%

10%

Annual reduction in imported
electricity from grid, [kWh/heated
m2 y]
Annual exported electricity to
grid, [kWh/heated m2 y]
Annual onsite energy fraction
(OEF)

1.8

5.5

7.5

0

0.2

1.9

0.05

0.15

0.21

The modern state of the art efficiency (i.e. 6%) provides a
negligible exported electricity of 0.2 kWh/heated m2y, which leads
to the conclusion that 6% efficiency and the present area of PV
windows in the studied townhouse is suitable for bringing down
the level of exported electricity close to zero. Furthermore, the
share of exported energy shoots up when the efficiency is increased
from 6% to 10%.
Using equation 3, the difference in investments costs (dIC) of
advanced window cases are calculated, and for Case 1, the dIC
value is equal to 0 €/window m2. A positive value of dIC suggests
that the life-cycle operational and maintenance costs of the
advanced window systems are less than reference window system.
Hence, a positive value of dIC is preferred in terms of economic
viability for end-users. Table 6 shows the dIC values for Cases 2,
3 and 4 with and without the self-cleaning feature. Here, window
cleaning is the only maintenance action assumed to take place
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during the life-time of 20 years. Therefore, when adding the selfcleaning feature, the maintenance costs became zero.
Table 6: Difference in investment costs ࢊࡵ between advanced window
systems (Case 2,3 and 4) and the reference window system (Case 1) for
Helsinki climate (Adapted from Publication II)

Name of
Case
Case 2

Case 3

Case 4

Description
EC window without selfcleaning feature
EC window with selfcleaning feature
PV window without selfcleaning feature
PV window with selfcleaning feature
Vacuum window without
self-cleaning feature
Vacuum window with selfcleaning feature

݀[ ܥܫ€/window
m2]
-44
45
0
89
27
116

In Table 6, negative values of dIC for Case 2 (without the selfcleaning feature) indicates that it is not economically viable as its
estimated investment cost is higher than those of the reference
window. The obtained dIC value for Case 3 without the selfcleaning feature suggests that with zero allowable additional
investment, the considered PV window (manufacturer’s estimate)
became economically viable for end-users. In contrast, if the selfcleaning feature is added, the maintenance costs can be avoided in
both of the cases and the dIC becomes positive. This suggests that
self-cleaning is a useful feature from a monetary point of view i.e.
the extra investment price can be paid for by windows with a selfcleaning feature. However, Case 4 (vacuum window) shows a
positive value for dIC even without the self-cleaning feature
because the heating energy demand of Case 4 is least among the
cases, which is reflected in terms of cost savings.
The values in table 6 indicate that the magnitude of dIC, even in
the best cases, is moderate at most in comparison with the presentday price of windows. For instance, the present-day price of the
reference window system is 350 €/m2 [97]. This case study shows
that 350+45=395 €/m2 would be the maximum tolerable
investment cost for a commercially feasible EC window with selfcleaning property. In contrast, the present-day price of an EC
window is around 800 €/m2 [23]. The results clearly show that the
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prices of advanced glazing have to come down before they can
become commercially feasible and attractive for consumers.
This study incudes some uncertainty in terms of the degradation
of the window technologies over the analysis period. It is likely
that the performance of the windows will depreciate in terms of
leakage, infiltration and loss of EC switching. The simplifications
of not considering the performance loss might have an impact on
the energy results. Wen et al. [98] performed an exclusive study of
EC technology including the issue of switching cycle durability.
Interestingly, Park and Kim [99] in his study proposed airtight
structures which can be installed on old windows to improve their
acoustic insulation performance as much as new one. They are also
expected to refine their experimental results in future from energy
savings perspective. Based on this, it seems that this issue can be
well described with the help of experimental facilities, which is
beyond the main scope of this present study.

2.2.4. Summary of findings of this chapter
The following findings are obtained in sub-chapter 2.2:
x
x

x

x

x

x
x

For this case study, advanced type windows do not offer special
benefits from the energy efficiency point of view.
The vacuum window is capable of reducing energy demands
compared with the conventional solution, as space heating is
dominating. Conditionally, the PV window offers the least energy
demand among the window alternatives.
With a U-value of 0.6 W/(m2K) and 0.2 W/(m2K), the PV
window offers an energy demand of 143.8 kWh/m2y and 134
kWh/m2y respectively, which is the least among the considered
window systems.
The advanced window investment can be at most roughly 116
€/m2 higher than an ordinary (reference) window to be
competitive from the life-cycle point-of-view.
Based on the results obtained for dIC, it can be concluded that
economic viability is fulfilled if the end-users pay 116 €/window
m2, 89 €/window m2 and 45 €/window m2 respectively for the
vacuum, PV and smart window with self-cleaning feature, over
the current investment price of reference window.
The results suggest that the avoidance of maintenance costs is a
dominant contributor towards the increase of dIC value.
Advanced windows are still in a very early stage of market
development and the prices are rather high.
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3. Early design stage optimization
The objective of this chapter is to perform a simulation based
optimization for an early design case study. The focus here is to
choose design variables for optimization with a perspective of both
engineering and architectural viewpoint. Because architectural
design variables (e.g: geometry, window area etc.) are rather
inflexible to change later in the design process and usually have
energy and cost impact in the final performance of the building.

3.1.

Methodology
The method aims to perform simulation based optimization of a
building in early design stage when data availability is limited. To
address this problem, a simplified hypothetical detached house of 160
m2 is considered as a case study house for this study. It is important
to note that the heated area is kept constant in order to keep the results
comparable, although the building geometry is changed in the
optimization. The internal height of the model is considered as 2.7 m.
The building is located in Helsinki (60°N, 25°E). The total window
area is 10% of the floor area, equally distributed on opposite facades.
The energy performance level of the building envelope and systems
has been designed according to Finnish Building code D3 2012 [62].
The building is ventilated by a centralized constant air volume (CAV)
mechanical supply and exhaust ventilation system with heat recovery
control.
A multi objective optimization problem is formulated for the case
study detached house to define low energy and cost-efficient design
solutions for early designers. The problem is defined as,
Min {f1(ݔҧ ),f2(ݔҧ )}, ݔҧ = [x1, x2,…, x8]

