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Abstract: Building developers are continuously seeking solutions to increase saleable/rentable
floor area and thus the profitability of investments, especially in large/dense cities where the real
estate/rental values are high and shortage of available land results in smaller building footprints.
Application of passive energy efficiency measures (e.g., thick insulation in walls) not only affects
the life cycle sustainability of buildings, but also the floor area and its profitability. This can affect
the decisions made on the choice of measures when aiming to improve sustainability. In line with
limited studies in this context, a case study is presented here in which multi-objective optimization
was used to explore the impact of various passive energy efficiency measures on the life cycle
sustainability when accounting for the profitability of the floor area. The building case was a high-rise
apartment based on a standardized building concept situated in different locations in Sweden, namely
Vindeln, Gothenburg, and Stockholm. The findings indicated that, regardless of the location, use
of (1) thick cellulose coating for the roof, and (2) moderately thick expanded polystyrene for the
floor, were necessary to improve the life cycle sustainability. However, the optimal wall insulation
was dependent on the location; in locations with high real estate values, the scope for using thick
and conventional insulations (mineral wool/cellulose) was limited due to the significant economic
loss caused by floor area reductions. In general, the optimization identified optimal solutions that
could save up to 1410.7 GJ energy, 23 tonnes CO2e, and 248.4 TEUR cost from a life cycle perspective
relative to the building’s initial design.

Keywords: CO2 emission; life cycle cost; life cycle energy; multi-objective optimization; passive
energy; efficiency measure; sustainable building

1. Background

Increasing the useful floor area of buildings is of significance for building developers as
it can raise the profitability of the investments due to higher rental and real estate gains [1,2].
This can be even more important in large and dense cities where the real estate/rental
values are high and shortage and preciousness of available land result in smaller building
footprints [1,2]. Application of passive energy efficiency measures (i.e., well insulated
building envelope, energy-efficient windows, minimized thermal bridges, and airtight
constructions) for improving the sustainability performance of buildings in terms of envi-
ronmental and economic perspectives can, however, indirectly affect the useful floor area
of buildings and thus profitability of investments [3]. For instance, using thick insulation
in the exterior walls of new buildings or retrofitting buildings by insulating exterior walls
from inside (e.g., heritage buildings) will reduce the saleable/rentable floor area and result
in economic losses. This is especially of importance as most of the buildings are currently
built or retrofitted to fulfil current and future low energy requirements, necessitating use of
passive energy efficiency measures [4,5]. Alam et al. [1] and Fantucci et al. [2] have recently
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highlighted this issue and compared the performance of the Vacuum Insulation Panels
(VIP) with Expanded Polystyrene (EPS) insulation when retrofitting walls from the inside
in the large cities with high rental values. They found that the higher thermal performance
of VIP compared to the EPS insulation provided the possibility to adopt thinner insulation
and thus save floor area, which eventually resulted in larger economic gains. Despite these
two studies, which mainly compared the performance of VIP and EPS insulations, limited
studies have explored how passive energy efficiency measures can affect the environmental
and economic sustainability performance of buildings when accounting for the economic
effects of the saleable/rentable floor area.

2. Literature Study and Research Objective
2.1. Life Cycle Sustainability

Buildings are responsible for a significant amount of final energy use and CO2 emis-
sions in the European Union (EU) [5]. The EU energy performance of buildings directive [5]
therefore plans to take action and achieve a highly energy-efficient and decarbonized
building stock by 2050. This directive requires member states to set sustainable measures
and strategies in order to ensure cost-efficient solutions for minimizing the energy use
and carbon impact of new and existing buildings [5]. Passive energy efficiency measures
are considered a promising approach to maximize building sustainability and ensure
cost-effective solutions that minimize buildings’ operational energy use and related CO2
emissions [4,6]. Nevertheless, recent studies emphasize the significance of adopting a life
cycle approach and considering the whole life cycle of a building when aiming to adopt
measures in order to improve the sustainability performance of buildings [7,8]. This is
because, although adopting passive energy efficiency measures reduces the energy use,
carbon impact, and costs of a building’s operation, it may increase the investment costs
(i.e., cost of material procurement) as well as the embodied energy and its related carbon
impact (i.e., the energy use and carbon impact required for, and caused by, production
of new materials and components) more than offsetting reductions obtained during the
operational phase [9–13]. It is likewise important to account for the economic effects of
saleable/rentable floor area as a by-product of adopting passive energy efficiency measures
when aiming to improve the sustainability performance of buildings [1–3]. This is because
the profitability of the investments is dependent on the saleable/rentable floor area, and
therefore the decisions that building developers make on the choice of passive energy
efficiency measures to improve a building’s sustainability performance [1–3]. However,
considering the effects of such measures on both sustainability performance and useable
floor area makes for a challenging task due to the complexity of the problem, inclusion of
many parameters, several criteria (i.e., costs, energy use, and CO2 emissions) with inherent
trade-offs, and a comprehensive system boundary (i.e., life cycle) [14].

2.2. Multi-Objective Optimization

Multi-objective optimization has been identified to be a useful approach for such
complex problems as it (1) enables to successfully consider the inherent trade-offs between
multiple criteria, (2) takes into account potentially important non-linear interactive effects
of various parameters, and (3) is less time-consuming compared to the full trial-and-error
parametric analyses (which are generally carried out by changing one parameter while the
others are kept constant) [14–17]. Therefore, several studies have been conducted in recent
decades to improve the sustainability performance of buildings in terms of environmental
and/or economic perspectives by adopting a multi-objective optimization approach [18–20].
For instance, Wang et al. [21,22] developed a multi-objective optimization model to assist
designers in the process of finding green building design solutions. Stamoulis et al. [23]
used multi-objective optimization to find the optimal choice of insulation that improved the
thermal comfort and cost performance in an industrial shed roof. Hamdy et al. [24] used
multi-objective optimization to minimize CO2 emissions and investment cost for a two-
story house along with its HVAC system. Shao et al. [25] used multi-objective optimization
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to minimize operational energy use and investment costs of passive energy efficiency
measures for rural residences in northwest China. Antipova et al. [26] coupled multi-
objective optimization with life cycle assessment to minimize the costs and environmental
impacts of a building retrofit. Similarly, Carreras et al. [27] used a life cycle multi-objective
optimization model to optimize the thermal insulation materials in terms of cost and
environmental impacts. Ascione et al. [28] used a multi-objective optimization to find
optimal design solutions of an office building in Milan with respect to the operational
primary energy use, costs, and CO2 emissions. A multi-objective optimization approach
was used by Mostavi et al. [29] to minimize a commercial building’s Life Cycle Cost
(LCC) and emission while simultaneously maximizing the occupants’ thermal comfort.
Wu et al. [30] used multi-objective optimization to identify design solutions that minimize
LCC and operational energy use of buildings while maximizing the occupants’ comfort
level. Amani and Kiaee [31] used a multi-objective optimization approach to rank thermal
insulation materials that maximize energy saving and minimize the environmental impact.
Sandberg et al. [32] developed a BIM-based master model to optimize the life cycle energy
and cost of a multi-family residential building. They found that when the economic effect
of floor space as a by-product of passive energy efficiency measures is excluded from the
system boundary of life cycle analysis, thickening the roof and exterior wall insulation
yields more than 12% savings in life cycle energy and cost. Finally, Sharif and Hammad [13]
developed a two-criteria optimization approach to identify optimal renovation solutions for
institutional buildings in terms of operational energy use, carbon impact, and life cycle cost.

