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a b s t r a c t

In the overall aim to build more sustainably, the energy performance of buildings has received a lot of
attention in the past decade. In consequence, the embodied impact of buildings has become relatively
more important. As the load-bearing structure is responsible for a large share of this embodied impact,
it is important to design it in such a way that its environmental impact is as low as possible.
Unfortunately, the best construction materials in terms of environmental impact are not necessarily
the cheapest. Reducing the environmental impact of the design may therefore lead to a higher financial
cost, which may exceed the available budget. In such cases, hybrid structures, consisting of two (or more)
different materials, might offer a solution, as they allow the designer to finetune the trade-off between
environmental impact and financial cost. In this paper, we present a method to determine the best design
of hybrid steel/timber structures in terms of environmental impact within the limits of the available bud-
get. The method is based on the solution of a multi-objective structural design optimization problem
involving environmental life cycle assessment and life cycle costing. It is applied to two test cases: a stat-
ically determinate and a statically indeterminate truss structure. The structures are optimized for three
different design scenarios and typical load cases. This results in a Pareto front in the environmental and
financial life cycle cost spectrum, allowing the designer to select the most appropriate solution, given the
available budget. The results show that, depending on the design conditions, hybrid steel/timber struc-
tures are in some cases Pareto-optimal.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The demand for a sustainable way of designing and building is
constantly increasing in our present society. In current practice,
focus is often put on improving the energy performance of build-
ings [9,11,21]. However, and especially for buildings with good
energy performance, the importance of embodied emissions is
increasing [35]. It is estimated that structural components in build-
ings are responsible for half of the emissions related to building
materials [45]. Particularly, steel, cement, and aluminium were
found to contribute to a high extent [33]. Structural design opti-
mization (numerical optimization of structures) can reduce the
amount of building materials used on the one hand, and select
appropriate materials for the different components of the building
structure on the other hand.

From a structural engineering point of view, architectural con-
siderations aside, the aim is to obtain a structure that satisfies
the relevant performance criteria at the lowest possible environ-
mental impact and financial cost. As in building practice the bud-
get is usually limited, the challenge lies in finding the structural
configuration with the lowest environmental impact available
within these budgetary constraints. However, because there exists
a trade-off between the environmental impact and the financial
cost of a structure, it is not possible to minimize for both using a
single-objective optimization approach. In contrast, a multi-
objective optimization approach allows to uncover the trade-off
between both aspects, which could be a powerful decision-
making tool in the design stage. In this paper, we propose a
methodology to achieve this, based on a combination of multi-
objective structural optimization and life cycle assessment. Two
case studies are presented where numerical optimization tech-
niques are used to analyze the trade-off between the life cycle
environmental impact and the life cycle cost of a structure. The
study focuses on the performance of hybrid truss structures in
terms of this trade-off for different design scenarios. In each sce-
nario, different design conditions are considered (such as e.g. addi-
tional fire safety measures), possibly resulting in different optimal
structures.
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Fig. 1. Structural model for case study 1: statically determinate structure.
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Traditionally, a structural system is centered around the use of
one specific material. In the field of structural optimization, it is
often implicitly assumed that optimizing the sections of suchlike
structures for minimal environmental impact or financial cost is
equivalent to the minimization of the weight of the structure. In
a hybrid structure, a combination of multiple materials is used
for the structural elements, and this assumption evidently no
longer holds. For example, increasing the sections of elements con-
sisting of low impact material can enable reducing the sections of
elements consisting of a high impact material, possibly resulting in
a higher weight but a lower overall environmental impact. Simi-
larly, the total financial cost of a structure is not directly propor-
tional to the weight. Likewise, the structural performance of
different materials may depend on the loading (e.g. for tie-rods,
steel may be better than wood because a slender steel rod will suf-
fice, while struts are susceptible to buckling, resulting in a larger
cross-sectional area, also in the case of steel). To tackle this prob-
lem, a multi-objective optimization approach, accounting both
for environmental impact and financial cost may offer a solution.

The idea to treat the weight, cost, energy performance, and
environmental impact of building materials, structures or build-
ings independently in a multi-objective optimization formulation
is a methodology applied in the literature. Evins et al. [19] present
a study for the optimal design of a large roof canopy, where the
member spacing and the number of primary truss bays are opti-
mized. The weight-cost trade-off for (hybrid) steel structures and
joint designs was presented by Mela et al. [26,28]. The trade-off
between energy performance and structural performance of long
span buildings was studied through a multi-objective optimization
approach by Brown et al. [9]. Similarly, the trade-off of the embod-
ied energy and the cost of prestressed concrete slabs was analyzed
by Alcala et al. [3]. Examples of similar optimization cases exist on
building level. Wang et al. [44] deploy a genetic algorithm to opti-
mize building performance using both economic and environmen-
tal criteria. Mela and Tiainen et al. [27,41] expand this economic
and environmental multi-objective problem formulation by
including designer preference through the maximization of free
area without columns. The project time, cost, and environmental
impact of large civil engineering projects is optimized for a tunnel
design by Chen et. al. [29]. The effectiveness of different decar-
bonization strategies on the life cycle environmental impact and
life cycle cost of residential buildings is analyzed by Conci et. al.
[12], using a Pareto-efficiency approach. Najjar et. al. [31] deploy
life cycle assessment and building information modeling (BIM) in
order to improve the energy performance and cost of buildings.
It is clear that innovative methods, such as e.g. life cycle assess-
ment (LCA) [22,23], life cycle costing (LCC) [24], BIM, and mathe-
matical optimization strategies, have been deployed to generate
overviews of the trade-offs of alternative designs in order to facil-
itate the decision making process during the design stage. The
study of hybrid steel/timber structures however has, to the best
of the authors’ knowledge, not been the subject of a multi-
objective optimization approach, where the life cycle environmen-
tal impact and the life cycle cost are optimized.

