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Abstract: Most industrial buildings have a very short lifespan due to frequently changing produc-
tion processes. The load-bearing structure severely limits the flexibility of industrial buildings and 
is a major contributor to their costs, carbon footprint and waste. This paper presents a parametric 
optimization and decision support (POD) model framework that enables automated structural anal-
ysis and simultaneous calculation of life cycle cost (LCC), life cycle assessment (LCA), recycling 
potential and flexibility assessment. A method for integrating production planning into early struc-
tural design extends the framework to consider the impact of changing production processes on the 
footprint of building structures already at an early design stage. With the introduction of a novel 
grading system, design teams can quickly compare the performance of different building variants 
to improve decision making. The POD model framework is tested by means of a variant study on a 
pilot project from a food and hygiene production facility. The results demonstrate the effectiveness 
of the framework for identifying potential economic and environmental savings, specifying alter-
native building materials, and finding low-impact industrial structures and enclosure variants. 
When comparing the examined building variants, significant differences in the LCC (63%), global 
warming potential (62%) and flexibility (55%) of the structural designs were identified. In future 
research, a multi-objective optimization algorithm will be implemented to automate the design 
search and thus improve the decision-making process. 

Keywords: decision-making support; life cycle assessment; life cycle cost analysis; flexibility assess-
ment; parametric performance-based design; integrated design; industrial building design 
 

1. Introduction 
The construction industry is one of the key sectors for sustainable development, as 

buildings account for 30 to 40% of the primary energy use worldwide [1]. Industrial busi-
nesses are facing increased pressure due to their environmental impacts [2]. Therefore, 
industrial buildings produce many resources and waste [3], as they consume a huge 
amount of materials for foundations, load-bearing structures and the building envelope 
[4]. The employed building materials account for the highest percentage of the total em-
bodied energy and carbon in industrial buildings [5]. The embodied energy, which is the 
energy associated to the manufacturing and replacement of materials and components, is 
directly influenced by the service life of the building materials as well as the building life 
cycle [6]. Due to short product life cycles, industrial buildings have a relatively short ser-
vice life, ranging from 15 to 30 years. In order to extend the life cycle of industrial build-
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ings, building structures must be able to adapt to reconfiguring and expanding produc-
tion processes, which is a challenge for structural design. Optimizing the load-bearing 
structure for flexibility and coupling of production planning models already in the early 
design stage can contribute to increase the economic and environmental sustainability of 
industrial buildings [7,8]. Nonetheless, often, structural design decisions enter the indus-
trial building design process late and are subservient to architectural and production 
goals.  

Flexibility can improve the sustainability of production processes [9] and building 
designs [10] as well as the economic performance of production facilities [11]. Yet, in the 
design of production facilities, architectural and engineering systems seldom respect flex-
ibility [12], and the building is usually aligned around the production requirements and 
cannot react quickly to changes [13]. Moreover, the integration of sustainability dimen-
sions and industrial building information within factory planning processes is challeng-
ing due to a sequential planning process, non-transparent information, complex disci-
pline-specific parameter dependencies and unclear sustainability aspects [14,15]. In par-
ticular, there is a lack of understanding of the overlapping impact of changing production 
processes on the life cycle footprint and flexibility of the load-bearing structure of indus-
trial buildings.  

Various studies intend to formulate an integrated factory planning approach [14–18]; 
however, they do not examine the coupling possibility of the structural building and pro-
duction process systems in an integrated industrial building model and do not integrate 
a method for sustainability and flexibility assessment of industrial building structures. 
Decision support tools for sustainable buildings should enable both life cycle cost (LCC) 
and life cycle assessment (LCA) calculations to compare building variants and optimize 
material inputs. A number of researchers perform either LCA to evaluate the environmen-
tal impact [5,19–21] or calculate LCC to determine the economic impact of industrial build-
ings [22–24]. There are a small number of research articles in the literature on parallel LCA 
and LCC analyses of industrial buildings; however, they exclusively investigate the envi-
ronmental and economic impact of certain industrial building elements or components, 
such as façade systems [25] or insulation values, envelope construction types, skylight and 
solar collector coverage [26]. The cited works are not addressing the question of how to 
reconcile economic and environmental sustainability with the flexibility of industrial 
building structures and do not integrate production planning processes. The limited 
amount of research on flexibility in industrial buildings addresses the adaptive re-use of 
office and industrial buildings for residential purposes [27] and the flexible design of food 
processing [28] and biopharma facilities [29], or presents design guidance to support flex-
ibility within architectural and engineering systems of factories [12]. Another study de-
fines a categorized parameter catalogue as a design guideline for flexible industrial build-
ings that integrates production planning parameters [8]. However, the research conducted 
by Marjaba and Chidiac [30] has shown that there are no consistent metrics for evaluating 
the resilience and hence flexibility of industrial buildings in combination with sustaina-
bility. 

The above facts highlight that the integration of structural design and production 
planning to increase the flexibility of industrial buildings, as well as the joint consideration 
of economic and environmental sustainability while evaluating flexibility, are important 
but still relatively unexplored topics in industrial building research. In fact, an integrated 
decision support framework that optimizes building structures and layouts towards im-
proved sustainability and flexibility while taking into account production layout scenarios 
is lacking. Parametric modeling and performance-based design tools offer a potential way 
of integrating life cycle assessment optimization [31], interdisciplinary collaboration [32] 
and generation, and evaluation and comparison of multiple variants at an early design 
stage [33,34]. Therefore, the goal of this study is to establish a parametric structural opti-
mization and decision support (POD) model framework for the LCC, LCA, and flexibility 
assessment of industrial buildings incorporating production planning. The main objective 
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is to improve resource efficiency and extend the service life of industrial buildings by en-
abling rapid structural analysis, variant studies and decision support at an early design 
stage. 

This paper presents ongoing research within the funded research project BIMFlexi. 
The main objective of the project is to create flexible and sustainable industrial buildings 
at an early design stage by coupling building and production planning processes and cre-
ating a holistic optimization and decision support platform for integrated industrial build-
ing design [35]. In previous research, the authors have already presented a parametric 
design process for structural optimization and flexibility assessment of industrial building 
structures [36] as well as a parametric framework for automated generation and optimi-
zation of production layout scenarios with the potential to be integrated in the parametric 
structural design process [37]. The research presented in this paper builds on the results 
of the research conducted in [8,36,37] and couples the models into the POD model frame-
work for flexible andsustainable integrated industrial building design. 