Although these studies indicate the applicability of multi-objective optimization tech-
niques in improving the sustainability performance of buildings, none of them accounted
for the economic impact of saleable/rentable floor area as a by-product of adopting passive
energy efficiency measures when optimizing various sustainability criteria. Only two
recent studies have investigated the economic impact of floor area (as a by-product of
retrofitting walls internally with VIP or EPS insulations) on the heating energy demand
and discounted payback period of buildings [1,2]. However, these studies (1) do not adopt
a life cycle approach and exclude the impact of other stages in a building’s life cycle (i.e.,
embodied energy and embodied carbon impact caused by production of materials), (2) only
investigate and compare the performance of VIP and EPS insulations in retrofitting walls
and do not account for a wide range of materials and passive energy efficiency measures,
and (3) adopt mainly a trial-and-error parametric analysis to find optimal solution(s) in-
stead of a multi-objective optimization approach which enables to account for the inherent
trade-offs between multiple life cycle sustainability criteria (i.e., energy use, CO2 emissions,
and costs) and also the non-linear interactive effects of various parameters (i.e., passive
energy efficiency) [15,17].

2.3. Research Objective and Scope

In line with the limited studies on the interaction between sustainability and prof-
itability of buildings, there is a definite need to better understand how the application
of passive energy efficiency measures can affect the life cycle sustainability performance
of a building when the floor area and its profitability are accounted for in the system
boundary. Due to the potential of multi-objective optimization to successfully consider
the trade-offs between different sustainability criteria, a case study is presented in this
article in which multi-objective optimization is used for exploring this topic. The case study
represents a high-rise apartment based on a standardized and pre-engineered building
concept which can be built identically in different locations in Sweden. Thereby, due to
the variation in climate conditions, real estate values, as well as emissions and prices of
energy supply sources in various locations, the life cycle sustainability of this building
concept is optimized and compared in three different locations in Sweden, namely Vindeln,
Gothenburg, and Stockholm. The scope of life cycle sustainability optimization in this case
study is illustrated in Figure 1.



Buildings 2022, 12, 497 4 of 28

Buildings 2022, 12, x FOR PEER REVIEW 4 of 28 
 

optimized and compared in three different locations in Sweden, namely Vindeln, Gothen-
burg, and Stockholm. The scope of life cycle sustainability optimization in this case study 
is illustrated in Figure 1. 

 
Figure 1. An overview of the scope of life cycle sustainability optimization in this study. 

As shown in Figure 1, the sustainability optimization in this study focuses on energy 
use, carbon impact, and costs from a life cycle perspective. In terms of energy use and 
carbon impact, the study includes (1) the embodied primary energy use and CO2 emis-
sions caused by off-site production of materials and components from raw material ac-
quisition, as well as (2) the primary energy use and CO2 emissions caused by heating, hot 
water use, and operational electricity during the building operational phase. In order to 
make the results of optimization comparable, the life cycle cost analysis in this study has 
a similar scope as the Life Cycle Energy (LCE) and Life Cycle Carbon Impact (LCCI), 
which is the sum of the present value of (1) the investment cost for materials and compo-
nents procurement, (2) the operational costs associated with the energy use over the build-
ing’s life, as well as (3) the profitability of saleable/rentable floor area, which can be af-
fected as a by-product of using passive energy efficiency measures. The main reason for 
only including the embodied energy and embodied carbon impact of the production 
phase in this study is because the previous studies indicate that, when the operational 
phase is excluded from the system boundary, the production phase can account for up to 
75% of the total life cycle energy use and carbon impact [33–35]. Further, the building’s 
lifespan is assumed to be 50 years in this study, based on the previous studies carried out 
in the context of LCE and LCCI analyses [33]. 

3. Method 
3.1. Multi-Objective Optimization 

The multi-objective optimization was performed by combining an optimization al-
gorithm with different computations (e.g., energy simulation), and finding optimal solu-
tions using a multi-objective optimization method. This set-up enabled the search for op-
timal solutions based on a set of design variables, objectives (e.g., various sustainability 
criteria), and constraints. For the optimization algorithm, a stochastic population-based 
genetic algorithm was used. These algorithms have been described in previous research 
as being robust when used for large-scale problems, and especially with respect to discon-
tinuities that may occur if discrete variables are used or from the output of energy simu-
lation engines [20,36,37]. Pareto optimization [38] was used as the multi-objective optimi-
zation method, which identifies optimal solutions by searching a set of feasible trade-off 
solutions. Pareto optimization was used instead of, for example, scalarization, where 

Figure 1. An overview of the scope of life cycle sustainability optimization in this study.

As shown in Figure 1, the sustainability optimization in this study focuses on energy
use, carbon impact, and costs from a life cycle perspective. In terms of energy use and
carbon impact, the study includes (1) the embodied primary energy use and CO2 emissions
caused by off-site production of materials and components from raw material acquisition,
as well as (2) the primary energy use and CO2 emissions caused by heating, hot water
use, and operational electricity during the building operational phase. In order to make
the results of optimization comparable, the life cycle cost analysis in this study has a
similar scope as the Life Cycle Energy (LCE) and Life Cycle Carbon Impact (LCCI), which
is the sum of the present value of (1) the investment cost for materials and components
procurement, (2) the operational costs associated with the energy use over the building’s
life, as well as (3) the profitability of saleable/rentable floor area, which can be affected
as a by-product of using passive energy efficiency measures. The main reason for only
including the embodied energy and embodied carbon impact of the production phase in
this study is because the previous studies indicate that, when the operational phase is
excluded from the system boundary, the production phase can account for up to 75% of
the total life cycle energy use and carbon impact [33–35]. Further, the building’s lifespan
is assumed to be 50 years in this study, based on the previous studies carried out in the
context of LCE and LCCI analyses [33].

3. Method
3.1. Multi-Objective Optimization

The multi-objective optimization was performed by combining an optimization algo-
rithm with different computations (e.g., energy simulation), and finding optimal solutions
using a multi-objective optimization method. This set-up enabled the search for optimal
solutions based on a set of design variables, objectives (e.g., various sustainability criteria),
and constraints. For the optimization algorithm, a stochastic population-based genetic
algorithm was used. These algorithms have been described in previous research as being
robust when used for large-scale problems, and especially with respect to discontinuities
that may occur if discrete variables are used or from the output of energy simulation
engines [20,36,37]. Pareto optimization [38] was used as the multi-objective optimization
method, which identifies optimal solutions by searching a set of feasible trade-off solutions.
Pareto optimization was used instead of, for example, scalarization, where weight factors
are used in the construction of objective functions, as estimating these weight factors have
inherent difficulties [20]. Lastly, Pareto optimization also has the benefit of exposing the
optimization problem and the optimal solutions to a more in-depth analysis, where the
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optimal solutions can be further analysed to gain knowledge [39]. The process that was
used to carry out the multi-objective optimization is outlined in Figure 2.
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This section describes the six steps (see Figure 2) involved in the multi-objective
optimization. Additionally, note that some of the steps contain aspects related to the case
study building. Implementation of the multi-objective optimization was primarily achieved
using the programming language Python, with support from the optimization package
Pymoo [40]. Additionally, the visual programming extension Grasshopper [41], together
with the 3D computer-aided design software Rhinoceros [42], was used to carry out the
initial set up.

3.1.1. Design Variables

To carry out the multi-objective optimization, a set of design variables was defined.
These describe the boundaries of the passive energy efficiency measures within which a
solution can exist. These are what the optimization algorithm interacts with when searching
for optimal solution(s). The case specific design variables related to the passive energy
efficiency measures are described briefly below, and in more detail in Section 3.2, where the
case study building is detailed.

• Material types were used to find the optimal insulation materials in the building’s
envelope (e.g., type of insulation in the slab) and were defined in discrete form.