(4)

where ݔҧ is the combination of design variables, f1 is the energy
demand (ED) of a house and f2 is the life cycle cost (LCC). The
energy demand includes space heating, ventilation, domestic hot
water (DHW), cooling, lighting and appliances consumption. Life
cycle cost (LCC) is widely used to access the economic viability of
building projects. It is the sum of the present value of investment,
operation, maintenance and replacement costs:
 ܥܥܮൌ  ܥܫ ܱ ܥ  ܥܯ ܴܲ
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(5)

where  ܥܫis investment cost of the building structural material and
considered design variables. In this case, the structural frame
material is made of reinforced concrete concept. The investment
costs are presented in Table 1 of publication III. ܱ ܥis operational
energy cost, ܴܲ is replacement cost of window and roof. For
replaced elements, no maintenance cost (MC) is considered. The
analysis period in this calculation is 30 years. A 3% real interest rate
is used in the cost calculation. The average energy prices and its
escalation rates are collected from Statistics Finland.
This optimization problem consists of eight design variables to
improve the energy performance of the case study building. The
details of the design variables are listed in Table 7. The architectural
design variables are selected with a view of improving the energy
performance. Other architectural variables related to form, function
and aesthetic value of the buildings were not considered, as primary
focus of this work is on energy efficiency. The thicknesses of
insulation for external wall, roof and floor are selected to cover the
U-value compliance of Finnish building code D3 [62] to the U-value
level that realizes passive house [100].
The case study house is modeled in IDA ICE whole building
simulation software, developed by KTH and Institute of Applied
Mathematics [101]. Validation statements related to IDA-ICE
software is already provided in chapter 2. MOBO (Multi-Objective
Building Optimization) developed by [102] is a generic freeware
with graphical user interface (GUI) optimization program. Nyugen
et al., 2014 [103] reviewed MOBO as one of the mostly used 18
optimization program found in building performance optimization
literature. To perform the optimization, MOBO imports the building
simulation model in IDA ICE. The working scheme of this
simulation based optimization is shown in Figure 1 of publication
III.
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Table 7: Specification of design variables (Adapted from Publication III)

Design
variable
Building
geometry

Sl. no.
1

Architectural
design
variables

2

Storey
height
Orientatio
n

3

4

Window
area
Design
variable
Insulation
thickness
of external
wall

Sl. no.
5

6

3.2.

Engineering
design
variables

Insulation
thickness
of roof

7

Insulation
thickness
of floor

8

Window
type

Values
Option 1: 1-floor
(20x8 m2),
Option 2: 1-floor
(16x10 m2),
Option 3: 1-floor
(12.65x12.65 m2),
Option 4: 2-floor
(10x8 + 10x8 m2).

2.7, 3.0, 3.5

No of
options
4

3

Option 1: N-S,
2
Option 2: E-W
oriented
windows.
10%,15%, 20% of 3
floor area
Values
No of
options
500, 330, 170
3
mm.
From U-value
0.07 to 0.16
W/(m2K)
550, 425, 300
3
mm.
From U-value
0.06 to 0.10
W/(m2K)
450, 350, 200
3
mm.
From U-value
0.08 to 0.18
W/(m2K)
U-value: 1.0, 0.8, 3
0.6 W/(m2K)

Results and discussion
Figure 6 shows the relationship between energy demand and LCC
for all combinations of design variables. The pareto front or, the
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combination of non-dominated optimal solutions as an outcome of
this exhaustive search is indicated by red dots in Figure 6. In total
there are 24 non-dominated solutions representing the pareto front.
In first step, the total combinations (1 x 3 x 2 x 3 x 3 x 3 x 3 x 3 =
1458) for a 2-floor house were explored using Brute-Force
algorithm. The results of those evaluations are indicated by blue dots
in Figure 6. The best solutions for the 2-floor house result in a storey
height of 2.7 m. This is because, a 2.7 m storey height design
possesses minimum external wall area and hence the heat losses
reduce. This holds true even for 1-floor house. Therefore, in 1 –floor
house evaluations the storey height is considered as 2.7 m only.
Finally, the total combinations (3 x 3 x 2 x 3 x 3 x 3 x 3 x 3 = 4374)
for a 1-floor is evaluated using Brute-Force algorithm as indicated
by green dots.

LCC, [€/m2]

950
900
850
800
750
700
650
85

95

105

115

125

Energy demand, [kWh/m2y]
2-floor solutions
Non-dominated Optimal solutions
1-floor solutions
Figure 6: Energy demand versus life cycle cost for different
combinations of design variables (Adapted from Publication III)

In general, the 1-floor house evaluations show higher LCC
values. This is because, 1-floor design possesses higher envelope
area which requires more structural and insulation material thereby
increasing the investment costs. The energy performance level of
best solutions for 1-floor house ranges between 111.8 to 94.7
kWh/m2y, whereas the best solutions for 2-floor design ranges
between 105.9 to 92 kWh/m2y. It seems that both the design types
possess close energy performance level. Therefore, the best
solutions of 2-floor evaluation can be concluded as non-dominated
optimal solutions of the whole evaluation including both 1-floor
and 2-floor construction concept. Let’s assume a design situation
where 1- floor construction is the requirement of client. In that
case, a square shaped geometry (12.65 x 12.65) is beneficial from
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both energy and cost side. As all the best solutions of 1-floor house
are indicated by square shaped geometry.
Across the non-dominated solutions, the selection of window
orientation is always N-S. The values of other design variables for
the non-dominated solutions are shown in Figure 3-7 of
publication III. For external wall, nearly 66% of the nondominated solutions are indicating a U-value of ͲǤͳȀሺʹሻ.
Whereas the current Finnish building code D3 recommends a Uvalue of 0.16 W/(m2K). For roof, the behavior is evenly distributed
across three U-values. For floor, 62% of the non-dominated
solutions indicate a U-value of 0.18 W/(m2K). The reason for this
is the expensive floor insulation material. For window type, half of
the non-dominated solutions show a U-value of 0.6 W/(m2K). A
lower U-value window is capable to reduce the space heating
demand particularly for the selected case study building in higher
latitude. For window area, 91% of the non-dominated solutions
indicate an area of 16 m2 (i.e, 10% of floor area). Only 2 optimal
solutions indicate a window area of 24 m2 (i.e, 15% of the floor
area). This can be explained by the decrease in lighting demand for
last 2 non-dominated solutions as shown in Figure 8 of publication
III. This is due to greater availability of daylighting as a result
increased window area.