The combination of the two proposed models supports the parametric design and 
automated structural analysis of industrial building variants with flexibility assessment, 
respecting dynamic production processes; however, there is a lack of environmental and 
economic impact assessment to gain knowledge about the resource efficiency of the build-
ing. Therefore, a method for the simultaneous LCC, LCA and recycling potential assess-
ment of building structures is developed and implemented. A novel rating system that 
allows design teams to quickly compare the performance of different building variants 
complements the framework. Hence, the POD model framework is designed as a set of 
interacting subsystems: 
• Requirement specification and component library of industrial building elements 

and economic and environmental indicators, enabling the POD model generation 
and LCC, LCA and recycling potential assessment. 

• Production model integrating parametric production layout scenarios [37] as geom-
etry and load requirements and constraints for the POD model.  

• POD model: Parametric structural design process generator [36] enabling (1) auto-
mated generation of the parametric geometry, structural model and loads, (2) auto-
mated application of the geometry and load requirements from the imported pro-
duction layout scenarios to the structure, (3) building variant generation, (4) auto-
mated structural analysis and dimensioning of the structural elements, and (5) auto-
mated performance assessment of LCC, LCA, recycling potential and flexibility. 

• Variant visualization and grading: The integration of a novel grading system enables 
the performance comparison of the generated building variants, thus facilitating de-
cision making. 
The developed framework is tested on a pilot-project of a food and hygiene produc-

tion facility to evaluate the framework and validate the calculation results. It is evaluated 
whether the application of the framework enables an adequate performance assessment 
and offers the possibility to identify potential savings in terms of economic and environ-
mental resource efficiency at the significant early design stage. 

2. Literature Review 
The main purpose of this study is to establish a framework for automated structural 

analysis of industrial buildings with simultaneous LCC, LCA, recycling potential and flex-
ibility assessment, incorporating production layout planning to improve resource effi-
ciency and extend the service life of industrial buildings at an early design stage. 

Various researchers assess the LCA and/or LCC of industrial buildings. Rodrigues et 
al. [5] evaluated the embodied carbon and energy of an industrial building using a gate-
to-gate LCA method. The results showed that the building materials are the main contrib-
utors to the environmental impact, with a total embodied carbon of 508.57 kgCO2eq/m2 
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and a total embodied energy of 4908.68 MJ/m2. Marrero et al. [38] presented a methodol-
ogy for environmental evaluation of industrial building projects in Spain. They selected 
carbon footprint and water footprint as environmental indicators and conducted a com-
parative analysis. Concrete and cement, along with metals and aggregates, control the 
carbon footprint impact in the structure but also in the roof and fixtures. The results re-
vealed the high recycling potential of industrial buildings, especially from concrete and 
cement, suggesting that the evaluation of the buildings life cycle and recycling potential 
should be included in future studies, since industrial buildings have a short life span. 
Opher et al. [19] conducted a life-cycle greenhouse gas emission assessment of an indus-
trial building restoration in Canada. The analysis included a cradle-to-grave LCA of con-
struction materials, transport, and construction activities for the restoration process, as 
well as the future operational energy use. The authors highlighted that among the biggest 
uncertainties in the analysis are the useful service life of new technologies and the build-
ing itself, as well as the specifics of future building materials and activities. The results 
showed that the overall embodied carbon is sensitive to changes in the building’s lifetime, 
material transport distances and recyclable steel components. It has been noted that alter-
native modeling decisions of certain materials or components can lead to results that differ 
by more than 15%. Therefore, 69% percent of the carbon comes from the materials used in 
the construction system. Bonamente and Cotana [20] conducted a systematic cradle-to-
grave LCA of four prefabricated industrial buildings in Italy considering carbon and pri-
mary energy footprint on a 20 and 50-year lifetime. The analysis served to setup a param-
eterized model that assists to study the impacts of industrial prefabricated industrial 
buildings over the input parameter space. The results revealed that the carbon footprint 
is sensitive to the building lifetime. For a 10,000 m2 building, the carbon footprint is 2608 
kgCO2eq/m3/year for a 20-year lifetime and 3516 kgCO2eq/m3/year for a 50-year lifetime. 
The average carbon footprint of the four selected buildings, considering a 50-year lifetime, 
high-energy performance and deep foundations, is 133.7 kgCO2eq/m3 and 33.95 
kgCO2eq/m3, when not considering the use phase. Tulevech et al. [21] performed an LCA 
on a low-energy industrial building located in Thailand on a 20-year lifetime, carrying out 
a multi-scenario analysis that revealed significant energy-saving potential through recy-
cling strategies and a rooftop PV system. They state that the material manufacturing phase 
bears the largest impact on the primary energy demand (71%) and the global warming 
potential (60%), largely due to steel and concrete production and a higher embodied en-
ergy quantity per material.  

Besides the significance of the environmental impact of industrial buildings, they also 
consume a considerable amount of money for the cost of execution of the building, cost of 
materials and supplies and maintenance and demolition, which is relevant for the eco-
nomic sustainability [3]. Li et al. [22] conduced a life cycle cost analysis of non-residential 
green buildings (commercial buildings, industrial buildings and institutional buildings) 
in a tropical climate by comparing the LCC, Construction Costs (CC) and Operation Costs 
(OC). The results revealed that the annual LCC and CC of industrial buildings, including 
factory and office building and transportation, are the highest among the three examined 
building types, while the annual OC of industrial buildings is identified as the lowest 
among the three types. Weerasinghe et al. [24] presented a comparative LCC study on 
green and traditional industrial buildings in Sri Lanka. The results revealed that the initial 
construction cost of a green industrial building is 29% higher than that of a traditional 
building; however, in terms of LCC, green industrial buildings are 17% cheaper than the 
traditional buildings. Kovacic et al. [25] developed a decision support tool for evaluating 
the economic and environmental impact of industrial buildings’ façade systems. The tool 
is tested by analyzing three different façade systems (steel liner tray, steel sandwich pan-
els, cross laminated timber panels), highlighting that the initial costs of the façade systems 
are differing up to 27%, while after 35 years the LCC are differing by just 6%. The cross-
laminated timber façade has the highest initial costs, but the best performance (80% less 
emissions) in terms of the Global Warming Potential (GWP). Lee et al. [26] investigated 
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the energy performance, environmental impact, and cost effectiveness of an industrial 
building in Amsterdam through a full factorial design space exploration approach that 
supports multi-criteria decision making. Analyzed design parameters are the insulation 
values, envelope construction types (steel or concrete), skylight coverage and transpired 
solar collector coverage.  

The above-presented research makes a significant contribution to knowledge about 
the environmental or economic impact of industrial buildings, yet it does often only ana-
lyze already planned or existing buildings, is focused on component-specific analyses or 
considers LCA and LCC separately. In addition, these studies do not address the linkage 
of structural analysis with life cycle analysis and do not intend to find structural design 
alternatives in correlation with production processes. 

