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Diagnoses in the Aging Process of Residential Buildings Constructed Using
Traditional Technology
Reprinted from: Buildings 2019, 9, 126, doi:10.3390/buildings9050126 . . . . . . . . . . . . . . . . 67

Nicola Moretti and Fulvio Re Cecconi

A Cross-Domain Decision Support System to Optimize Building Maintenance
Reprinted from: Buildings 2019, 9, 161, doi:10.3390/buildings9070161 . . . . . . . . . . . . . . . . 83
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The sustainability of the built environment can only be achieved through the maintenance
planning of built facilities during their life cycle, considering social, economic, functional, technical,
and ecological aspects. Stakeholders should be conscious of the existing tools and knowledge for the
optimization of maintenance and rehabilitation actions, considering the degradation mechanisms and
the risk of failure over time. Knowledge concerning the service life prediction of building elements is
crucial for the definition, in a rational and technically informed way, of a set of maintenance strategies
over the building’s life cycle. Service life prediction methodologies provide a better understanding of
the degradation phenomena of the elements under analysis, allowing relating the characteristics of
these elements and their exposure, use, and maintenance conditions with their performance over time.

This Special Issue intends to provide an overview of the existing knowledge related to various
aspects of “Life Cycle Prediction and Maintenance of Buildings”. In this sense, 12 original
research studies were published, with the relevant contribution of international experts from
Canada, Czech Republic, Finland, Germany, Italy, Poland, Portugal, Norway, and Sweden.
These outstanding contributions address the maintainability and serviceability of buildings and
components, the maintenance and repair of buildings and components, the definition and optimization
of maintenance and insurance policies, the financial analysis of various maintenance plans, and the
whole life cycle costing and life cycle assessment.

Vinokurov et al. [1] performed a detailed and extensive literature review in order to clarify
how municipal building departments can adopt life cycle cost-effective measures to promote energy
efficiency and a high-quality indoor climate in buildings. This study is focused on the design phase of
the building’s procurement process, describing the relationship between indoor climate quality, energy
use (and GHG emissions), and the life cycle economy from the perspective of design-related factors.
A list of energy efficiency factors that need to be considered in the municipal building procurement
process is defined in order to aid practitioners in the selection of a design solution that optimise the
value for public money, contributing to a more transparent procurement and decision-making process.

In Macedo et al. [2], an innovative approach for tailoring insurance products is proposed in terms
of the risk of failure of the building’s components, as well as the financial charges related with the
maintenance of these elements, channelling the risks to the market. For this purpose, in this study an
insurance policy model applied to natural stone claddings is designed. Deterministic and stochastic
service life prediction models were used, considering only the age of the elements or encompassing
its different characteristics. This approach intends to identify the insurable risk of the degradation
of these claddings, examining how these risks are managed through the insurance method and thus
analysing different insurance premiums according to the expected claims and to the risk load. This
study provides an interesting approach for the definition of realistic risk-based insurance policies,
incorporating mitigation activities through knowledge related to the stochastic performance of the
claddings over time. This type of insurance product, considering the risk of failure of the cladding,
benefits not only the insurer but also the policy holder.

A statistical survey of the pathology and rehabilitation of linoleum and vinyl floorings is presented
in Carvalho et al. [3]. In this study, 101 floorings were analysed in six healthcare facilities in the Lisbon
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area, Portugal. Healthcare facilities were chosen as case study due to the specificity of the maintenance
activities in these buildings. An expert inspection and diagnosis system was created, identifying the
most common types of anomalies, their probable causes, the most adequate in situ diagnosis methods,
and the most useful repair techniques. Moreover, this information was converted into matrices that
relate anomalies and causes, anomalies and diagnosis methods, anomalies and repair techniques, and
anomalies with each other. This study identifies the main sensitive concerns regarding the maintenance
of these claddings over its life cycle in order to minimise the susceptibility of these floorings to different
degradation mechanisms.

Nowogońska [4] proposed an original diagnosis method to describe and predict the aging process
of buildings and their components. This methodology intends to characterise the technical condition
of the element analysed, predicting changes in the performance characteristics of buildings over
their service life. For that purpose, a Prediction of Reliability according to Exponentials Distribution
(PRED) approach is adopted, applying Predicted Service Life of a Component (PSLDC) danger curves.
The forecasting model, designed to predict the changes in the technical condition of buildings, can be
extremely useful in aiding decision-making regarding maintenance works during a building’s life
cycle. Knowledge related to the aging process of buildings over their service life and the diagnosis of
their loss of performance, in terms of their technical condition as well as the reasons behind damage,
can be used to define repair needs and to establish adequate maintenance policies.

A cross-domain Decision Support System (DSS) for maintenance optimization was proposed by
Moretti and Re Cecconi [5]. In this study, the maintenance optimization is achieved through a wiser
allocation of economic resources. For that purpose, four indexes are used: (i) a Facility Condition Index
(FCI), (ii) an index measuring the service life of the assets, (iii) an index measuring the preference of the
owner, and (iv) another measuring the criticality of each component in the asset. These four indexes
are transformed into a Maintenance Priority Index (MPI), which can be used for maintenance budget
provision. An average MPI for the whole building can be obtained based on the computation of the
MPI of each asset within the building; however, the methodology proposed in this study does not
allow comparing different elements among buildings within a portfolio. In this sense, the scalability of
the methodology proposed needs to be further investigated. Nevertheless, the DSS proposed could
be integrated into a Building Information Modelling (BIM) approach, allowing an effective asset and
facility management. Furthermore, with the necessary adaptations, other parameters or metrics could
be included in the DSS model in order to aid the prioritization of the maintenance interventions
in buildings.

A methodology for building Life Cycle Cost (LCC) estimation, which supports investors in
identifying the optimum material solution for their buildings on the level of functional parts, was
established by Biolek and Hanák [6]. This methodology encompasses the investor requirements
and relates them to a construction cost estimation database and to a facility management database.
The methodology proposed is applied and tested for a case study, with a “façade composition” as
functional part, with the sublevel “external thermal insulation composite system (ETICS) with thin
plaster”. The results obtained revealed that there is not a generally applicable optimum ETICS
material solution, mainly because differing investors have different requirements and due to the unique
circumstances of each building and its users. This study points out different future research directions,
essentially: (i) the adoption of sustainable criteria in the selection of the best solution, combining LCC
and LCA calculations; (ii) the incorporation of information attained from in-use buildings and BIM
models to enable a more comprehensive LCC evaluation.

Orlowsky et al. [7] analysed the durability of 11 different water repellents applied on
Obernkirchener Sandstones. The performance of the hydrophobic agents applied is analysed after
the samples have been subjected to long-term weathering (30 years of outdoor weathering) in seven
different locations in Germany. After 24 and 30 years of outdoor weathering, the treated stone
surfaces revealed discolouration and staining. The authors measured the colour changes, identifying
the presence of black crusts, the deposition of particles, and biogenic growth, which have caused
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the gradual darkening and significant changes in the sandstones’ colour over time. After 30 years,
all the agents show a decrease in performance, but some protective agents still provide an effective
hydrophobic layer. Succinctly, the authors [7] concluded that: (i) the protective agents based on
isobutyltrimethoxysilane show a clear loss of performance after 2 years of outdoor weathering;
(ii) agents containing siloxane, the low-molecular methylethoxysiloxanes, show a good performance,
which is similar to, partly better than, that of the oligomer methylethoxysiloxane; (iii) the agents with
oligomer siloxane based on an isooctylmethoxy-structure have a higher performance loss than the
agents containing low-molecular methylethoxysiloxanes; (iv) after 30 years of outdoor weathering,
the effectiveness of the protective agents based on silicone resin is comparable to that of low-molecular
siloxanes. Concerning the exposure conditions, the degradation of the treated stones is higher in
southern Germany than in North Rhine-Westphalia, mainly due to a longer weathering time of 6 years
as well as the rougher environment. On the other hand, in North Rhine-Westphalia, the prolonged
exposure to temperatures under 0 ◦C and relative humidity above 80% leads in general to a higher
degradation compared to Duisburg and Dortmund.

Di Bari et al. [8] proposed a methodology to consider the seismic hazard in the enhancement
and extend of the buildings service life. For that purpose, a life-cycle-based decision support tool for
building renovation measures was created and applied to a selected case study, as a “Proof-of-Concept”.
A probabilistic approach is proposed in this study in order to overcome the limitations of the “static”
analyses; in this sense, the probabilistic methodology proposed allows considering dynamic effects
and different sources of uncertainty. This probabilistic approach of life cycle assessment (LCA) and life
cycle costs (LCC) analysis can reduce the risk of miscalculation due to uncertainties, while preventing
misleading LCA-based decisions. This approach enhances the analyses through the addition of
supplementary parameters related to environmental, economic contingencies, and external factors,
leading to a more complex model but aiding the practitioners in making more conscious choices.
The methodology proposed, performing both probabilistic LCA–LCC analyses, allows evaluating
in a more accurate manner the relevance of a seismic retrofit, considering the performance of the
construction under seismic actions and the risk of long-term losses due to the lack of a suitable
anti-seismic structural system.

In Lacasse et al. [9], the impacts of climate change on the durability and maintainability of building
envelope materials and elements are analysed. This study presents a literature review, related with the
durability of building envelope components, considering the expected effects of climate change on the
longevity and resilience of these components over time. For that purpose, the climate loads expected
in the future under different climate change scenarios, were analysed. This study is especially focused
on the climate change of Canada. The future climate loads were compared with the climatic effects
arising from loads sustained under current historical climate conditions. This study [9] concludes that,
in the next few decades, the general climate of Canada tends to become warmer, with some locations
experiencing more intense and frequent rain events of longer duration, thus producing heightened
wind-driven rain loads. The study provides theoretical specifications for the selection of products
given climate change effects, aiding the maintainability and the selection of construction products to
achieve climate resilient performance over the buildings’ service life.

Jalilzadehazhari et al. [10] evaluated the profitability of a ground source heat pump, photovoltaic
solar panels, and an integrated ground source heat pump with a photovoltaic system as three energy
supply systems for a single-family house in Sweden. This study evaluates the profitability of the
supply systems through the calculation of the payback period (PBP) and the internal rate of return
(IRR) for these systems. The IRR and PBP are obtained by considering three different energy prices,
three different interest rates, and two different lifespans. Moreover, the profitability of the supply
systems was analysed for four Swedish climate zones. The authors [10] concluded that the ground
source heat pump system was the most profitable energy supply system, providing a lower PBP
and a higher IRR for all the climate zones analysed, when compared with the other energy supply
systems. Furthermore, the results reveal that increasing the energy price improved the profitability of
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the supply systems in all climate zones. This study can be adapted and generalised to countries with
similar climate conditions; nevertheless, the cost-effectiveness of the renewable energy resources varies
according to the investment costs, the energy prices, and the evolution of energy policies.

The influence of reinforcing steel corrosion on life cycle reliability assessment of existing reinforced
concrete structures is analysed in [11]. This study evaluates the influence of different degradation
conditions and several reinforcing steel and concrete classes on the time-dependent reliability curves
proposed. A special procedure to evaluate material properties and their statistical parameters based
on cluster analysis was adopted for the implementation of the method proposed. Croce et al. [11]
applied this method to thousands of historical test results dating back to the 1960s, concerning the
concrete compressive strength and yield stress of steel rebars, to establish the resistance classes for
both materials as well as for the estimation of the related statistical parameters. The application of the
methodology is illustrated for significant case studies, consisting of reinforced concrete elements, part
of residential, shopping and storage buildings, focusing on the effects of corrosion in steel rebars under
different environmental conditions, resulting in no degradation to high degradation effects. The authors
emphasize the relevance of the methodology proposed and the results obtained by comparing the
time-dependent reliability curves with the target reliability levels currently adopted in the Eurocodes,
performing a critical discussion about the results obtained.

Finally, Grynning et al. [12] adopted a multimethod research approach to evaluate the basic
criteria, trends, applications, and developments related to climate adaptation in building maintenance
and operation management (MOM) practices in Norway. The current status of the application and
extent of climate adaptation practices in relation to MOM is analysed. For that purpose, three case
studies involving different Norwegian building owner organizations were examined. The results of
this study revealed a significant gap between theory and practice regarding the consideration of climate
adaptation in MOM. This study reveals that the concept of climate adaptation is only addressed as a
high-level strategic issue and that there is a need to incorporate the concept at lower organizational
levels. The case studies analysed highlight the need for a generic and structured climate-adaptive
MOM framework in order to support the incorporation of climate adaptation in current MOM practices
at different scales and organizational levels. This study anticipates that the implementation of this
flexible and transferable framework is expected to provide a basis for increasing further knowledge on
climate adaptation. Further developments to the proposed model should include the introduction of
more tangible and tailored tools and processes, including checklists or scoring systems accompanied
by relevant climate adaptation factors and plans.
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Abstract: This study addresses the challenges in ensuring energy efficiency and high indoor climate
quality with efficient use of public money in the municipal building procurement process. Energy
efficient municipal building procurement provides a significant leverage when steering the built
environment towards the low-carbon economy targets of the EU. Municipal building department
professionals need more skills and knowledge to appropriately define the requirements and identify
the energy efficient design options accounting for the building’s changing operational environment.
This study presents how to systematically integrate energy efficiency in the municipal procurement
process of buildings by presenting the list of energy efficiency factors to be included into the
procurement process. This list of factors clarifies how indoor climate quality, energy use, and the life
cycle economy are related through technological solutions and how the optimal compromise solution
can be determined. Furthermore, this list of factors explains the responsibilities in integrating energy
efficiency within the municipal building procurement process. Applied in the design of the municipal
building the list of factors contributes to more informed and transparent decision-making process.

Keywords: energy efficiency; indoor climate quality; life cycle economy; changing operational
environment; municipal building procurement; climate targets

1. Introduction

Buildings are responsible for 40% of the energy consumption and 36% of greenhouse gas (GHG)
emissions in the European Union (EU) [1]. Increasing the energy efficiency in buildings is recognized as
an important policy objective in the EU for reaching the ambitious GHG emission reduction targets [2].
The Climate and Energy Framework of the EU for 2030 aims to reduce GHG emission reductions by
40% below the 1990 levels, to improve energy efficiency by 27%, and to increase the share of renewables
by 27% by 2030 [3]. For 2050, the EU targets to reach a low-carbon economy with GHG emissions
cut to 80% below 1990 levels [3].

The Energy Efficiency Directive and the Energy Performance of Buildings Directive of the EU
have established a set of binding measures to help the EU reach the required emission reductions
cost efficiently. The directives request the public sector to procure energy efficient buildings without
compromising the indoor climate quality and to do so with the efficient use of public money [4,5].
Public procurements correspond to 14% of the overall gross domestic product (GDP) off the EU [2,6].
Buildings are a major part of public procurements. With major purchasing power, municipalities have
the potential to provide significant leverage when seeking to steer the building market towards energy
efficiency improvements [7].

The building department of the municipality is responsible for providing the users spaces with
the required functionality while using public money efficiently in the long term [8–10]. In the case of
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Finland, the municipal building department, the Department of Municipal Planning and Property
Development, initiates and leads the building procurement project [9]. During the procurement
process, the municipal building department uses local, national, and international energy efficiency
strategies with project-specific requirements and targets while following the regulatory framework [11].
The national building codes of each EU member state provide the minimum energy performance
requirements for building procurement projects [12,13]. In addition, each municipal building project
has to fulfill the specific functional, economic, safety, cultural, and ecological requirements of the
users [10,14]. The general requirements for a building are to provide heating, cooling, ventilation,
and lighting so that safety and functionality requirements are met with efficient use of energy and
costs [8,10,14].

Despite the regulatory pressure to transit towards energy efficient municipal construction,
the procurement of energy efficient and low-carbon buildings remains low [15]. Insufficient
understanding of how to integrate energy efficiency into building procurement is among the barriers
to sustainable municipal construction [15,16]. Municipal building department officers need more skills
and knowledge to appropriately define requirements, qualify suppliers, and identify energy efficient
design options [10,15–17]. Unclear responsibility distribution and inefficient communication between
the municipal building department and the project partners jeopardizes the success of the project [18].
The municipal building department has to take active leadership over the procurement project to
successfully implement energy efficient procurement [17]. Failing to do this during the design-related
decisions can partially shift the decision-making ability of the building department to the designers
and contractors, which often compromises the quality of the procured building [10,19,20]. There is
a demand for clear guidelines defining how to integrate energy efficiency in the municipal building
procurement project and what is the responsibility distribution in the project.

Energy efficiency must be addressed through the optimization of design solutions based on the
useful output (such as indoor climate quality and GHG emission reductions) that the alternative
solution provides with the specific energy input [21–24]. The optimal energy efficiency level may not
always reduce energy demand if this is justified by the improved indoor climate quality. To achieve the
EU targets, municipal building departments and designers require more clarity on how to holistically
assess and optimize the building solutions with the goals of indoor climate quality and the efficient
use of both energy and public money [14,15,23,25]. Holistic and systematic frameworks to describe
the relationship between indoor climate quality, energy use, and the life cycle economy are needed to
identify the optimal compromise design solution [14,24,25].