The energy breakdown of 3 representative optimal solutions is
shown in Figure 7. Additionally, 3 representative best solutions for
1-floor house are shown in Figure 8. The best energy efficient
solution is corresponding to the extreme left red dot and worst
energy efficient solution is the extreme right red dot in Figure 6.
The energy breakdown at the middle is corresponding to a point
situated nearly mid-way in the red curve.
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Figure 7: Energy breakdown of 3 representative non-dominated optimal
solution (2-floor) (Adapted from Publication III)
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Figure 8: Energy breakdown of 3 representative best solutions for 1floor house (Adapted from Publication III)

As expected space heating is the dominant energy component as
the house is located in a cold climate zone. Space heating is
changing across the optimal solutions due to the choice of the
design variables. However, there were variations noticed for
lighting and cooling demand. The rest of the energy components
are constant. Only the space heating demand is higher for 1-floor
house as compared with optimal solution. This can be explained
by higher envelope area which leads to higher heat loss for a 1floor construction. All non-dominated optimal solutions are 2-floor
design which possess less envelop area compared with 1-floor
design.
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On the other hand, the cooling demand behaves in an opposite
way. The optimal 2-floor construction shows higher cooling
demand than 1-floor construction. One reason is the thermal mass
of heavy concrete in 1-floor house. The intermediate floor in a 2floor house is made of light construction material. In 1-floor house
there doesn’t exist any intermediate floor, the whole floor is made
of heavy reinforced concrete. In summer, heat is stored in thermal
mass and hence reducing the peak cooling load. The stored heat is
released later when cooling needs are less thereby maintaining
thermal comfort level.

3.3.

Summary of findings of this chapter
This chapter proposes the utilization of optimization technique
during early design phase of buildings. As architects are the main
decision makers during this stage. So, a mixed approach of selecting
design variables from both architectural and engineering interest is
adopted. A brief summary of the findings are indicated below.

x
x
x

x
x
x

With equal heated area, a 2-floor construction is energy and cost
optimal compared with a 1-floor construction.
A square shaped geometry is optimal for 1-floor house construction.
There is a requirement to improve the U-value of external wall and
window as mentioned in Finnish building code D3 in order to achieve
energy and cost optimal designs.
The present U-value of roof and floor mentioned in D3 is satisfactory.
A window area of 10% of floor area is optimal in this application.
Space heating demand is lower in 2-floor construction house whereas
the cooling demand is lower for 1-floor construction house.

Although some of the results are rather obvious, the main purpose of
this computational exercise is to demonstrate the power of simulation
based optimization during early design phase.
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4. Life cycle optimization
4.1.

A multi-objective life cycle approach for optimal
building design
The aim of this chapter is to implement a multi-objective
optimization in order to propose the life cycle energy-cost optimal
building design solutions. Particularly, this is a case study to
demonstrate a life cycle approach in optimization, with focus on
building envelope as it accounts majority of the life cycle
environmental impact. The objectives of this optimization problem
are life cycle energy (LCE) and life cycle cost (LCC). The most
important feature of this optimization is the inclusion of EE along
with OE in a single optimization scheme. The primary objective is to
compare the optimized results when using OE+EE and OE only and
to discuss the benefits of the life cycle optimization approach.

4.1.1. Methodology

In Finland, residential buildings comprise 85% of the building
stock and 64% of the building area [104]. Therefore, a three-story
townhouse is selected as the case study building. The floor plan is
shown in previous chapter as in Figure 4. The townhouse concept has
attracted considerable attention lately as a new urban housing
typology in Helsinki and is based on a conscious policy by the city
planning department [105]. The townhouse design has been adopted
from [84], which is assumed to be located in Helsinki (60°N, 25°E),
and has a floor area of 259.6 m2. The internal height of each floor is
2.7 m and contains a total glazing area of 47 m2. The energy
performance level of the building envelope has been designed
according to Finnish Building code D3 2012 [62].
This optimization minimizes life cycle energy (LCE) and life cycle
cost (LCC) as objective functions. The definition of the problem is as
follows:
Min {F1( = )ݔLCE, F2( = )ݔLCC}, ࢞ = [ݔଵ ǡ ݔଶ ǡ ǥ ǡ ݔ ሿ

(6)

where ࢞ is the vector of the design variables (ݔଵ ǡ ݔଶ ǡ ǥ ǡ ݔ ሻ, F1 is the
life cycle energy (LCE) of the house and F2 is the life cycle cost
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(LCC). In this optimization, the number of considered design
variables is four (i.e., ࢞ = [ݔଵ ǡ ݔଶ ǡ ݔଷ ǡ ݔସ ሿሻǡ as described later. The
expression for LCE according to the extended system boundary is
(7)

 ܧܥܮൌ ܱ ܧ ܧܧ

where OE represents the primary energy for building operation
(space heating, ventilation, domestic hot water, lighting and
appliances) for 50 years service life. The OE is calculated by using a
non-renewable primary energy factor of 0.7 for heat (assuming the
heat source is from a district heating system) and 1.7 for electricity
[62]. Similarly, the EE is also calculated as the non-renewable
primary energy use based on [106].
The second objective, LCC is the sum of the present value of the
investment costs (IC), maintenance costs (MC), replacement costs
(RP) and operational costs (OC) over the life time of the building. It
is expressed as
 ܥܥܮൌ  ܥܫ  ܥܯ ܴܲ  ܱ ܥ.