Environmental impact and financial cost minimization of struc-
tures are two prominent objectives in the field of structural opti-
mization. For example, Brütting et al. [10] minimize the weight,
cut-off waste, and embodied energy of spanning structures. The
embodied energy of reinforced concrete structures was optimized
by Yeo et al. [48]. Mavrokapnidis et al. [25] focused on cost-
optimized structural systems and analyzed the corresponding
energy consumption of these systems. However, in contrast to
these examples, most structural optimization problems in the liter-
ature focus on weight minimization, which only reduces the
energy and carbon embodied in the material mass, assuming that
the structure consists of a single material [11]. In contrast, life
2

cycle assessment (LCA) takes into account the entire life cycle of
a structure, allowing for a more comprehensive representation of
the potential environmental impact and/or financial cost, and for
the use of multiple materials [11]. Some studies implemented
LCA in a structural optimization context [18,21,38]. These studies
however focus on environmental impact or financial cost sepa-
rately, or only a single environmental impact indicator is assessed.
In this study, a multi-objective structural optimization problem is
formulated, where a range of environmental impact indicators is
included in the LCA (similar to Brütting et al. [11]), to optimize
for both the environmental life cycle impact and the financial life
cycle cost.

In this paper two case studies of hybrid (steel/timber) truss
structures are presented where environmental LCA and life cycle
cost assessment (LCC) are combined into a structural multi-
objective optimization problem, enabling the detailed analysis of
the impact-cost trade-off by using a Pareto-efficiency approach.

This paper is organized as follows. In Section 2, the case studies
are introduced. In Section 3, the LCA and LCC framework and the
structural analysis are discussed. Section 4 adresses the detailed
formulation of the optimization problems. In Section 5, the results
of the case studies are shown, followed by a discussion in Section 6.
Section 7 presents the conclusions of the study.
2. Case studies

Two case studies are presented where hybrid steel/timber truss
structures are optimized for both environmental life cycle cost (E-
LCC) and financial life cycle cost (LCC). The specific truss structures
for both case studies are introduced in Section 2.1. In each case
study, we consider different design scenarios (indoor environment,
outdoor environment,. . .). These design scenarios are presented in
Section 2.2. For each case study and each design scenario, the opti-
mal section type has to be determined for every truss member, as
well as its dimensions. The available section types (solid wood,
laminated wood, solid steel,. . .) are defined in Section 2.3.

2.1. Truss structures

In both case studies a truss structure is considered. Case 1 con-
sists of a (2D) one-story truss, inspired by the Leonhardt House
(Philip Johnson) (Fig. 1). Case 2 concerns a more complex structure,
based on the (2D) four-story Mundo-A office building (B-
architecten) (Fig. 2). Both structures are connected to the environ-
ment through a pinned support and a roller support. The two cases
are chosen deliberately because of the difference in degree of static
indeterminacy. Case 1 is statically determinate, whereas case 2 is
statically indeterminate (over-determined). This implies that the
element forces of the bars in case 1 remain identical throughout
the entire optimization process so only one structural analysis is
needed. For case 2 however every design update requires a struc-
tural analysis, as the element forces are related to the (updated)
sectional properties of the bars.



Fig. 2. Structural model for case study 2: statically indeterminate structure.
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As shown in Fig. 2, the structure for case 2 is not strictly com-
posed of bar elements. The diagonal members are modeled as Euler
beams with pinned connections, allowing the transfer of shear
forces and bending moments. This is a better representation of
the original design; however, it adds complexity to the optimiza-
tion problem.

2.2. Design scenarios

For each case study, the Pareto optimal designs are computed
for three design scenarios. The scenarios represent different design
conditions, which cause the need for additional treatments of the
structural elements. The treatments come in the form of protecting
layers, which impact the environmental impact and cost. Conse-
quently, the optimal designs might differ for different scenarios.

In design scenario A, the structural elements are installed in a
heated and climatized indoor environment. In design scenario B,
the elements are subject to an outdoor environment. In design sce-
nario C, the structures are installed in an indoor environment, but
as part of a medium-sized or high-rise public building, which
means that additional fire safety regulations have to be taken into
account. This results in 6 individual cases, denoted as 1A, 1B, 1C,
2A, 2B, and 2C, where the number 1 or 2 refers to a truss structure
and the letter A, B, or C refers to a design scenario.

2.3. Member sections

A selection of available timber and steel section types is made,
based on engineering judgment. Table 1 shows the available sec-
tion types for each case. The sections for scenario B are treated
with wood preservation resins or anti-oxidation coating (steel),
indicated by a blue border. Case study 1 classifies as a medium-
rise structure and case study 2 as a high-rise structure. Therefore,
the section types for case 1C comply with the European R60 stan-
dard and the section types for case 2C comply with the European
R120 standard [47]. The timber sections are oversized by a fixed
thickness and the steel sections are treated with fire-resistant
paint, indicated by a red border. For the timber sections, different
maintenance processes are defined based on the design conditions.
Depending on the process a different frequency of the maintenance
is needed (i.e. each 5, 10 or 20 years). A full life cycle inventory
(LCI) of the member sections and their maintenance processes is
included in Appendix A.