• Material quantities were used to find the optimal quantities of insulation materials in
the building’s envelope (e.g., thickness of insulation in the slab) and were defined in
continuous form.

• Window types were used to find the optimal type of windows and were defined in
discrete form.
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3.1.2. Create Building Model

A representation of the building to be used for the multi-objective optimization needed
to be set up in the form of a model. This model included the building’s geographic location,
geometry, zones, and its construction elements. Through interaction between the model and
the design variables, different new design solutions related to the passive energy efficiency
measures could be created and analysed. For the case study, the model was defined and
created using a combination of the Python programming language and the Input Data
Format (IDF) of EnergyPlus, an energy simulation engine. A baseline for the IDF file was
created using Honeybee [43], a plug-in for Grasshopper that enables the creation of models
compatible with EnergyPlus for carrying out dynamic energy simulation of buildings. This
baseline IDF file contained the geometry of the building with all relevant construction
elements and zones, as well as a configuration of the HVAC system in the building. A
Python script was then used to modify this baseline IDF file, using the design variables to
create solutions specified by the optimization algorithm.

3.1.3. Input Data Computation

To derive the relevant input data for both the evaluation of constraints (step 4) and
calculation of the objective functions (i.e., various sustainability criteria in step 5), a series of
computations was required. For each iteration of the optimization loop, these computations
were carried out for each solution. In total, three computations were set up as follows:

• Dynamic energy simulation was set up using EnergyPlus to simulate the annual en-
ergy performance and the operative temperature in different zones.

• Quantity take-off was set up using a Python script that calculated the quantities of
each construction element using their surface area and constituent material quantities
(i.e., thicknesses).

• Floor area calculation was set up using a Python script where the building’s floor area
could be calculated based on changes in the thicknesses of the exterior walls and
insulations. This was achieved by offsetting the edges of a polygon representing the
outline of the building according to the changes in exterior wall thicknesses, followed
by calculating the enclosed area of the polygon.

3.1.4. Constraints

A set of constraints was used to ensure that the optimization could find solutions
of the passive energy efficiency measures that fulfil relevant requirements imposed on
the building. As the case study presented in this paper was located in Sweden, a set of
case-specific constraints was based on requirements and calculation methods specified in
the Swedish building codes [44]. These constraints were as follows:

• Annual primary energy number was used to ensure that the solutions satisfy the build-
ing’s maximum allowed annual primary energy number (85 kWh/m2 heated floor
area for multi-family residential buildings). Note that this value is different from
the operational energy use and is calculated based on the guidelines of the Swedish
building code.

• Heat transfer coefficient was used to ensure that the solutions satisfy the maximum
allowed overall heat transfer coefficient (Um = 0.4 W/m2K).

• Operative temperature was used to ensure that the solutions obtain at least the mini-
mum occupied zone operative temperature (18 ◦C).

3.1.5. Perform Trade-Off Optimization

In this step, a multi-objective optimization algorithm was used to execute iterations to
search for optimal solutions of design variables (i.e., passive energy efficiency measures)
that fulfilled the defined constraints and optimized the trade-off between the conflicting
objectives (i.e., sustainability criteria) when the profitability of floor area was accounted for.
The iterations of the optimization algorithm were executed until the termination criteria



Buildings 2022, 12, 497 7 of 28

(e.g., number of generations) were met. The optimization algorithm was implemented in the
Python programming language using the Pymoo package [40]. The Pymoo package offers
a host of different algorithms to choose from, however, for this study the non-dominated
sorting genetic algorithm (NSGA-II) [45] was chosen as it is commonly used for trade-off
problems with respect to building design [46]. In addition, previous studies have generally
indicated that genetic algorithms, such as NSGA-II, are robust at large-scale problems and
concerning discontinuities that may occur due to the use of discrete variables [19,20,37].

The multi-objective optimization problem was defined as follows:

Min{ f1(x̃), f2(x̃), f3(x̃)}, x̃ = [x1, x2, . . . , xn] (1)

where f1 is the first objective function (life cycle energy), f2 is the second objective function
(life cycle carbon impact), f3 is the third objective function (life cycle cost) need to be mini-
mized, and x̃ is a combination of design variables related to the passive energy efficiency
measures x1, x2, . . . xn where n is the number of design variables.

The first and second objective functions, f1 and f2, were estimated using the following
equations:

f1(x̃) or f2(x̃) = E + O (2)

where
E = ∑j

e=1 Ee Ae (3)

Ee = ∑u
m=1 Emρmtm (4)

O =
(
∑y

s=1 Ed,s fs

)
l (5)

Equation (2) shows that the first and second objective functions are the sum of the
embodied (E) and operational (O) energy (MJ) or carbon impact (kgCO2e).

The embodied (E) energy (MJ) or carbon impact (kgCO2e) were estimated using
Equation (3), where Ee is either the embodied energy (MJ/m2) or embodied carbon impact
(kgCO2e/m2) of construction element e (where e ranges from zero to the total number
of construction elements, j), and Ae (m2) is the enclosing area of construction element e.
Generally, Ee represents the embodied energy (MJ) or embodied carbon impact (kgCO2e)
for 1 m2 of construction element e and can be calculated using Equation (4), where Em is
either the embodied energy (MJ/kg) or embodied carbon impact (kgCO2e/kg) of material
m (where m ranges from zero to the total number of materials used in each construction
element, u), ρm (kg/m3) is the density of material m, and tm (m) is the thickness of material
m in each construction element. The embodied energy and embodied carbon impact data
for different materials were mainly gathered from the Bath Inventory of Carbon and Energy
(ICE) [47] except for some components, such as windows and window-doors, where the
data were gathered from EPD databases [48,49]. The Bath ICE is used in this study as
(1) it is an open access database that only includes data for building materials, unlike other
databases that include data for materials from many other sectors, and (2) there is lack of a
national embodied energy and carbon impact database for building materials in Sweden.

The operational (O) energy (MJ) or carbon impact (kgCO2e) were estimated using
Equation (5), where Ed,s (MJ) is the annual energy use for energy supply source s (where
s ranges from zero to the total number of relevant energy supply sources, y). The annual
energy use for each energy supply source was given by the output of EnergyPlus, obtained
from the input data computations in step 3. fs is either the primary energy factor or carbon
impact factor for energy supply source s, which were obtained from [44,50,51], and l (yr) is
the lifespan of the building.

Payback time, Net Present Value (NPV), and Internal Rate of Return (IRR) are the
most common methods used for estimating economic impact of investments from a life
cycle perspective [29,52–56]. Payback time estimates the required time to recover the cost
of an investment [56]. On the other hand, NPV determines the present value of all future
cash flows, including the investment costs [29,54–56]. Finally, IRR shows the discount (or
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interest) rate when the NPV is equal to zero, at the end of the assessed time interval [52,53].
The main differences between NPV and IRR are that the NPV method accounts for the
discount rate and supports the results in the form of a currency value, while IRR results
are in the form of a percentage where the higher the IRR, the more satisfactory the project
becomes [52,56]. Some studies have identified NPV as a robust method for decision making
and estimating the impact of various energy efficiency measures on a building’s life cycle
cost [29,54–56]. The main reason for that is because the NPV method provides the results
in the form of a currency value which can make it easier for investors to understand and
compare the long-term impact of different measures, whereas some other studies [52,53]
have identified IRR as a better choice as it does not deal with uncertainties in the discount
(or interest) rates [57–59]. In this study, NPV has been selected for estimating the LCC
of the building case mainly due to its potential to present the results in the form of a
currency value, which could increase the possibility to compare and understand feasible
solutions obtained from the optimization output. The following equations show how the
third objective function, f3 or LCC (EUR), was estimated in this study.

f3(x̃) = IC + OC− FC (6)

where
IC = ∑j

e=1 ICe Ae (7)

ICe = ∑u
m=1 ICmtm (8)

OC =
(
∑y

s=1 Ed,sPrs

)
de (9)

de = (1− (1 + re)
−l)/re (10)

re = (r− e)/(1 + e) (11)

FC = ReA (12)

or
FC = RnAdrn (13)

drn = (1− (1 + ri)
−l)/ri (14)

ri = (r− i)/(1 + i) (15)

Equation (6) shows that the third objective function (life cycle cost (EUR)) is the sum
of the present value of the investment cost (IC), and operational cost (OC), subtracted by
the profitability of saleable/rentable floor area (FC).