(8)

This study considers an analysis period or building life cycle of 50
years, according to [107]. The investment cost is the summation of
the cost of the building’s structural material, wall, roof and floor
insulation, cost of windows and building service systems. The
replacement costs are considered for roof insulation, windows and
building service systems that have a shorter life time than 50 years.
No maintenance costs are considered for replaced components. The
maintenance costs were based on the maintenance measures in Table
11. The replacement costs are calculated using
ܴܲ ൌ  ܥܫ ሺͳ  ݎሻି

(9)

where,  ݎis the real interest rate, ݅ is the index for the design variable
to be replaced and ݉ is the replacement interval. All the costs taken
from a source are updated based on the inflation rate [108]. A real
interest rate  ݎof 3% is used in the cost calculation, according to the
Commission’s cost optimal regulation [32].
For operational energy cost calculation, the energy prices and its
escalation rates were obtained from the database (on energy prices)
of Statistics Finland [109]. The heating energy source is assumed to
be district heating (DH). The considered average electricity and DH
prices are 0.12 €/kWh and 0.08 €/kWh respectively [109]. It is a
common practice in building energy research to consider flat average
rate for energy prices with a price development (escalation) for a
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defined period [110] [111]. The escalation rates for electricity and
DH used in the calculation are 2.74% and 1.78% respectively. This
is based on the energy price development for the last 10 years. All
energy prices include tax and transportations costs.
The current optimization problem considers four design variables:
insulation thicknesses of the external wall, roof and floor, and the
window type with different U-values. Table 8 presents the technical
specifications of the design variables. The investment cost
information related to each of the design variables are shown in
Table 9. A multi-objective non-dominated sorting genetic algorithm
(NSGA-II) is used to perform this optimization. The building service
systems like heating (DH supply), ventilation (60% heat recovery)
and electricity (no onsite renewable) system are set to be a constant
according to the scope of this study. The optimization is performed
for three structural material packages: reinforced concrete panel
(RC), cross laminated timber (CLT) and Steel for comparison,
selected based on a past study [112].

Table 8: Specification of the design variables (Adapted from
Publication IV)
Design variable

Type of
variable

Range/ Values

1. Insulation
thickness of
external wall
2. Insulation
thickness of
roof
3. Insulation
thickness of the
floor
4. Window type

Continuous

0.185 to 0.48 m

No of
design
options
-

Continuous

0.41 to 0.55 m

-

Continuous

0.2 to 0.44 m

-

Discrete

Type 1: U-value =
1.0 W/(m2K),
Type 2: U-value =
0.8 W/(m2K),
Type 3: U-value =
0.6 W/(m2K)

3 options
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Table 9: Investment cost data of the design variables [113] [35]
(Adapted from Publication IV)
Description
RC structural concept

Price

214 €/m2 (structure) + 65
€/m3 (insulation)
Investment in roof
119 €/m2 (structure) + 37
€/m3 (insulation)
Investment in floor
78 €/m2 (structure) + 114
€/m3 (insulation)
CLT structural concept

Investment in external wall

140 €/m2 (structure) + 65
€/m3 (insulation)
Investment in roof
181 €/m2 (structure) + 37
€/m3 (insulation)
Investment in floor
71 €/m2 (structure) + 114
€/m3 (insulation)
Steel structural concept

Investment in external wall

118 €/m2 (structure) + 65
€/m3 (insulation)
Investment in roof
171 €/m2 (structure) + 37
€/m3 (insulation)
Investment in floor
67 €/m2 (structure) + 114
€/m3 (insulation)
Window

Investment in external wall

U-value = 1.0, 0.8, 0.6 W/(m2K)

252, 290, 350 €/m2

The embodied energy modules were computed using an Excelbased model (with VBTM programming), while the operational
energy (module B6) is computed using IDA ICE software. The
present approach combines these two computational models to
solve a multi-objective optimization problem. MOBO (MultiObjective Building Optimization) [102] is used to combine these
two models to perform the optimization. The study by Nyugen et
al. [103] reviewed MOBO as one of the 18 most used optimization
programs found in the building performance optimization
literature. Moreover, Palonen et al. [102] reviewed several other
optimization tools to highlight the useful features of MOBO. The
working scheme of the proposed optimization approach is shown
in Figure 9. MOBO has graphic user interface (GUI) to write the
design variables and its ranges, objective functions, cost equations
and different energy components delimiters (to automatically copy
the data from IDA ICE and excel model). The present optimization
uses NSGA II algorithm.
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Figure 9: The combined simulation-optimization environment (Adapted
from Publication IV)

4.1.2. Assessment at each stage of building life cycle

This study is based on the life cycle assessment (LCA) method
[114] [115] and the system boundary for the assessment is
summarized in Figure 10. The life cycle stages studied are identified
according to the modularity principle of a building life cycle [116].
The embodied energy demand is calculated using the unit impact (in
kWh/kgof product) value obtained from the Ecoinvent database [106].
The operational energy demand is calculated using the IDA ICE
software [117].
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Figure 10: System boundary of this study (Adapted from Publication
IV)

The energy consumption during the manufacturing process of
components of the case study building is assessed by using the
method by Takano et al. [118]. The calculation is carried out by
multiplying the unit values, which are derived from one square
metre of the building elements [kWh/m2], by the area of each
building element in m2 as shown in Table 10.
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Table 10: Area of different elements of building envelope (Adapted
from Publication IV)

Building element

Area, [m2]

External wall

252

Roof

91

Floor

91

Window
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The construction (installation) cost of building components was
counted based on data from references [119] [120] [121] [113].
Since, in many cases, the energy consumption and cost are strongly
correlated with a building system [122] [123] [124], construction
energy is estimated from the production energy based on a
relationship between the material and construction costs.
The maintenance of the building was considered according to the
expected service life and maintenance intervals of the building
components [125] as listed in Table 11. The energy consumption
and cost for manufacturing the products used in maintenance, as
well as maintenance works, were assessed. It is assumed that all
maintenance was carried out using the same materials and same
energy inputs as originally used. The expected service life of the
structural frame material (except the surface components) is
chosen as 50 years and there is no need to assume replacement and
maintenance. The replacement of the roofing materials, window
and building service systems was counted once during the lifetime
of the building. The repainting of the surface components was
taken into account according to the maintenance interval.
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Table 11: Expected service life, maintenance interval and maintenance
measure [125] (Adapted from Publication IV)

Structural frame
All
Sheathing
Gypsum board
Cladding /
Flooring
Wood plank
Roofing
PVC sheet
Inner components
All
Window
Glazing
Wood frame
HVAC equipment

Expected
service life
(year)

Maintenance
interval
(year)
Maintenance

50

-

-

50

20 (wall) or
30 (ceiling)