To manage the number of possible combinations of section
types, a member grouping strategy is used. Figs. 3 and 4 show
the different member groups in different colors for the 2 case
structures. The groups imply that the same section type should
3

be used for every element of the same group. The dimensions of
the sections may vary within the groups. Note that for non-
diagonal member groups, the tie-rods are not included as a possi-
ble section type.

Table 1 shows that three fundamentally different section types
can be distinguished. As presented in Fig. 5, the timber structural
elements (hardwood and laminated girders) are modeled as solid
rectangular sections. For the steel structural elements, two types
of sections are used: (1) tubular rectangular sections and (2) solid
circular sections for tie-rods. The dimensions indicated in Fig. 5
correspond to the design variables for each section and are
bounded by the values in Table 2, based on commercial availability
[8,30]. The design variables describe the dimensions of the base
material. This implies that the oversizing amount (for fire protec-
tion) and the thickness of additional protecting layers is fixed
(but the impact can still vary as the perimeter of the sections can
change).

3. Simulation

In this section the structural analysis and the LCA and LCC
framework are described. These simulations are integrated in the
optimization in order to determine the objective function and/or
constraints (Section 4).

3.1. Structural analysis

The structures are modelled using the finite element method by
means of the Matlab toolbox Stabil [20] as presented in Fig. 1 and
2, using bar and Euler beam elements. As case study 1 considers a
statically determinate truss, a single finite element analysis at the
start of the optimization loop suffices. For case study 2, where a
statically indeterminate structure is considered, a finite element
analysis is performed in every iteration of the optimization loop.

During the optimization, the structural performance require-
ments are safeguarded by monitoring the member forces (for buck-
ling) and stresses for different load combinations. The structures
are optimized for the load combinations displayed in Figs. 6 and
7 for truss structure 1 and 2, respectively. Linear elastic material
behavior is assumed. The yield limit of the various materials is
therefore used as maximum allowable value (Table 3). In case
study 1, the sensitivities of the objective function and the con-
straints are computed analytically. In case study 2, the adjoint
method is used, as the displacements are dependent on the design
variables. The structural stability is verified through the implemen-
tation of an Euler buckling constraint. The serviceability limit state
(SLS) was not included in the formulation of the optimization prob-



Table 1
List of available section types for each case study. The dots highlight the used section types in the specific case. Full LCI, with detailed descriptions is included in Appendix A. A
blue border denotes that treatments for an outdoor environment are applied, a red border indicates that fire-safety treatments are applied.

Fig. 3. Member groups for truss structure 1.

Group 1
Group 2
Group 3
Group 4
Group 5

Fig. 4. Member groups for truss structure 2.
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Solid rectangular section Tubular rectangular 
section

bw

hw

bs

ts ds

hs

Solid circular section

Fig. 5. The three section types used in the study and their corresponding dimensions: a solid rectangular section is used for the wooden elements (left), a tubular rectangular
section (center) and a solid circular tie-rod section (right) are implemented for the steel sections.

Table 2
Lower and upper bounds for the design variables corresponding to the definition in Fig. 5.

bw hw bs hs ts ds

Lower bound [mm] 52 78 40 60 2 22
Upper bound [mm] 500 600 300 500 10 141

Fig. 6. Load combinations considered for case 1.
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lem, but was checked afterwards and was satisfied for all opti-
mized designs.

3.2. LCA framework

Within the framework of this paper, the MMG+ _KULeuven tool
is used for the LCA and LCC calculations [42]. This tool uses the Bel-
gian LCA method for buildings (Milieugerelateerde Materiaal-
prestatie van Gebouwelementen (MMG) (Dutch) or
Environmental profile of building elements (English) [6], described
in this section) combined with a module for LCC calculations based
on SuFiQuaD [4] (described in Section 3.3) in line with the ISO and
European standards for LCA [22,23,16,15] and LCC [24,17].
5

3.2.1. Goal and scope definition
The goal of the study is to assess and minimize the life cycle

environmental impact and life cycle cost of the two hybrid steel-
timber truss structures, for the three different design scenarios.

It is assumed that the structural elements should at least have
the same service life as the building. The Belgian LCA method for
buildings (described in Section 3.2.2) assumes a reference service
life of 60 years [6]. The average life expectancy of buildings is gen-
erally higher than 60 years, but it is assumed that after this period
the building will be thoroughly renovated, implying that little of
the original materials will remain. These renovations take place
mainly in terms of functional and energetic improvements. There-
fore the structure of the building remains intact most of the time.



Fig. 7. Load combinations considered for case 2.

Table 3
Maximum allowable stress value for the different section types.

Section type rmax [MPa]

Hardwood section 28
Laminated girder section 30
Steel tubular section 275

Tie-rod section 355

Table 4
Overview of the CEN and CEN+ impact indicators used in the MMG method [6].

CEN Indicators CEN+ Indicators

Global warming Human toxicity, cancer effects
Ozone depletion Human toxicity, non-cancer effects

Acidification for soil and water Particulate matter
Eutrophication Ionising radiation, human health

effects
Photocehmical ozone creation Ecotoxicity: freshwater
Depletion of abiotic resources:

elements
Water resource depletion

Depletion of abiotic resources: fossil
fuels

Land use occupation: soil organic
matter

Land use occupation: biodiversity
Land use transformation: soil organic

matter
Land use transformation: biodiversity
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That is why in this study a higher service life of 80 years is consid-
ered for the structural elements, based on the average technical life
of wood and steel beams [43]. This results in the definition of the
functional unit as one meter of a structural element with an iden-
tical load-bearing capacity assuming a building service life of
80 years. This functional unit is the same for the LCC calculations
described in Section 3.3.