The investment cost (IC) was estimated using Equation (7) where ICe (EUR/m2) is the
investment cost of construction element e (where e ranges from zero to the total number
of construction elements, j), and Ae (m2) is the enclosing area of construction element e.
ICm (EUR/m3) in Equation (8) is the investment cost of material m (where m ranges from
zero to the total number of materials in each construction element, u), and tm (m) is the
thickness of material m in each construction element.

The operational cost (OC) was estimated using Equation (9), where Ed,s (MJ) is the
annual energy use for energy supply source s (where s ranges from zero to the total number
of relevant energy supply sources, y). The annual energy use for each energy supply
source was given by the output of EnergyPlus which was obtained from the input data
computations in step 3. Prs (EUR/MJ) is the energy price for energy supply source s, and
de is the discount factor which considers the real interest rate and the escalation rate of
energy price. The discount rate (de) was estimated using Equation (10) where re is the real
interest rate which also includes the effect of the escalation rate of energy price and l (yr)
is the lifespan of the building. Using Equation (11), re was estimated where r is the real
interest rate and e is the escalation rate of energy price.
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The profitability of the floor area (FC) could be estimated using Equation (12) or
Equation (13), where the former equation estimates the profitability from selling the fa-
cility and the latter estimates profitability from renting the facility. The Re (EUR/m2) in
Equation (12) is the average real estate value per m2 in different cities and A (m2) is the
total floor area. The Rn (EUR/m2) in Equation (13) is the average rental value per m2 in
different cities, A (m2) is the total floor area, and drn is the discount factor accounting for
the real interest rate and the rental increase rate. The discount rate (drn) could be estimated
using Equation (14), where ri is the real interest rate which also includes the effect of the
rental increase rate and l (yr) is the lifespan of the building. Using Equation (15), ri could
be estimated where r is the real interest rate and i is the rental increase rate.

3.1.6. Select Optimal Solution(s)

The process of optimization (step 5) provided results in the form of a set of trade-off
Pareto solutions where each solution in the set could potentially be considered as the
optimal one. As such, a posteriori decision making is necessary, where the Pareto solutions
characteristics are considered in order to select an optimal solution based on criteria related
to the design problem.

3.2. Description of the Case Study Building

The building studied in this case study is an apartment based on a standardized
building concept that is developed for the possibility of being built in different locations
in Sweden. This standardized concept has a high level of pre-engineering with a short
design process because the architectural and other technical designs have been largely
prepared and developed through iterative approaches. Hence, the short design process
and pre-prepared design solutions contribute to cost-effectiveness in this standardized
building concept compared with conventional building design approaches. Although
the annual energy use and investment costs of this building concept have been improved
through standardization and iterative approaches, its selection for this study may have great
potential for new design solutions to further improve their sustainability performances
from a life cycle perspective. The building concept has eight stories (21.6 m height which is
considered a high-rise apartment based on [60]) where each story has 2.4 m internal height.
The high-rise building consists of 39 apartments, a total heated floor area of 2478 m2, and
340 m2 glazing area (almost 14% of the heated floor area). The heating system in each
apartment comprises hydronic radiators which are connected to the city’s district heating
grid through heat distribution units. The building is also equipped with an air-to-air heat
exchange ventilation system (with 80% efficiency) which recovers and transfers the heat in
the exhaust air to the supply air. Figure 3 shows a plan view and 3D view of the high-rise
apartment building concept.

This high-rise apartment building is located in Vindeln, a small city situated almost
680 km north of Stockholm, Sweden. Vindeln has a subarctic climate, characterized by
dark and cold winter days ranging from −3 ◦C to −14 ◦C, and an annual mean outdoor
temperature of 3.4 ◦C. As this standard building concept could be built in other locations
with the same design, the building was modelled and optimized as if it was situated in two
other cities, namely Stockholm and Gothenburg (see Figure 4). This enabled the exploration
and understanding of how the life cycle sustainability performance of this building concept
could be affected due to the variation in climate conditions, real estate values (where the
building is sold after construction), energy supply prices, etc., in other locations. The
possibility of this building concept to be built in different locations with the same design
made it a representative case for the purpose of this study and therefore was selected and
explored herein.

The as-built and pre-prepared design of the high-rise apartment building in Vindeln
was used as a starting point.
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Figure 4. The locations and cities investigated in this case study.

In terms of passive energy efficiency measures, the case study mainly focused on
the impact of various types and thicknesses of insulation materials used in the building
envelope, as well as different types of windows. Hence, the impact of measures that
minimize air leakage and thermal bridges in the building envelope are not accounted for
in this study, mainly because the building case was new-build and constructed based on
recent knowledge with limited air leakage and thermal bridges. In addition, the impact of
active energy efficiency measures is excluded because, although such measures can affect
the life cycle sustainability performance of a building, their impact on the profitability
of floor area is limited. In total, nine design variables related to these passive energy
efficiency measures were investigated using the optimization, with eight of them related to
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the type and thickness of insulation materials used in the construction elements and one
related to the type of windows. Tables 1–4 show the construction elements of the building
and the variables related to the passive energy efficiency measures which were included
in the optimization in this case study. As shown in Tables 2–4, out of nine variables,
five were defined in discrete form (i.e., type of windows and insulation materials used
in the construction elements) and four were defined to be continuous (i.e., thickness of
insulation materials). The insulation materials considered in this study included both
conventional ones, e.g., cellulose, mineral wool, and expanded polystyrene (EPS), as well
as high-performance polyisocyanurate (PIR). As shown in Table 2, high-performance PIR
insulation has a higher embodied impact and investment cost compared to conventional
insulation (e.g., cellulose, mineral wool, and EPS). However, to minimize the operational
impact and its related costs, use of conventional insulation materials requires a thick
building envelope which may not be feasible due to the limited space and architectural
appearance. A high-performance insulation material is included in this study as it offers
lower thermal conductivity (see Table 2) and thus a thinner building envelope, which may
result in economic gains due to the increased saleable floor area. Cellulose (index number 6,
see Table 2) is only considered as an applicable insulation material for the roof as its use is
not common in concrete-based exterior floor and walls in Sweden. Further, the maximum
insulation thicknesses that are presented in Table 4 are defined from practical consideration
of appearance and space.

Table 1. The windows and construction elements related to the as-built design of the high-rise
apartment building, as well as the design variables related to the passive energy efficiency measures
that were subjected to optimization (i.e., components and materials that are highlighted in bold
italics).

Component/
Construction Element

Enclosed
Area (m2)

Initial U-Value
(W/m2K)

Initial Type/Initial Material
in the Related Construction

Element

Initial
Thickness (m)

Design Variable
Number

(Component/
Material Type)

Design Variable
Number
(Material

Thickness)

Window and
window-doors 340 1 Standard Triple-glazed N/A DV1 N/A

Exterior floor 340 0.21 Expanded polystyrene (EPS) 0.1 DV2 DV6

Exterior wall (EW) 1 502 0.178 Mineral wool (MW) 0.17 DV3 DV7

Exterior wall (EW) 2 1068 0.15 Mineral wool 0.08 DV4 DV8

Roof 340 0.11 Cellulose 0.45 DV5 DV9

Table 2. A list of the windows and insulation materials that are treated as discrete variables in the
optimization. The embodied energy and embodied carbon data were gathered from the Bath ICE [47],
the Norwegian EPD foundation [49], and The International EPD system [48].