The tendency to concentrate on capital costs as the main criteria when selecting building design
options is another barrier to achieving cost efficient emission reductions in municipal construction [15].
Investment costs typically constitute a quarter of the life cycle costs, while the majority of costs
occur during the utilization of the building [15]. Up to four fifths of the total life cycle cost is fixed
during the design phase (see Figure 1). The selection of the design solutions has to be based on
more advanced, life cycle economy considerations to bring up the viability of the energy efficient
design solutions along with the more efficient use of public money. In order to improve the life cycle
economy of the building, the design has to accommodate the technological, economic, climatic, and
regulatory changes in the building’s operational environment in the long term [26]. Ongoing changes
in the building’s operational environment include decreasing costs of renewable energy technologies,
increasing electricity market price volatility, emerging peak power fees, new kinds of demand-response
options, and potential GHG reduction-oriented economic steering [27]. The feasibility assessments
have to favor design solutions that respond to both present and to future circumstances with a low
risk of becoming prematurely obsolete due to the high utilization costs [26,27]. The additional economic
elements that need to be included in economic assessments were identified by [27]. The economic
assessment should also include the monetizable benefits, such as indoor climate quality, derived from
each design option [28]. In municipal service buildings, indoor climate quality can be monetized in the
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life cycle economy through externalities related to increased productivity and reduced employee sick
leaves [29].

Figure 1. The general behavior of a commitment to life cycle costs [30–35].

This study presents how to systematically integrate energy efficiency into the municipal
procurement process of buildings. The study clarifies the procurement process of energy efficient
building by answering the following research questions:

- How should one describe energy efficiency factors in relation to the municipal building
procurement process?

- What are the responsibilities of each actor at different stages of the municipal procurement
process from an energy efficiency point of view?

The municipal building department is provided with a list of design factors that need to be
considered when leading the procurement project towards energy efficiency and a high-quality
indoor climate, which complies life cycle cost-effectively with international and national targets
and regulations. Changes in the building’s operational environment are given special emphasis in the
list of energy efficiency factors. The list of factors points out which choices made in the design phase
affect energy efficiency and clarifies the responsibilities in the building procurement process. Finnish
municipal building procurement and building standards are used as an example of applying the list of
factors, as these reflect the common EU regulations. The list of energy efficiency factors was developed
alongside the actual procurement process of the local kindergarten by utilizing the experience of the
municipal building department of the town of Lappeenranta, Finland.

2. Methodology

The step-by-step structure of the conducted research process and the methods applied in each
step are presented in Figure 2.

As a starting point of the study, the procurement procedure of an energy efficient municipal
building was identified systematically and was described with a review of the relevant literature.
The phases of the procurement process were identified where the municipal building department
can affect the realization of the energy efficiency. The relevant legislative frameworks providing the
basic requirements for new building designs and the municipal procurement practices in EU and
Finland were studied. The literature review also included the procurement-related documentation of
the Finnish town Lappeenranta. Besides the literature review, the description of the procedure
is based on the conversations with the municipal building procurement officers of Lappeenranta.
The procedure was described by the phases of the procurement process, along with the phase-specific
tasks, the outcomes, and the responsible players.
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Figure 2. The research process and applied methods.

The relationships between indoor climate quality, energy use (and GHG emissions), and the life
cycle economy were described with a review of the relevant research literature and the regulations.
Based on the literature review, the design-related factors influencing these three aspects were clarified
with figures to ensure the ability of the municipal building department to demand energy efficient
solutions in the critical phases of the design. The findings were further structured into the list of factors
that need to be considered in the feasibility assessment of alternative design solutions. The structure of
the list of factors was developed based on discussions with the local procurement officers involved in
the Myllymäki kindergarten procurement project. The paper does not present detailed specifications of
tools and weighting of factors to be applied in the feasibility assessment, as these have to be chosen on
project-specific basis. Versatility of municipal building types and different local and regional priorities
make weighting of factors and tools to be applied difficult to predefine.

3. Results: Integrating Energy Efficiency into the Municipal Building Procurement Process

3.1. Describing Municipal Building Procurement Process—An Energy Efficiency Perspective

As the manager of the building procurement project, the municipal building department is
the head responsible for the integration of energy efficiency into the building procurement process.
The building department is involved in every step of the procurement process, and the building
department’s ability to affect the outcome is high. In general, procurement process follows the common
framework by the EU and the national procurement legislation, while also some municipality-specific
adaptation differences exist [36–40]. The municipal building procurement process is described in
Figure 3.

Figure 3. The municipal building procurement process from the municipal building departments’
perspective, a Finnish example. A–F order of the process phases. Based on [2,5,7,10,14,36–46].
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In the preliminary study, the municipal building department in co-operation with the actual
users establishes the general performance targets for the building project (A in Figure 3) [2,7,10].
The performance targets can cover the functionality (i.e., indoor climate quality and purpose of use of
spaces) as well as the economic and ecological performance targets [10,20,36]. The national building
codes define the minimum performance requirements [36]. The specific requirements of the end user
have to be accounted for while establishing the performance targets [10,36].

The concept design (highlighted with green in Figure 3) is the most decisive stage of the building’s
procurement process form the perspective of the life cycle performance [10]. At the beginning of the
concept design, the municipal building department defines more detailed targets for the performance of
the building (B in Figure 3) [10]. Detailed performance targets can include specific energy use
performance class (in Finland classes A–G), indoor climate quality class (in Finland classes S1–S3),
GHG emission reduction targets, and the life cycle economy [10]. Later, the building department carries
out the tendering of designers who plan the building [7,10,20]. Energy efficiency targets have to be
clearly present throughout the tendering [7,44]. During the tendering of the design work, the building
department reviews the received tenders, evaluating the ability of the design offices to fulfill the energy
use and other performance targets [7,41,44]. The chosen design team proposes alternative concept
design solutions to achieve the performance targets. The municipal building department together with
the lead designer iteratively defines the one optimal design solution for further development based on
a feasibility assessment (C in Figure 3). The optimal compromise between different performance
targets is sought [10,20]. This paper concentrates on clarifying the municipal building department can
lead the concept design towards the optimal design solution.

In the detailed design, the lead designer co-ordinates the design process and ensures that all the
design elements work together [14]. The design group lead by the lead designer consists of multiple
engineers, including the structural designer, the HVAC (heating, ventilation, and air conditioning)
designer, the electric designer, and the automation designer. [10,14]. Ensuring that the proposed design
solution meets the performance targets and the approval of the detailed design is the responsibility of
the municipal building department (D in Figure 3) [10,14,36].

The procurement process proceeds with the construction of the building, led by the main
contractor [10,20]. Ensuring the required expertise of the contractors through tendering is an important
task of the municipal building department [7,41]. The main contractor ensures that the sub-contractors
are aware of the performance targets and that they comply with them [10]. The main contractor may
propose some changes to the final selection of the technology [10]. In theory, the proposed alternatives
should not compromise the original performance targets. On practice, cheaper solution alternatives
with lower quality might be proposed if this benefits the contractor. Co-ordinated by the municipal
building department, the lead designer approves the proposed final selections of the equipment
ensuring the required quality (E in Figure 3) [10,14]. Here, the impact of the final equipment selection
on the performance has to be examined. Also, the energy use, as well as the other performance targets,
has to be considered by the building department when establishing a building management strategy
and creating the maintenance manual at the end of the construction phase. [7,10,14]

The building management strategy directs the appropriate operations and oversees the building’s
maintenance while it supports efficient energy use and other performance targets [7,10,14]. The actual
performance of the building in terms of providing the purposed service quality and the life cycle costs
has to be monitored against of the performance targets during utilization (F in Figure 3).

3.2. Defining Energy Efficiency in the Concept Design of the Municipal Building Procurement

In order to lead the concept design work (the light green in Figure 3) towards energy efficiency,
the municipal building department has to be aware of how the indoor climate quality, the energy use,
and the life cycle economy are related through technological solutions and energy markets [15,16,47].
This chapter shows how the design-related factors influence these three performance aspects in
operational environment of the building undergoing major changes. The same color codes are applied
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throughout the all figures of this paper to visualize the indoor climate quality performance (dark green),
the energy use performance (blue), and the life cycle economy (yellow). A deeper understanding of
the relationship between design solutions and performance allows including all the necessary factors
in the feasibility assessment of the alternative design solutions [15,16,23,24]. Furthermore, it allows
better-informed dialogue between the municipal building department and the lead designer, as the
optimal compromise solution is being co-operatively developed.

3.2.1. The Factors Affecting Energy Use and the Environmental Impact

Figure 4 presents how technological solutions define the purchase/sales energy balance and the
GHG emissions of the building. The purchase and sales balance for energy and fuel is the basis for the
energy efficiency feasibility assessment of alternative design solutions [13,47]. The required energy
balance parameters include the purchase energy demand, the peak power demand, and the energy
sales to the grid [27]. Technological feasibility depends on the local operational environment of the
building and its future changes [27]. Future risk free designs need to accommodate the changes in the
climate, energy costs, fuel costs, as well as the availability of energy service models and the regulatory
constraints over the long term [26,27].

Figure 4. The identification of the factors affecting energy efficiency and the environmental impact of
a building.
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The heating energy and the cooling demands of the building are determined by the various heat
losses, loads and gains [2,13,47]. Reducing heating and cooling demand mitigates the economic risks
related to the unpredictable development of energy prices (generation charges, distribution network
charges, and tax) [27]. Ventilation is a major heat loss component causing 30–60% of the energy demand
in buildings in industrialized countries [48]. Up to 90% of the ventilation heat losses can be recovered
with modern ventilation heat recovery systems, which reduce the heat demand [48]. Both heat recovery
solutions, the ventilation-to-ventilation and ventilation-to-central water heating, can be applied. Energy
efficient ground source heat pump-based pre-cooling, pre-heating, and after heating technologies can
be applied to reduce the purchase heating energy demand [27]. The demand-based operation strategy
and automation can further reduce the heat losses of ventilation, which would reduce the building’s
heating demand. In addition, heating and cooling demand can be reduced with the building envelope
materials that have improved thermal insulation and air tightness [27,49,50]. The thermal inertia of
buildings’ structures can be utilized to cut heating and cooling energy demand peaks [27]. Domestic
hot water (DHW) typically consumes between 10 and 20% of the heating demand for a typical house
from the late twentieth century in industrialized countries. [51]. The heating demand of DHW can be
reduced through water saving solutions and through minimizing the heat losses from the in-house
domestic hot water distribution and the storage system [51,52]. The utilization of passive energy, such
as passive solar energy, reduces the heating energy demand of the building [27]. Building envelope
solutions, such as window sizing and orientation, as well as potential shadings and blinds, have to be
optimized to reduce the purchase energy demand for heating and cooling [53].

Electrical appliances, including lighting, domestic appliances, and HVAC systems, in turn, create
the demand for electrical energy [2]. High energy efficiency LED lighting solutions and high energy
efficiency class (A+++) domestic appliances strongly reduce purchase electricity demand compared to
incandescent bulbs [27]. Window sizing and orientation can be optimized for natural light utilization
to reduce the demand for artificial electric lighting [54,55]. Buildings with a lower frame depth usually
have better potential to utilize natural light. It is important to optimize illuminous intensity so that
the visual performance required by the purpose of the building’s use is met. An increase in lighting
intensity beyond the optimal level will increase electricity demand without further improving the
visual performance. Passive and active thermal radiation blocking solutions can be used to avoid
increasing electricity demand for air conditioning [54]. The electrical energy consumption can be
reduced by demand-based automation and by the operation strategy of the HVAC and the lighting
equipment. Utilizing both system components with increased energy efficiency (frequency controlled
fans, pumps etc.), and optimal dimensioning to increase the overall energy efficiency of the system,
further reduces the electric energy demand [10,47,50].

The purchase/sales energy balance depends on the applied energy supply technology [13]. Energy
supply solutions include centralized and decentralized heating, electricity, or cooling supply based on
renewable or non-renewable sources. Minimizing purchase energy and fuel demand mitigates the
economic risks related to energy costs [27]. The purchase energy demand can be reduced by efficient
energy supply solutions, such as ground source heat pumps. Ground source technology can also be
efficiently applied for cooling [55]. Since this technology provides heating throughout the year and
scales down the peaks of electricity purchase demand, it mitigates the risks related with increasing
peak power charges [27]. Self-produced renewable heating and electric energy reduce the purchase
demand for more expensive grid energy [27,56]. The surplus of the self-produced heat and electricity
can be sold into the local grid by using appropriate real-time metering and bi-directional connection,
or it can be stored for future own use [57–61].

Efficient smart prosumer and demand response solutions can be introduced due to the emerged
dynamic consumption/sales metering and IoT (Internet of Things) solutions. Smart metering allows
the dynamic pricing of purchased and sales energy [58,62]. IoT solutions allow the control of devices’
energy use based on real time online energy price data. The smart demand-side management
technologies improve the flexibility of the building’s energy use by shifting energy use to off-peak

13



Buildings 2019, 9, 45

periods when electricity spot prices are lower [27,61,63]. Furthermore, reducing peak power demand
mitigates economic risks related to increasing peak power fees [27]. Heat and electricity storages
reduce peak power use and maximize the use of self-produced heat and electricity. The electric vehicles
can be used as electricity storages through smart charging interfaces. [27,62–64]

The carbon footprint of the design solutions include GHG emissions related to energy use, water
production, and emissions embodied in the materials [65]. Emissions of energy use can be estimated
based on the purchase/sales energy balance of the building. Accountable emissions include production
emissions of purchased energy and fuels used by the building as well as the abated emissions achieved
by selling the excess self-produced energy to the grid [27]. Carbon footprint should include emissions
embodied in the selected construction materials through production, transportation, installation,
maintenance, replacement, demolition, and waste treatment [66]. The GHG emissions need to be
estimated to account for the economic impacts of present and future emission-reduction oriented
economic steering [2].

3.2.2. The Factors Affecting Indoor Climate Quality

Indoor climate quality has to be considered during the feasibility assessment of design solution
alternatives when converting energy use into energy efficiency, as in Figure 5. In European countries,
around 76% of the energy consumed in buildings goes to indoor climate comfort control—heating,
ventilation, and air conditioning [67]. Energy efficiency can be considered by comparing the service
quality that the alternative solution provides with the specific energy input [15,24,31].

Temperature comfort is commonly determined by the indoor temperature level, including
temperature profile stability within the building and the actual sensation of the temperature [68,69].
Maintaining indoor temperature comfort in Finland is technologically challenging due to the difficult
climatic conditions and the effects of climate change. Finland has high annual fluctuations of temperature,
with cold winters and increasingly hot summers. In the case of Finland, the dimensioning of heating
and cooling solutions has to be based on the outdoor temperature varying from below −30 ◦C in the
winter to above +30 ◦C in the summer. Heating demand is high, and cooling demand is growing
due to hot summer periods, which are forecasted to become longer and more frequent [70–72].
Heating and cooling demands are also affected by the building envelope design, including thermal
insulation and openings [10,12,64]. Heating and cooling dimensioning have to account for internal
heat loads, such as from occupants as well as from lighting and various electrical appliances [10,12].
The indoor temperature in occupied zones has to be comfortable and temperature comfort should
not be disturbed by draught, heat radiation, uneven temperature profiles, temperature fluctuation,
or surface temperatures [12]. The temperature profiles can be modified by applying different types of
distribution systems for heating, cooling, and ventilation [64]. The actual temperature feeling, in
turn, is highly affected by the perceptions of the individuals themselves. The presence of draught
increases the sensation of coldness and decreases temperature comfort and should be avoided [12,72].
Sources of draught can be caused by structural air leakages or by supply air distribution issues, such as
the velocity of the supply air being too high. The negative sensation of draught can be reduced by
increasing the temperature of the air through heating. This, however, leads to an increase in heating
energy demand. Furthermore, excess heating decreases the relative humidity of air, which can cause
respiratory problems [69]. Structural solutions, the selection and positioning of heating radiators and
air distribution devices, and demand-controlled automation all affect temperature comfort [64]. Also,
the indoor air humidity level affects the temperature sensation.

Indoor air contains a certain amount of different impurities of both external and internal origin [2].
Among the internal sources of air impurities are those related to respiratory activity and substances
released by specific building materials [69]. Ventilation has a major role in managing indoor air
pollutant concentration by removing pollutant-containing air and replacing it with cleaner fresh
air [12,69]. A ventilation operation strategy can include the timing of the ventilation rate in accordance
with the actual needs and the control of the ventilation rate with CO2 sensors. An efficient operation
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strategy increases indoor air quality while reducing energy demand. Ventilation equipment and
construction materials rated with Finnish M1 emission classification do not emit hazardous substances
or unpleasant odors into indoor air and are easily cleansable [73]. Increased ventilation rates two weeks
before starting the building’s use reduces the indoor air’s concentration of impurities derived from
the new construction materials [10]. Supply air filters of various efficiency levels are used to prevent
impurities from spreading into the building from outdoor air, external loads [12,74]. Filtration is also
used for recycled air. An increase in the filtration efficiency, however, commonly leads to higher energy
costs due to the increased electricity consumption of the fan [75]. Thus, the filter selection depends on
the targeted indoor climate quality and on the outdoor air pollution conditions at the location.