3.2.2. Life cycle inventory and impact assessment
The Swiss life cycle inventory (LCI) database ‘Ecoinvent’ (Ver-

sion 3.3) is used for gathering information on the in- and outputs
of all the relevant processes during the service life of the structural
elements [46]. The LCI data are harmonized to the Belgian context,
by correcting electricity mixes and transport means in the datasets
[6]. The LCI can be found in Appendix A.

The life cycle environmental impact assessment is performed
according to the MMG method for building elements, i.e. the
MMG (‘Environmental profile of building elements’) method [6].
The impact categories defined in the MMG method include the
ones defined by the CEN TC350 standards [16,15]. These are further
referred to as the CEN indicators. In addition, 10 more environmen-
tal indicators are included, referred to as CEN + indicators, at the
request of the regional authorities in Belgium and are based on
the International Reference Life Cycle Data System (ILCD) Hand-
book [14]. An overview of the impact categories is given in Table 4.

Within the MMG method, the 17 impact indicators are aggre-
gated into a single score, expressed in monetary values (Euro)
through a monetization step [34]. The monetization step is per-
formed by multiplying the characteristic values (e.g.
kgCO2 eqv:; kgCFC11 eqv:, etc.) (Table 5) with a monetary value
per indicator. These monetary values express the cost of prevent-
ing the potential impact on the environment and/or estimate the
possible damage caused by the emissions [6]. The obtained costs
are hence external environmental costs, further referred to as E-
LCC. Detailed information about the monetization method can be
found in [13].

For the indicators ‘human toxicity’ and ‘ecotoxicity’, the data for
these indicators has a high level of uncertainty. The LCA is per-
6

formed mindful of the impact of these uncertainties. The designs
are assessed, both including and neglecting toxicity effects, in
order to acquire a full but nuanced analysis. For this study, the cen-
tral values in Table 5 are used in line with the MMGmethod [13,6],
so no sensitivity analysis is performed.

By totalling the cost to an aggregated score, the optimization
problem (Section 4) can now be written in terms of a single objec-
tive function and or constraint.

The MMG+ _KULeuven tool calculates the E-LCC per meter for a
bar. The total E-LCC f E xd;xcð Þ of a structure with n bars of length l,
perimeter P, and area A in a configuration xd, is calculated as:

f E xd;xcð Þ ¼
Xn

i¼1

ci li Ai xd; xcð Þ þ di li Pi xd;xcð Þ ð1Þ

The constants ci and di are acquired through theMMG + _KULeu-
ven tool, and link the area and the perimeter of an individual bar to
the E-LCC of that bar. They include the total of the monetized indi-
vidual impact costs, associated with the area A and the perimeter P,
respectively.

3.2.3. Considered life cycle phases and scenarios
Four life cycle phases are considered in the MMG method: pro-

duction (A1-3), construction (A4-5), use (B1-7) and end-of life
(EOL) (C1-4) (Fig. 8). In this study, all these phases are accounted
for during the LCA. Module D covers the reuse and recycling
phases, which is not yet included in the MMG method and conse-
quently not considered within this study [6].

Life cycle scenarios have been defined for the transport, mainte-
nance, replacement, and EOL processes occurring during the vari-



Table 5
Summary of the CEN+ environmental impact indicators considered in the LCA framework with their correlated unit, and monetization factors [34].

CEN+ impact indicator Unit Central monetization factor [€/unit]

Global warming kgCO2 eqv: 0.05
Ozone depletion kgCFC11 eqv: 49.1
Acidification for soil and water kgSO2 eqv: 0.43
Eutrophication kg PO4ð Þ3 eqv: 20
Photochemical ozone creation kgetheneeqv: 0.48
Depletion of abiotic resources: elements kgSbeqv: 1.56
Depletion of abiotic resources: fossil fuels MJ;netcalorificvalue 0

Human toxicity: cancer effects CTUh 665109
Human toxicity: non-cancer effects CTUh 144081
Particulate Matter kgPM2:5 eq 34
Ionising radiation: human health effects kgU235 eq 9:7� 10�4

Ecotoxicity: fresh water CTUe 3:7� 10�5

Water resource depletion m3 eq 0.067
Land use occupation: soil organic matter kgCdeficit 1:4� 10�6

Land use occupation: biodiveristy m2yr
Urban 0.30
Agricultural 6:0� 10�3

Forestry 2:2� 10�4

Land use transformation: soil organic matter kgCdeficit 1:4� 10�6

Land use transformation: biodiversity m2

From urban land N/A
From agricultural land N/A
From forest N/A
From tropical rainforest 27

Fig. 8. Schematic overview of the considered life cycles phases in the MMG framework [6,15].
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ous life cycle stages of the different elements and materials. These
life cycle scenarios capture specific information regarding the
quantity and frequency of events during the service life of the ele-
ments. The scenario for transport to the construction site is con-
form the standard scenario for prefabricated structural elements
of the MMG framework [6]. The EOL scenarios are in line with
the scenarios for metals and untreated, uncontaminated wood as
predefined in the MMG method. The scenarios for maintenance
were discussed in Section 2.2.