Index Number Component/Material Functional Unit
Thermal

Conductivity
(W/m·K)

Embodied
Energy (MJ)

Embodied
Carbon

(kg CO2eq)

Investment
Cost (EUR )

1 Standard Triple-glazed
window (U = 1 W/m2K) m2 N/A 1462 69 392.2

2 Passive house window
(U = 0.8 W/m2K) m2 N/A 1585 76.4 522.2

3 Polyisocyanurate
(PIR) insulation kg 0.028 102.1 4.84 8.1

4 Expanded polystyrene
(EPS) insulation kg 0.035 88.6 3.29 3.2

5 Mineral wool kg 0.036 16.6 1.28 1.4

6 Cellulose kg 0.042 2.5 0.5 1.2
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Table 3. The discrete variables and their ranges used as design variables in the optimization.

Design Variable Number (Component and Material Types) Index Min Index Max

Window type (DV1) 1 2

Exterior floor insulation (DV2) 3 4

Wall 1 insulation (DV3) 3 5

Wall 2 insulation (DV4) 3 5

Roof insulation (DV5) 3 6

Table 4. The insulation material thicknesses and their ranges that are treated as continuous variables
in the optimization.

Design Variable Number (Material Thicknesses) Lower Bound (m) Upper Bound (m)

Exterior floor insulation thickness (DV6) 0 0.3

Wall 1 insulation thickness (DV7) 0 0.3

Wall 2 insulation thickness (DV8) 0 0.3

Roof insulation thickness (DV9) 0 0.8

Table 5 shows the parameters that were used for optimizing the sustainability per-
formance of the building case in different locations. These parameters were either initial
design parameters provided by the construction company or parameters that were assumed
based on the current Swedish building codes and guidelines [44,61].

Table 5. Parameters used for optimizing the building’s sustainability performance.

Parameters Value

Building’s lifespan 50 years

Room’s temperature set point (heating) 21 ◦C

Cooling N/A

Hot water demand 25 kWh/(m2·yr)

Internal gains from domestic hot water usage 20%

Number of occupants 0.033 occupants/m2

Occupant presence 14 h/day

Effect per occupant 80 W

Internal gains from occupants’ heat 100%

Mechanical ventilation (air flow) 0.35 l/(s·m2)

Infiltration rate (constant) 0.6 l/(s·m2 surface area)

Additional energy use and losses
(e.g., distribution system losses, plant

losses, and thermal bridges)
10% of the heating demand

Escalation rate of energy price (e) 3%

Real interest rate (r) 2% *

Average real estate value
Vindeln = 710 (EUR/m2)

Gothenburg = 4810 (EUR/m2)
Stockholm = 7187 (EUR/m2)

* Sweden’s central bank, real interest rate and inflation in Sweden. https://www.riksbank.se/en-gb (accessed on
1 January 2022).

https://www.riksbank.se/en-gb
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3.3. Genetic Algorithm Parameters

To perform the optimization, a computer fitted with a 3.4 GHz Intel® Xeon® CPU,
64 GB RAM, and Windows 7 as the operating system was used. Using this setup, approxi-
mately 25 s was needed for each simulation. The optimization was also run using paral-
lelization, where up to 12 individual solutions were evaluated simultaneously to reduce
the overall time. To increase the reliability of the findings, the GA parameters were set up
with maximum generations = 100, population size = 50, mutation probability = 1/n (where
n is the number of design variables), crowding degree = 20, and crossover probability = 0.9.
These values were based on a previous study by Ascione et al. [28], where they suggested
using a population size 2–6 times the number of design variables and 10–100 generations.
For each location, the parallelized optimization process took approximately 6 h to reach
completion on the specified computer.

4. Results
4.1. Results and Analysis

The scope of life cycle sustainability optimization was described earlier in Section 2.3.
It should be noted that the embodied energy, embodied carbon impact, and investment cost
associated with the production and procurement of mechanical systems (i.e., plumbing,
heating, and air-conditioning systems) are excluded in the sustainability analysis and
optimization of the building example presented here. The main reasons for excluding the
impact of mechanical systems were lack of appropriate embodied data for such systems as
well as the focus of the case study, which was mainly on finding optimal solution(s) for
passive energy efficiency measures rather than active energy systems. Furthermore, when
evaluating energy use, carbon impact, and cost of building operation for the case study, the
household electricity usage was excluded as it is mainly dependent on occupant behaviour
as well as household devices. Additionally, apart from investment and operational costs,
the LCC results presented further below only indicate the economic losses/gains associated
with the changes in floor area for each new solution relative to the initial design’s total floor
area. This is mainly due to the dominance of the building’s total real estate value (where
the building is sold after construction) in the LCC result, especially in locations with high
real estate values, which would make it potentially difficult to show changes in the LCC
value for each new solution.

Figures 5 and 6 show all the feasible solutions obtained from the multi-objective opti-
mization approach for the high-rise apartment buildings located in Vindeln, Stockholm,
and Gothenburg. The feasible solutions in Figures 5 and 6 show the set of design solu-
tions that fulfil Swedish building codes and standards, where each solution represents a
unique combination of design variables and passive energy efficiency measures listed in
Tables 3 and 4. Figure 5 shows the result of energy use, carbon impact, and cost for each
feasible solution from a life cycle perspective, and Figure 6 shows the percentage change
in energy, carbon impact, and cost values of the feasible solutions relative to the initial
design of the building concept (as specified in Table 1). Thus, minus signs in Figure 6
indicate the percentage reductions or savings in energy use, carbon impact, and costs,
while plus signs indicate percentage increases in energy use, carbon impact, and costs
relative to the initial design of the building concept in different locations. Furthermore, the
initial design (or red circle point) in Figure 5 shows the sustainability performance of the
building concept starting with initial materials, thicknesses, and components from a life
cycle perspective. In Figure 6, only percentage changes in energy, carbon impact, and cost
values are shown, so the graphs have zero points on each axis which represent the initial
design in different locations.
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Pareto solutions indicate a set of non-dominated solutions where there are no other
feasible solutions that can improve one objective without worsening another. Each Pareto
solution shown in Figures 5 and 6 has the potential to be chosen as the optimal one,
depending on what the purpose of study is. For instance, the green square, blue diamond,
and dark red hexagram points in Figures 5 and 6 indicate Pareto solutions that extensively
minimize each individual sustainability criteria in isolation (i.e., life cycle energy use, carbon
impact, or cost, respectively) in different locations in Sweden. These points indicate the
significant trade-off between different sustainability criteria, as considerable reductions in
LCE or LCCI in isolation can significantly increase the LCC. This is especially obvious when
one compares the Pareto solutions providing lowest LCE (the green square) or LCCI (the
blue diamond) in Gothenburg and Stockholm in Figures 5 and 6, as significant reductions
in LCE or LCCI in isolation can increase the LCC between 21.6% and 43.4%, relative to
the initial design cost values. This increase in LCC is more than four times and nine times
larger than the savings obtained in LCE and LCCI, respectively. The results thus indicate
that the increase in LCC is generally significant in the locations where the real estate value
is high, such as Gothenburg and Stockholm. The main reason for this is that a significant
reduction in LCE or LCCI in isolation requires the use of thick mineral wool insulation
in exterior walls, which reduces the saleable floor space by up to 129.7 m2 and results in
significant economic losses in locations with high real estate values (compare the results
of Gothenburg and Stockholm with Vindeln in Figures 5 and 6). Conversely, a significant
reduction in LCC in isolation (i.e., up to 12.4% LCC savings relative to the initial design
cost values) can only be achieved when using thinner insulations in exterior walls in order
to maximize the saleable floor area (i.e., up to 54.4 m2 more), especially in locations having
high real estate values (compare the dark red hexagram points in different locations in
Figures 5 and 6). This reduction in LCC can, however, result in environmental burden and
in some cases result in up to 1.9% and 1.2% increases in the LCE and LCCI, respectively.