Figure 5. The identification of the factors affecting indoor climate quality in a building.
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The relative humidity has to be maintained so that it does not cause moisture damage to the
building’s structures or mold growth, which could lead to respiratory symptoms among occupants [12,43].
The condensation of humidity inside the components of the ventilation system also has to be prevented.
Low relative humidity, below 25%, might increase allergic reactions and respiratory inflammations [69].
Mold growth can occur with a relative humidity level above 70% [69]. The optimal relative humidity
indoors should be between 25 and 45% [69]. The humidity loads in the building can be of an internal or
external nature. In Finland, the external humidity loads are expected to grow in the future, as rainfall
is becoming more frequent and the rising temperatures, caused by climate change, keep the water
unfrozen for longer [71,76]. Ventilation is the core mean to remove the excess humidity from the
indoor air, which keeps the relative humidity within the optimal level [10,43,47,64]. Supply air driers
can be applied as part of the ventilation system to reduce external humidity loads. Reducing internal
humidity loads decreases the need for excess ventilation, which lowers the building’s purchase
heating and electricity energy demand [27]. Post-construction structural humidity, released into
indoor air, can be reduced by protecting the construction materials from elements during storage and
construction [10]. Increased external humidity loads require the careful design of damp proofing and
drainage. Building envelope materials with good hygroscopic performance reduce the risks related to
the relative humidity due to the ability of these to balance short-term humidity fluctuations [27,77].
Appropriate ventilation pressure difference control is important to prevent outdoor humidity from
infiltrating the envelope structures, which causes moisture damage [78].

Acoustic conditions are an important element of indoor climate quality. It is necessary to minimize
the background noise of both an external and internal origin [79]. Typical noise sources are traffic,
different human activities, and internal HVAC machinery [80]. Minimizing sound reverberation is also
important, especially in spaces like classrooms [81]. The main solutions for acoustics management
include utilizing sound insulation materials, positioning of sound-emitting devices from rooms with
high acoustic requirements, and employing sound-absorption materials to reduce reverberation [80,81].
Silencers might be needed to be installed into the ventilation ducts to reduce the duct noise.
Duct designs with fewer silencers have lower pressure losses, and the electricity demands of fan are
reduced. If possible, positioning the building from significant sources of noise can also positively
affect the indoor acoustic conditions.

Indoor lighting conditions are known to affect the productivity of people working in the
space [82]. The perceptions of lighting are highly related to individual physiological and psychological
characteristics [83]. The color characteristics of light in a space are determined by the spectral
power distribution of the light source and by the reflectance properties of the surfaces in the room.
The desired uniformity of the illumination depends on the type of activities in the space and the
space itself. Lighting that is too non-uniform can cause distraction and discomfort [82]. Illumination
uniformity can be affected by the lighting equipment, such as the type of bulb, the positioning and
direction of the lighting equipment, and the reflectance of the different surfaces in the space [83].
Daylighting not only reduces the electrical energy demand of artificial lighting but also improves
the color reproduction of indoor light, which increases the lighting comfort (Figures 4 and 5) [54,84].
Other factors that contribute to lighting quality include illuminance uniformity, luminance distribution,
light color characteristics, and glare [64,85].

3.2.3. The Factors Affecting the Life Cycle Economy

Alternative solutions can be compared based on their ability to provide the quality of the indoor
climate and GHG emissions reductions from the perspective of life cycle economy [2,10,36,47,86].
The life cycle economy assessment of alternative design solutions should include the costs elements
presented in Figure 6.
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Figure 6. The identification of factors affecting the life cycle economy of a building. GHG: greenhouse gas.

The design phase is where the most important conceptual decisions that will have a crucial impact
on the overall life cycle economy of the building are made [10,27,32]. The life cycle driven design
process has to include the consideration of the economic opportunities and risks provided by the
changing operational environment of the building [26–28]. Attention has to be given to the energy
sector, as energy expenses dominate the operating costs. Climate change causes an increase in annual
average temperatures, in annual temperatures’ deviation, and in outdoor humidity [70–72]. These
affect building’s future costs of heating, cooling, and humidity management. The development of
energy prices (generation charges, distribution network charges, and tax), the decreasing costs of
decentralized renewable energy technologies (production and storages), emerging service business
models and new potential GHGs reduction-oriented economic steering pose new economic risks and
opportunities for the building’s life cycle economy [26,27]. New economic steering mechanisms for
curbing climate change might include taxes, charges, emission trading, or similar tradable permit
schemes for real estate. Neglecting these changes might harm the life cycle economy of the building
through high operating expenses and low resale value [26,27,87].

Considering opportunities and risks for the building’s life cycle economy throughout the design
phase is fundamental to defining the “future proofed” energy supply solution in the changing
operational environment of the building [26,27]. The development of purchase energy (generation
charges, distribution network charges, and tax) prices greatly affects the feasibility of the solutions
aimed at energy conservation, energy use flexibility, and renewable energy self-production [26,27,88,89].
The future energy bills are affected by increasing maintenance fees, available energy pricing
schemes, and increasing peak demand volatility of electrical energy spot prices and peak power
charges [88,89]. The revenue from energy sales defines the profitability of renewable energy
self-production technologies as well as the optimal sizing of production in relation to energy demand.
The revenue from energy sales to the grid are affected by energy spot price development and by
the available energy sales pricing schemes [90,91]. The development of spot prices, peak power
fees, and business service models will affect the feasibility of demand response solutions steering
energy purchases and sales towards profitable energy market prices and reducing peak power
demand [26,27,92–96].
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The municipal building department must be aware of the impact of potential low-carbon oriented
economic steering on utilization costs. If introduced, carbon taxes, charges, subsidies, or tradable
emission permit schemes for buildings will affect the profitability of energy supply investment
in favor of renewable and low-carbon solutions [27,97].

The life cycle driven design has to pay specific attention to indoor climate quality, as it can be
monetized in the life cycle economy of service building through the externalities related to increased
productivity, reduced sick leaves, and reduced healthcare costs [28,29,87,98].

From the perspective of the life cycle economy, it is important that the potential future changes to
the building do not compromise its energy efficiency. These changes might include the changing
number of occupants, the alteration of use, such as from office to residential, and the retrofit of new
and more advanced technologies [99]. An easily adaptable building requires less alteration work
and has lower operating expenses [99,100]. The building frame design defines the adaptability of the
building for alternative use and the magnitude of the related modification costs [99,101]. In general,
deep building frames are more challenging to be converted for residential use, as all the apartments
require windows [99]. Alternative purposes of use need to be accounted for during the frame and
fenestration design to achieve the required lighting conditions during the alteration easier. Thermal and
noise conductivity of the building envelope should be suitable for the building’s potential alternative
uses [99,101]. The sizing and positioning of the ventilation, heating, cooling, and water distribution
system components with attention to potential future use would decrease the required modification
work and the operating cost improving the building’s life cycle economy [101]. Modification costs
can also be reduced by leaving space and lead-through reservations for the future duct, pipe, and
cable work required by altered use [27]. Technological development constantly produces new and
more energy efficient building solutions to the market. At the same time, the updating of building
codes narrows the applicability of the current basic solutions during capital renovations. Space,
technological, and lead-through reservations would enable the more economical retrofit of novel
advanced technologies in the future, as these become feasible or required. [27].

3.3. The Identification of the Optimal Compromise Design Solution during the Concept Design

The optimal compromise solution has to be identified by assessing the ability of the alternative
solutions to provide sufficient indoor climate quality and to reduce GHG emissions with efficient
use of invested public money. As the leader of the construction or renovation project, the municipal
building department in co-operation with the lead designer can iteratively identify the optimal design
solution following the order presented in Figure 7.

After considering the municipal building departments’ targets, the alternative design solutions
are proposed for the building department to choose from. The iterative feasibility assessment of the
proposed solutions is conducted. The alternative solutions providing the same or different indoor
climate quality class can be included into the energy efficiency assessment. The indoor climate quality
performance should include temperature comfort, air quality, humidity comfort, acoustics, and lighting.
To assess energy efficiency, the solution-specific purchase and sales energy balances are estimated.
The estimates should include purchase energy demand and energy sales to the grid for heating, cooling,
electricity, and fuels, as well as the peak power demand. At this point, the GHG emissions are also
estimated based on the building’s energy balance and the specific emission factors of the energy
production technologies used. The design-specific life cycle economies can now be suggested based on
the purchase/sales energy balance and the GHG emissions. The economic assessment includes future
risks and opportunities related to the energy pricing, the economic GHG emission reduction-oriented
economic steering and the alterations of the building’s use. Externalities in the form of working
productivity and sick leaves should also be considered. The municipal building department considers
the ability of the solutions to provide indoor climate quality and GHG emission reductions from
the perspective of the life cycle economy. Original performance targets and design solutions can be
revised until the optimal service quality level (indoor climate and GHG emissions) for the public
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money invested is found. The optimal compromise solution highly depends on what weight the
building department choses to give to indoor climate quality, energy use (and GHG emissions) and
life cycle economy.

Figure 7. The identification of the optimal compromise design solution during the concept design.

3.4. The Energy Efficiency Responsibilities in the Concept Design of the Municipal Building

Figures 8–10 structure the findings of this study into a list of energy efficiency factors and clarify
the responsibilities to integrate energy efficiency into the concept design of the municipal building
procurement process. Same color codes are applied for the indoor climate quality performance,
the energy use performance, and the life cycle economy as in Figures 2–7.
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Figure 8. The energy efficiency responsibilities in the design of the municipal building: Indoor climate
quality. Based on [10–14,36,41,43,46,47,69,73,74,78–80,82–85].
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Figure 9. The energy efficiency responsibilities in the design of the municipal building: Energy use and
the environmental impact of a building. Based on [10–14,27,36,41,43,46,47,50,53–59,65,67,79].
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Figure 10. The energy efficiency responsibilities in the design of the municipal building: The life cycle
costs of a building. Based on [10,11,14,27,32,36,41,46,47,86,87,92,98].
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This list of energy efficiency factors can be applied during the concept design of the building
when the municipal building department together with the lead designer is seeking the design solution
providing the optimal value for public money. The list of energy efficiency factors should be used
when assessing the performance of the solutions to provide indoor climate quality and GHG emission
reduction from the perspective of the life cycle economy in the changing operational environment of
the building. Clarifying the energy efficiency factors and the responsibilities, the list contributes to
more informed decision-making process.

The list of energy efficiency factors structure and clarify the factors affecting indoor climate
quality, energy use (and environmental impact), and the life cycle economy, as identified in Figures 4–6.
The connections between indoor climate quality, energy use, and the life cycle economy are presented
at the factor level in order to promote energy efficiency through integrated building design solutions
(Figures 8–10). The possible direction of the impact of indoor climate quality factors on heating
energy, cooling, and electricity consumption are described with arrows in Figure 8. Figure 9 presents
the potential effects of the energy use factors on indoor climate quality by means of a checklist and
descriptions. If checked, the factors may have a positive or negative effect on the indoor climate quality.
Figures 8 and 9 also explain how indoor climate quality and energy use performance factors affect the
life cycle economy of the building. The costs and life cycle economic benefits achievable through the
building design are explained with emphasis to the changing operational environment of the building.
The life cycle cost elements required to be included in feasibility assessment of design solutions are
presented in Figure 10.

It is for the municipal building department to decide how much weight each factor should be
given and what are the most appropriate tools to be used in the feasibility assessment. Selection of tools
and weighting of factors has to be done case-specifically based on the building type and the local and
regional priorities. When applying the list of factors the building department demonstrates the applied
energy efficiency factors, the chosen weights, and the responsibilities increasing transparency of the
decision-making process.

The main responsible actors for the integration of the performance-specific factors into the concept
design of the municipal building are defined in Figures 8–10. The importance of roles of the municipal
building department and the lead designer in achieving energy efficiency performance are highlighted.
The building department steers the project and is responsible to clearly establish the performance
targets and ensure that all project partners have sufficient and timely information and resources to
achieve the targets. The lead designer, by coordinating the consortium of sub-designers (structural,
electric, ventilation, heating, automation, DHW), is responsible to deliver the design that complies
with the energy efficiency performance targets.

A wide range of commercial and free software, tools, and methods can be applied by the designer
to estimate the indoor climate, the energy use, and the life cycle economy of the design solutions.
Energy simulation software can be utilized to assess the purchase/sales energy balance and the peak
power demand. Life cycle cost modeling tools can be helpful with the complex life cycle economy
estimations. The applied method should be chosen based on the case-specific modeling complexity
and precision requirements.

4. Discussion and Conclusions

This paper clarifies how the municipal building department can lead the design towards energy
efficiency and a high quality indoor climate, which is life cycle cost-effective and complies with the
international and national targets and regulations. Specific emphasis is put on the concept design
phase of the building’s procurement process. The paper describes the relationship between indoor
climate quality, energy use (and GHG emissions), and the life cycle economy from the perspective of
design-related factors. The paper presents the list of energy efficiency factors that need to be considered
in the municipal building procurement process. The list of factors can be applied during the concept
design of the building when the municipal building department together with the lead designer is
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seeking a design solution providing the optimal value for public money. The responsibilities for
integrating energy efficiency into the municipal building procurement process are clarified in the list of
factors. The presented approach contributes to making the procurement and decision making process
more transparent.

The public procurements have to provide the taxpayers the required quality service (indoor
climate quality and GHG emission reductions) with the most optimal use of public money. The actual
cheapest solutions, however, is not the one with the smallest investment costs. Selecting a design
solution has to be based on solution’s ability to provide indoor climate quality and GHG emission
reductions from the perspective of the life cycle economy. The solution with the optimal compromise
between indoor climate quality, the energy use performance, and the life cycle economy has to be
defined. Procurement practices should not prevent the selection of the solutions with improved life
cycle performance because, for example, of an undersized investment budget. Traditional procurement
practices need to be revised in case they do not allow the selection of the optimal solution based on
quality and cost.

New economic elements have to be included into the life cycle cost examination of alternative
design solutions to achieve those with lower risks related to utilization costs and those with improved
resale value preservation. In order to identify the sustainable “future proofed” solution, the feasibility
assessments have to consider changes in the operational environment of the building. Considerable
changes include the availability of service solutions, the future development of energy pricing, and
the potential GHG reduction-oriented economic steering. This research contributes to rising the
recognition of smart building solutions that improve energy efficiency. Thus, the research is in line
with the smart readiness indicator initiatives of the European Commission.

Energy use during building’s operation currently form the biggest share of the building’s carbon
footprint. However, the share of GHG emissions embodied in construction materials in building’s
carbon footprint is increasing as we move towards more energy efficient construction and lower
emission energy production. In the future, material selection will play increasingly important role in
low-carbon building design.

The responsibilities of the players involved in the procurement project have to be defined clearly
by the municipal building department (client). No gaps in the chain of responsibility should exist.
The building department steers the project and is responsible to clearly establish the energy efficiency
targets and ensure that all project partners have sufficient and timely information and resources to
achieve the targets. The overall control of design production is the responsibility of the lead designer.
The lead designer is responsible to convey the performance targets and preferences of the client
to consortium of sub-designers (structural, electric, ventilation, heating, automation, and DHW).
The lead designer has to be aware about the progress of sub-designs and to coordinate the design
work so that the final result complies with the energy efficiency targets. The building department
choses the optimal concept design from the options proposed by the designers and approves the
detailed design. Systematic and well-timed communication between the building department and
the lead designer is important, especially during the concept design. The performance requirements
have to be clearly communicated to the lead designer by the building department. To support the
building department’s decision-making the lead designer has to provide the information regarding
the progress of design and its implications on the building’s life cycle performance. Interpreting the
results of energy efficiency assessment as presented in this approach require specific expertise in the
field of construction technology, energy technology, indoor climate technology, automation and the
economy. Tasks exceeding expertise of the municipal building department should be outsourced
to a professional construction consultant experienced in the field, which can create new business
opportunities for consulting companies and can provide new jobs. Outsourcing the tasks does not
reduce the responsibility of the building department in the project. The municipal building department
carries the final responsibility to provide the building with the functionality to offer the service required
by the client, municipality, and taxpayers.
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This research describes what factors are necessary to consider in energy efficiency assessment;
however, it does not define in detail the actual tools or mathematical methods to be used in the
assessments. The optimal method should be chosen based on the modeling complexity and precision
required by the building type in question. Assessment will require making assumptions regarding the
future development of the building’s operational environment, including energy fees, transmission fees,
peak power fees, energy taxation, GHG reduction-oriented economic steering, and climatic conditions.
Since the future development of these issues is never certain, the assessment will always include some
subjectivity. The outcome of the assessment will also strongly depend on the applied weighting of the
factors. The freedom to decide the weight of criteria for optimization is left for the municipal building
department. Factors affecting indoor climate quality, energy use (and GHG emission reductions), and
the life cycle economy have to be weighted based on the building type and reflecting the local and
regional priorities. The procedure can be applied universally during a municipal building procurement
process; however, some country- and municipality-specific adaptations are required. Country-specific
building standards and procurement regulations and practices have to be accounted for while applying
the presented procedure. Besides, procurement procedures applied by different municipalities vary
somewhat even within the same country. As the roles and responsibilities of the municipal building
department and other project partners in the building procurement project vary in different countries
and municipalities, they should be verified on a case-by-case basis. Case-specific energy efficiency
and other targets, as well as the available resources, have to be taken into account. Also, attention
is required on the effect of the local climatic conditions on energy use and indoor climate quality.
For example, the significance of heating and cooling in the overall energy consumption of a building
differs remarkably between southern and northern countries. The procedure can be adapted for use in
private building procurement projects as well, if the differences in the procurement procedures, roles,
and targets are accounted for. The presented procedure can be applied alone or alongside existing
labeling systems supporting them, such as LEED or BREEAM.

The town of Lappeenranta integrated the presented approach into their building procurement
practices initiating a dialogue regarding energy efficiency between the municipal building department
and other stakeholders in building procurement. This dialogue provides a good basis for the further
development of energy efficiency management procedures and the introduction of new innovative
methodologies into everyday practice. The procedure should be updated continuously based on new
evolving knowledge and technological development. In addition, the scope of the procedure can be
expanded further to cover renovation projects.