3.3. LCC framework

3.3.1. Basis of the framework
In order to uncover the trade-off between the environmental

impact and the financial cost, the LCC of the structure is computed.
The LCC method takes both initial investment costs and recurring
7

costs into consideration and aggregates them to obtain the life
cycle financial cost. The costs that occur in the future are converted
into present values and summed (i.e. sum of present values).
Detailed information about the calculation of the present values
can be found in [5]. Furthermore, the financial costs included in
the assessment consider material, production, treatment, mainte-
nance and EOL costs. Construction costs are neglected due to the
lack of accurate data.

The MMG+ _KULeuven tool calculates the LCC per meter bar.
The expression for the total LCC f C xd;xcð Þ of a structure with n bars
of length l, perimeter P, and area A in a configuration xd, is formu-
lated as:

f C xd;xcð Þ ¼
Xn

i¼1

gi li Ai xd;xcð Þ þ hi li Pi xd; xcð Þ ð2Þ
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Similarly as to Eq. (1), the constants gi and hi in Eq. (2) summa-
rize the economic data associated with A and P.
3.3.2. Financial data
The cost data in the MMG+ _KULeuven tool are based on the

SPON cost books for construction related products in the UK for
the year 2015 [1,2]. The data are converted from pound to euro,
using the currency exchange rate for 2015 of the European Central
Bank (i.e. 1.38 €/$). The costs have moreover been updated to a
nominal value for the year 2019 based on the I-index (i.e. 1.11),
which reflects the evolution of the material prices in Belgium [7].
3.3.3. Economic parameters
The economic parameters during the service life of the structure

are based on Belgian statistical data and correspond with the basic
scenario defined in the SuFiQuad project [5]. An annual real dis-
count rate of 2% and real growth rate for materials of 2% is
assumed. Further a fixed VAT rate of 21% is assumed for all life
cycle costs.
4. Multi-objective optimization

In this section, the optimization problem to determine the E-
LCC and LCC Pareto front is formulated. In Section 4.1, the opti-
mization problem is introduced. In Section 4.2, the solution strat-
egy is described.
4.1. Formulation of the optimization problem

The multi-objective optimization problem consists of an inner
(I) and an outer (II) problem. The design variables of the outer
problem xd represent the section type for each bar based on the
set Xd of all possible section types defined in Section 2.3 (Table 1).
The design variables of the inner problem xc represent the dimen-
sions of the structural elements and are linked to the configuration
of the different section types through the set Xc xdð Þ on which the
box constraints are imposed implicitly (Table 2). The multi-
objective problem minimizes for both the E-LCC (f E) and the LCC
(f C). Additionally, the structural performance requirements
gj xd;xcð Þ are imposed for the different load combinations.

minxd 2Xd

zfflfflfflfflfflffl}|fflfflfflfflfflffl{II

minxc 2Xc xdð Þ
zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{I

f E xd; xcð Þ; f C xd;xcð Þ½ �
s:t: gj xd;xcð Þ 6 0 j ¼ 1; . . . ;N

ð3Þ

The result of solving for the inner problem (I) is a curve which
represents the Pareto front in terms of f E; f Cð Þ for a fixed value of
xd. Solving for the outer problem (II) results in a curve which rep-
resents the convex envelope of the curves in (I).

The objective functions f E and f C are computed using the LCA &
LCC framework described in Section 3. Table 6 shows the depen-
dence of A and P on the design variables xc. The analytical deriva-
tives of the expressions in Table 6 are passed on as gradient
information for the solver.
Table 6
Relation between the design variables xc (as defined in Fig. 5) and the perimeter P and
the area A of the different section types.

Rectangular section Tubular section Tie-rod

xc bw, hw bs, hs, ts ds
P 2 bw þ hwð Þ 4 bs þ hsð Þ � 8 ts pds
A bw hw bs hs � bs � 2 tsð Þ hs � 2 tsð Þ p d2s

4
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4.2. Solution strategy

The multi-objective optimization problem (3) is solved based
on the distinction between the inner problem (I) and the outer
problem (II). As mentioned, the inner problem results in a f E; f Cð Þ
Pareto front for a fixed configuration xd. The curve is obtained as
the solution of a number of single-objective optimization prob-
lems, given by:

að Þ min
xc2Xc xdð Þ

f E xd; xcð Þ
s:t: gj xd;xcð Þ 6 0

bð Þ min
xc2Xc xdð Þ

f C xd; xcð Þ
s:t: gj xd;xcð Þ 6 0

cð Þ min
xc2Xc xdð Þ

f E xd; xcð Þ

s:t: f C xd;xcð Þ 6 f kC
gj xd;xcð Þ 6 0

Sub-problems (a) and (b) are solved once, respectively minimiz-
ing the E-LCC and the LCC of the structure. Sub-problem (c) mini-

mizes the E-LCC for a maximum allowable LCC f kC. This problem is

solved for 6 (structure 1) or 4 (structure 2) equidistant values of f kC
between the LCC values obtained for subproblems (a) and (b). This
means that for every inner problem (I), 8 (structure 1) or 6 (struc-
ture 2) sub-optimizations are performed.

The inner problem (I) is solved using a gradient based algo-
rithm. The gradient based solver used in this study is the method
of moving asymptotes (MMA) for case 1 [39] and globally conver-
gent MMA (GCMMA) for case 2 [40].