As this case study aimed to find and explore the optimal solutions that improve the life
cycle sustainability performance of the building concept in different locations, the further
analysis mainly focuses on those Pareto solutions that outperform the initial design in terms
of energy use, carbon impact, and cost from a life cycle perspective (see Figure 7). As with
Figures 5 and 6, the red circle point in Figure 7 indicates the initial design’s energy, carbon
impact, and cost values from a life cycle perspective. The purple inverted triangles show
those Pareto solutions that outperform the initial design’s sustainability performance (i.e.,
in terms of LCE, LCCI, and LCC), henceforth referred to as “desirable Pareto solutions”.
Table 6 shows how the combination and variation of the design variables related to the
passive energy efficiency measures (listed in Tables 3 and 4) provide desirable Pareto
solutions for different locations.

Table 6. Combination and variation of the design variables related to the passive energy efficiency
measures that provide desirable Pareto solutions in different locations.

Location
Window Type

(DV1)

Exterior
Floor

Insulation
Type (DV2)

Wall 1
Insulation
Type (DV3)

Wall 2
Insulation
Type (DV4)

Roof
Insulation
Type (DV5)

Exterior Floor
Insulation
Thickness
(DV6) (m)

Wall 1 Insulation
Thickness
(DV7) (m)

Wall 2 Insulation
Thickness
(DV8) (m)

Roof Insulation
Thickness
(DV9) (m)

Change in Floor
Area (m2)

Min Max Min Max Min Max Min Max Min Max

Vindeln Standad
window EPS Mineral

wool Mineral wool Cellulose 0.09 0.16 0.2 0.27 0.05 0.1 0.66 0.8 −22.2 7.4

Gothenb-urg Passive house
window EPS Mineral

wool/PIR
Mineral

wool/PIR Cellulose 0.11 0.18 0.13 0.23 0 0.07 0.67 0.8 2.8 41.2

Stockho-lm Passive house
window EPS/PIR Mineral

wool/PIR
Mineral

wool/PIR Cellulose 0.07 0.21 0.13 0.24 0 0.07 0.69 0.8 2.5 41.2
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As shown in Table 6 for all the locations, use of a thick cellulose coating (0.66–0.8 m) on
the roof improves the sustainability performance of the building concept in terms of LCE,
LCCI, and LCC. For Gothenburg and Stockholm, except the floor insulation, the rest of the
design variables provide quite similar outcomes for the Pareto solutions that outperform
the initial design’s sustainability performance. Hence, use of passive house windows
and adopting 0.13–0.24 m mineral wool/PIR insulation in exterior wall 1 and 0–0.07 m
mineral wool/PIR insulation in exterior wall 2 can generally improve the sustainability
performance of the building concept relative to the initial design in Gothenburg and
Stockholm. Comparing these results with the insulation materials and thicknesses used in
the initial design’s exterior walls (see Table 1), it can be observed that, in terms of exterior
wall 2, which has almost double the enclosed area compared with wall 1, use of thinner
insulation than specified in the initial design is necessary to improve the sustainability
performance. However, with respect to exterior wall 1, it is also possible to use thicker
insulation than specified in the initial design (see Table 1) and improve the sustainability
performance. This is because this combination still provides between 2.5 to 41.2 m2 floor
area increase and thus economic gains when the building is located in Gothenburg and
Stockholm, where the real estate value is high. The results are, however, quite the opposite
for Vindeln, where generally the use of standard windows and thick mineral wool in the
exterior walls provide Pareto solutions that outperform the initial design’s sustainability
performance. Although Vindeln is located in a subarctic and colder climate compared to
Gothenburg and Stockholm, use of standard windows instead of passive house windows
improves the sustainability performance of the building concept. This is because, in
Vindeln, real estate value (or economic gain from saleable floor area) is low, so the potential
for reducing energy use, carbon impact, and costs from a life cycle perspective by use
of thicker insulation in exterior walls which have almost five times more enclosed area
than the windows, is higher. Furthermore, comparison of the insulation types in exterior
walls for different locations shows that when moving from Vindeln to Gothenburg and
Stockholm, use of PIR insulation, apart from mineral wool, also improves the sustainability
performance of the building concept. In these locations, due to the high real estate values,
use of high-performance PIR insulation in exterior walls offers less increased insulation
thicknesses and profitability (due to increased saleable floor area) despite its high embodied
impact and investment cost.

From the Pareto solutions that outperform the initial design’s sustainability perfor-
mance, three were chosen for further analysis and discussion (see Figure 7): (1) the desirable
Pareto solution with lowest LCC (dark red rotated triangle), (2) the desirable Pareto solution
providing lowest LCE and LCCI (the green square point) and, finally, (3) the desirable
Pareto solution that is located between the aforementioned points and provides half LCC
savings relative to the solution with the lowest LCC (blue triangle point). Table 7 lists these
solutions along with their design variables and sustainability performance. Figure 8 shows
the changes in life cycle energy, carbon impact, and cost values for these solutions relative
to the initial design.
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Table 7. List of three desirable Pareto solutions and their design variables for different locations. These solutions are (1) the desirable Pareto solution with lowest
LCC, (2) the desirable Pareto solution with the lowest environmental impact (i.e., LCCI and LCC), and (3) the desirable Pareto solution with half LCC saving relative
to the solution providing lowest LCC. Minus signs in this table indicate a reduction in floor area relative to the initial design’s total floor area.

Location Solution
Window

Type
(DV1)

Exterior
Floor

Insulation
(DV2)

Wall 1
Insulation

(DV3)

Wall 2
Insulation

(DV4)

ROOF
Insulation

(DV5)

Exterior
Floor

Insulation
Thickness
(DV6) (M)

Wall 1
Insulation
Thickness
(DV7) (m)

Wall 2
Insulation
Thickness
(DV8) (m)

Roof
Insulation
Thickness
(DV9) (m)

Change in
Floor Area

(m2)
LCE (GJ)

LCCI
(Tonnes
CO2e)

LCC
(TEUR)

LCE
Saving

Relative to
Initial
Design

(GJ)

LCCI
Saving

Relative to
Initial De-
sign(Tonnes

CO2e)

LCC
Saving

Relative to
Initial
Design
(TEUR)

Corresponds
to X Years
Primary
Energy
Use in
Initial

Design’s
Heating
Demand

Corresponds
to X Years

Carbon
Footprint
in Initial
Design’s
Heating
Demand

Corresponds
to X Years

Cost of
Initial

Design’s
Heating
Demand

Vindeln

Lowest
LCC

Standard
window EPS Mineral

wool
Mineral

wool Cellulose 0.13 0.2 0.05 0.67 7.4 60,842.7 1568.1 1995.1 152.8 0.3 4.9 0 0 1

Half LCC
saving

Standard
window EPS Mineral

wool
Mineral

wool Cellulose 0.14 0.25 0.07 0.68 −12.7 60,117 1563.2 1997.6 878.5 5.2 2.5 3 1 0