Author Contributions: Conceptualization, M.V., K.G., M.L. and R.S.; Methodology, M.L.; Validation, M.V., S.H.
and M.L.; Investigation, M.V.; Writing—Original Draft Preparation, M.V.; Supervision, M.L., R.S. and K.G.;
Funding Acquisition, M.L.

Funding: This research was done as a part of the ‘Innovatiivisuutta julkisiin investointeihin’ (Innovative Public
Investments) research project, which is funded by the European Regional Development Fund (ERDF), the town of
Lappeenranta, and the Waste Treatment Company of South Karelia (EKJH). Grant number: A32168. We gratefully
acknowledge this funding support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. EC (European Commission). Buildings. 2017. Available online: https://ec.europa.eu/clima/citizens/eu_en
(accessed on 28 September 2017).

2. EC (European Commission). Green Public Procurement Criteria for Office Building Design, Construction
and Management. 2016. Available online: http://ec.europa.eu/environment/gpp/pdf/report_gpp_office_
buildings.pdf (accessed on 28 September 2017).

3. EC (European Commission). Energy. 2050 Energy Strategy. 2017. Available online: https://ec.europa.eu/
energy/en/topics/energy-strategy/2050-energy-strategy (accessed on 31 January 2017).

25



Buildings 2019, 9, 45

4. EC (European Commission). Energy Efficiency Directive. 2018. Available online: https://ec.europa.eu/
energy/en/topics/energy-efficiency/energy-efficiency-directive (accessed on 31 January 2017).

5. EUR-Lex. Directive of the European Parliament on the Energy Performance of Buildings. 2010/31/EU. 2018.
Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32010L0031&
from=EN (accessed on 10 March 2018).

6. Parviainen, J. Kuntien ja Maakuntien Ilmastotyön Tilanne 2015 [The State of the Climate Work in Municipalities
2015]; Kuntaliitto: Helsinki, Finland, 2015; ISBN 978-952-293-335-5.

7. TEM (Ministry of Employment and the Economy). Energiatehokkuus Julkisissa Hankinnoissa (In English:
Energy Efficiency in Public Procurements). 2017. Available online: https://www.motiva.fi/files/10919/Tyo-
_ja_elinkeinoministerion_ohjeet_Energiatehokkuus_julkisissa_hankinnoissa.pdf (accessed on 1 March 2017).

8. Jätteenmäki, A. Opinion of the Committee on the Environment, Public Health and Food Safety for the
Committee on Industry, Research and Energy on the proposal for a directive of the European Parliament and
of the Council amending Directive 2010/31/EU on the energy performance of buildings. Eur. Parliam. 2017.
Available online: http://www.europarl.europa.eu/sides/getDoc.do?pubRef=-//EP//TEXT+REPORT+
A8-2017-0314+0+DOC+XML+V0//FI (accessed on 2 August 2018).

9. Rava, Rakennuttajatjavalvojat ry (Association of builders and supervisors). Käsitteitä (In English:
Terminology). 2017. Available online: https://rakennusvalvojat.fi/yleista/kasitteita/ (accessed on
29 September 2017).

10. RIL (Finnish Association of Civil Engineers). RIL 249-2009 Matalaenergiarakentaminenasuinrakennukset
(In English: Low-Energy Construction, Residential Buildings), 2nd ed.; Suomen Rakennusinsinöörien Liitto RIL
ry; Saarijärven Offset Oy: Helsinki, Finland, 2009; ISBN 978-951-758-517-0.

11. RIL, (Finnish Association of Civil Engineers). Rakennuttajat. RIL Database 2017. Available online:
http://www.ril.fi/fi/patevyydet/rakennuttajat-rap-ja-raps.html (accessed on 29 September 2017).

12. MotE (Ministry of the Environment). The Decree of the Ministry of the Environment (on Indoor Climate
and Ventilation). 2017. Available online: https://www.finlex.fi/fi/laki/alkup/2017/20171009 (accessed on
25 July 2018).

13. MotE (Ministry of the Environment). The Decree of the Ministry of the Environment (on Energy Efficiency
of Buildings). 2017. Available online: https://www.finlex.fi/fi/laki/alkup/2017/20171048 (accessed on
25 July 2018).

14. Rakennustieto (Building Information Group). Pääsuunnittelija ja suunnittelun johtaminen
rakennushankkeessa (In English: Lead Designer and Leading the Design Process in the Construction Project).
Rakennustietosäätiö 2010. Available online: https://www.rakennustieto.fi/Downloads/RK/RK100202.pdf
(accessed on 19 June 2017).

15. Sparks, D. Exploring Public Procurement as a Mechanism for Transitioning to Low-Carbon Buildings.
Ph.D. Thesis, Queensland University of Technology, Brisbane, Australia, 2018.

16. Carlssona-Kanyama, A.; Carlsen, H.; Dreborg, K.-H. Barriers in municipal climate change adaptation: Results
from case studies using backcasting. Futures 2013, 49, 9–21. [CrossRef]

17. Sparrevik, M.; Wangen, H.F.; Fet, A.M.; Boer, L.D. Green public procurement—A case study of an innovative
building project in Norway. J. Clean. Prod. 2018, 188, 879–887. [CrossRef]

18. Rakennustieto (Building Information Group). Rakennusprojektin johtaminen (In English: Leading the
Construction Project). Rakennustietosäätiö, Finland. Available online: https://www.rakennustieto.fi/
Downloads/RK/RK060501.pdf (accessed on 6 February 2019).

19. Kim, J.; Goodwin, C.; Kim, S. Communication Turns Green Construction Planning into Reality. J. Green Build.
2017, 12, 168–186. [CrossRef]

20. Morledge, R.; Smith, A. Building Procurement, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2013;
ISBN 978-111-849-369-4.

21. Mikucioniene, R.; Martinaitis, V.; Keras, E. Evaluation of energy efficiency measures sustainability by decision
tree method. Energy Build. 2014, 76, 64–71. [CrossRef]

22. Sorell, S. Reducing energy demand: A review of issues, challenges and approaches. Renew. Sustain. Energy
Rev. 2015, 47, 74–82. [CrossRef]

23. Tang, Z. An Integrated Life Cycle-based Viable Procurement System to Enhance the Success Level of
Sustainable Building. Ph.D. Thesis, The HKU Scholars Hub, Hong Kong, China, 2017.

26



Buildings 2019, 9, 45

24. Trianni, A.; Cagno, E.; De Donatis, A. A Framework to Characterize Energy Efficiency Measures. Appl. Energy
2014, 118, 207–220. [CrossRef]

25. Vidmar, K. Importance of Finding and Defining Energy Conservation Measures. Strateg. Plan. Energy
Environ. 2010, 30, 45–63. [CrossRef]

26. Georgiadou, M.C. Future-Proofed Energy Design Approaches for Achieving Low-Energy Homes: Enhancing
the Code for Sustainable Homes. Buildings 2014, 4, 488–519. [CrossRef]

27. Vinokurov, M.; Grönman, K.; Kosonen, A.; Luoranen, M.; Soukka, R. Updating the Path to a Carbon-Neutral
Built Environment-What Should a Single Builder Do. Buildings 2018, 8, 112. [CrossRef]

28. Becchio, C.; Corgnati, S.P.; Orlietti, L.; Spigliantini, G. Proposal for a modified cost-optimal approach by
introducing benefits evaluation. Energy Procedia 2015, 82, 445–451. [CrossRef]
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Abstract: The insurance market deliberately excludes the buildings’ envelope from their insurance
policies, neglecting all the damage that can be caused by the degradation process or ageing of the
materials. This stance is mainly due to the lack of knowledge in terms of risk and costs associated to
the failure of these elements. Even though the building and its elements are the most valuable asset
of any owner, most often homeowners do not adopt effective preventive measures to mitigate the
deterioration and obsolescence of their assets. This study proposes an innovative methodology for
the design of insurance policies for buildings’ envelopes, applied to natural stone facade claddings.
The insurance product is defined based on deterministic and stochastic service life prediction models,
established through the past degradation history of 142 natural stone claddings analyzed in service
conditions in Portugal. Single-parameter (only analyzing the cladding’s age) and multiparameter
(encompassing the relevant variables) models are applied in the calculation of the insurance premium.
The expected claims are related with the performance of maintenance actions and established
according to three degradation levels. The results obtained reveal that an increased knowledge about
the insured cladding leads to a reduction of the risk margin and consequently, to a lower annual value
of commercial premium paid by a household. This study proposes an innovative solution for tailoring
the insurance products, in terms of the risk of failure of the buildings components, as well as the
financial charges related with the maintenance of these elements, channeling the risks to the market.

Keywords: Insurance; mathematical models; service life prediction models; natural stone claddings;
insurance premium; risk assessment

1. Introduction

An insurance policy is a classical management tool to mitigate the risks of a given event,
redistributing the costs of unexpected losses. Generally, by using the law of large numbers, the insurance
policy reallocates the cost of losses from the few members experiencing them to all the insured
members who paid the insurance premiums [1]. The theory reveals that, from the perspective of risk
aversion, individuals are willing to buy an insurance product if the premium is actuarially reasonable,
i.e., the insured is willing to spend a small amount in the present to be protected against the risk of a
large monetary loss in the future [2,3].

In the housing sector, the insurance market presents different solutions and products to protect
the client from unexpected losses in their dwellings. Most of the insurance market is focused on the
construction stage and a posteriori periods of guarantee, given that this is the most challenging stage
in terms of risk exposure. Concerning the use stage, the most common housing insurance policies are
fire and multihazard, which intend to cover the damages for both interior/filling and property damage
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when subjected to accidents of various natures according to the insured’s concerns. These insurances
are often mandatory in many countries, imposed by creditors under real estate mortgage.

In the case of failure of a building component, the first and most important question that arises
is “who pays?”. Blong [4] states that the insured always intends to know whether building damage
is covered under normal household insurance policies. According to this author, the answer would
appear to be ‘yes, but not always’. A study performed by the Building Research Establishment (BRE)
in England reveals that buildings’ owners are responsible for ensure the safety of buildings and their
components, being also responsible for all the damages inflicted by any accident to third parties.
The insurance companies are not legally responsible for the financial losses caused by the failure of
the construction elements, when it is proved that the owners do not perform adequate maintenance
actions [5].

Common housing insurance policies are based on past statistical standards and are usually too
simplistic and generalist. Rarely in the past have actuarial data been collected regarding other crucial
aspects concerning the specificity of the different building components, such as characteristics of
the materials applied, design and execution processes, building’s environmental exposure, use and
maintenance conditions, among other parameters. Although the existing actuarial models present an
overall picture of losses, they are incapable of offering a view of the losses in terms of specific building
components [6]. Therefore, the insurance sector is in transformation and is rapidly moving towards to
a deeper segmentation and specification.

In this sense, new methodological approaches for the design of building components’ insurance
products must be developed. Currently, the insurance market for losses regarding the natural
degradation of buildings and components is practically nil. In fact, there are many imponderables
involved in defining the vulnerability of the building component to the degradation agents and
mechanisms. Moreover, the financial costs associated with the deterioration of the built park are
difficult to measure. Nevertheless, building components, and in particular external claddings, can be
seen as an insurable asset at risk of failure. For instance, internationally, there are some unfortunate
news, with huge human losses, concerning the insurers facing increased risk of claims on covering
high-rises with combustible cladding solutions (e.g., Grenfell Tower fire in London, UK).

Therefore, this study intends to propose an innovative approach for the design of an insurance
policy model, applied to natural stone claddings. This study intends to identify the insurable risk of
degradation of these claddings, examining how these risks are managed through the insurance method,
thus analyzing different insurance premiums according to the expected claims and to the risk load.
In the proposed model, the insurance premiums are established according to the knowledge concerning
the loss of performance of natural stone claddings over time and according to their characteristics.
For that purpose, deterministic and stochastic service life prediction models are used, which allow
evaluating the likelihood of failure of the claddings. The service life prediction models used are defined
through the knowledge of the degradation history of 142 natural stone claddings analyzed in service
conditions, in Portugal.

The methodology proposed in this study allows establishing a system in which the insurance rates
are scientifically and effectively determined, depending on more detailed risk categories, established
based on technical knowledge related with the degradation of the building component under analysis.
Moreover, it allows expanding and improving the scope of compensation of the insurance policies
within the coverage of buildings’ claddings, adopting service life prediction methods to improve
the risk assessment, thus reducing the risk of failure of the elements. This methodology, allied to
the understanding of the decision processes of the property owner and insurer, allows providing
some guidance for developing a set of strategies to reduce losses from future natural degradation of
buildings’ facades.

The availability of realistic risk-based priced insurance policies can boost responsible behavior by
owners, encouraging them to adopt cost-effective measures to reduce their potential losses from future
degradation of buildings’ components. An insurance for the buildings’ facades can be an effective tool

32



Buildings 2019, 9, 111

in assisting the restoration of damaged property and in the preservation of the built park, and can
be seen as a means to fulfil governmental standards regarding the maintenance and conservation of
buildings and components.

2. Background

The process of an insurance subscription encompasses five main stages [7]: (i) the first stage is
the application, in which the customer contacts an insurance company to inquire about the types
of coverage and related-costs; the customer fills out an application, which is sent to the insurance
company underwriter; (ii) the second stage, when the insurance company performs a risk assessment,
based on the amount of coverage requested, the policyholder’s insurance history, and other objective
actuarial factors, and decides to accept or reject the application and the associated premium; (iii) in the
third stage, the establishment of the policy contract, which includes a declaration page, an insurance
agreement, modifications, and endorsements, is sent to the policyholder; (iv) the next stage corresponds
to the claims; most policyholders do not suffer losses that lead them to submit claims (which does not
occur in most cases) during the term of their insurance policy. In the event of a loss, the policyholder
calls the company claims department to file a claim. The insurer investigates the loss, verifying
the coverage for a particular risk, determining whether a policy is in force and, if so, estimates the
related-costs; and (v) finally, the last stage is the renewal; most policies run for 12 months and are
renewed at the end of that period. However, the policyholder can choose to cancel the policy during
this period or move to another insurer at the end of the policy period.

Therefore, the definition of any insurance policy requires accurate knowledge regarding the:
(i) insured, which is the party receiving a benefit on the occurrence of a specified event; (ii) the period
of insurance, during which the policy covers a specific risk; and (iii) the indemnity, which is the total
amount payable by the insurance company on each accepted claim.

A premium is the payment made by the policyholder for a partial or total coverage of a certain
risk. In a simple actuarial perspective, the fair premium for a generic risk, for a specific insured,
is estimated by the expected value of the claim (cost and probability of occurrence), when that risk
occurs. However, in actuarial practice, a solidarity principle is usually applied, and the premium is
estimated by evaluating the total damage of a specific risk in all the individuals belonging to the same
risk class and equally dividing the costs among them [3].

There are no standardized principles or procedures to be used by insurers in the determination of
insurance premiums, as this constitutes a typical managerial and commercial strategy of each insurance
company. As mentioned by Ewald [8], insurance institutions are not repetitions of a single formula
applied to different objects; instead, each insurance company presents different purposes, customers
and legal basis. Since there is no legislation on the definition of premiums, each insurer is free to set
its own prices in any of the insurance modalities according to its cost structure and the customer’s
claims history.

The premium charged by the insurer is calculated based on the coverage, the exemption imposed,
and other criteria considered as relevant for the insurer. In practice, insurers must account not only
for the characteristics of the risks they have to insure, but also for other factors such as premiums
charged by competing companies [9]. The premiums are estimated mainly based on the expected costs
of claims and the legal and administrative costs [10]. Operating expenses, although variable across
firms, are relatively predictable. Claim costs, on the other hand, are not.

3. Materials and Methods

Currently, insurers use the claims’ history data to develop an estimate of the amount of damages to
be paid in the future. The accuracy of the estimations depends on the type of risk, the number and the
characteristics of policyholders, as well as the number and value of accepted claims. The definition of
the premium rate of a building is usually carried out by observing the risk inherent to its characteristics
and based on an analysis of the historical data concerning the losses for similar types of buildings in
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the same risk situation. However, each building and component is a unique prototype subjected to
unrepeatable conditions [5]. Therefore, the definition of insurance policies to cover the risk of failure of
external claddings must consider the specificities of the insured object.

The methodology adopted in this study intends to define an expected rate of return for the
investor, based on the age and estimated service life of the insured object, to determine the rates of
degradation to be applied and to calculate the cost of the insurance policy, discounting the indemnity
and adding the various administrative costs. In this study, the definition of an insurance premium for
natural stone claddings encompasses three main steps:

• Risk assessment, in which service life prediction models are used to estimate the risk of failure of
stone claddings over time and according to their characteristics. These models allow identifying
the claddings’ expected condition in each instant, as well as the instant after which they present
any given probability of reaching the end of their service life;

• The definition of the claims; in this case, the claims are related with the need of performing different
maintenance actions according to the cladding’s degradation during the period of insurance;

• The estimation of the annual premium; the insurer reserves a monetary amount (provision) for
the eventuality of the occurrence of the worst-case scenario to its customer portfolio and the
respective indemnity payment. This amount depends on three factors: (a) number of subscribers;
(b) cost of replacing the cladding (€/m2); (c) area of the facade in inadequate conditions (m2).

The insurer should validate the conditions of underwriting described by the policyholder, through
an in situ inspection, carried out by an expert in this field. The inspection must be aided by an
inspection and diagnostic data sheet, to systematize the data collected during the inspection. This file
includes the characterization of the building and of the natural stone cladding, its maintenance history,
and the surrounding environmental condition; moreover, the degradation condition of the cladding
must be accurately described, through the identification of the anomalies observed, as well as their
degradation level, the location of the anomalies in the stone plates, the determination of the probable
causes, and the extent of the anomalies, as a percentage of cladding area. The information concerning
the degradation condition of the cladding is essential to validate the insurance premium.