The outer problem (II) is solved by enumeration. The members
are divided into member groups (Section 2.3), which impose that
the same section type is used for the bars in the group (Figs. 3
and 4). This only reduces the number of configurations xd in Xd;
the size of each bar is still optimized individually. For structure
1, 81 configurations are optimized. For structure 2, 72 configura-
tions are optimized.
5. Results

5.1. Case 1: Statically determinate structure

In this subsection, the results for the statically determinate
structure (cases 1A, 1B, and 1C) are presented. Fig. 9 shows the
three cases as well as the E-LCC - LCC Pareto fronts for cases 1A,
1B and 1C and the corresponding convergence history of the Pareto
optimal designs. Fig. 10 shows the environmental cost for the Par-
eto optimal designs grouped per environmental indicator.

Note that for most of the configurations, the eight resulting
structures are within a very narrow range for both the E-LCC and
LCC values, sometimes resulting in 8 identical designs (i.e. with
the same member sizes). As the element forces are constant, the
minimum required member sizes (to comply with the structural
performance requirements) are the same for each configuration,
resulting in only small E-LCC and LCC variations between different
optimized designs with the same member section configuration.

Descending the Pareto fronts starting from the low E-LCC end,
better steps are characterized by a steeper declining connection
between two designs. As the Pareto fronts are convex, the effi-
ciency of the steps always decreases with respect to the previous
step. For all three scenarios, it can be seen that the Pareto optimal
designs with more timber elements have a lower E-LCC but a



Fig. 9. E-LCC – LCC Pareto fronts for scenarios (a) 1A, (c) 1B and (e) 1C in Case 1. The front is highlighted in green, sub-optimal design are presented as red circles. The Pareto
optimal structures are shown: the orange bars (timber section), dark blue bars (steel tubular section) and light blue bars (tie-rods) are scaled according to their cross section.
The convergence history for the Pareto optimal structures is shown on the right for every design scenario.
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higher LCC. For structures with more steel elements, the opposite is
observed. In scenarios A and C, a hybrid design is optimal in terms
of LCC and E-LCC respectively. Moreover, all intermediate Pareto
optimal designs are hybrid steel-timber structures. This shows
the relevance of the method used, as in practice the financial cost
will always be limited by a fixed budget, in some scenarios not
allowing to opt for the optimal E-LCC design.

For all scenarios, a timber structure with steel tie-rods on the
diagonals performs well in terms of E-LCC. For scenario C, the dif-
ference with the optimal E-LCC design is negligible, yet the LCC is
much lower, while for scenarios A and B, all-timber designs per-
form significantly better in terms of E-LCC. A possible explanation
9

for this could be the fact that the diagonals are always loaded in
tension, implying that no buckling can occur, so small sections suf-
fice. As scenario C simulates a fire resistant structure, the sections
of the timber elements are oversized by a fixed thickness. This
means that for smaller sections, the relative contribution of this
thickness is larger, possibly resulting in a higher overall environ-
mental impact than for the small tie-rod sections.

The Pareto fronts in Fig. 9 aid in making design decisions based
on the available resources. For scenarios 1A and 1B, the LCC and E-
LCC trade-offs between the single-objective optima lie within a dif-
ferent order of magnitude with respect to scenario 1C, indicated by
the steepness of declination between the single-objective optima.



Fig. 10. Environmental cost for the different Pareto optimal structures grouped per environmental indicator for Case 1.
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This means that in scenario 1C, a similar reduction of E-LCC
requires a much larger investment in terms of LCC. A possible
explanation for this phenomenon is the oversizing strategy, which
makes timber members even more expensive in terms of LCC than
they already are. The E-LCC - LCC trade-off between designs C1 and
C2 is a good example of a situation where the reduced financial
cost of the steel tie-rods (and the accompanying coatings) is much
larger than the negligible decrease in terms of environmental
impact, which is an effect that now is magnified due to the used
oversizing strategy.

Analyzing the E-LCC results more in detail for the different Par-
eto optimal structures reveals that the production phase of the life
cycle is responsible for on average 91–95% of the total environ-
mental cost (Fig. B.1). The environmental impact linked to the
Transport to site (A4) and Construction and installation (A5)
together have a share of approximately 5%.

Regarding the contribution of the different environmental indi-
cators to the overall environmental cost, steel elements are charac-
terised by higher impacts for toxicity indicators as shown in
Fig. 10, having an important contribution to the overall impact of
the design. The toxicity indicators have a contribution of up to
63% for full steel designs (i.e. Pareto optimal structures B5 and
C4), between 47% and 61% for designs containing steel elements,
except for the Pareto optimal structure C1 where it is limited to
30%. Timber elements show lower values for all indicators with
exception of land use occupation and biodiversity. For scenarios
A and B, for timber designs (i.e. Pareto optimal structure A1, B1,
and C1), the indicators ‘Land use: occupation, biodiversity’ and
‘Particulate matter’ are responsible for 60–63% of their total
impact.

Considering the contribution of the different life cycle phases to
the LCC results (see Fig. B.2), it is clear that for steel elements their
overall cost is defined by the production cost, as maintenance costs
are small. All-timber designs show a contribution of maintenance
costs of 35% for A1, 55% for B1, and 9% for C1. For the hybrid
designs, the maintenance costs vary between 21%-29%, 19%-49%
and 6%-9% for respectively scenarios A, B and C.