Lowest
LCE and

LCCI

Standard
window EPS Mineral

wool
Mineral

wool Cellulose 0.14 0.25 0.09 0.77 −21.9 59,766.8 1561.3 1999.8 1228.7 7.1 0.3 4 2 0

Gothenburg

Lowest
LCC

Passive
house

window
EPS PIR NA Cellulose 0.15 0.13 NA 0.7 41.2 54,167.1 1774 2100 147.4 1.2 153 1 0 25

Half LCC
saving

Passive
house

window
EPS PIR Mineral

wool Cellulose 0.15 0.16 0.04 0.75 20.7 53,393.9 1761.4 2179.6 920.6 13.8 73.4 4 3 13

Lowest
LCE and

LCCI

Passive
house

window
EPS Mineral

wool
Mineral

wool Cellulose 0.13 0.2 0.06 0.8 2.8 52,993 1752.2 2247.4 1321.5 23 5.6 6 5 1

Stockholm

Lowest
LCC

Passive
house

window
EPS PIR NA Cellulose 0.15 0.13 NA 0.7 41.2 56,240 1740.8 1867 177.6 0.5 248.4 1 0 40

Half LCC
saving

Passive
house

window
EPS PIR PIR Cellulose 0.12 0.15 0.04 0.8 22.9 55,392.2 1729.7 1987.2 1025.4 11.7 128.2 4 2 23

Lowest
LCE and

LCCI

Passive
house

window
EPS Mineral

wool
Mineral

wool Cellulose 0.12 0.18 0.07 0.8 2.5 55,006.9 1720.1 2112.2 1410.7 21.3 3.2 5 5 1
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As shown in Table 7, of all the design variables, the floor and roof insulation converged
to quite similar outcomes for all the solutions in various locations. This indicates that,
regardless of where the building concept is built, use of a moderately thick (0.12–0.15 m)
EPS insulation for the floor and thick (0.67–0.8 m) cellulose coating for the roof is necessary
to improve sustainability performance in terms of energy use, carbon impact, and costs
from a life cycle perspective. For Vindeln, which has a colder climate than other cities, all the
desirable Pareto solutions listed in Table 7 use standard windows, while in Gothenburg and
Stockholm, use of passive house windows can only improve the sustainability performance
of the building concept. This is because, in Vindeln, a combination of standard windows
with thick mineral wools in exterior walls significantly reduces the energy use, carbon
impact, and costs of the operational phase with relatively small increases and changes to
the embodied energy, embodied carbon impact, investment cost, and economic loss of floor
area reduction due to low real estate values (the changes in energy, carbon impact, and cost
values for the three desirable Pareto solutions in Vindeln are shown in Figure 8). It is also
notable that, in the studied building concept, the exterior walls have almost five times more
enclosed area than the windows, resulting in their impact in minimizing the energy use,
carbon impact, and costs of the operational phase being greater. However, in Gothenburg
and Stockholm, which have significantly higher real estate values compared with Vindeln,
the potential for using wall insulation as thick as that used in Vindeln’s desirable Pareto
solutions is low. For Gothenburg and Stockholm, a combination of passive house windows
with moderately thick insulation in exterior walls is thus needed to improve sustainability
performance of the building concept relative to its initial design. The results also show that,
in all locations, the desirable Pareto solutions that provide lowest LCE and LCCI values use
mineral wool insulation in exterior walls, with its thickness decreasing with increasing real
estate values in different locations (the desirable Pareto solutions with “lowest LCE and
LCCI” are shown in Table 7 for Vindeln, Gothenburg, and Stockholm, where the locations
are listed in order of increase in real estate values). This is, however, different for the
desirable Pareto solutions that provide “lowest LCC” and “half LCC savings”. As shown
in Table 7 and Figure 8, for these solutions with increasing real estate values (i.e., Vindeln,
Gothenburg, and Stockholm, which are listed in order of increasing real estate values), the
use of high-performance PIR insulation in exterior walls, instead of mineral wool, becomes
essential for improving sustainability performance of the building concept. Although use
of PIR insulation increases the embodied energy, carbon impact, and investment costs
compared with mineral wool, its use offers thinner insulation in exterior walls (due to
its low thermal conductivity) and thus significant economic gains due to the increase in
saleable floor area, specifically in Gothenburg and Stockholm, which have high real estate
values (the changes in energy, carbon impact, and cost values for the desirable Pareto
solutions providing “Lowest LCC” and “half LCC saving” in Gothenburg and Stockholm
are shown in Figure 8). This relationship becomes clearer when one compares the desirable
Pareto solutions that provide “half LCC saving” in Gothenburg and Stockholm. Stockholm
has higher real estate value than Gothenburg, so only by using PIR insulation in all the
exterior walls can an improvement in the building’s sustainability performance be achieved
(see Table 7).

The amount of energy use, carbon impact, and costs that can be saved varies depending
on the aim of the optimization, and on which desirable Pareto solution is selected as optimal.
For instance, if the aim of the optimization is to improve the sustainability performance
of the building and simultaneously obtain maximum profitability, then the solution that
provides lowest LCC in Table 7 becomes the optimal one. This solution provides highest
cost savings relative to the initial design’s cost values, i.e., up to 248.4 TEUR depending
on where the building concept is built. These cost savings correspond to up to 40 years
of heating costs in the initial design. Conversely, if the main purpose of optimization is
to improve the building’s sustainability performance and simultaneously gain maximum
environmental benefits, then the desirable Pareto solution that provides “lowest LCE
and LCCI” becomes optimal. Thereby, this solution provides up to 1410.7 GJ energy
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and 23 tonnes CO2e carbon impact savings relative to the initial design, corresponding,
respectively, to up to 6 and 5 years of primary energy use and carbon footprint of the initial
design’s heating demand. However, if the optimization problem is aimed at improving the
building’s sustainability performance and minimizing environmental impacts and costs
more or less equally, then the desirable Pareto solution “half LCC saving” in Table 7 and
Figure 8 becomes optimal. In this solution, depending on the location, it is possible to
obtain up to 128.2 TEUR cost savings and minimize the energy use and carbon impact,
respectively, by a maximum of 1025.4 GJ and 13.8 tonnes CO2e relative to the initial design.
These cost savings and environmental gains correspond to almost 23 years’ cost and 4 years’
environmental impact caused by the initial design’s heating demand.

The results indicate that the cost saving is more severe compared with the environ-
mental gains (i.e., the amounts of energy and carbon impact that can be saved). This is due
to the economic gains of floor area increases (up to 41.2 m2), specifically in Gothenburg
and Stockholm, which have high real estate values (see Table 7 and Figure 8). Therefore, in
Vindeln, which has low real estate values, the cost saving is limited relative to its initial
design, i.e., maximum 4.9 TEUR (see Table 7 and Figure 8). The results thus indicate
that considering the impact of floor area as a consequence of adopting passive energy
efficiency measures (i.e., exterior wall insulation) is of significance when aiming to improve
the sustainability performance of buildings specifically in locations where the real estate
values are high. The results also show the potential of the multi-objective optimization to
successfully account for the interaction between building sustainability and saleable floor
area in order to eventually identify combinations of design variables related to the passive
energy efficiency measures that can, together, maximize the profitability and sustainability
performance of a building in different locations.