3.1. Proposal of Deterministic and Stochastic Actuarial Models

3.1.1. Overall Approach

One of the main challenges of actuarial science is to predict the costs of a future event (usually
relying on past statistics) before the losses occur [1]. Inaccurate estimations could be dangerous, in two
ways: if the insurance premium is underestimated, in the event of an accident, the losses may be too
high to be borne by the insurer, but in the opposite sense, the lack of knowledge about the risk and
costs of loss may lead to the premium being over evaluated, leading the potential consumers to choose
another insurance company, or simply not subscribe at all.

In this sense, the service life prediction models applied in this study allow defining deterministic
and stochastic actuarial models based on the analysis of the actual degradation condition of 142 stone
claddings (located in Portugal) analyzed in situ and subjected to real exposure conditions and
real degradation agents and mechanisms. The actuarial models proposed in this study adopt four
different service life prediction models, of increasing complexity: (i) single-parameter deterministic
model; (ii) multiparameter deterministic model; (iii) single-parameter stochastic model; and (iv)
multiparameter stochastic model.

These models are based on the evaluation of the physical degradation condition of the stone
claddings. For that purpose, a numerical index, called severity of degradation (Sw), is used [11],
which evaluates the extent, condition, and cost of repair of the anomalies observed in a natural stone
cladding (Equation (1)).
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Sw =
Σ(An × kn × ka,n)

A× k
, (1)

where Sw represents the severity of degradation of the building component, expressed as a percentage,
kn is the multiplying factor of anomaly “n”, as a function of their degradation level, within the range K
= {0, 1, 2, 3, 4} (Table 1), ka,n is the weighting factor corresponding to the relative weight of the anomaly
detected (Table 2), An is the area of cladding affected by an anomaly “n”, in m2, A is the facade area,
in m2, and k is the multiplying factor corresponding to the highest degradation level of a coating of
area A.

Table 1. Degradation levels for natural stone claddings (data sourced from Silva et al. [12];
Mousavi et al. [13]).

Degradation Level Anomaly
% Area of
Cladding
Affected

Level 0 (Sw ≤ 1%) No visible degradation -

Level 1
Good

(1% < Sw ≤ 8%)

Aesthetic
degradation
anomalies

Surface dirt >10%
Moisture stains

≤15%Localized stains
Colour change

Flatness deficiencies ≤10%

Loss-of-integrity
anomalies

Material degradation (*) ≤ 10% plate thickness ≤20%Cracking width ≤ 0.2 mm

Level 2
Slight degradation
(8% < Sw ≤ 20%)

Aesthetic
degradation
anomalies

Moisture stains
>15%Localized stains

Colour change
Biological growth

≤30%Parasitic vegetation
Efflorescence

Flatness deficiencies > 10% e ≤ 50%

Joints anomalies Joints material degradation ≤30%
Loss of material—open joint ≤10%

Fastening to the
substrate anomalies

Scaling of stone near the edges
Partial loss of stone material ≤20%

Loss-of-integrity
anomalies

Material degradation (*) ≤ 10% plate thickness >20%
Material degradation (*) > 10% and ≤ 30% plate

thickness ≤20%

Cracking width ≤ 0.2 mm >20%
Cracking width > 0.2 mm and ≤ 3 mm ≤20%

Fracture ≤5%

Level 3
Moderate degradation

(20% < Sw ≤ 45%)

Aesthetic
degradation
anomalies

Biological growth
>30%Parasitic vegetation

Efflorescence
Flatness deficiencies >50%

Joints anomalies Joints material degradation >30%
Loss of material—open joint >10%

Fastening to the
substrate anomalies

Scaling of stone near the edges
Partial loss of stone material >20%

Detachment ≤10%

Loss-of-integrity
anomalies

Material degradation (*) > 10% and ≤ 30% plate
thickness >20%

Material degradation (*) > 30% plate thickness ≤20%
Cracking width > 0.2 mm and ≤ 3 mm >20%

Cracking width ≥ 3 mm ≤20%
Fracture > 5% e ≤ 10%

Level 4
Generalized degradation

(Sw ≥ 45%)

Fastening to the
substrate anomalies Detachment >10%

Loss-of-integrity
anomalies

Material degradation (*) > 30% plate thickness
>20%Cracking width > 3 mm

Fracture >10%

(*)—Material degradation is meant to be every anomaly that involves loss of volume of the stone material.
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In the single-parameter deterministic model, the evolution of the degradation condition of stone
claddings over time (the only parameter analyzed) is defined based on the analysis of a degradation
curve. Figure 1 shows an illustrative example of the degradation curve obtained for natural stone
claddings, with three different Sw thresholds, in which a third-degree polynomial curve is adjusted
to the scatter of points corresponding to the severity of degradation (obtained through a fieldwork
survey) and the ages of a set of 142 case studies analyzed.

Table 2. Weighting coefficients corresponding to the relative weight of the anomaly detected in natural
stone claddings (data sourced from Silva et al. [12]).

Anomaly Repair Operation (Cost in €/m2)
Ratio between Repair

Cost and
Replacement Cost (*)

Weighting
Coefficient ka,n

Visual or surface degradation Cleaning (11.7 €/m2) 13% 0.13

Joints

Degradation of
filling material Joint repair (23.4 €/m2) 25% 0.25

Loss of filling
material

Replacement of the joint material
in cladding directly adhered to the
substrate involves some risks, and

may damage the natural stone

100% 1.0

Bond to substrate

Replacement of stone plates
always costs at least as much as
executing a new cladding, and

may cost more because of having
to remove the degraded original

cladding

120% 1.2

Loss of integrity

Repairing loss-of-integrity
anomalies may involve only a
surface repair (epoxy resins or

equivalent) or the replacement of
the stone plate

100% 1.0

(*)—The cost of building a vertical granite cladding facade with a cementitious adhesive is around 93.10 €/m2.

 
Figure 1. Degradation’s evolution using the severity of degradation level for the 142 stone claddings
inspected (data sourced from Silva et al. [12]).

The three Sw thresholds considered in this study correspond to different levels of claims for the
insurance company. The first level, corresponding to a Sw of 10%, reveals a stone cladding with visual
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anomalies and slight cracking in the cladding, thus requiring a simple cleaning action. The second
level, corresponding to a Sw of 20%, reveals a stone cladding with more serious defects, requiring a
major intervention and partial replacement of the cladding. The third level, corresponding to a Sw of
40%, requires the replacement of the stone cladding.

According to the ISO 15686 [14], the service life of a building component can be defined as the
period of time during which the element meets or exceeds the performance requirements. In this
sense, the service life of a natural stone cladding can be predicted by determining the instant after
which the cladding presents a degradation condition that it is no longer acceptable for the owners.
The limit that establishes the end of service life (or the maximum acceptable degradation level) is
not easy to define, and depends on the building context, social and legal requirements, as well as the
funds available for maintenance actions [5]. Using the degradation curve, it is possible to obtain the
estimated age of the natural stone claddings through the intersection of the degradation curve with
a given degradation level. Table 3 shows the estimated age of the claddings obtained with the first
model for three different Sw values. In this model, the of estimated values are independent of the
cladding’s characteristics, since the model only encompasses the age of the building as explanatory
variable of the stone claddings’ degradation phenomenon.

Table 3. Estimated age of natural stone claddings for three different Sw values (single-parameter
deterministic model).

Degradation Level Sw (%) Estimated Age (years)

10 52
20 68
40 88

This model presents accurate results but could be too simplistic to portray a complex phenomenon
such as the degradation of natural stone claddings. In fact, the degradation of these claddings occurs
due to a synergetic and simultaneous action of degradation agents and mechanisms, and the specific
characteristics of the claddings must be considered, to obtain more reliable information. Therefore,
this methodology can be used to disaggregate a generic vulnerability curve into several curves
representing the vulnerability of specific building classes.

In this sense, a multiparameter deterministic model is also proposed, which allows encompassing
different factors (e.g., environmental, design and type of materials, among others) in the determination
of the estimated service life of stone claddings. Silva et al. [5,15] proposed different linear and nonlinear
multiple regression models to estimate the severity of degradation of stone claddings. Among these,
the generic exponential model, as shown in Equation (2), is the one with the best overall performance
to describe the degradation of stone claddings; therefore, it is applied in this study.

Sw = 7.478e0.035∗I−1.501∗M−1.756∗H−1.777∗A−1.062∗TP, (2)

where Sw represents the claddings’ severity of degradation, I their age, M distance from the sea, A area
of the cladding, H exposure to damp, and TP type of stone. To apply the model shown in Equation
(2), the variables M, A, H, and TP should be replaced by their numerical quantification, presented in
Table 4 [15].

The deterministic models provide accurate results and allow obtaining an average value of the
instant after which it is necessary to intervene (the instant in which the insured makes the claim).
However, more than an average estimated service life, the insurance company should know the
probability of a stone cladding reaching the end of its service life, i.e., the probability of failure of the
cladding over time and according to its characteristics. This information is crucial to convert those
probabilities into costs, to predict unexpected situations during the claddings’ service life, whatever
the origin of the unforeseen events [16].
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Table 4. Numerical quantification of the variables of the multiparameter deterministic model.

Independent Variables Variables’ Quantification

Distance from the sea ≤5 km: 0.96 >5 km: 1.03

Dimensions of stone plates Medium dimensions: 1.04 Large dimensions: 0.94

Exposure to damp Low: 1.03 High: 0.91

Type of stone Limestone: 1.04 Marble: 0.96 Granite: 1.39

In this sense, two stochastic models are proposed, both based on a logistic regression analysis.
In the first model, a single-parameter stochastic model, it is possible to estimate the probability of
the stone claddings reaching the end of their service life over time. Figure 2 shows the cumulative
distribution functions concerning the probability of 142 stone claddings reaching the end of their
service life, considering three Sw levels. For a Sw of 40%, a discrete cumulative distribution function is
obtained, due to the small number of case studies with this degradation level. With this information,
it is possible to define, for different risk thresholds, the probability of a given cladding reaching the
specific degradation values (Table 5).

 
Figure 2. Cumulative distribution functions concerning the probability of 142 stone claddings reaching
the end of their service life, considering three risk thresholds.

Table 5. Estimated claddings age obtained by the single-parameter stochastic model for different Sw

values and risk margins.

Risk Margin

5% 10% 20% 50%

Sw
(%)

10 34 39 43 51
20 53 57 61 68
40 74 80 85 94

In the multiparameter stochastic model, it is possible to include all the relevant variables to the
explanation of the severity of degradation of stone claddings, allowing estimating the probability of
the cladding reaching the end of its service life according to its characteristics. In the case of natural
stone claddings, the variables considered as statistically relevant are the distance from the sea, size of
the stone plates, exposure to damp and type of stone. The multiparameter stochastic model adopts a
similar approach of the single-parameter model, but the determination of the estimated service life
requires the application to a specific case study, since it requires the quantification of the explanatory
variables included in the model.
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3.1.2. Models’ Assumptions Concerning the Coverage of the Insurance Policy

The main coverage of the proposed insurance policy is related with the performance of three
maintenance actions, when a specific degradation level is reached. The degradation levels that imply
the performance of a specific action are intrinsically related with the owners’ levels of demand,
and the cost that the owners are willing to pay to reduce the likelihood or magnitude of failure of the
claddings [17]. In this study, the claims occur for three different Sw thresholds, including the following
maintenance actions: (i) for Sw of 10% (slight degradation), a cleaning action is performed; (ii) for Sw of
20% (moderate degradation), a major intervention is performed; and iii) for Sw of 40% (generalised
degradation), a replacement of the cladding is required.

The insurance company must perform periodic inspections, to estimate the Sw value. Based on
the results obtained, the insurer decides to claim maintenance actions and the related budget, or not.
The different levels of maintenance include the following actions:

i. Cleaning: includes scaffolding installation, cleaning with water jet and brushing [18], repair of
cracking with a width ≤ 1 mm and replacement of 20% of joints;

ii. Major intervention: includes all the previous actions but with the replacement of 30% of joints.
Additionally, it includes the cleaning of the remainder 70% joints and the replacement of 20%
of the stone plates;

iii. Replacement: includes scaffolding installation and the complete replacement of the cladding,
with the application of the new cladding and the transportation to a landfill of the old cladding.

The costs of these actions are presented in Table 6 and are based on the most recent values of each
operation found in the literature and from specialized companies.

Table 6. Fixed costs of the maintenance actions (data sourced from CYPE [19] and Mousavi et al. [13]).

Sw Index Details of the Maintenance Task Costs (Year 0) (€/m2)

10%

Scaffolding 3.69

Cracking 8.28

Cleaning 19.03

Joint’s replacement (20%) 2.05

Total 33.05

20%

Scaffolding 3.69

Cracking 8.28

Cleaning 19.03

Joint’s replacement (30%) + Joint’s repair (70%) 6.67

Cladding’s replacement (20%) 11.23

Total 48.90

40%

Scaffolding 3.69

Cladding’s replacement (100%) 56.14

Total 59.83

The insurance policy proposed presents some limitations regarding the claims:

i. During the duration of the policy, the claim of each maintenance action occurs only once,
i.e., after a cleaning action, the insurer will only intervene when the next degradation level is
reached, thus performing a major intervention;

ii. It is considered, as a simplification, that the maintenance actions have no effect on the cladding’s
degradation condition (in terms of the Sw value), i.e., the age in which the next maintenance
action occurs is the same before and after the maintenance action;
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iii. It is assumed there are no periodic maintenance actions by the insured;
iv. In the case of a condominium, the insurance is equally shared by the individual unit owners

that pay the same premium;
v. An annual policy with renewal option is adopted. The premium is fixed during the

period of subscription, independently of the rate’s volatility, which is beneficial for the
insured, since he/she knows the total cost of the insurance policy, without surprises, hassles,
or extra calculations.

3.1.3. Determination of the Annual Premium for the Insurance Policy

This study establishes a calculation method for an insurance policy to cover the natural degradation
of buildings’ components. According to the methodology proposed, the total present value of the
insurance policy is given by Equation (3).

PV =
Ct,nom(C)

(1 + rnom)
tC

+
Ct,nom(MI)

(1 + rnom)
tMI

+
Ct,nom(R)

(1 + rnom)
tR

, (3)

Ct, nom(C), Ct, nom(MI), and Ct,nom(R) correspond to the nominal costs of the maintenance actions of
the different degradation thresholds, tC, tMI, and tR, indicating the year in which those costs occur and
rnom represents the nominal discount rate, which includes the global inflation risk, opportunity costs,
and other costs. The Ct,nom terms include the effect of inflation, which affects the nominal discount rate,
as explained by Fisher’s theory [20], as shown in Equation (4).

1 + rnominal = (1 + rreal) ∗ (1 + i)⇔ rreal =
1 + rnominal

1 + i
− 1, (4)

The use of nominal or real values must be consistent, when the calculations are made with cash
flows and discount rates. To work in nominal terms, the trends in equipment, labor, and material costs
must be contemplated. In this study, an inflation rate (is) of 3% and a global inflation rate (ig) of 2%
are adopted, in accordance with the Portuguese context. To simplify the presentation of this study
results, real values are used. Equation (3) can be used to determine the expected costs and premiums,
as shown in Equations (5) and (7), respectively.

PV, cost =
Ct,real(10)(

1 + rreal,cost
)t10

+
Ct,real(20)(

1 + rreal,cost
)t20

+
Ct,real(40)(

1 + rreal,cost
)t40

, (5)

Ct,real(10), Ct,real(20), and Ct,real(40) are the real costs of the maintenance actions of the different
degradation thresholds, which are the same for all the proposed models; t10, t20 and t40 are the years in
which those costs occur; rreal,cost is the real discount rate, equal for all the models and obtained through
Equation (4). Equation (6) presents the discount rate applied to the cost, only considering rate is.

rreal,cost =
1 + rnominal

1 + is
− 1 =

1 + 0.06
1 + 0.03

− 1 = 0.029 = 2.9%, (6)

Equation (7) presents the present value of the premium, in which Ct,premium is the annual premium
in €/m2, whose definition is the main objective of applying the proposed models.

PV, premium =
Ct, premium(

1 + rreal,premium
)1 +

Ct, premium(
1 + rreal,premium

)2 + . . .+
Ct, premium(

1 + rreal,premium
)tR

, (7)
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The rreal,premium is the real discount rate, equal for all the models, considering not only rate is but
also rate ig, as shown in Equation (8).

rreal,premium =
1 + rnominal

(1 + is) ∗
(
1 + ig

) − 1 =
1 + 0.06

(1 + 0.03) ∗ (1 + 0.02)
− 1 = 0.0089 = 0.89%, (8)

The premium value (Ct,prémio) is obtained by equalling Equations (5) and (7). The value obtained
is converted to Euros paid per household by multiplying the premium by the cladding’s area and
then dividing by the number of individual apartments. The final definition of the premium value
should also consider the insurance company’s profit margin. The different models proposed allow
transforming the probability of the claddings reaching the end of their service life into profit margins.