Repaint

50

10

Repaint

25

-

-

50

-

-

25
25
25

10
-

Repaint
-

To calculate the operational energy, the case study building was
simulated using the IDA-ICE building simulation software [126].
The energy performance level of the building services has been
designed according to Finnish Building code D3 2012 [62]. The
house is ventilated by a centralized constant air volume (CAV)
mechanical supply and exhaust ventilation system with heat
recovery control. The demand profile for domestic hot water
(DHW) is based on measurements from 15 district-heated houses
in Helsinki [127]. The hourly profile of lighting, electrical
appliances, occupants, etc., is based on statistical information
gathered from questionnaires and from hourly measured
consumption of 1630 Finnish houses over a one-year period [128].
The simulation uses the Finnish test-reference-year weather file
(TRY2012) for Helsinki [129]. The set-point temperature for
heating is 21°C.
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4.1.3. Results and discussion

Figure 11 shows the relationship between LCE versus LCC of the
non-dominated optimal solutions for the three structural alternatives
considered in this study.

Life cycle cost, [€/m2]

1550
1500
RC (OE+EE)

RC (OE)
1450
CLT (OE)

CLT (OE+EE)

1400
Steel (OE+EE)

Steel (OE)
1350
100

110

120

130

140

150

Life cycle energy (LCE), [kWh/m2y]
Figure 11: LCE versus LCC of the non-dominated optimal
combinations of the design variables (Adapted from Publication IV)

The right most curves show the relationship between LCE
versus LCC from OE+EE optimization and the curves on the left
side are the pareto front obtained from the OE optimization. The
solutions of the pareto front are called non-dominated solutions.
For all structures, the LCE difference between the most (i.e., the
left-most solution of the curves) and least energy efficient solution
(i.e., the right-most solution of the curves) on the pareto front
yields bigger value from OE optimization, compared to OE+EE
optimization.
The LCE difference between the pareto front from OE+EE and
OE optimization is higher on the more energy efficient side (i.e.,
the left-most solutions of the curves) compared with the less
energy efficient side (i.e., the right-most solutions of the curves).
The left-most points of the pareto curves contain solutions with
thicker insulation. The greater influence of EE among the left-most
points makes the curve slightly steeper. This result is in agreement
with the study of Sartori and Hestnes [3], that concluded that for
low energy buildings, the share of embodied energy is higher than
in conventional buildings.
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Furthermore, the optimization is performed for three structural
concepts. The pareto fronts in Figure 11 shows that steel structural
concept provides the most cost effective non-dominated optimal
solutions, with a little compromise on the energy efficiency side
compared with the other structures. RC and CLT are nearly at the
same energy performance level, but the CLT non-dominated
optimal solutions are more cost-effective than RC. Although, at
present the RC is the most common structural concept for buildings
in Finland, CLT seems to be a good alternative with almost the
same energy performance level but with less life cycle cost.
In total, there were 72 non-dominated optimal solutions resulted
from each optimization run for the RC structural concept. By
unfolding the pareto front, the optimal behavior of design variables
can be obtained (see Figure 6-9 in Publication IV). There is a
difference noticeable in the U-value of non-dominated solutions
obtained from the OE+EE and OE optimization. Generally, the Uvalue of the non-dominated solutions from the OE+EE
optimization is higher than the ones from the OE alone
optimization.
For the external wall, 100% of the non-dominated solution
shows different U-value from the OE+EE and OE optimizations.
Among the design variables, the external wall is the highest
contributor of embodied energy, as shown in Table 12. The reason
is the use of more material due to the larger area of external wall.
The higher embodied energy of the external wall resulted in
differences for all non-dominated solution from the OE+EE and
OE optimization. For the roof, nearly 47% of the non-dominated
solutions show differences in the U-value obtained from the
OE+EE and OE optimizations. But among them, the differences in
U-values are negligible. This can be explained by the lowest
embodied energy of the roof as shown in Table 12. For the floor,
the difference in U-values among the non-dominated solutions
obtained from the OE+EE and OE optimization accounts for
around 87%. In terms of the embodied energy value, it is the
second highest after external wall, as shown in Table 12. Another
reason is the expensive floor insulation material, which also aids
towards the selection of a higher U-value (or, thinner floor
insulation) for the non-dominated solutions. The differences
between the U-value are more visible on the left side i.e., among
more energy efficient solutions. This is because of the higher
impact of EE among the more energy efficient solutions, due to the
use of more material in form of thicker insulation. For windows,
14% of the non-dominated solutions resulted in different U-values
from the OE+EE and OE optimization. The savings in embodied
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energy due to the selection of higher U-value windows is
comparatively less.
Table 12: EE values of design variables for most energy efficient
solution on the pareto front from OE+EE optimization (Adapted from
Publication IV)

Structure EE [kWh/y]
type
for external
wall
RC
2487
CLT
2943
Steel
1615

EE
[kWh/y]
for roof
920
1247
1146

EE
[kWh/y]
for floor
1486
1246
1137

EE
[kWh/y]
for window
1271
1271
1271

Finally, figure 12 and 13 discusses; why the non-dominated
solutions of design variables achieve different U-value from
OE+EE and OE optimization? It calculates the energy values of
the non-dominated solutions (for RC structure) against the
reciprocal of heat loss co-efficient (σ

ଵ


) value of the building

envelope. The energy demands of the non-dominated solutions
from OE optimization were plotted versus σ

ଵ


value as shown in

Figure 12. The slope of the curve is calculated, which indicates that
towards the more energy efficient solutions, the slope is –1.3
W2/m2K, whereas towards less energy efficient solution side the
slope is –4.5 W2/m2K as indicated by brackets in Figure 12. This
indicates that at the less energy efficient side, increasing the
insulation thickness leads to a steep drop in operational energy
demand. Thereafter, towards the more energy efficiency side,
increasing the insulation thickness has relatively less impact on the
reduction of operational energy demand.
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OE, [kWh/m2y]
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Figure 12: Operational energy versus σ ࢁ of envelope for RC structure
(Adapted from Publication IV)
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Figure 13: Embodied energy versus σ


ࢁ

0,016

0,018

of envelope for RC structure

(Adapted from publication IV)