Various studies specifically deal with structural analysis and parallel LCA and/or 
LCC assessment. Oti and Tizani [39] presented a Building Information Modeling (BIM)-
based framework for evaluating LCC, carbon and ecological footprint to assist structural 
engineers in assessing the sustainability of alternative design solutions at an early design 
stage, which currently addresses structural steel framing systems. The modeling frame-
work employs the principles of feature-based modeling and a prototype system is imple-
mented using NET, which is linked to a structural BIM software. Sanchez et al. [40] fo-
cused on structural analysis in terms of environmental impacts and building cost assess-
ment, evaluating the adaptive reuse buildings, using a BIM model and different existing 
LCA report tools. This study demonstrates that the biggest benefits of the adaptive reuse 
of an existing building are in the structure. A considerable cost saving for the adaptive 
reuse scenario of up to 70% reduction of the structural systems construction cost was iden-
tified. Concrete was identified as the main source of environmental impact, with 56% of 
the total primary energy demand in the life cycle of existing structures. The reuse of steel 
is the main source of avoided environmental impact when recycled. Raposo et al. [41] 
developed a structural BIM-based LCA assessment method for seismic reinforcement of 
precast reinforced concrete in industrial buildings to evaluate and compare the environ-
mental impacts of new construction and seismic reinforcement solutions in an existing 
building. First, analyzing the respective seismic reinforcement solution took place, then 
accomplishing the corresponding LCA and finally calculating the LCC for each case. Vi-
lutiene et al. [42] developed an early-design-stage decision model to assess the sustaina-
bility of alternative load-bearing structures, using a BIM-based structural analysis tool, 
structural BIM software, and two extra pieces of software for cost estimation and LCA 
calculation. Three types of load-bearing structures for a commercial building have been 
compared concerning different physical parameters—cost of construction and materials, 
technological dimensions, and environmental impact. The authors identified the major 
limitation in the study as data loss during the transfer of data from one software package 
to another, due to the low interoperability of the different software packages, and called 
for integrated tools for structural designers to assess the environmental and economic im-
pacts.  

The research presented above on the assessment of environmental and economic im-
pacts in structural design shows that LCC and LCA are usually not directly integrated 
into BIM and structural design tools and, therefore, multiple software applications need 
to be used. This requires manual data manipulation, which is time consuming and error 
prone and can lead to loss of data and information. Furthermore, BIM models are often 
not yet available in an early design stage and these toolchains are not flexible in their ap-
plication for early rapid variant studies. Parametric performance-based design tools offer 
a potential way for early integration and variant studies. Hens et al. [43] presented a par-
ametric framework for early-stage tall structural mass timber design to compare geome-
tries with respect to embodied carbon of a post-beam-panel system and a post-and-plat-
form system. The framework enables one to alter the geometry and track the impact on 
the embodied carbon, consisting of a parametric model in Grasshopper for Rhino3D, the 
plug-in Karamba3D for structural analysis, a python code for the structural design and a 
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design space exploration component for the sampling of the design space [44]. The results 
showed that for both structural systems studied, building height and envelope area are 
good predictors and determinants of embodied carbon. Apellániz et al. [45] developed a 
parametric approach for early-stage building design and structural optimization, combin-
ing the environmental database of One Click LCA with a user-friendly interface and an 
object-oriented structure to provide parametric LCA with Grasshopper for Rhino3D. 
Bombyx is developed as a parametric LCA tool plug-in for Grasshopper for early building 
design in the Swiss context [33]; however, it lacks a method for parallel structural analysis.  

Based on the presented literature review on environmental and economic impact as-
sessment of industrial buildings and structural design processes with LCC and/or LCA 
performance feedback, there remain some research gaps for sustainable and flexible in-
dustrial building design. A decision support framework that optimizes building struc-
tures and layouts towards increased sustainability and flexibility while taking into ac-
count production layout scenarios is lacking. Given the increasing potential of parametric 
and performance-based design tools for the coupling of discipline-specific systems, it is 
imperative to explore the possibilities of integrating production planning and LCC, LCA, 
recycling potential and flexibility assessment directly into a parametric structural indus-
trial building design process to enable rapid variant studies for decision support at an 
early design stage. In Reisinger et al. [36], the authors have already developed a paramet-
ric model for automated structural analysis and flexibility assessment of industrial build-
ings. In addition, to be able to consider changing production requirements on the building 
structure, a parametric framework for the multi-objective optimization of production lay-
out scenarios, integrating flexibility and building criteria, has been developed [37]. The 
combination of the two proposed models into an evolved POD model framework for the 
automated assessment of the LCC, LCA, recycling potential and flexibility of industrial 
building structures, considering production layout planning, is the focus of this paper. 

3. Methodology and Research Design 
This paper presents the development of the POD model framework for automated 

integrated production planning and structural industrial building design, enabling per-
formance feedback and visualization of the trade-off among LCC, LCA, recycling poten-
tial and flexibility assessment already at an early design stage. The framework is tested 
within a variant study on a real pilot-project from the food and hygiene production, eval-
uating the efficiency of the framework to identify potential savings in economic and envi-
ronmental impacts of industrial building structures and validating the trade-off results. 
Figure 1 gives an overview of the research design and the scope of the paper. 
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Figure 1. Overview of the research design and the scope of the paper. 

This study builds upon previous research in which two novel parametric design and 
optimization models for integrated industrial building design were developed as de-
scribed before. In this study, the parametric production layout model is coupled to the 
structural design model through parametric modeling in Grasshopper for Rhino3D [46]. 
The integrated parametric production layout scenarios [37] serve as geometry and load 
constraints for building design. The computational framework of the POD model consists 
of a parametric model constructed in Grasshopper, which is based on the design space 
representation presented in [36]. The parametric model is supplemented by Karamba3D 
components [47] for the structural analysis and automated dimensioning of the structural 
elements. An industrial building component library and a component-related repository 
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are developed, storing the relevant indicators for LCC, LCA and recycling potential as-
sessment. The statistical cost indicators for the calculation of the LCC were acquired from 
the German construction cost indices—BKI [48]. The indicator data for the assessment of 
the embodied energy and the recycling potential were obtained from the Austrian data-
base baubook.at [49]. The repository is coupled to the parametric model to enable the au-
tomated LCC, LCA and recycling potential performance assessment of the building struc-
ture in the parametric environment. The implemented LCC is based on the calculation of 
the net present value (NPV) according to ISO 15686-5 [50]. The LCA is carried out for the 
indicators as used by IBO [51]: Global Warming Potential (GWP), expressed in CO2 equiv-
alent (CO2equ.); Acidification Potential (AP), expressed in SO2 equivalent (SO2equ.); and 
Primary Energy Non-Renewable (PENRT) and Primary Energy Renewable (PERT), both 
expressed in MJ. In addition, the recycling potential was calculated according to the Aus-
trian guideline to calculate the disposal indicator of building components by IBO [52]. For 
the visualization of the generated production layouts, building structures and perfor-
mance results serve Rhinoceros 7 [53]. The building variants and performance results are 
visualized within a novel grading system for ranking and comparison of the building var-
iants. The implemented grading system serves as a decision-making aid when finding the 
best variant from the different trade-offs of LCC, LCA, recycling potential and flexibility 
and is based on the method used in the DGNB system [54]. The DGNB system is a holistic 
certification, to make the quality of sustainable construction measurable and assessable 
and to serve as a planning and optimization tool for evaluating sustainable buildings. 