4. Application of the Methodology to a Real Case Study

One of the most important aspects in the insurance premium calculation is price discrimination.
A bonus-malus premium calculation principle must be used, ensuring that not all the individual policies
in the portfolio present the same premium, because the level of risk is distinct [21,22]. This concept is
widely adopted in car insurance, in which a series of variables affecting the risk level are analyzed to
establish the premium, e.g., the age and the gender of the driver, his/her living address, time since the
driving licence was issued, among others. A similar principle should apply to insurance policies for
claddings, in which the characteristics of these elements should be contemplated when the premium
is determined.

For that purpose, the proposed models are analyzed using a real building as a case study. The first
step was the visual inspection of the cladding in situ, collecting the relevant information to apply the
service life prediction models. This inspection was complemented by an interview with the building’s
architect. This case study is in Lisbon, Portugal, and has 15 apartments and 606 square meters of stone
cladding. The cladding is 14 years old, presents medium-sized limestone plates (0.24 m2), is located
less than 5 km from the sea, and has a high exposure to damp.

With the building’s characteristics, the application of the multiparameter models for the case
study is feasible and the comparison between the resulting cladding age values and the ones obtained
through the single-parameter models. That knowledge, paired with the costs previously presented,
allows calculating the risk premium for each model.

Table 7 presents the case study’s remaining years until the proposed maintenance actions, for each
model, and considering four insurance risks for which different premiums must be designed.

Table 7. Case study’s remaining time (in years) before action for the defined degradation levels,
by model.

Deterministic Single-Parameter Stochastic
Multiparameter

Stochastic

Single-Parameter Multiparameter
Risk Margins

5% 10% 20% 50% 5% 10% 20% 50%

Sw

10% 38 34 20 25 29 37 19 24 28 36
20% 54 54 39 43 47 54 50 52 55 59
40% 74 73 60 66 71 80 70 72 76 81

The values were obtained by subtracting from the different estimated cladding age values the
present age of the cladding (14 years). Table 6 typifies some aspects deemed important:

i. The cladding’s characteristics do not produce significant deviations between the remaining time
before action obtained by the deterministic models. The comparison between the remaining
time before action obtained by the single-parameter stochastic model and multiparameter
stochastic model, for the threshold Sw = 10%, for any risk margin is also inconclusive;
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ii. In the multiparameter stochastic model, the risk’s reduction is equivalent to an anticipation
of the maintenance action’s schedule. This effect is less noticeable in the second and third
degradation levels;

iii. For the thresholds Sw = 20% and Sw = 40%, in both stochastic models, when a lower level of
risk is assumed, naturally a lower remaining time before action is obtained. This conclusion is
more evident for the single-parameter stochastic model, for replacement actions (Sw = 40%);

iv. For a fixed risk margin, in both the second and third degradation thresholds, the expected
remaining time before action is higher in the multiparameter stochastic model than in the
single-parameter one. The difference is substantial for lower risk margins (5%) and for more
profound maintenance actions, such as the replacement.

Based on these values, the premium for each model is determined. The method is the same for
every model, only changing the years in which the maintenance actions occur and the maximum
duration of the policy until renewal. This duration corresponds to the period until the materialization
of the last maintenance action associated with a Sw = 40%. The procedure will be exemplified with the
single-parameter deterministic model, as shown in Equation (9).

PV, premium = Ct,premium

⎛⎜⎜⎜⎜⎜⎜⎜⎝
1

rreal,premium
− 1

rreal,premium
(
1 + rreal,premium

)t40

⎞⎟⎟⎟⎟⎟⎟⎟⎠, (9)

Equation (10) presents the present value of the future payment.

PV, cost =
33.05

1.02938 +
48.90

1.02954
+

59.83
1.02974

= 28.63 /m2, (10)

Finally, it is possible to obtain the annual premium in €/m2, as shown in Equation (11).

28.63 = Ct,premium

⎛⎜⎜⎜⎜⎝ 1
0.0089

− 1

0.0089(1 + 0.0089)74

⎞⎟⎟⎟⎟⎠⇔ Ct,premium = 0.53/m2, (11)

This result is the risk premium rate for this case study, when the insurance is subscribed in 2017
based on this model. The risk premium by household is obtained through Equation (12).

Ct,premium ∗Area o f stone cladding
N.o o f households

=
0.53 ∗ 606

15
= 21.45 (12)

The commercial premium is obtained by multiplying the result of Equation (10) by some coefficients
that represent the margins for administrative expenses and expected profit. In this methodology, a fixed
coefficient of 1.3 universal to all models is considered first, intending to cover the fixed costs present in
any financial institution. A safety margin of 1.2 for the single-parameter and 1.1 for the multiparameter
models is also applied, accounting for the estimation errors of the models. The commercial premium by
household of the case study analyzed, for the single-parameter deterministic model, is 33.47€. Table 8
summarizes the same calculations for the remaining models.
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Table 8. Summary table with estimated times before action, costs, risk premium rates, risk premiums,
risk coefficients, and commercial premiums per household for the different models.

Deterministic Single-Parameter Stochastic Multiparameter Stochastic

Single-parameter Multiparameter 5% 10% 20% 50% 5% 10% 20% 50%

Sw

10% 38 34 20 25 29 37 19 24 28 36

20% 54 54 39 43 47 54 50 52 55 59

40% 74 73 60 66 71 80 70 72 76 81

VP,cost (€/m2) 28.63 30.19 45.26 39.35 34.85 27.82 38.81 35.15 31.63 26.59

Ct,premium (€/m2) 0.53 0.56 0.98 0.79 0.67 0.49 0.75 0.66 0.58 0.46

Risk premium by
household (€) 21.45 22.84 39.55 32.02 26.90 19.75 30.26 26.86 23.26 18.72

Risk coefficients 1.3*1.2 1.3*1.1 1.3*1.2 1.3*1.1

Commercial premium
per household (€) 33.47 32.66 61.69 49.96 41.96 30.80 43.28 38.41 33.26 26.77

Final premium per
household (€) - - 33.89 32.72 31.92 30.80 28.42 27.93 27.42 26.77

Table 8 shows the relation between the estimated service lives related with each maintenance
action and the resulting insurance’s premium. The deterministic model, although simpler, has the
same probability of not estimating correctly the service life as the stochastic model for a risk margin of
50%. The simplification of using the average values leads to a slightly higher risk premium.

5. Results

In this study, the knowledge of the loss of performance of stone claddings, based on the evolution
of degradation of these elements in real exposure conditions, is used to develop an insurance product.
According to the results obtained, the following main conclusions can be drawn:

i. An insurance product based on a deterministic model will not be able to compete against an
insurance based on a stochastic model with a 50% risk margin, because it provides the same
coverage and risk charging, with a higher premium;

ii. In the deterministic approach, the commercial premium’s difference between single-parameter
and multiparameter is below 2€, which reveals the lack of preponderance of the discrimination
of the cladding’s characteristics in these models;

iii. In the stochastic models, the lesser the assumed risk margin, the greater the premium. This aspect
is more evident in the single-parameter model;

iv. For a fixed risk margin, the premium is lower in the multiparameter stochastic model than in
the single-parameter one. The difference is more expressive for smaller risk margins (5%);

v. These results reveal that the design of an insurance product knowing the characteristics of
the insured object allows reducing the costs for the policyholder, which also increases the
possibility of acquiring this insurance policy.

The risk premium is higher for an insurance product that predicts with greater prudence the
expected intervention periods because the cost’s increase is passed on to the client. During the
subscription to the product “multiparameter stochastic 5%”, the insurance company considers that the
client belongs to the 5% whose cladding will need a cleaning at year 19, a major intervention at year 50
and a total replacement at year 70. In reality, 95% of the clients will have those maintenance needs at a
later stage of the cladding’s life, which results in lower costs for the insurer.

In the real world, it is well-known that the prices reflect elasticities of demand just as much as
costs [23]. If the premium prices are not well-adjusted to the market and to the insured object, customers
will naturally choose competing companies with a better, risk adjusted pricing system [24]. Therefore,
in this study, in order to provide a greater equilibrium to the commercial premiums, increasing their
competitiveness and motivating a risk reduction, the final premium is adjusted. The insurer obtains
some advantages through the application of the service life prediction models, i.e., knows, for a given
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cladding, the risk of failure with a known margin of risk. This knowledge must beneficiate not only the
insurer, but also the policyholder. For that, the premium calculations must be made with the stochastic
model’s results, and for models with risk margins lower than 50%, the insurance company can decrease
up to 90% of the difference between the premium of the considered model and the premium of the 50%
risk margin model, in order to make the product more competitive. Equation (13) presents an example
of the determination of the final premium, adopting the multiparameter stochastic model with 5%
risk margin.

Final premium by household = 43.28− 0.9 ∗ (43.28− 26.77) = 28.42 (13)

The commercial premium for the policyholders of the case study varies between 25€ and 35€ per
year. Considering the average apartment’s real estate value, the yearly premium corresponds to less
than 0.1% of the cost of an apartment. The same cannot be said about vehicle insurance, the most
popular nonlife insurance branch, where it is unexpected that the premium equals 0.1% the value of the
vehicle. This difference shows the asymmetry in the way society values the building stock compared
to other tangible assets.

6. Discussion

As mentioned by Kunreuther et al. [25], consumers and landlords usually misperceive the
insurance products, mainly because of their feelings about losses they may or may not experience. The
consumers usually want to pay low premiums, which do not cover all the possible losses, and feel
disappointed when they suffer a loss; on the other hand, consumers see the insurance product as an
unwise investment when they pay an insurance premium for several years and the loss does not occur.
The authors [25] refer that when purchasing an insurance product, a costumer’s mantra should be the
best return is no return at all, i.e., the insurance product should protect the costumer from potential losses,
at an acceptable premium, while it is expected that the loss or an extreme event would never occur.

The potential losses due to the future degradation of buildings’ components are usually neglected
by insurance companies, and most homeowners do not voluntarily adopt cost-effective measures to
reduce the impact and costs of those losses [26]. These attitudes led to a built park with clear signs of
degradation and a high economic burden associated with their maintenance and repair. In this sense,
the role of the insurance companies is extremely important, since the policyholders can transfer the
risk of degradation of the construction elements to insurance companies, which will defray the cost of
maintenance and replacement of the buildings’ components in case of failure [27].

Currently, insurers do not have enough information to propose realistic risk-based pricing,
incorporating mitigation activities [28,29]. The insurance business is highly dynamic and competitive
and the clients’ majority is driven by basic insurance products with the lowest premium possible.
However, the insurer must ensure the definition of well-designed insurance products, even if it costs
more. In this sense, it is extremely important to have accurate knowledge regarding the object insured
and the risk and cost of losses if a given event occurs.

Past studies [27,30] have discussed the benefits of using insurance as a mechanism for risk
mitigation. In fact, several studies [31–34] discuss how insurance can be efficiently used to decrease
litigation for defective construction. Moreover, some studies [35] also analyze the risks associated
with the serviceability of the building and its components. However, the literature does not
provide much evidence or insights on the particular design of such insurance policies for a specific
maintenance/performance risk. This study has an innovative character, providing the methodological
basis for the design of such insurance policies. It follows the standard approach for designing insurance
(probability analysis, incident cost, and risk premium calculation), but specifically adapted to natural
stone facade claddings.

More studies are needed in order to properly evaluate the aging and deterioration, and the
consequent probability of failure of the facade elements. Some standard methods can be found in the
literature, addressing the analysis of accelerated climate aging of building materials under different
laboratory conditions [36,37]. These methods are extremely relevant for a deeper knowledge of the
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materials characteristics and their behaviour under different exposure conditions, allowing predicting
an expected lifetime for a specific building material under a specific set of conditions. Accelerated
artificial aging exposure experiments, such as the methods proposed by [36,37], save both time and cost;
nevertheless, the extrapolation of these analyses to the real degradation processes can be a challenging
task since the deterioration process in-service conditions is ruled by the simultaneous and synergic
occurrence of several degradation factors. As mentioned by Silva et al. [15], each facade is a unique
prototype subjected to unrepeatable conditions. In this sense, this study suggests the adoption of
the analysis of real case studies, under natural exposure conditions, to evaluate the future trend of
degradation of stone claddings.

Currently, there is an urgent demand for methodologies to evaluate the probability of failure of
buildings and their components. Some probabilistic-based methodologies have been proposed for
the evaluation of the degradation of building materials [38]. Structural approaches to evaluate the
risk of failure can also be applied for modelling the deterioration of facade claddings. For example,
Silva et al. [15] proposed the adoption of artificial neural networks, fuzzy systems, and Markov chains
to model the deterioration and service life of external claddings. Markov chains are usually adopted
for the stochastic analysis of the performance prediction, service life, and maintenance management
of bridges. This model was successfully adopted for modelling the transition between degradation
condition of facades’ claddings, and as well, other similar structural approaches can be used to model
the service life prediction of facades’ claddings, thus providing extremely useful information related
with the risk of failure of a given cladding, according to its age and specific conditions of exposure and
use. In this study, a probabilistic approach is also proposed for the definition of the insurance policy,
revealing that a better knowledge of the risk of failure of the cladding benefits not only the insurer,
but also the policyholder.

The methodology for the premium’s valuation presented in this study needs to be adjusted based
on the insurer’s portfolio and on the market conditions. In this study, a proposal that fits the observed
context was presented, although it needs to be readjusted over time.

In future research, it would be relevant to evaluate similar insurance products covering different
facade materials, such as ceramic cladding or renderings, and other coverings of building components,
such as roofs and structure. Other aspects should also be analyzed in the future and adapted to each
specific context, such as variation in the type, periodicity and effects of the maintenance actions, flexible
scheduling of the maintenance actions in accordance with the owners’ needs and expectations, and the
measurement of the severity of degradation of the cladding before defining the insurance policy and
estimating the premium cost. Finally, future research should also include an analysis of the transaction
and administrative costs associated with this methodology, considering that they will be higher for
insurers when compared with the “business as usual” approach.

7. Conclusions

In this study, an innovative approach for the design of an insurance policy model, applied to natural
stone facade claddings, is proposed. In this model, the insurance rates are scientifically and effectively
determined, based on technical knowledge related with the real loss of performance of the stone
claddings over time and according to their characteristics (collected through an extensive fieldwork).
The insurance premiums are thus designed based on the information obtained by deterministic and
stochastic service life prediction models. The service life prediction models allow estimating, in a more
precise and scientific manner, the expected claims and the related risk load.

The results obtained reveal that stochastic models produce more relevant information for the
definition of the insurance policies. The knowledge of the probability of failure of the building’s
components over time and according to their characteristics is a very useful information to calculate the
fair price of an insurance contract. Therefore, the stochastic models allow reducing the risk assumed by
the insurance company by evaluating whether the planned maintenance activities must be anticipated
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or delayed, according to the corresponding degradation thresholds and the risk of the cladding reaching
those thresholds.

The segmentation of the claddings’ characteristics allows discriminating the price of the insurance
policy for different policyholders. In this sense, multiparameter models are more precise and useful.
For an equal risk margin, and for more intrusive maintenance actions (also more expensive), such as the
cladding’s replacement, a more accurate knowledge regarding the cladding’s characteristics leads to a
postponement of the claims (i.e., the execution of the maintenance actions). An increased knowledge
of the insured object allows decreasing the insurance premiums paid by the policyholders, as well as
increasing the insurer’s safety margins.

Therefore, the use of multiparameter stochastic models in the design of the insurance premium is
beneficial for both parties. The application of the insurance policy proposed in this study presents
several advantages. For the policyholder, it allows altering the nature of the risk and its allocation,
shifting increased risks to the insurance company. Moreover, this insurance product promotes the
conservation of the built heritage, increasing the patrimonial value of the asset (which is beneficial for
the image of the cities), reducing the risk of failure and the uncertainty of the cost of maintenance over
time. For residential condominiums, this type of insurance can be very profitable, since the risks are
shared by the households, resulting in a lower price for the insurance premium. For the insurance
company, the adoption of accurate information regarding the probability of the claims and the related
risks allows reducing the premium. On one hand, in the long-term, a lower insurance premium can
affect the profits per insured. However, lower premium prices, once well-adjusted as described in this
study, with safe and well-known risk margins, will expectedly lead to a greater number of clients in
the portfolio, thus leading to a global reduction of the risks assumed by the insurance company.
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Abstract: A statistical survey on the pathology and rehabilitation of linoleum and vinyl floorings
is presented. It is based on the visual inspection of 101 vinyl and linoleum floorings, in six health
infrastructures in Lisbon, Portugal, which enabled the validation of the classification/nomenclature
previously proposed, as well as the corresponding correlation matrices. It was also possible to
identify the most common types of anomalies, their probable causes, the most adequate in situ
diagnosis methods, and the most useful repair techniques. Anomalies, diagnosis methods, and
repair techniques files were also validated. The obtained data enabled anomalies to be related to
their causes, in situ diagnosis methods, and respective repair techniques e.g., a high number of
scratches/wear were detected associated with dragging of equipment. The conclusions drawn intend
to raise awareness among the industry actors and minimize the development of anomalies and their
causes at the design and application stages. Furthermore, the main sensitive issues of the cladding
system during its service life were revealed, highlighting the importance of a correct maintenance
plan to minimize the surface’s susceptibility to various degradation mechanisms.

Keywords: linoleum and vinyl floorings; inspection; pathology; statistical survey; healthcare infrastructures

1. Introduction

Vinyl and linoleum are generally used in floorings and wall claddings. Technological and
scientific evolution has played an important role on this type of flooring, allowing the development
and marketing of a wide and innovative range of vinyl and linoleum floorings (VLF). It led to an
increase in use and a broader scope of application, as well as easier manufacturing and new application
methods [1]. In order to obtain better results, the application of VLF must be founded on scientific,
physical, and economic criteria. Hence, the choice of flooring should start with an adequate and
demanding prescription, based on factors such as the materials’ properties, location of the flooring,
and the conditions it will be subjected to throughout its service life [2].