On the other hand, the relationship between EE versus

ଵ
σ 

is

shown in Figure 14. This is obtained from the results of the OE+EE
optimization for the RC structure. The behavior is more or less
linear and the calculated slope of the curve is 0.9 W2/m2K. This
means that EE rises linearly with the increase in insulation
thickness. Generally, the changing slope of the OE curve (in Figure
12) resulted in a different U-value for the non-dominated optimal
solutions of the design variables from the OE+EE and OE
optimization. It was found that the rates of change of the
operational and embodied energy are different. Among more
energy efficient solutions, a rise in envelope resistance reflects
lesser savings for OE, as shown in Figure 12. However, EE
maintains a linear behavior (Figure 13) and thereby a drop in
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overall thermal transmittance allows for a constant energy savings
potential throughout the solution space. As the minimization
potential of OE is lower among more energy efficient solutions, so
the function for LCE tries to minimize the other component EE by
selecting a higher U-value. This is the reason why the nondominated of the OE+EE and OE are showing higher differences
in U-value among more energy efficient solutions.
4.1.4. Summary of findings of this chapter
This study demonstrated the possibility of using life cycle
optimization versus conventional operational energy optimization. A
brief summary of the key findings in chapter 4.1 are:
x

x

x
x
x

x

4.2.

The optimal solutions from the OE and OE+EE approaches are quite
close to each other. This is true for this case study but cannot be
generalized.
The non-dominated optimal solutions, especially for the external wall
and floor, show higher U-values obtained from the OE+EE
optimization compared to OE optimization.
The optimal results of all structural concepts conclude that the EE
share ranges from 23% to 16% of the LCE.
Embodied energy is higher among more energy efficient solutions
due to increased use of materials.
The difference between the LCE values (kWh/m2y) of the pareto
front from the OE+EE and OE optimization are higher towards the
more energy efficient solutions compared to the less energy efficient
solutions.
The order in life-cycle cost, from highest to lowest is: concrete,
timber and steel.

A life cycle approach to optimizing carbon footprint
and costs of a residential building
The objective of this chapter is to implement a whole building life
cycle optimization to minimize life cycle carbon footprint (LCCF) and
life cycle costs (LCC) with decision variables from both building
envelope and building service systems category. Additionally, the aim
is to also compare life cycle optimized designs with conventional
optimized designs.
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4.2.1. Methodology
The case study building used in this study is the same as used in
chapter 4.1. The formal definition of the present optimization
problem in this chapter as follows:
Min {F1()ݔ, F2(})ݔ

(10)

where, ࢞ = [ݔଵ ǡ ݔଶ ǡ ǥ ǡ ݔ ሿ.

(11)

Here, the F1 is the life cycle carbon footprint (LCCF) and F2 is the
life cycle cost (LCC) of the building. Again, the number of
considered design variables is seven i.e., ࢞ = [ݔଵ ǡ ݔଶ ǡ Ǥ Ǥ ǡ  ݔሿǤ
The expression for F1 i.e, LCCF according to life cycle system
boundary is
(12)

 ܨܥܥܮൌ ܱ ܨܥ ܨܥܧ

where ܱ ܨܥis the operational carbon footprint of the case study
building i.e, the CO2e emission associated to cover the space heating,
ventilation, domestic hot water, lighting and appliances energy
demand. The ܱ ܨܥis calculated by using emission factors of 183 kg
CO2/MWh for heat and 209 kg CO2/MWh for electricity respectively.
These factors were collected from the database of Motiva [130]. The
 ܨܥܧis the embodied carbon footprint of the building, calculated
from Ecoinvent database [106]. The  ܨܥܧconsists of CO2e emissions
associated with the production, construction, maintenance and
replacement of the building elements and services. Additionally, it
also includes the stored carbon in various components of design
variables.
The second objective, F2 i.e, LCC is the sum of the present value
of the investment, maintenance, replacement and operational costs
over the life time of the townhouse and expressed as
 ܥܥܮൌ  ܥܫ  ܥܯ ܴܲ  ܱܥ

(13)

where ܥܫis the overall investment cost,  ܥܯis the maintenance
cost,ܴܲis the replacement cost and ܱܥis the operational cost. The
method of cost calculation is similar to one provided in previous
chapter 4.1.1.
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This optimization considers seven design variables: insulation
thicknesses of the external wall, roof and floor, window types,
ventilation heat recovery efficiency, heating system types, and PV
panel area. The values or, range of the design variables are shown in
Table 13. A non-dominated sorting genetic algorithm (NSGA-II) is
used to perform the exploration. The investment cost of design
variables are shown in Table 2 of publication (manuscript) V.

Table 13: Specifications of design variables (Adapted from Publication V)

Design variable

Type of
variable

Range/ Values

1. Insulation
thickness of
external wall
2. Insulation
thickness of roof
3. Insulation
thickness of floor
4. Window type

Continuous

0.1 to 0.5 m

No of
design
options
-

Continuous

0.3 to 0.6 m

-

Continuous

0.1 to 0.5 m

-

Discrete

Type 1: U-value =
1.0 W/(m2K),
Type 2: U-value =
0.8 W/(m2K),
Type 3: U-value =
0.6 W/(m2K)
Type 1: ɳ = 60%,
Type 2: ɳ = 70%,
Type 3: ɳ = 80%.
Type 1: Electrical
heating,
Type 2: District
heating (DH),
Type 3: Ground
source heat pump
(GSHP).
0 m2 ≤ PV area ≤ 80
m2

3 options

5. Heat recovery
efficiency

Discrete

6. Heating system

Discrete

7. PV area

Discrete

3 options
3 options

5 m2
uniform
step (16
options)

The embodied carbon footprint (ECF) is computed using an
Excel-based model (with VBTM programming). The OCF is
computed using IDA ICE software and emission factors. The present
approach combines two computational models to solve a multiobjective optimization problem. MOBO (Multi-Objective Building
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Optimization) is used to combine those two models to perform the
optimization. The working scheme of the proposed optimization
approach is shown in Figure 2 of publication V.
The assessment at each stage of the building life cycle is similar
to the approach adopted in chapter 4.1.2 (Assessment at each stage
of building life cycle). The only difference here is to include design
variables from building service systems. The present systems
boundary of the study is indicated aforementioned in Figure 10.
4.2.2. Results and discussion

Life cycle cost (LCC), [€/m2]

Figure 14 shows the pareto fronts i.e, the optimal relationship
between LCCF with LCC. Generally, the non-dominated optimal
solutions for all heating systems obtained from OCF+ECF
optimization are represented by higher magnitude of carbon
footprint, compared to the optimal solutions obtained from OCF
optimization. This is because of the inclusion of ECF component in
the former.