Using a real test case from food and hygiene production, a proof of concept is carried 
out by means of a variant study. The goal is to compare the initial building design with 
several generic designs to validate the calculation results and to evaluate the POD model 
framework as a decision support tool to identify economic and environmental saving po-
tentials. In future research, a multi-objective optimization algorithm will be developed 
and integrated into the framework to automate the design process and design search. 

4. POD Model Framework 
In this section, the developed POD model framework is presented. The framework 

serves as a comparative decision support tool for rapid calculation, assessment and com-
parison of different structural industrial building variants with feedback to LCC, LCA, 
recycling potential and flexibility, integrating production planning requirements. Figure 
2 presents the POD model framework, which is based on five essential subsystems: (1) the 
discipline-specific data and production planning model specification, (2) the industrial 
building component library, (3) a repository of the economic and environmental indica-
tors, (4) the POD model for automated structural analysis and performance assessment of 
LCC, LCA, recycling potential and flexibility, and (5) the result visualization and grading 
system for decision support.  
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Figure 2. The POD model framework. 

The POD model is developed in the visual programming tool Grasshopper for 
Rhino3D [46] and enables the automated structural analysis and pre-dimensioning of 
structural elements with Karamba3D [47]. An excel-based requirement specification is bi-
directionally coupled to the POD model that enables project- (building and production 
requirements) and user-specific (quality and material requirements) parameter definition 
and includes the industrial building component library and the indicator repository for 
LCC, LCA and recycling potential assessment. The parametric production layout scenar-
ios are integrated into the POD model and provide geometry and load requirements and 
constraints for the structural analysis. The design space and variables of the structural 
model are described in detail in [36] and cover the horizontal and vertical modularity and 
axis grid, the load-bearing structure type in the primary and secondary direction (timber, 
concrete and steel frameworks and girder), the column type (concrete or steel), the bracing 
type and the load case for retrofitting loads. Furthermore, the POD model includes the 
LCC, LCA and recycling potential assessment of the enclosure construction systems of 
wall, roof and floor layers and the window openings of the industrial hall.  

Once the variable parameters are selected for a specific building variant, the para-
metric model automatically creates a three-dimensional structural layout, models the en-
closure systems, performs the structural analysis, and determines the appropriate compo-
nent sizes for each structural element and the area of the enclosure system. The parametric 
model reformulates the structural layout, analysis, and design when the parameter or var-
iable values are changed. Based on the determined structural component sizes and enclo-
sure system areas, the masses of the materials are calculated. The LCC, LCA, and recycling 
potential assessment is then determined by multiplying the material masses and areas 
with the appropriate indicators from the indicator repository. The evaluation of flexibility 
is directly integrated into the parametric design process and depends on the layout de-
sign, dimensions and load-bearing capacity of the structure. For the visualization of the 
production layouts, building structures and performance results serves Rhino3D [53]. The 
generated building variants and assessment results are visualized in the grading system 
for performance ranking and comparison of the building variants. The grading system 
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serves as a decision-making aid when finding the environmental and economic best-per-
forming building variants in terms of LCC, LCA, recycling potential and flexibility assess-
ment.  

Figure 3 gives a more detailed explanation of the data and model integration in the 
POD model framework and presents the framework for integrated industrial building de-
sign to enable flexible structural and production layout planning. 

 
Figure 3. Framework for integrated industrial building design to enable flexible structural and 
production layout planning. 

The integrated industrial building framework is structured on three levels: micro, 
meso and macro. In the micro level, the process of the production system is described and 
gives information on necessary machines and processes. The information of the micro 
level flows into the meso level, the production process level. The production process level 
is represented by the parametric evolutionary optimization model for automated produc-
tion layout planning [37], providing multiple production layout scenarios to be respected 
in the structural building design process. The technical building service information re-
lates to the media flow and is dependent on the production process, integrating building-
service-related information, such as load distribution, geometry and space requirements 
for media supply into the structural design process. The macro level is referred to the 
industrial building level and contains the POD model. The production planning and re-
lated technical building service parameter serve as information for the POD model. The 
POD model automatically analyzes, dimensions the structural system, and then assesses 
the performance in terms of the LCC, LCA, recycling rate and flexibility of the building. 
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4.1. Objectives for Performance Assessment Integrated in the POD Model 
The goal of integrating LCC, LCA, recycling potential and flexibility assessment into 

the early structural design process is to provide a methodology for minimizing the mate-
rial consumption and to compare the economic and environmental impact of different 
design variants, streamlining the decision-making process towards increased sustainabil-
ity and durability. Figure 4 presents the set of objectives respected in the POD model 
framework for performance evaluation of the industrial building structures. On the one 
hand, the costs and environmental emissions should be reduced; on the other hand, the 
flexibility of the industrial building structure should be maximized. The economic objec-
tive is the (O1) minimization of the LCC. The environmental objectives consider the min-
imization of the (O2) GWP, (O3) AP, (O4) PEI and the (O5) PERT. The objective (O6) re-
cycling potential should be maximized. The pursued flexibility objectives are (O7) the 
maximization of the load-bearing capacity for retrofitting, (O8) maximization of the ex-
pandability of the production layout, (O9) maximization of the hall height reserve and 
(O10) minimization of the number of columns standing inside the production area. 

 
Figure 4. Key trade-offs and related objectives included in the POD model framework for perfor-
mance assessment of industrial building structures. 