The design and execution stages are crucial for the quality of VLF, since, when these stages are
not given the proper attention, there is an increase in pathological manifestations and the service life
decreases [3]. There is a need to prevent the occurrence of anomalies, along with accurately assessing
them, in order to make a correct diagnosis. It is also important to recommend the adequate repair
techniques, considering the anomalies’ causes. An expert inspection system is the adequate tool to
perform these methodological changes in assessment approach and decision-making [4].

However, anomalies that arise in VLF often deny the expectations of a cladding with good
performance and durability. In fact, pathological situations in VLF have been occurring more often in
the first years in service, showing a direct relation with factors like maintenance, use, and substrate.
This may be due to the lack of selection criteria for the type of flooring to apply [5], suited to the
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surrounding environment, allied with the lack of an economic comparative analysis of materials. Tight
schedules may also play an important role at the design and execution stages, as well as the lack of
training and awareness of non-specialized workmanship, disregard for technical issues, and exclusive
consideration of aesthetics. Moreover, the frequent lack of coordination among different designers
results in the incompatibility of elements of the prescribed solution (e.g., the adhesion procedure and
the substrate) that are only detected at the execution stage.

Therefore, it is of high importance to study the durability of VLF in sets of buildings in various
locations, subjected to different actions, in order to understand the pathology according to the
characteristics of VLF. Inspections can be systematized and should be included in a maintenance plan,
to prevent degradation of the flooring and its substrate.

The American Society for Testing Materials (ASTM) has several publications [6–13] covering
distinct aspects, especially in the project and application stages of VLF. The standard tolerances and
guides [14–18] from the American Concrete Institute (ACI), should also be taken into account, since
the substrate plays such a big role, and it is usually made of concrete. However, apart from these
publications, there is hardly any literature (e.g., manuals) regarding the inspection, diagnosis, and
rehabilitation in this field. Hence, a system to support the inspection, diagnosis, and repair of VLF was
developed by the authors [19].

Regarding the health sector, several studies emphasize the importance of adequate maintenance,
in order to prevent hospital-acquired infections [20–30].

The purpose of this paper is thus two-fold, as it intends to show how the expert system of inspection
was validated, as well as present and analyze the statistical data acquired during that process.

Finally, though the expert system of inspection was built based on the pathology detected in
healthcare facilities, it can be extrapolated to any other facilities (e.g., schools, sports facilities, airports).
Still, data on healthcare facilities pathology should not be applied directly for decision-making in
other types of facilities. Systems created outside the scope of healthcare cannot be used in healthcare
facilities, due to specific criteria that must be considered (e.g., infection control).

Research Significance

During the inspection campaign, in July 2017, 101 floorings were inspected in six healthcare
facilities in the Lisbon area, Portugal; two of them private and four public. These healthcare facilities
are representative of health infrastructures in Portugal. Healthcare facilities were chosen as the object of
the inspection campaign due to the common use of VLF in this type of facility and to the maintenance
specificity of healthcare facilities. Thirteen floorings were of linoleum and 88 of vinyl, influencing
the analysis of results. Following the methodology implemented by the same research team in other
cladding systems [31–42], the inspections’ data enabled the comparison with the theoretical correlation
matrices, validating them. The matrices that relate anomalies and causes, anomalies and diagnosis
methods, anomalies and repair techniques, and anomalies with each other are presented by Carvalho
et al. [19]. Detailed files with information on each type of anomaly, diagnosis method, and repair
technique were also created and validated.

After validating the expert inspection system, the inspection data were statistically analyzed, and
conclusions were drawn. To the best of the authors’ knowledge, there is no other work in the literature
with the same scope and objectives considering VLF.

2. Pathology and Classification System

The classification of anomalies proposed by Carvalho et al. [19] is divided in three groups,
according to the location of the anomaly, and has a total of ten anomalies, listed in Table 1. The first
group includes anomalies on the surface or in depth of the flooring (A-A), the second anomalies
that occur on the substrate (A-B), and the third group anomalies on flooring welding joints (A-C).
Anomalies are coded with an A for anomaly, a hyphen, and a sequential capital letter for the group
reference (i.e., A for surface and depth, B for substrate, and C for joints), followed by sequential
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numbering. The probable causes of anomalies, diagnosis methods, and repair techniques are coded
using similar labelling.

Table 1. Proposed classification of flooring anomalies, their probable causes, diagnosis, and rehabilitation
techniques [19].

Code Anomaly Code Anomaly

A-A on the surface or in depth A-A4 prickles/punctures
A-A1 scratches/wear A-A5 cracking
A-A2 staining/dirt/color changes A-A6 loss/fracture/rotting
A-A3 brightness changes - -

A-B on the substrate A-B2 peeling
A-B1 blistering A-B3 depression/settlement

A-C on the joints A-C1 faulty welding joints

Code Probable cause Code Probable cause

C-A design errors C-A3 deficient detail of singular areas
C-A1 choice of incompatible or unsuitable materials C-A4 defective design of the coating system
C-A2 areas inaccessible for cleaning - -

C-B execution errors C-B4 inadequate substrate preparation

B-B1
use of materials not available and/or
inadequate and/or incompatible with each
other

C-B5 inadequate application of material

C-B2 application under extreme environmental
conditions C-B6 poor interpretation of the project

C-B3 non-compliance with the pauses the between
the several phases of execution C-B7 non-compliance with the setting time until

the use of flooring

C-C external mechanical actions C-C3 substrate deformation
C-C1 fall of objects C-C4 dragging of equipment
C-C2 concentration of stress in the substrate C-C5 punching actions

C-D environmental actions C-D3 presence of moisture
C-D1 sun exposure C-D4 natural ageing
C-D2 biological action/chemically aggressive agents - -

C-E maintenance errors C-E1 insufficient/incorrect cleaning of the
flooring

C-F change of the original use conditions C-F2 changing the use of space
C-F1 excessive loads - -

Code Diagnosis method Code Diagnosis method

M-A assisted visual analysis M-A2 crack meter (ND)
M-A1 visual inspection (ND) M-A3 crack ruler (ND)

M-B mechanical M-B2 percussion hammer (ND)
M-B1 sphere impact test (SM) M-B3 pull-off adhesion test (D)

M-C thermal M-C1 infrared thermography (ND)

M-D water content and temperature M-D3 hygrometer (ND)

M-D1 inner moisture and temperature measurement
(ND) M-D4 speedy moisture test (D)

M-D2 superficial moisture measurement (ND) - -

Code Repair techniques Code Repair techniques

R-A superficial zones R-A3 stripping (*) (cr; pr; m)

R-A1 cleaning the cladding (cr; m) R-A4 mixture of white glue and linoleum scraps
(*) (cr)

R-A2 applying a surface protector (cr; pr; m) R-A5 application of welding (cr)

R-B whole flooring R-B2 partial replacement of the flooring (cr; pr)
R-B1 total replacement of the flooring (cr; pr) R-B3 glue injection (cr; pr)

R-C substrate R-C1 replacement of the levelling layer (cr; pr)

R-D flooring surrounding area R-D1 repair of anomalies in footers (cr; pr)

D—destructive; SM—semi-destructive; ND—non-destructive. (*) The R-A3 and R-A4 techniques only concern
linoleum floorings. cr—curative repair technique; pr—preventive repair technique; m—maintenance work.

Carvalho et al. [19] also proposed a classification of probable causes of anomalies, to adequately
decide how to control and repair detected anomalies (Table 1). It groups the causes of anomalies in VLF
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into six categories, organized chronologically: C-A design errors, C-B execution errors, C-C external
mechanical actions, C-D environmental actions, C-E maintenance errors, C-F change of the original
use conditions. As for the classification of diagnosis methods, it considers the technology used in the
tests to group methods. The classification of repair techniques takes the location of the anomaly into
account to group the techniques.

3. VLF Inspection Plan

Planning of VLF inspections is essential, as inspection and validation forms must be prepared,
as well as specific equipment (rulers, measuring equipment, photographic equipment, and other
accessories, if necessary). Inspection and validation forms were created based on previous research [39,
41,42]. The scope of the inspection program was to validate the system proposed by Carvalho et al. [19].

3.1. Inspection Forms

In order to make VLF inspections more effective, inspection forms were created to characterize
the buildings and the materials and procedures related to the flooring’s execution. These forms also
contain important information on the building’s surroundings. Validation forms include data on the
detected anomalies and all related data, as well on the VLF areas that should be given special attention
in the future.

In each inspection form, the following information should be filled out: In the heading, the number
of the inspection form, date, surveyor’s name and role, and the inspection’s main purpose; for each
building, the location, main use, year of construction, location of the floor under analysis, exposure to
polluting agents, and solar radiation, and any contacts made; for each inspected flooring, linoleum or
vinyl type, type of application (tile or roller), type of glue used, area (in m2), type of substrate, existence
of a vapor barrier, welding cord, type of finish/skirting (and height), and any singularities of the floor;
maintenance operations recorded, namely, type and frequency of maintenance actions, and details
about them (date, type of materials, and techniques used).

3.2. Validation Forms

For each VLF inspected, one validation form was filled out, in which the detected anomalies were
identified according to the classification described in Section 2. It should be noted that the number of
anomalies identified in each flooring was always equal to or greater than one, since only VLF with
anomalies were considered. Each anomaly is characterized in terms of location within the VLF, affected
area or length (nominal and relative), and the degradation of the laying material or the substrate itself.
Other data of interest for the characterization of the repair urgency were also collected, such as the
aesthetic value of the affected areas and the possible recurrent occurrence.

For each detected anomaly, probable causes (direct or indirect), adequate diagnosis methods, and
repair techniques were registered on site, based on visual observation and according to the classification
systems mentioned in Section 2.

4. Data analysis and Statistical Characterization

As shown in Figure 1, of the 101 VLF inspected, approximately one third was over 20 years, one
third was in the remaining age gaps, and the other third did not have information on the construction
year (NI). The oldest VLF inspected, of those with a known age, was 32 years old. That flooring
was quite worn due to consecutive waxing and stripping. However, it did not show anomalies
other than wear, scratching, and welding joints between tiles requiring replacement. According
to Gorrée et al. [43], stripping and resealing a linoleum floor should be done six times in 20 years
(approximately every three years) in public buildings, but the specificity of the inspected floors may
have required a different periodicity of this activity.
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Figure 1. Absolute frequency of the inspected vinyl and linoleum floorings (VLF) according to the
construction year (NI—not identified).

Even though the sample’s floorings are only divided in vinyl and linoleum materials, as no
laboratory tests were performed, nor sufficient information was available, the analysis of the age of the
flooring system shows that more recent floorings are likely to have improved materials and application
techniques that result from the constant innovation in the sector.

4.1. Anomalies Observed in the Sample

A total of 344 anomalies were detected in the inspected floorings, resulting in an average of 3.4
anomalies per flooring. As for the probable causes, 537 were recorded, resulting in an average of
approximately 1.6 causes per anomaly. As to diagnosis methods and repair techniques, a total of 898
and 739, respectively, were recommended, which results in an approximate average of 2.6 diagnosis
methods and 2.1 repair techniques per anomaly. The absolute and relative frequencies of detected
anomalies were analyzed (Figure 2). Note that the relative frequency was calculated by dividing the
absolute frequency by the number of inspected VLF.

Anomalies “A-A1 scratches/wear”, “A-A2 staining/dirt/color changes”, and “A-C1 faulty welding
joints” occurred in more than half of the inspected floorings. The most frequent anomaly was
A-A1, occurring in 76 floorings. Considering how easy it is to scratch a VLF [1], such frequency is
not surprising, as careless dragging of equipment is enough to leave a scratch, and the wheels of
most trolleys have inadequate or worn-out material. An even higher frequency could be expected,
but it should be noted that recent floorings, with only months of age, were also considered in the
inspections campaign.

Anomaly “A-B1 blistering” was the least frequent one (in approximately 10% of the sample).
Nevertheless, it has considerably more severe consequences than others. The low frequency of A-B1
may be associated with its seriousness, since, when blistering occurs, it can condition the mobility
of people and equipment, as well as affect the aesthetic value. If it is due to infiltration, the absence
of repair actions may aggravate the situation. Thus, it is assumed that, when blistering occurs, it is
usually repaired, resulting in a low frequency of the anomaly.

Anomaly A-C1 faulty welding joint is the second most frequent anomaly, occurring in 53% of
floorings. This result may be associated with poor execution, leading to the accumulation of dirt, and
fractures in smaller areas, when subjected to stress.

As for anomaly “A-A2 staining/dirt/color changes”, 52 occurrences were detected, but a higher
frequency was expected, according to the results of Personen-Leinonen et al. [44]. However, since the
inspected infrastructures belong to the health sector, they involve very high cleaning requirements,
justifying the lower than expected frequency. In general, dirt can be eliminated with cleaning. As for
indelible stains and color changes in linoleum floorings, they can only be removed by stripping.
In vinyl or recent linoleum floorings, they can be removed by polishing. In these cases, the VLF is only
replaced when the affected area is of exceptional aesthetic value.
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Comparing the incidence of anomalies in VLF with that of wood floorings, it is found that, in
wood floorings, scratches, or wrinkles (above 80% of floorings) are also the most common detected
anomaly [33]. In wood floorings, scratches are even more predominant, as the next frequent anomaly is
only detected in about 25% of inspected floorings. These results raise the question whether scratching
may be a generalized problem of floorings, possibly associated with the inadequate functional
classification of space and rooms.

 
(a) 

 
(b) 

 
  

(c) 

 
* R-A3 and R-A4 techniques only concern linoleum floorings. 

(d) 

Figure 2. Absolute frequency (and relative frequency) of: (a) Detected anomalies; (b) probable causes;
(c) adequate diagnosis methods; (d) recommended repair techniques.
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In regard to urgency of repair, approximately 47% of anomalies belong to intervention level 1, 40%
to level 0 (the most urgent), and 13% to level 2 (Figure 3). Anomalies on the substrate (A-B) usually
require a higher repair urgency, as the affected area is prone to rapidly increase. It is also the case of
anomalies “A-A5 cracking” and “A-C1 faulty welding joints”, if there is a possibility of infiltration.
In the health sector, aseptic conditions and functionality must be guaranteed. However, functionality
becomes impossible when blistering and depressions occur, as they can un-calibrate instruments and
hinder the stability of a patient being transported on a stretcher.

 
(a) (b) 

Figure 3. Urgency of repair: (a) Relative frequency of anomalies in each level; (b) relative frequency of
each level for each type of detected anomalies.

Figure 3 shows that the anomalies that most require short-term intervention were, in descending
order of priority, “A-B2 peeling” (88%), “A-A6 loss/fracture/rotting of material” (79%), “A-B3
depression/settlement” (72%), “A-A5 cracking” (71%), and “A-B1 blistering” (70%). In group
A-A anomalies on the surface or in depth, anomalies “A-A4 prickles/punctures” (41%) and “A-A1
scratches/wear” (20%) could also be highlighted. As for anomaly “A-C1 faulty welding joints”,
approximately half of the sample was at level 0 and the other half at level 1. The absence or deficiency
of the welding joint, allied with inadequate cleaning, creates a singularity where water may enter,
triggering detachment of the flooring. This shows the importance of timely maintenance interventions
at welding joints to guarantee the expected service life of the VLF. Regarding anomalies “A-A2
staining/dirt/color changes” and “A-A3 brightness changes”, most belonged to level 2 (less urgent),
with 62% and 71%, respectively. This is related to the mentioned high cleaning requirements in
health infrastructures.

As for location of anomalies, in some situations, a specific type of anomaly is predominant. It is
the case of anomaly “A-A1 scratches/wear”, which is often seen in poorly executed transition areas or
at the entrance of the rooms (Figure 4a,b). It is also the case of anomaly “A-A3 brightness changes”,
which often occurs immediately below the alcohol-based disinfectant dispensers (Figure 4c).

As mentioned, out of the six inspected health infrastructures, two were private and four were
public, resulting in 24 and 77 analyzed floorings, respectively. Thus, a comparison between anomalies
in private and public infrastructures was made. First of all, a significant age difference was noted, as all
VLF inspected in Private-1 were more than 20 years old, while those in Private-2 were up to 10 years
old. The frequency of anomalies in Private-1 (12 cases), Private-2 (12 cases), and the inspected Public
sector facilities (77 cases) is shown in Figure 5.
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Figure 4. Anomalies: (a) A-A1 scratches; (b) A-A1 wear; (c) A-A3 brightness changes; (d) A-A3 brightness
changes on a linoleum flooring due to an inadequate maintenance; (e) A-B2 peeling, requiring the use of
repair technique R-B2 partial replacement; (f) A-B3 depression/settlement, requiring the use of repair
technique R-B1 total replacement.

Figure 5. Relative contribution of each type of anomaly for the degradation of VLF in each type of
inspected health facility.

Considering the age of Private-1 floorings, in most cases it had a greater incidence of anomalies.
In fact, when visiting Private-1 facility, a need for major repair works was detected, in view of the high
number of anomalies. Moreover, inspected Private-1 floorings were exclusively in linoleum. That
explains the high relative frequency of anomaly “A-A4 prickles/punctures”, associated with the greater
residual indentation of the material and natural ageing. As for “A-A3 brightness changes”, it was
confirmed in situ that the high relative frequency is due to inadequate maintenance.