1700
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DH(OCF+ECF)

Elec (OCF)

Elec(OCF+ECF)

1600

DH(OCF)

1550
DH(OCF)

1500

Elec(OCF+ECF)

DH(OCF+ECF)

Elec(OCF)

1450

GSHP(OCF)

GSHP(OCF+ECF)

1400

GSHP(OCF+ECF)
GSHP(OCF)

1350
5
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Life cycle carbon footprint (LCCF), [kgCO2e/m2y]
Figure 14: Pareto front i.e, LCCF versus LCC of the optimal solutions for
different heating systems (Adapted from Publication V)

Each heating system is represented by its own pareto fronts, with
electrical heating (elec) optimal solutions showing maximum LCCF
and OCF and ground source heat pump (GSHP) optimal solutions
showing minimum LCCF and OCF. In terms of the other objective,
electrical heating solutions possess highest LCC and GSHP solutions
show lowest LCC. This indicates that environmental and economic
indicators do not always contradict with each other. The pareto fronts
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obtained from OCF+ECF optimization are slightly lesser in length
compared to the ones obtained from OCF optimization. This
behaviour is found in all heating systems. The inclusion of ECF in
OCF+ECF optimization case influences the optimizer to select lesser
insulation thickness for building envelope than in OCF optimization
case. As ECF share in LCCF is smaller than OCF, therefore its
influence is minor but still visible as reflected in the form of small
difference in lengths of pareto fronts.
Each optimization runs resulted in different number of nondominated optimal solutions. This is because, each optimization runs
have been performed separately using NSGA-II algorithm, where the
user preference does not influence the number of output optimal
solutions. Figure 5-8 in publication V, shows the behavior of design
variables (insulation thickness of external wall, roof, and floor and
PV area) optimal values in case of district heating (DH) system. The
remaining design variables i.e, window type and heat recovery
efficiency are indicating an optimal solution of U-value of 0.6
W/(m2K) and efficiency of 80% respectively.
There is a difference noticed in the design variable optimal values
obtained from OCF+ECF and OCF optimization case for all heating
systems. Majority of the design variables optimal values obtained
from OCF optimization shows bigger insulation thickness for
building envelope (wall, roof and floor) compared to the optimal
solutions from OCF+ECF optimization. This finding indicates that
for any chosen heating system, more insulation thickness is not an
optimal solution from life cycle perspective. For the design variable
(PV area), there are minor difference exists between the optimal
values obtained from OCF+ECF and OCF optimization as shown in
Figure 8 of publication V. This is due to smaller ECF value of PV.
Moreover, it is most likely that this minor difference exists as
OCF+ECF and OCF optimization, results in different number of
optimal solution points.
In Figure 14, the left most solution point on the pareto front is
the life cycle carbon (LCCF) optimal solution and the right most
point on the pareto front is the life cycle cost optimal solution. The
breakdown of the components of LCCF for carbon and cost
optimal solution from DH(OCF+ECF) and DH(OCF) are shown in
Table 14 and 15 respectively.
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Table 14: Specification of carbon optimal solution obtained from DH
(OCF+ECF) and DH (OCF) optimization case (Adapted from
Publication V)

Description
Heating carbon i.e,
OCF(Heat)
[kgCO2e/m2]
Electricity carbon
i.e, OCF(Elec)
[kgCO2e/m2]
Embodied carbon
i.e, ECF
[kgCO2e/m2]
LCCF [kgCO2e/
m2]
LCC [€/m2]

DH (OCF+ECF)
583 (47%)

DH(OCF)
565 (45%)

173 (14%)

173 (14%)

485 (39%)
1241

506 (by post
processing the
results) (41%)
1244

1542

1562

Table 15: Specification of cost optimal solution obtained from DH
(OCF+ECF) and DH (OCF) optimization case (Adapted from
Publication V)

Description
Heating carbon i.e,
OCF(Heat)
[kgCO2e/m2]
Electricity carbon i.e,
OCF(Elec)
[kgCO2e/m2]
Embodied carbon i.e,
ECF [kgCO2e/m2]

DH (OCF+ECF)
675 (44%)

DH(OCF)
644 (43%)

429 (28%)

429 (28%)

435 (28%)

444 (by post
processing the
results) (29%)
1517
1431

LCCF [kgCO2e/m2]
LCC [€/m2]

1539
1426

The case study house located in a cold climate zone, therefore
heating carbon footprint i.e, OCF(heat) is the biggest component
in LCCF for both carbon and cost optimal solution. The ECF
accounts upto 485 kgCO2e/m2 (around 39% of LCCF) for carbon
optimal solution and 435 kgCO2e/m2 (28% of LCCF) for the cost
optimal solution. The ECF of carbon optimal solution is higher due
to thicker insulation thickness of building envelope as found in the
right most terminal of the curves Figure 5-7 of publication V. On
the other hand, the cost optimal solution represented by the left
most terminals (solution number 1) of the curve in Figure 5-7 of
publication V. Those figures also indicate that the carbon optimal
solution from DH(OCF) optimization is indicating thicker
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insulation for wall, roof and floor than in case of DH(OCF+ECF).
This is particularly visible among carbon optimal solution side and
in-line with the results of past studies [3] that the effect of
embodied carbon is more for low carbon buildings. Another
disadvantage is with thicker insulation of building envelope, the
LCC also rises as shown in Table 14 for DH(OCF). Therefore, life
cycle optimization approach not only results in better carbon
optimal solutions but also the life cycle cost of that particular
solution found lower than the one obtained from conventional
operational performance based optimization. Finally, the share of
electricity carbon footprint is 14% of LCCF for the carbon optimal
solution. This is due to the maximum implementation of PV panel
on available roof area. Thereby it can be noted that onsite PV panel
yield good results in terms of reducing electricity carbon footprint
without much increase on its ECF value.
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33

roof ECF

52

174

15

floor ECF
window ECF
HR ECF

44

DH heating system ECF

96

52

PV ECF
others ECF

Figure 15: Embodied carbon footprint (ECF) breakdown of carbon
optimal solution from DH (OCF+ECF) optimization case [kgCO2e/m2]
(Adapted from Publication V)
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Figure 16: Embodied carbon footprint (ECF) breakdown of cost
optimal from DH (OCF+ECF) optimization case [kgCO 2e/m2]
(Adapted from Publication V)