4.1.1. Life Cycle Cost Analysis 
In order to calculate the indicator of O1, the NPV is used to determine the LCC of the 

load-bearing structure and enclosure systems. The NPV is a common measure used in 
LCC analysis, where C is the cost in year n, q the discount factor, d the expected real dis-
count year p.a., n is the years between the base date and occurrence of cost and p is the 
period of analysis (see Equation (1)) [50]: 𝐿𝐶𝐶 (𝑁𝑃𝑉) = ∑(𝐶𝑛 × 𝑞) = ∑ ஼೙(ଵାௗ)೙௣௡ୀଵ   (1) 
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4.1.2. Life Cycle Assessment and Recycling Potential Calculation 
The LCA quantifies the environmental impacts of the embodied energy of the load-

bearing structure and enclosure systems. The chosen functional unit is 1 m2 per gross floor 
area (GFA) as the most common unit in building and construction studies. The LCA is 
carried out according to IBO [51] for the life cycle stages production and maintenance to 
identify the embodied energy of the load-bearing structure (primary and secondary struc-
ture, columns, bracing and foundation) and the enclosure construction (wall, roof and 
floor construction layers). The indicators for the assessment of the embodied energy, ob-
tained from the Austrian database baubook. [49], is implemented in the component re-
lated indicator repository. The phases of production (manufacturing of materials) and 
maintenance (replacement of materials or elements after the end of service life) are con-
sidered. The environmental impact of the transport of the materials from the extraction 
area to the manufacturer is included; transport from the manufacturer to the construction 
site is not part of the assessment.  

The recycling potential indicates the percentage of material amount, which is recy-
clable and which is disposed of as waste and is calculated according to IBO [52]. 

4.1.3. Flexibility Assessment  
The definition and mathematical formulation of the considered flexibility metrics are 

presented in Reisinger et al. [36], enabling the quantitative flexibility assessment of the 
industrial building structures. We define flexibility “as the ability of the building structure 
to resist and adapt to changes in use through changing manufacturing conditions”. Hence, 
the POD model rates the flexibility of the building structure and layout according to the 
four flexibility metrics of Retrofittability, Expandability, Flexibility in space and Flexibility 
in floor plan. 

4.2. Grading System for Performance Comparison of Different Building Variants 
A novel grading system is developed to make the performance of building variants 

rapidly comparable and the best variants visible. The performance assessment results of 
each generated building variant from the POD model are visualized in the grading sys-
tem. The grading system rates the performance factors of each building variant regarding 
the LCC, LCA, recycling potential and flexibility result. Each performance factor is graded 
according to the grading scheme presented in Figure 5. Applying a grading scale from 1 
(excellent) to 5 (failure) allows the design team to compare the different variants and 
trade-offs efficiently. Since the individual eco-indicators of the LCA (GWP, AP, PENRT 
and PERT) have different significance on the overall ecological building performance, 
they are weighted with significance factors to determine one weighted LCA environmen-
tal impact value according to the DGNB system [54]. It is difficult to find single optimal 
solutions in multi-criteria optimization studies when not assigning weights to the evalu-
ation objectives [55]. Therefore, the framework allows the decision maker to assign rela-
tive weightings to the performance factors, enabling the design team to give preferences 
in the design search. 
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Figure 5. Grading methodology to make the performance of building variants rapidly comparable. 

5. Test Case 
This section presents the conducted test case and the performed analysis to demon-

strate the suitability of the POD model framework as a decision support tool and to vali-
date the implemented objectives in the performance assessment. The test also aims to eval-
uate the efficiency of the framework to quickly support the identification of environmen-
tal and economic saving potentials in an industrial building variant study at an early de-
sign stage. The proposed framework is tested on a real food and hygiene production fa-
cility located in Austria, which was chosen because of the high density of available infor-
mation and data. The examined industrial building is a production hall of a food and hy-
giene manufacturer with outer building dimensions of 120 m × 48 m, resulting in a GFA 
of 5760 m2. It consists of one functional production floor, where the manufacturing system 
with the machinery and stock of materials is placed. The production hall has a building 
height of 20 m, configuring a gross building volume of 115200 m3. The load-bearing struc-
ture consists of precast concrete columns (60 cm × 60 cm) and the roof structure consists 
of steel frameworks with span widths of 12 m as in the primary direction and 24 m in the 
secondary direction. The floor of the production hall is a monolithic floor slab and the 
façade is made of vertically laid sheet metal panels with a total thickness of 12.0 cm. The 
roof covering consists of a trapezoidal sheet metal roof construction. 

5.1. Variant Study Structure 
A variant study is carried out in order to test the POD model framework. The goal is 

to compare the initial industrial building design from the test case with several generic 
design variants to validate the calculation results and to evaluate the POD model frame-
work’s potential as a decision support tool to identify savings by means of economic and 
environmental impacts. 

The property, production program and geometrical requirements of the test case are 
used as a consistent parameter for the POD model. In total, twelve structural and three 
enclosure construction variants are investigated. In the study, the real use case is com-
pared to these twelve building variants, which vary in axis grid dimensions, primary and 
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secondary structure type and the applied enclosure system. The structure of the variant 
study and the examined combinations of structural and enclosure systems are shown in 
Table 1. Table 2 presents the construction layers of the considered enclosure system vari-
ations. The POD model considers window and shading areas in the façade and roof struc-
ture as a percentage of the area occupied. In the test case, it is assumed that the building 
has a window area ratio of 20%. For the LCC calculation, a general price increase of 2% 
and an expected real discount of 5% are assumed. 

In this study, the two time scenarios of 25 and 50 years, typically for industrial build-
ing studies, are considered. The maintenance of the building components was included in 
the analysis, which means that in the scenario of 50 years many of the enclosure layers 
had to be replaced due to the expiration of the life duration. For the load-bearing structure 
elements, which usually have a life expectancy of 100 years, no maintenance had been 
considered according to life durations suggested in IBO [51]. 

Table 1. Variant study design: examined structural types and envelope combinations. 

Variant Axis Grid (m) Primary Structure Secondary Structure Column Type Enclosure 
0 Real case 24 × 12 Steel framework Steel framework Precast concrete Real case 

1 C_flex 16 × 12 T-girder concrete Concrete girder Precast concrete High quality 
2 SF_flex 24 × 20 Steel framework Steel framework Precast concrete High quality 
3 SP_flex 12 × 20 Steel profile Steel profile Precast concrete High quality 
4 TG_flex 12 × 12 Timber girder Timber girder Precast concrete High quality 
5 TF_flex 12 × 12 Timber framework Timber framework Precast concrete High quality 
6 SM_flex 24 × 20 Steel framework Steel profile Precast concrete High quality 
7 C_cost 12 × 6 T-girder concrete Concrete girder Precast concrete Functional 
8 SF_cost 12 × 12 Steel framework Steel framework Precast concrete Functional 
9 SP_cost 12 × 6 Steel profile Steel profile Precast concrete Functional 

10 TG_cost 12 × 6 Timber girder Timber girder Precast concrete Functional 
11 TF_cost 12 × 6 Timber framework Timber framework Precast concrete Functional 
12 SM_cost 12 × 6 Steel framework Steel profile Precast concrete Functional 

Table 2. Layer of the examined envelope constructions: functional and high quality. 