In some cases it is obvious that, depending on the LCC budget, a
clear choice can be made based on the set of intermediate Pareto
optimal designs: e.g. for scenario A, the lowest LCC design only
costs a fraction less for a huge additional E-LCC cost (4 times
10
higher); for scenario B, the step from a fully timber design to a tim-
ber design with tie-rod diagonals is the best improvement that can
be made. Moreover, the results show that the choice for a specific
configuration xd has a large impact on the position in the E-LCC -
LCC spectrum. In practice, the LCC and or E-LCC of different single
material (or single section type) designs is compared to make
design decisions. The optimizations show that hybrid designs
should be included and that single material designs should not
be an automatic choice, as most of the Pareto optimal designs
(and in some scenarios the single-objective optima) are hybrid
designs.
5.2. Case 2: Statically indeterminate structure

This subsection focuses on the statically indeterminate struc-
ture. Fig. 11 shows the E-LCC - LCC Pareto fronts for cases 2A, 2B,
and 2C as well as the corresponding convergence history of the
Pareto optimal designs. Notice the difference in spreading of the
sub-optimal designs compared to case 1 (Fig. 9), as the six resulting
designs for each configuration xd now differ more distinctly. In
some scenarios, the E-LCC score for sub-problem (c) (as described
in Section 4.2) is lower than the E-LCC score for sub-problem (a),
possibly caused by the fact that the additional constraint on the
LCC score in (c) helps in bypassing the local optimum found in
(a). This is not always the case, but important to keep in mind
when interpreting the graphs.

The results show that the conclusions regarding case 1 are also
applicable to case 2. All scenarios show that Pareto optimal struc-
tures with more timber elements tend to have a lower E-LCC, but a
higher LCC. On the contrary, structures with more steel elements
tend to be lower in LCC but higher in E-LCC. Again, all intermediate
Pareto optimal designs are hybrid designs. Furthermore, all-timber
designs with tie-rods on tension-loaded diagonals perform on the
high end of the E-LCC scale and only perform slightly worse than
a fully timber design (and in case 2C it even performs better).
One can state that replacing tension loaded timber bars by steel
tie-rods can be done based on engineering judgement during the
design process, but the Pareto front also includes other less intu-
itive designs which probably would not have been considered
without the use of a multi-objective optimization approach.



Fig. 11. E-LCC – LCC Pareto fronts for cases (a) 2A, (c) 2B and (e) 2C. The front is highlighted in green, sub-optimal design are presented as red circles. The Pareto optimal
structures are shown: the orange bars (timber section), dark blue bars (steel tubular section) and light blue bars (tie-rods) are scaled according to their cross section. The
convergence history for the Pareto optimal structures is shown on the right for every design scenario.
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The Pareto front for scenario 2C again shows a steeper E-LCC -
LCC trade-off compared to scenarios 2A and 2B. The smaller range
on the E-LCC scale is caused by the higher environmental cost (al-
most double) of the oversized laminated girder compared to the
hardwood section used in scenario A and the laminated girder in
scenario B (see Fig. B.6). At the same time, the environmental cost
of the steel tubular section and tie-rod section with a R120 fire
resistance falls within the range of the sections used in scenarios
A and B, resulting in a smaller range between the timber-steel
design and the full steel design. The larger range on the LCC scale
is caused by a similar mechanism. The cost of the steel design is
11
only slightly higher compared to scenarios A and B, while the cost
of the oversized laminated girder used has almost doubled in com-
parison with the girders used in scenarios 2A and 2B, resulting in a
much higher overall cost of the structure and causing a higher
range.

Inspecting the E-LCC results of the Pareto optimal structures,
the production phase is the most important (between 90% and
95%) life cycle phase (see Fig. B.4). The environmental impact
linked to the Transport to site (A4) and Construction and installa-
tion (A5) have together a share of approximately 5%, Waste Dis-
posal (phase C4) also has an impact of up to 3% when laminated
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girders are used in the design. Its importance decreases with
increasing steel use in the design.

Similarly as in case 1, the toxicity indicators have a high contri-
bution to the overall environmental cost of the designs containing
steel elements (see Fig. B.3). The difference in environmental cost
between the Pareto optimal structures A4 and A5, A5 and A6, B4
and B5 are caused by a general increase of all indicators because
of the higher amount of steel elements in the design, but in partic-
ular the impact for the toxicity indicators increased a lot to up to
62 % and 61 % for the structures A6 and B5. Further, similar trends
such as a decrease in the importance of the ‘Land use: occupation,
biodiversity’ and ‘Particulate Matter’ indicators with the decreas-
ing amount of timber in the design is found here.

For the financial cost (see Fig. B.5), also maintenance has an
important contribution to the total cost of scenario B, up to 43%
for the Pareto optimal structure B6. For scenarios A and C, the
maintenance cost is decreasing with a decreasing amount of tim-
ber elements in the design.

6. Discussion

It is clear that the toxicity indicators play an important role in
the overall environmental cost of the optimized structures. Within
the MMGmethodology, the USEtox-method� by Rosenbaum et al.
is used [36]. It is known that there are some important modelling
gaps with metals in this model [32,37], which explains the high
values for all toxicity indicators and increasing trend with an
increasing amount of steel elements in the design. Therefore, the
optimization runs were also performed excluding these toxicity
indicators. In most cases, the Pareto optimal structures and by con-
sequence the Pareto front did not change. Only for scenario C (for
both cases), the Pareto front was reduced to one single point, being
the structure C5 in Fig. 9 and C6 Fig. 11. When excluding the tox-
icity indicators in Fig. B.6, it can be seen that the environmental
impact of the steel tubular section is only slightly higher than
the one for the timber section for the R120 fire resistance scenario.
For cases 2B and 2C, there is still a significant difference between
the steel and timber sections resulting in the same Pareto optimal
structures. In case of the fire safety design scenario, it is important
to consider a holistic assessment approach to avoid a burden
shifting.