4.2. Validation

In accordance with Si et al. [62] one of the indicators that can be used to validate
the findings and performance of an optimization study is coverage, which relates to the
ability of optimization algorithms to locate an optimal solution within the solution space.
Coverage mainly reflects the ability of optimization to avoid getting stuck in local optimum
based on the diversity of all searched solutions [62]. Hence, coverage is evaluated by
considering the distribution of all identified solutions in the solution space, where a wide
distribution validates the performance of the optimization and implies its capability to
converge to the global optimum [62]. Figure 9 shows the life cycle energy performance and
distribution of all identified solutions in the solution space for the nine design variables
(i.e., passive energy efficiency measures) studied herein. The three graphs shown at the
top and the two middle-left graphs in Figure 9 relate to the different types of windows and
insulation materials used in the building envelope, which were set up as discrete variables
in this case study optimization. The rest of the graphs relate to the different thicknesses of
insulation in the building envelope, which were set up as continuous variables. As shown
in Figure 9, all the identified solutions by the optimization are widely distributed in the
solution space, demonstrating that the optimization has an acceptable coverage index and
thus validating its performance to converge to the global optimum.
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5. Discussion and Conclusions

In line with the limited studies on the interaction between profitability of floor area
and choice of passive energy efficiency measures to improve life cycle sustainability per-
formance of buildings (in terms of energy, carbon impact, and cost), a case study was
presented here to explore this topic. For this aim, multi-objective optimization was used,
as previous studies recognized it a robust approach in handling complex problems that
include various parameters and multiple criteria with inherent trade-offs [14–17]. The
findings of the case study indicated the importance of considering the profitability of
floor area and the trade-off between different sustainability criteria when aiming to adopt
passive energy efficiency measures and improve the life cycle sustainability of buildings, as
a reduction in each sustainability criterion in isolation (i.e., either life cycle energy, carbon
impact, or cost) can significantly increase the others’ contribution. This is especially obvi-
ous when one compares the Pareto solutions that provide minimum LCE, LCCI, or LCC
in Gothenburg and Stockholm, where the real estate values are relatively high. In these
locations, a reduction of 5.2% LCE or 2.3% of the LCCI could yield between 21.6% and
43.4% increase in the LCC, relative to the initial design’s cost value. This increase in the
LCC is at least four and nine times larger than the savings obtained for the LCE and LCCI,
respectively. The main reason was that, in these locations, apart from measures such as the
use of passive house windows and thick cellulose coating on the roof, it was necessary to
use thick mineral wool insulation in exterior walls to significantly reduce LCE and LCCI.
The use of thick mineral wool insulation in the exterior walls resulted in a reduction of
almost 130 m2 saleable floor area relative to the initial design’s floor area. This produced
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an economic loss from a life cycle perspective (i.e., up to 43.4% increase in the LCC relative
to the initial design’s cost values, depending on the location).

In general, analysis of the Pareto solutions that outperformed the initial design’s
sustainability performance shows that, regardless of the location, (1) use of thick cellulose
coating for the roof as well as (2) use of a moderately thick EPS insulation for the floor are
necessary to improve the sustainability performance of the building concept in terms of
energy use, carbon impact, and cost from a life cycle perspective. However, the optimal
solution for exterior wall insulation and window types was dependent on the location of
the building concept. The results indicated that, in the location where real estate values are
low, a combination of thick insulation in the exterior walls and standard windows yields an
improvement in the building concept’s sustainability performance. In the locations where
the real estate values are high, due to the economic loss caused by floor area reduction, the
scope for improving a building’s sustainability by the use of thick insulation in exterior
walls is limited. Therefore, in such locations, generally, a combination of moderately thick
insulation in the exterior walls with passive house windows is necessary to improve the
building concept’s sustainability performance. A study by Sandberg et al. [32] indicated
that if the profitability of floor area is disregarded, a significant reduction in LCE and
LCC can be obtained when thickening the roof and exterior wall insulation. Our study
shows that this is not the case when the economic effect of floor area is included in the
system boundary of the life cycle analysis. This is especially of significance in regions
where the real estate values are relatively high, as the findings indicated that use of thick
insulation in exterior walls in such regions can result in significant economic losses due
to the reduction in saleable floor area. In addition, although high-performance insulation
(e.g., PIR) generally has higher embodied energy, embodied impact, and investment cost
compared with normal performance insulation (e.g., mineral wool), the results indicated
that in the locations where real estate values are high, such as Stockholm, their use can
mainly yield optimal sustainable solutions for the building concept (see desirable Pareto
solutions providing lowest LCC and half LCC saving in Stockholm as shown in Table 7).
This is because in such locations the use of high-performance insulation, which has low
thermal conductivity, offers thinner insulation in the exterior walls and thus significant
economic gains as a consequence of increased floor area. The results thus confirm the
studies of Alam et al. [1] and Fantucci et al. [2], who found that high-performance VIP
insulation is more economically viable from an energy perspective, compared with the
normal performance insulation, when allowing for the economic gains from increased
floor space in retrofit buildings, specifically in locations with high rental values. Although
standardized building concepts are considered cost-effective, as they can be built in different
locations based on pre-prepared design solutions, the findings of this study indicate that
their design needs to be adjusted and adapted to their specific location when aiming to
use passive energy efficiency measures (more specifically, wall insulation and windows) to
eventually improve the life cycle sustainability performance.

In general, analysis of the Pareto solutions that outperformed the initial design’s
sustainability performance indicated that, depending on the location, use of the multi-
objective optimization enables the identification of solutions that can save up to 1410.7 GJ of
energy, 23 tonnes CO2e carbon footprint, and 248.4 TEUR cost from a life cycle perspective
relative to the building concept’s initial design. These savings amount to, respectively,
6 years’ primary energy use, 5 years’ carbon impact, and 40 years’ costs for operational
heating caused by the building concept’s initial design. The optimal solutions of the passive
energy efficiency measures identified in this study can also guide designers, construction
companies, and building developers in meeting environmental and economic targets of
sustainability in buildings. The findings thus also suggest that multi-objective optimization
is an applicable approach to successfully identify combinations of passive energy efficiency
measures and design solutions that can improve life cycle sustainability of buildings, while
simultaneously allowing the profitability of investments based on floor area.
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Additionally, the findings suggest that ensuring a highly energy-efficient and decar-
bonized building stock needs policymakers to set strategies that target the interaction
between energy efficiency measures and the long-term profitability of investments (which
also account for the rental and real estate gains) in different locations.

6. Limitation and Future Research

To ensure a representative study, a standardized new building concept was used
in this study to explore the impact of various passive energy efficiency measures on
life cycle sustainability performance when the profitability of floor area is accounted for.
The main reason for investigating different locations only in Sweden in this study was
because the building concept is designed for and built in the Swedish market. Future
studies could thus investigate other building cases in locations with different climates
in order to consolidate findings. The passive energy efficiency measures and strategies
that were investigated in this study were related to new buildings and identified through
discussions with the associated construction company who develop and build the building
concept. Future studies could investigate other energy efficiency measures in order to
provide new findings in the context of sustainable buildings. Furthermore, the scope and
system boundary of the life cycle sustainability optimization in this study includes mainly
production and operational phases, as previous research indicated that these two phases
contribute significantly to the total environmental impacts caused by a building during its
life cycle. Future studies thus could include other phases (i.e., construction, operational
maintenance, and end-of-life stages) in order to consolidate the results and account for the
sustainability performance of buildings over their entire life.

To keep the focus of the presented study more specific, the sustainability analysis
and optimization in the case study were implemented and presented assuming that the
apartments in the building would be sold after construction. Future studies should compare
the findings by exploring solutions that maximize the life cycle sustainability benefits of
buildings that are to be rented after construction/renovation.

Several parameters can potentially affect a building’s sustainability performance, such
as the lifespan of the building (assumed to be 50 years here, based on previous research),
variations in the discount (or interest) rate and energy prices, as well as the energy, carbon
impact, and cost data/databases used in the analysis. Investigating the robustness of
findings with respect to the variation in such parameters was beyond the scope of this
research and needs to be explored in any future research.
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