Functional Enclosure Construction 
Roof Construction Exterior Wall Construction Floor Construction 

0.88 cm aluminum trapezoidal sheet 0.1 cm Powder-coated aluminum 80 cm gravel fill/rolling 
0.001 cm vapor barrier 16 cm mineral wool insulation 0.04 cm polyethylene foil 

20 cm mineral wool insulation 0.1 cm powder-coated aluminum 8 cm blinding layer (concrete) 
0.05 cm separating fleece PP 0.5 cm joint tape  25 cm reinforced concrete  

0.2 cm plastic roofing membrane 1 ply  0.01 cm expoxy coating 
High Quality Enclosure Construction 

Roof Construction Exterior Wall Construction Floor Construction 
0.88 cm aluminum trapezoidal sheet 30cm reinforced concrete wall 80 cm gravel fill/rolling 

0.1 cm aluminum sheet 14 cm mineral wool insulation 0.04 cm polyethylene foil 
0.001 cm vapour barrier 8 cm reinforced concrete wall 8 cm blinding layer (concrete) 

20 cm mineral wool insulation  25 cm reinforced concrete  
0.05 cm separating fleece PP  2 cm plastic modified screed 

0.2 cm plastic roofing membrane 1 ply   
0.02 cm polyethylen foil   

9 cm vegetation layer of hummus   
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Applying the POD model, the environmental and economic impacts of the structural 
and enclosure materials are assessed for the time scenarios of 25 and 50 years. Subse-
quently, three different weighting scenarios are examined (see Table 3) to discuss and 
compare the variant performance results: (1) equal weighting, (2) ecologic weighting and 
(3) economic weighting. 

Table 3. Applied weighting scenarios in the variant study. 

Performance 
Factor 

EQUAL Weighting 
(%) 

ECOLOGIC Weighting 
(%) 

ECONOMIC Weighting 
(%) 

LCA 25 35 10 
Costs 25 10 80 

Recycling 25 35 10 
Flexibility 25 20 0 

Σ 100 100 100 

5.2. Results 
In order to allow for a more accurate interpretation of the results, Tables 4 and 5 are 

presenting the results for the structural system and the enclosure system separately. Table 
4 shows the LCC, LCA, recycling potential and the flexibility rating of the examined struc-
tural variants on the time scenario of 50 years. Table 5 presents the LCC, LCA and recy-
cling potential results of the different building envelope variants on the time horizons of 
20 and 50 years. 

Table 4. LCC, LCA criteria, recycling potential and flexibility rating results of the examined struc-
tural systems of the building variants for the time scenarios 20 and 50 years. 

25 and 50  
Years 

LCC 
€ Million 

GWP 
t CO2equ. 

AP 
t SO2equ. 

PENRT 
GJ 

PERT 
GJ 

Waste 
t 

Recycling 
t 

Flexibility 
Rating 

0 Real case 0.80 1037.50 0.66 3484.20 797.22 463.83 648.98 0.20 
1 C_flex 1.53 829.38 0.73 3637.00 974.53 1092.38 1204.89 0.26 
2 SF_flex 0.96 972.77 0.58 3138.10 696.48 325.74 504.72 0.38 
3 SP_flex 1.76 1465.80 0.89 4772.10 1066.70 527.69 795.57 0.18 
4 TG_flex 0.78 746.42 0.70 1819.90 4724.70 743.59 993.26 0.35 
5 TF_flex 0.74 858.18 0.75 2224.00 4518.80 749.95 1012.34 0.15 
6 SM_flex 1.75 1396.20 0.81 4385.50 952.73 367.16 628.97 0.20 
7 C_cost 1.42 1568.90 1.27 6431.10 1665.80 1686.12 1917.67 0.19 
8 SF_cost 0.79 1240.80 0.83 4368.40 1033.20 725.28 938.33 0.31 
9 SP_cost 1.01 1791.40 1.28 6638.50 1622.90 1328.13 1621.90 0.17 

10 TG_cost 0.73 1423.60 1.15 4966.60 3550.20 1328.07 1621.70 0.32 
11 TF_cost 0.65 1642.40 1.24 5818.80 2924.30 1336.80 1647.91 0.35 
12 SM_cost 0.94 1939.10 1.36 7073.70 1712.40 1342.58 1665.25 0.29 

Table 5. LCC, LCA and recycling potential assessment results of the examined enclosure construc-
tion variants for the time scenarios 25 and 50 years. 

25 
Years 

LCC 
€ Million 

GWP 
t CO2equ. 

AP 
t SO2equ. 

PENRT 
GJ 

PERT 
GJ 

Waste 
t 

Recycling 
t 

Real case 2.07 1156.60 3.72 13,113.00 2982.60 4566.43 8404.49 
Functional 1.87 1126.07 3.69 12,179.83 3113.98 4554.49 8620.81 

High-quality 2.71 1570.28 5.02 16,463.00 5392.80 5717.48 9877.13 
50 

Years 
LCC 

€ Million 
GWP 

t CO2equ. 
AP 

t SO2equ. 
PENRT 

GJ 
PERT 

GJ 
Waste 

t 
Recycling 

t 
Real case 2.43 1480.40 5.10 17,360.00 3977.60 4677.33 8464.98 
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Functional 2.22 1584.75 5.79 18,239.00 4652.27 4741.83 8704.40 
High-quality 3.06 2135.15 7.63 22,885.67 8423.05 6089.66 10,483.48 

As can be seen in Table 4, the real case is amongst the best-performing variants within 
all factors compared to the other variants. The best-performing variants regarding the 
GWP result are the timber variants TG_flex and TF_flex. However, regarding the flexibil-
ity rating, TF_flex performs better than TG_flex. This is due to the flexibility rating, as the 
framework restricts the flexibility in space because of higher girder construction. As ex-
pected, both timber variants show significantly high values for renewable primary energy 
use. For the AP indicator, the variants C_Cost, SP_cost, TF_cost and SM_cost have the 
highest impact. These variants work with the smallest possible axis grid of 6 m x 12 m, 
resulting in a higher number of concrete columns in the building. The most cost-efficient 
variants are TG_cost and TF_cost, which also perform well in terms of recyclable material 
and a high flexibility rating. Due to the large span, corresponding large cross-section di-
mensions and the high dead load of concrete structures, the variants C_flex and C_cost 
have a high impact on the amount of waste and costs. The SM_flex and SM_cost variants 
have a rather high influence on the GWP emissions due to their steel construction.  