Figure 15 and 16 indicates that external wall holds the biggest
share in ECF, around 36% for carbon optimal solution and 32% for
cost optimal solution. This is due to large surface area of external
wall, which requires more insulation material. The next ones in the
rank are ECF of floor and roof for both carbon and cost optimal
solution. Interestingly, the ECF of DH system is visible with a
share of around 11% (carbon optimal) and 12% (cost optimal)
respectively. Nevertheless, the ECF of ventilation heat recovery
and PV are negligibly small compared to rest of the elements.
These ‘other ECF’ component (e.g: intermediate and party floor,
sewage system) holds constant value in this optimization problem
as the considered design variables doesn’t affect those
components. This result indicates that building envelope still has
the biggest environmental impact with approximately 76% of the
share in case of carbon optimal solution and 74% in case of cost
optimal solution.
4.2.3. Summary of findings of this chapter
A brief summary of the key findings of the life cycle carbon
footprint and life cycle cost optimization study are:
x

x

In this case study, the total carbon footprint of the optimized
solutions was rather similar obtained from OCF+ECF and the OCF
approach.
There however are some differences in the values of the design
parameters proposed by the two methods: the OCF+ECF approach
suggests in general thinner insulation and larger PV area than the
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x

x
x
x

x

OCF approach. The window U-values and ventilation heat recovery
efficiencies are quite similar in both cases.
In a carbon optimal solution, the share of ECF is 39% of LCCF. On
the other hand, for a cost optimal solution, the share of ECF is 28%
of LCCF. This clearly indicates that the share of ECF is increasing
among low carbon buildings.
Heating system is a dominant design variable, which results in
clearly separated pareto fronts for each systems.
Among the heating alternatives, GSHP provides most optimal
solutions in terms of both objectives (LCCF/OCF and LCC).
The behaviour of pareto front from all optimization cases, is steeper
towards the ends. This is justified by the sudden increase of wall,
roof and floor insulation thickness as well constant PV area in the
ends.
In this study, building service systems contribute roughly one-fourth
of the embodied carbon footprint.
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5. Conclusions
5.1. Concluding remarks

This dissertation considers simulation, life cycle analysis and life
cycle optimization as methods to design energy efficient, cost effective
and sustainable buildings. To achieve this goal, different case studies
were performed, including studies on design of building envelope
materials, life cycle energy-cost and carbon footprint-cost optimization
studies of whole building. Firstly, the publication I, finds out how
material selection can affect the life cycle energy balance of a building.
It provides information about which building components and life cycle
phases should be preceded in order to find better energy balances from
material perspective. It is also found that the effect of material selection
has minor influence in operational energy use. Secondly, the window
which is considered as an important part of envelope in terms of energy
performance was addressed separately through publication II. A rather
life cycle cost saving perspective is adopted in order to justify the higher
investment costs of advanced windows. In cold climate, it makes sense
to install windows with low U-value (e.g: vacuum window), but still the
potential of PV integrated window cannot be neglected as it offers
additional benefit of generating onsite electricity. Thirdly, the
publication III argues with the building early design stages practices like
decisions based on rules of thumb or, decision based on personal
experiences. It shows the power of simulation based optimization to aid
early design decisions by considering design variables from both
architectural and engineering importance. By analyzing the obtained
pareto front, important early design decisions can be made with better
scientific justifications. Fourthly, publication IV introduces a life cycle
approach in optimal building design by considering the fact that with
more energy efficient buildings in future, it is likely that the share of
embodied energy will go high. Formulating an optimization problem by
including both embodied and operational energy of a building is
considered as one of the most important features of this study. The design
variables are energy performance indicators of building envelope along
with three types of structural materials. The results show the difference
between the optimized values of design variables obtained from life cycle
optimization (i.e, OE+EE) and a traditional way of doing optimization
(i.e, OE). Finding the reasons of such differences by slope analysis is also
an important conclusion of this study. Moreover, the embodied energy
breakdown of different building elements and services are worth to note
down. One of the possible limitations of publication IV (limited design
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variables only from building envelope) is addressed in the study of
publication V. In terms of methodology, publication V follows the same
approach, but the optimization objectives are life cycle carbon footprint
and life cycle costs with large number of design variables (including
envelope and systems). Heating systems has a considerable impact in
determining the optimal designs as shown by clearly separated pareto
fronts. The difference between life cycle and conventional optimized
results are also discussed. It is interesting to see a special behavior (a
rather steep behavior) towards the head and tail of the pareto front. A
possible factor for such behavior is the sudden rise of envelope design
variables and constant PV area in that zone. Finally, detail information
about carbon and cost optional solution is obtained.
The new contributions of this dissertation are required to design future
low energy or low carbon cost effective optimized buildings. One of the
most important outcomes is to show the comparison between
conventional and life cycle design approaches. Finally, it also provokes
the idea of realizing life cycle zero energy/carbon buildings.
5.2. Recommendations for further research
This dissertation is a step forward to show the importance of life cycle
design (both energy and costs as the scope) and life cycle optimization
as approaches to design energy efficient and sustainable buildings for
future. To further develop this approach, it would be necessary to include
other building phases like end of life (EoL) in optimization, more
building material and services. Furthermore, the presented results are
somewhat limited to the considered case studies. So, additional
sustainability indicators (e.g: carbon driven design), building types,
geographical locations and geometrical features are worth to consider as
future steps in order to develop a comprehensive approach. Finally, in
order to translate these future recommendations into reality, the external
factors like user/building owner’s preferences cannot be overlooked,
which might lead to the path of applying systemic thinking in building
design.
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