It is important to note that the amount of configurations was
reduced due to the introduction of member section groups. Even
though these groups are selected based on engineering judgement,
the design space is limited, meaning that different optimal designs
could exist. In addition, the possible member section types are
selected based on a preliminary study. The composition of the lar-
ger selection of member section types included in this study also
relies on engineering judgement and experience.

This study considers the financial costs over the full service life
of the structures studied. However, it should be noted that the
costs related to the construction of the structures are not fully
taken into account as they are also construction site specific. Nev-
ertheless, based on information from architectural offices, it is not
expected that this would lead to additional differences between
the intermediate Pareto optimal structures. In addition, including
the joint design in the life cycle assessment could impact the con-
figurations of the Pareto optimal designs, but this was not taken
into account in this paper. Further, the study includes a residual
value for steel, but not for timber. As these residual values are lim-
ited for the steel elements, it only influences the final cost to a very
limited extent. Nonetheless, in the idea of circular economy and
reuse of the different sections in a later stage, further investiga-
tions about the residual value of these element and their influence
on the total cost would be interesting.
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7. Conclusion

Sustainable design and construction is getting increasingly
more attention in current academic research but also in our pre-
sent society. When focusing on the structural components of build-
ings, the importance of the embodied emissions is growing at a
rapid pace. Therefore, there is a need to analyze and improve the
way structures are designed with respect to their environmental
impact across the complete life cycle of their components. Accord-
ingly, the introduction of scientific methods such as environmental
life cycle assessment and structural design optimization in engi-
neering practice is essential to contribute to this process.

In this paper, two case studies of hybrid truss structures are
described combining environmental life cycle assessment (E-LCC)
and life cycle cost assessment (LCC) into a structural multi-
objective optimization problem to analyze the E-LCC - LCC trade-
off by using a Pareto-efficiency approach. The first case study con-
sists of a simple statically determinate structure, while the second
case study is a more complex statically indeterminate structure.
For each case study, three design scenarios are investigated: an
indoor situation, an outdoor situation, and a fire resistance sce-
nario. Three types of sections can be used and are adapted to the
scenario and its specific demands: a timber section, a tubular steel
section and a steel tie-rod section.

For the cases considered, the presented approach succeeds in
finding a set of Pareto optimal (hybrid) structures. This Pareto front
allows the designer to select the structural configuration with the
least environmental impact within the budgetary limitations. In
addition, it gives an idea of the trade-off between environmental
impact and financial cost (how much extra do we have to invest
for a certain reduction of the environmental impact). As such, the
proposed method can be a useful tool for practicing engineers
focusing on sustainable design of structures.

Our study is not free of limitations: first, in order to keep the
optimization problem size feasible, the amount of possible configu-
rations was reduced using member section groups. We expected
that the Pareto optimal designs would be very similar if this limita-
tion would be lifted, yet it is important to state that in our study the
full design space was not utilized. Second, it was found that mod-
elling gaps regarding the toxicity indicators have a substantial
impact on the total environmental life cycle cost of a structure.
However, when the optimizations are run ignoring the toxicity indi-
cators, the resulting Pareto optimal designs remain very similar.

The results show that hybrid steel/timber designs can be Pareto
optimal or even optimal for a single-objective function (E-LCC or
LCC). This shows that design rationalization based on intuition
and standard practice can lead to sub-optimal results. A multi-
objective optimization approach, by contrast, enables the designer
to choose the right design based on the design conditions but also
on the available resources, as demonstrated by the different sets of
Pareto optimal structures for different design scenarios. Nonethe-
less, it is clear that the ratio of timber and steel elements is a good
indicator for the location of a structure in the E-LCC – LCC spec-
trum (more timber: lower E-LCC, higher LCC; more steel: higher
E-LCC, lower LCC). This is however only a useful rule of thumb
when deciding for the main material of the structural system and
not for the actual configuration of the hybrid structure. Further-
more, the results show that in each case every intermediate Pareto
optimal design is a hybrid steel/timber structure. This again stres-
ses the relevance and the usefulness of the presented methodol-
ogy, as in practice an LCC budget constraint will occur in most
cases. This implies that when a designer is oriented towards sus-
tainable construction, but limited by the available financial
resources, the optimal design will always be a hybrid steel/timber
structure.
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Fig. B.1. Environmental costs for the different Pareto optim
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Appendix A. Life cycle inventory

Data regarding the LCI are available as supplementary material.

Appendix B. Life cycle assessment diagrams

The figures in this appendix show supplemental clarifying dia-
grams regarding the environmental life cycle cost assessment
and the financial life cycle cost assessment (see Figs. B.1–B.6).
structures grouped per life cycle phase for Case 1.

al structures grouped per life cycle phase for Case 1.



Fig. B.4. Environmental costs for the different Pareto optimal structures grouped per life cycle phase for Case 2.

Fig. B.3. Environmental cost for the different Pareto optimal structures grouped per indicator for Case 2.
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Fig. B.6. Environmental cost for the different type of sections used in Case 2.

Fig. B.5. Financial costs for the different Pareto optimal structures grouped per life cycle phase for Case 2.
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Appendix C. Supplementary data

Supplementary data associated with this article can be found, in
the online version, athttps://doi.org/10.1016/j.enbuild.2021.
111600.
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