The results of the enclosure construction in Table 5 show that the GWP of the real 
case after 25 years is 1156.60 tCO2equ/m2 and after 50 years 1480.40 tCO2equ/m2. The dif-
ference between the real case and the functional enclosure construction is very small. The 
functional enclosure construction has a slightly smaller GWP impact after 25 years 
(1126.07 tCO2equ/m2) but a slightly higher GWP result after 50 years (1584.75 tCO2equ/m2) 
than the enclosure construction of the real case. The results of the high-quality enclosure 
construction show that the environmental and economic impact is higher than the other 
two variants. As a result, the high-quality façade made of precast concrete elements will 
have a negative impact on the more flexible types of structures. In terms of waste mass, it 
can be seen that over 1000 t/m2 more waste is generated when applying the high-quality 
enclosure system due to the concrete sandwich wall panels. The higher costs of the high-
quality system are primarily due to the concrete sandwich elements of the wall, but the 
green roof also plays a significant role.  

The discussion of the results above referred to the interpretation of the individual 
performance factor values of the variants. However, this presentation makes it challeng-
ing for design teams to make a direct comparison between building variants and to select 
the most suitable option. Therefore, the criteria grading system for rating and comparison 
of the variants is implemented in the POD framework. The grading of the performance 
factors of each building variant on the time scenarios of 25 and 50 years is presented in 
Table 6, showing the results of both the structural and the enclosure system. 

Table 6. Grading results of the LCC, LCA, recycling potential and flexibility rate of the examined 
building variants, respecting the impact of the structural and enclosure systems listed for the time 
scenarios of 25 and 50 years. 

Grade LCC LCA Recycling Flexibility Final Grade 
years 25 50 25 50 25 50 25 50 25 50 

0 Real case 1.6 1.6 1.1 1.0 1.0 1.0 4.0 4.0 1.9 1.9 
1 C_flex 4.3 4.2 3.0 3.4 5.0 5.0 3.0 3.0 3.8 3.9 
2 SF_flex 3.0 3.0 2.9 3.3 3.1 3.3 1.0 1.0 2.5 2.7 
3 SP_flex 4.6 4.6 4.2 4.3 3.6 3.7 5.0 5.0 4.3 4.4 
4 TG_flex 2.8 2.8 2.9 3.4 4.2 4.3 1.0 1.0 2.7 2.9 
5 TF_flex 2.8 2.7 3.2 3.7 4.3 4.4 5.0 5.0 3.8 4.0 
6 SM_flex 5.0 5.0 4.4 4.6 3.8 3.9 4.0 4.0 4.3 4.4 
7 C_cost 2.4 2.4 2.6 2.8 3.7 3.5 5.0 5.0 3.5 3.4 
8 SF_cost 1.1 1.1 1.3 1.8 1.6 1.6 2.0 2.0 1.5 1.6 
9 SP_cost 1.6 1.5 2.9 3.0 2.9 2.8 5.0 5.0 3.1 3.1 
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10 TG_cost 1.1 1.1 2.3 2.6 2.9 2.8 2.0 2.0 2.1 2.1 
11 TF_cost 1.0 1.0 2.9 3.1 3.0 2.9 1.0 1.0 2.0 2.0 
12 SM_cost 1.6 1.6 3.5 3.5 3.0 2.9 2.0 2.0 2.5 2.5 

As can be seen in Table 6, the real case has a very good rating regarding the LCC, 
LCA and recycling rate. The real case is the second-best solution, with a rating of 1.9. 
Merely the SF_cost variant achieves a better rating with 1.5. The flexibility of the load-
bearing structure of the real case is rated with 4.0 and is thus one of the less favorable 
variants regarding flexibility. The LCC rating of the variants SF_cost, TG_cost and TF_cost 
is better than the LCC rating of the real case. The _flex variants are the variants with the 
high-quality enclosure system applied; thus, they have a worse LCA grading than the 
_cost variants with a functional enclosure system. The results of the grading system table 
indicate that the SF_flex, TG_flex, and TF_cost are those with the best flexibility rating.  

Figure 6 presents the final performance assessment results of the examined building 
variants on the time horizon of 25 years, comparing the results of the three weighting 
scenarios—equal, ecologic and economic. The performance evaluation results indicate 
that the real case is among the best-performing variants in each weighting scenario, with 
a score of 1.9 in the equal weighting, 1.7 in the ecologic weighting, and 1.5 in the economic 
weighting scenario. The best-rated option within the equal weighting scenario is the 
SF_cost variant, with a rating of 1.5. SF_cost also performs as the best variant in the eco-
nomic weighting scenario (1.5) and the economic weighting scenario with (1.2). 

 
Figure 6. Final performance grading and comparison of the examined building variants for the time 
scenario 25 years and the weighting scenarios (equal, ecologic and economic). 

Figure 7 presents the performance assessment results of the examined building vari-
ants on the time horizon of 50 years, comparing the results of the three weighting scenar-
ios equal, ecologic and economic. After 50 years, the SF_cost variant is the best-performing 
building, as it was in the 25-year time scenario. In the scenario in which the focus is on the 
costs of the building, the variants TF_cost and TG_cost also perform very well, with a 
rating of 1.4. The real case and the SF_cost variants are the best-performing variants when 
seeking environmentally sustainable buildings. The highest economic and ecologic im-
pact has the variant SM_flex. The decision maker would now have to decide whether the 
industrial building should strive for more ecology or economy.  
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Figure 7. Final performance grading and comparison of the examined building variants for the time 
scenario 50 years and the weighting scenarios (equal, ecologic and economic). 

6. Discussion 
To improve the sustainability and flexibility of industrial buildings, a parametric op-

timization and decision support model framework for integrated industrial building de-
sign, coupling structural design with production planning, was presented. The presented 
model in Reisinger et al. [36] improves the flexibility and economic benefit of industrial 
building structures, while the developed POD model framework presented in this paper 
integrates an additional method for parallel LCC, LCA and recycling potential assessment 
to improve the resource efficiency of industrial buildings in long-term. The proposed 
framework enables the generation, analysis, and comparison of different structural indus-
trial building variants to provide design teams with a better understanding of the envi-
ronmental and economic impacts of alternative design choices such as horizontal and ver-
tical axis grid, the load-bearing structure type, the column type, the bracing type, the load 
case for retrofitting loads and the enclosure system.  

Variant studies and decision support tools that provide feedback on the environmen-
tal and economic performance of alternative modeling choices can help to identify poten-
tial savings in the cost and carbon footprint of industrial building elements or components 
[19,24,25]. The results of the test case demonstrate the effectiveness of the POD model 
framework for identifying potential economic and environmental savings, specifying al-
ternative building materials, and finding low-impact industrial building structures and 
enclosure system variants. The results presented in Table 4 show that the LCC after 50 
years can differ by up to 63% when distinguishing between the best and worst structural 
variants. The carbon footprint of the structural system could also be reduced by up to 62% 
after 50 years. Comparing the flexibility rates of the best and worst evaluated structural 
variants, there is a difference of 55%. Comparing the generic structural variants with the 
real case, it was possible to find structures that could reduce LCC by 19% and GWP by 
28%. In addition, structural variants were found which would have a higher flexibility 
rating (+15%) than the real case. 

In line with existing research on environmental performance assessment of industrial 
buildings [21,38,40], the study results show that more processed materials such as con-
crete and metal variants contribute to a higher environmental impact, as their processing 
involves more energy and, therefore, generates more carbon emissions. Due to the large 
span, corresponding large cross-section dimensions and the high dead load of the inves-
tigated concrete structures, the concrete variants have a high impact on the amount of 
waste and costs. On the contrary, timber constructions are generally low in carbon and 
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perform better. The best-performing variants regarding the GWP result are the examined 
_flex variants that work with bigger axis grids, resulting in a decreased number of con-
crete columns in the building. This indicates that a higher number of supporting columns 
in the hall not only restricts the flexibility but also has a negative impact on the ecological 
performance of the buildings. 

The study results reveal that the enclosure systems have a higher economic and en-
vironmental impact than the load-bearing structure due to the big surface area of the fa-
çade, roof and floor construction and thus the resulting amount of materials used. This is 
in line with findings in existing literature, which, therefore, suggests designing shorter 
and more regularly shaped buildings in terms of embodied carbon [43]. The test case 
shows that the structural systems with a high flexibility perform worse in the overall per-
formance analysis, as the high-quality enclosure system was applied to the flexible struc-
tures in the variant study. The high-quality enclosure has a much greater economic and 
environmental impact than the functional system. A separate consideration of the struc-
tural system and the enclosure construction in decision making is suggested to identify 
the best combinations and to achieve flexible and sustainable building solutions. In this 
study, the impact of window and shading areas in the façade and roof structure was in-
vestigated by a percentage factor of 20% openings in the façade. A detailed analysis of the 
impact of different window and façade systems on the building performance should be 
investigated in future research.  

The test case demonstrates that the developed framework enables the comparison of 
different factors affecting the embodied energy and costs of industrial building structures 
and enclosure systems along the life cycle. Applying the framework in practice can help 
prevent waste production at an early stage as the framework enables assessment of the 
buildings recycling potential, as suggested in literature [21,38]. However, it is important 
to highlight the fact that the results of this study do not include the operational stage or 
energy efficiency of industrial buildings as it was examined in related research 
[19,21,22,26] and is a topic for future research. 

The presented POD model framework takes a first step towards interdisciplinary in-
tegration in industrial building design, which represents valuable contribution to current 
research on integrated factory planning [14–18]. In this research, we solved the problem 
of sequential planning processes and the lack of integrated decision support in industrial 
building design by pushing the structural design optimization into the early design stage, 
directly coupling it with production layout planning. Thus, the proposed framework of-
fers the possibility to include changing production layout scenarios in structural design 
studies to increase the resource efficiency and durability of industrial buildings. In this 
study, only one fixed production layout scenario has been investigated. However, chang-
ing production types and requirements have a significant impact on the building perfor-
mance, and constant reconfiguration of manufacturing systems demands highly flexible 
building structures [7]. The effect of different production layout scenarios on the building 
structures, using the POD model framework, will be investigated in future research. 

Currently, the POD model requires manual manipulation of the design variables in 
the visual programming environment, which is not intuitive and can be time consuming 
when creating and evaluating a large number of building variants. The design space ex-
ploration in structural optimization studies can be automated [43–45]. In the next steps of 
the research, we aim to develop a multi-objective evolutionary optimization algorithm 
and integrate it into the POD model framework to automate the design process and design 
search. The POD model framework can be useful in providing interdisciplinary stake-
holders with a better understanding of the implications of their design decisions; how-
ever, the proposed parametric approach still has limitations in terms of usability and vis-
ualization capabilities. In further research, we will develop a method to couple the POD 
model to a multi-user virtual reality platform to improve interdisciplinary decision mak-
ing through optimized visualization support and integrated collaboration in virtual space. 
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7. Conclusions 
One of the top priorities in the design and construction of sustainable industrial 

buildings should be the minimization of the life cycle costs and environmental impacts 
while maximizing the flexibility and expandability of the load-bearing structure for 
changing production processes. When structural life cycle investigations of a typical in-
dustrial building are already considered in the early design stage and production layout 
planning is integrated, a balance between flexibility, sustainability, and costs can be 
achieved and the structure will be more easily adaptable to changing production layouts 
in the future. To make the quality of sustainable industrial buildings measurable, assess-
able and comparable, the POD model framework was developed and presented in this 
paper. The POD model framework provides real-time feedback on the LCC, LCA, recy-
cling potential, and flexibility performance of structural and enclosure building systems 
incorporating production layout scenarios. Integrating LCC, LCA and recycling potential 
assessment into early structural design brings transparency to the design process and in-
creases designers’ awareness of the resource efficiency of the building. A novel rating sys-
tem was implemented to efficiently compare and rank variants based on their perfor-
mance, and to provide user-specific performance weighting to account for designer pref-
erences in the design process. 

The framework was tested in a variant study on a pilot project from the food and 
hygiene production. The results show that the POD model framework is efficient for stud-
ying different industrial building structures and selecting alternative building materials 
and structural and envelope systems with the lowest LCC, LCA, and recycling potential 
and the highest flexibility. A method is provided to identify potential savings in terms of 
the economic and environmental resource efficiency of industrial building structures at a 
very early design stage. Thus, the POD model can be used to gain a better understanding 
of the impact of different design decisions and different production layouts on the struc-
tural performance of industrial buildings.  

The proposed design process can be beneficial for decision making in the early design 
stage of industrial buildings; however, it still requires human manipulation of parameters 
and prior parametric design skills. Future research will, therefore, focus on the simplifi-
cation of processes to improve the usability of the POD tool. The proposed process will be 
implemented in a multi-objective evolutionary optimization algorithm to automate the 
design search and minimize the manual user manipulation. Finally, to further facilitate 
interdisciplinary decision making through collaborative visualization, a technique to con-
nect the POD model framework to a multi-user VR platform will be created. Users will be 
able to explore the 3D building structures and production plans to interactively inspect 
and modify generated designs. The development of the multi-objective optimization al-
gorithm, the framework enhancement with VR and the testing within a user study with 
experts will also contribute to further validate proposed models and data. 
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Nomenclature 
AP Acidification Potential 
BIM Building Information Modeling 
CO2 Carbon dioxide 
CC Construction Cost 
EE Embodied energy 
GFA Gross Floor Area 
GWP Global Warming Potential 
LCA Life Cycle Assessment 
MJ Mega Joule 
OC Operation Cost 
PENRT Primary Energy Non-Renewable 
PERT Primary Energy Renewable 
POD Parametric Optimization and Decision Support 
SO2 Sulfur dioxide 
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