Compared with inspected Public infrastructures, Private-2 floorings had a higher incidence of
“A-A1 scratches/wear”, and the group of private infrastructures floorings had a higher incidence of
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“A-A2 staining/dirt/color changes”, “A-A3 brightness changes”, “A-A4 prickles/punctures”, “A-B1
blistering”, and “A-B2 peeling”.

4.2. Probable Causes of Anomalies

The frequency of probable causes is shown in Figure 2. During the inspection program, causes
C-A1, C-A2, and C-A4 (design errors), most “C-B execution errors” causes (except for C-B4 and C-B5),
and cause “C-D1 sun exposure” were never observed, or observed only once. This is probably due to
the lack of information on the design and execution stages, specifically about application conditions
and methodologies used. It results in the difficult establishment of relationships between design and
execution causes and anomalies in VLF more than one year old. Cause “C-C4 dragging of equipment”
was the most frequent, as was indicated in approximately 28% of anomalies, probably due to a close
correlation with the occurrence of scratches (A-A1).

The relative frequency of each of group of causes in the sample (Figure 6) shows that “C-C external
mechanical actions” (46%) and “C-D environmental actions” (26%) were the ones that contribute the
most to the occurrence of anomalies. In fact, each anomaly was caused by 0.72 mechanical actions,
on average.

(a) (b) 

Figure 6. Probable causes of anomalies: (a) Relative frequency of each group of causes; and (b) direct
vs. indirect causes.

In Figure 6, the distribution of causes in direct and indirect causes is shown, not considering
causes with two occurrences or less. The causes most often identified as direct were “C-D3 presence
of moisture” (78%) and “C-C4 dragging of equipment” (77%). On the other hand, the causes most
frequently identified as indirect (in this case, with a frequency of 100%) were “C-D4 natural ageing”,
“C-F1 excessive loads”, and “C-F2 changing the use of space”.

To analyze the contribution of each group of causes to each anomaly, Figure 7 was drawn. As to
anomaly “A-A4 prickles/punctures”, it resulted almost entirely from causes in group “C-C external
mechanical actions” (on average, 1.51 causes per anomaly), and, within the group, the most influential
causes were “C-C1 fall of objects” (81%) and “C-C5 punching actions” (68%). The latter occurs because
furniture, like chairs and tables, have worn or absent protections. Punching may also be related with
the accidental fall of objects, such as oxygen bottles.
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Figure 7. Contribution of each group of causes to each type of anomaly in the sample: (a) A-A1
scratches/wear; (b) A-A2 staining/dirt/color changes; (c) A-A3 brightness changes; (d) A-A4 prickles/
punctures; (e) A-A5 cracking; (f) A-A6 loss/fracture/rotting; (g) A-B1 blistering; (h) A-B2 peeling;
(i) A-B3 depression/settlement; (j) A-C1 faulty welding joints.

As for anomalies “A-A2 staining/dirt/color changes” and “A-A3 brightness changes”, they resulted
exclusively from causes in groups “C-D environmental actions” and “C-E maintenance errors”, the
latter represented only by “C-E1 insufficient/incorrect cleaning of the flooring”. In both A-A2 and
A-A3, the predominant environmental causes were “C-D2 biological action/chemically aggressive
agents” (50% and 94%, respectively) and “C-D4 natural ageing” (21% and 47%, respectively). Such
frequencies were expected, as the use of inappropriate cleansers or spilling of aggressive substances,
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such as antiseptic drugs, causes blemishes, changes in brightness, or indelible stains. Comparing
these relationships with those in wood floorings, staining and color changes were mainly related with
an inadequate finishing, natural ageing, and poor maintenance works [33]. So, only natural ageing
was identified in both types of flooring, as the expected wear signs in floorings can only normally be
eliminated with large investment (major repair works or replacement).

Anomaly “A-A1 scratches/wear” was almost exclusively influenced by group “C-C external
mechanical actions” (99%), due solely to “C-C4 dragging of equipment” (a direct cause). This cause
represents the use of improper wheel material, which easily leaves a mark in VLF, or moving of
furniture without adequate protections. In wood floorings [33], the circulation on floorings is also
identified in all scratch’s anomalies.

Anomaly “A-A5 cracking” was strongly influenced by the group of causes “C-C external
mechanical actions”, and, within this group, the most influential causes were “C-C3 substrate
deformation” (50%), “C-C2 concentration of stress in the substrate” (34%), and “C-C4 dragging of
equipment” (18%). When deformation occurs on the substrate, such as depression, the VLF follows the
deformation shape. Over time, the VLF loses flexibility and ends up cracking in the uneven zone.

Concerning anomaly “A-A6 loss/fracture/rotting”, it was influenced by “C-D environmental
actions” (47%), specifically by causes “C-D3 presence of moisture” (37%) and “C-D4 natural ageing”
(11%). But “C-C external mechanical actions” had an even stronger influence on anomaly A-A6 (79%).

As for anomalies on the substrate, “A-B1 blistering”, “A-B2 peeling”, and “A-B3
depression/settlement”, they were all influenced by “C-D environmental actions” (60%, 94%, and 44%,
respectively). Once more, the only influential causes of group C-D were “C-D3 presence of moisture”
and “C-D4 natural ageing”. Group “C-B execution errors” also had a strong influence on anomalies
A-B1 (60%) and A-B2 (31%), whereas group “C-C external mechanical actions” had a strong influence
on anomalies A-B2 (38%) and A-B3 (1.56 causes per anomaly, on average). Hence, the two main causes
of substrate anomalies were moisture and natural ageing of the VLF allied with execution errors and
mechanical actions, such as stress concentration in the substrate.

Finally, anomaly “A-C1 faulty welding joints” was influenced by all groups of causes, although
group “C-F change of the original use conditions” was only identified once. It is an expected result, as
joints can easily be degraded if incorrectly designed, executed, submitted to mechanical actions and
aggressive agents, or poorly maintained. A similar variety of types of causes may be verified in wood
floorings’ [33] defects in joints (change of joint size).

4.3. Diagnosis Methods

The absolute and relative frequencies of the diagnosis methods identified in the sample are shown
in Figure 2. It should be noted that, by default, all anomalies were associated with the diagnosis
method “M-A1 visual inspection”. The most frequent method, not considering M-A1, was “M-A3
crack ruler”, adequate to 43% of the anomalies, probably due to its easy use in superficial anomalies
and joints. The least chosen method was “M-D3 hygrometer” (seven cases), which may be related
with the legal requirements, in terms of ambient moisture content, healthcare infrastructures are
subjected to. Comparing with diagnosis methods that were found adequate for anomalies in wood
floorings, moisture measurement was much more recommended (almost in 30% of anomalies), as vinyl
floorings are not so sensitive to dampness and the wood floorings sample did not include healthcare
infrastructures [33].

The frequency of the diagnosis methods recommended for each anomaly is shown in Figure 8.
Anomaly “A-A1 scratches/wear” was only associated with methods “M-A1 visual inspection” (100%)
and “M-A3 crack ruler” (97%), as expected. By measuring the thickness of the scratch, one can
more easily diagnose the probable cause of the anomaly. While dragging of equipment generally
causes a finer scratch, the movement of inadequate cart wheels leaves a thicker scratch. Anomalies
“A-A2 staining/dirt/color changes”, and “A-A3 brightness changes” were exclusively associated with
method M-A1.
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Figure 8. Contribution of each diagnosis method to each type of anomaly in the sample: (a) A-A1
scratches/wear; (b) A-A2 staining/dirt/color changes; (c) A-A3 brightness changes; (d) A-A4 prickles/
punctures; (e) A-A5 cracking; (f) A-A6 loss/fracture/rotting; (g) A-B1 blistering; (h) A-B2 peeling;
(i) A-B3 depression/settlement; (j) A-C1 faulty welding joints.

As for anomaly “A-A4 prickles/punctures”, aside from method M-A1, methods “M-A3 crack
ruler” (65%), “M-D2 superficial moisture measurement” (22%), and “M-C1 infrared thermography”
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(11%) were recommended. These results were expected, since the crack ruler may assist in measuring
the anomaly, while measuring moisture may show changes in moisture content, whose causes and
extent may be better determined with infrared thermography.

Anomaly “A-A5 cracking” was strongly associated with methods “M-A2 crack meter” (71%) and
“M-A3 crack ruler” (95%), aside from M-A1. These tools, allied with the visual inspection, were the
best at diagnosing this type of anomaly. A-A5 was also characterized by a weak relationship with all
other methods, except for mechanical methods (M-B).

For anomaly “A-A6 loss/fracture/rotting”, diagnosis methods “M-A1 visual inspection” (100%),
“M-B3 pull-off adhesion test” (74%), “M-C1 infrared thermography (89%), “M-D2 superficial moisture
measurement” (68%), and “M-D4 speedy moisture test” (16%) were strongly recommended to better
assess its causes.

Regarding anomalies on the substrate, “A-B1 blistering”, “A-B2 peeling”, and “A-B3 depression/
settlement” were all associated with diagnosis methods “M-B1 sphere impact test”, “M-B2 percussion
hammer”, “M-B3 pull-off adhesion test”, “M-C1 infrared thermography”, “M-D1 inner moisture and
temperature measurement”, “M-D2 superficial moisture measurement” and “M-D4 speedy moisture
test”, besides method “M-A1 visual inspection”. For anomaly A-B1, methods M-B3 (100%) and
M-B1 (90%) should be highlighted as they were advised in circumstances in which the adhesion
conditions have changed. As for anomaly A-B2, diagnosis methods M-B1, M-B2, and M-B3 were
equally recommended in 94% of detected cases. For anomaly A-B3, methods M-C1 (96%), M-B3 (92%),
and M-D4 (92%) were the most recommended, given the probable association of A-B3 with dampness
and the usefulness of determining adhesion conditions.

Finally, anomaly “A-C1 faulty welding joints” was mostly associated with method “M-A1 visual
inspection”, but “M-A3 crack ruler” (26%) may also play an important role in determining the size of
the joint and of any detected cracks in its welding.

4.4. Repair Techniques

The absolute and relative frequencies of repair techniques were analyzed (Figure 2). On the one
hand, the most advised technique was “R-A1 cleaning the cladding”, recommended for approximately
49% of detected anomalies, which can be due to its immediate effect on the aesthetic value of the
affected area. On the other hand, technique “R-B3 glue injection”, was the least chosen (three cases),
which is probably associated with being only advised in special circumstances of anomaly “A-B1
blistering”. In wood floorings [33], the injection of voids with resin was also not recommended for
many of the detected anomalies. Specific repair works do not tend to be used frequently, regardless of
the flooring material.

Concerning the frequency of suggested repair techniques for each anomaly (Figure 9), “A-A5
cracking”, “A-A6 loss/fracture/rotting”, “A-B2 peeling”, and “A-B3 depression/settlement” were highly
associated with repair technique “R-B2 partial replacement of the flooring”, as it was considered in more
than 60% of anomalies of these types. Anomalies “A-A1 scratches/wear”, “A-A2 staining/dirt/color
changes”, and “A-A3 brightness changes” were associated with repair technique “R-A2 applying a
surface protector” in more than 75% of the cases.

Anomaly “A-A1 scratches/wear” should be repaired by “R-A1 cleaning the cladding” (96%) and
“R-A2 applying a surface protector” (87%), to reduce its aesthetic impact by smoothing the surface.
As stripping (R-A3) is exclusively used in linoleum floorings, it has a small incidence in the sample
(12%), since, in the inspection campaign, only 13 of 101 analyzed floorings were linoleum. When A-A1
occurs, partial (R-B2) or total replacement (R-B1) only should take place when the area has a high
aesthetic value, hence these techniques were only scarcely recommended in this context.
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Figure 9. Contribution of each repair technique to each type of anomaly in the sample: (a) A-A1
scratches/wear; (b) A-A2 staining/dirt/color changes; (c) A-A3 brightness changes; (d) A-A4 prickles/
punctures; (e) A-A5 cracking; (f) A-A6 loss/fracture/rotting; (g) A-B1 blistering; (h) A-B2 peeling;
(i) A-B3 depression/settlement; (j) A-C1 faulty welding joints.

Anomalies “A-A2 staining/dirt/color changes” and “A-A3 brightness changes” were both repaired
by “R-A1 cleaning the cladding” (98% and 76%, respectively), “R-A2 applying a surface protector”
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(77% and 94%), “R-A3 stripping” (19% and 53%), “R-B1 total replacement of the flooring” (19% and
24%), and “R-B2 partial replacement of the flooring” (27% and 29%, respectively). Although the
inspected rooms were in health facilities, and the cleaning requirements were extremely high, the
results on the replacement techniques were acceptable, since most A-A2 and A-A3 anomalies were
stains, discoloration, and brightness changes with some aesthetic value, but not accumulated dirt.
As for stripping (R-A3), in linoleum floorings, it was less associated with stains than with brightness
changes. It was noticed that floorings were cleaned and waxed regularly, but stripping was only partial
and not in the required timings, often resulting in alternated areas with different wax thicknesses, as
seen in Figure 4d.

Anomaly “A-A4 prickles/punctures” was only not associated with repair techniques R-B3 and
R-D1. The application of the remaining seven repair techniques depends on the area affected by the
anomaly. For small areas, cleaning (R-A1) and applying a sealant (R-A2) or a weld bead was sufficient
(R-A5). In the case of a linoleum flooring, it can be stripped (R-A3), or the punctures can be covered
with a mixture of white glue and linoleum scraps (R-A4).

Anomaly “A-A5 cracking” was mostly associated with repair techniques “R-A5 application of
welding” (50%), “R-B1 total replacement of the flooring” (26%), and “R-B2 partial replacement of the
flooring” (61%). The use of these techniques depends on the anomaly’s depth, width, and affected area.

As for anomaly “A-A6 loss/fracture/rotting”, techniques “R-B1 total replacement of the flooring”
(42%) and “R-B2 partial replacement of the flooring” (79%) were repeatedly recommended, as well as
“R-C1 replacement of the levelling layer” (58%), the latter acting on the causes of the defect.

Regarding the anomalies on the substrate, “A-B1 blistering”, “A-B2 peeling”, and “A-B3 depression/
settlement” may all be repaired by techniques “R-B1 total replacement of the flooring”, “R-B2 partial
replacement of the flooring”, “R-C1 replacement of the levelling layer”, and “R-D1 repair of anomalies
in footers”, or skirting. Anomaly A-B1 may also be repaired with “R-B3 glue injection” (30%), which
is used in specific cases of blistering. This happens especially when, in the months following the
application, it is found that the blistered area has no glue and consists of a small extent, as seen in
Figure 4e. As for anomaly A-B2, in 25% of the cases it could also be repaired by “R-A5 application of
welding”. In addition, A-B2 is the type of anomaly most associated with repair technique R-D1, in
relative terms (50% of the cases). In order to be well laid, the VLF must be heated, to become flexible
and follow the curve of the cove former, and then compressed, to ensure adhesion. This process may
be difficult, as the surface is not smooth or horizontal. If these steps are not carefully followed, the
detachment of the coving may occur.

Anomaly A-B3 may occur both in small and large areas, influencing the choice of repair techniques
R-B1 (36%) or R-B2 (80%). Figure 4f illustrates a corridor, where the constant passage of trolleys and a
possible poor levelling layer caused depressions, which later evolved to cracks.

Finally, anomaly “A-C1 faulty welding joints” may be repaired by all techniques except R-A3,
R-A4, and R-B3. The most commonly recommended techniques were “R-A1 cleaning the cladding”
(31%), “R-A5 application of welding” (26%), “R-B1 total replacement of the flooring” (33%), and “R-B2
partial replacement of the flooring” (35%).

5. Conclusions

The gathered data, based on a significant sample of 101 vinyl and linoleum floorings, enabled
the validation of the classification system of anomalies, probable causes, in situ diagnosis methods,
and repair techniques for vinyl and linoleum floorings, as well as each correlation matrix proposed by
Carvalho et al. [19].

The main problems detected in VLF consisted of scratches, staining, color changes, some dirt,
and anomalies on the joints, which were detected in more than a half of the inspected floorings.
Accordingly, the dragging of equipment and the incorrect cleaning of the flooring were frequently
identified as causes of anomalies in VLF. To assist the diagnosis of detected anomalies, the use of a
crack ruler was found useful for its versatility, including the measurement of scratches. To correct the
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detected defects, cleaning, applying a surface protector, and even partially replacing the flooring were
frequently recommended. It is essential to train cleaning companies, since inadequate maintenance
directly contributes to accelerate the degradation of VLF. It is also necessary to ensure the quality
control of the application of VLF through regular inspections and skilled manpower.

In the sample of inspected healthcare facilities, most detected anomalies have an average urgency
of repair. However, a significant percentage of anomalies were still considered in need of urgent repair.
In absolute terms, anomalies “A-A5 cracking“ and “A-C1 faulty welding joints“ present the highest
number of cases in level 0 of urgency of repair, although, in relative terms, a higher percentage of cases
of “A-B2 peeling” in level 0 was detected.

Considering the private and public healthcare facilities samples, in relative terms, all types of
anomalies show a higher relative frequency in private facilities, except for “A-C1 faulty welding joints”,
detected in higher percentage in public healthcare facilities. In the inspected private facilities, “A-A1
scratches/wear”, “A-A2 staining/dirt/color changes”, and “A-A4 prickles/punctures” were the most
frequently detected. In public facilities, anomaly A-A1 was also detected in the most relevant number
of floorings.

This paper contributes to the dissemination of knowledge on the degradation of VLF, specifically
in health infrastructures. With the presented data in mind, maintenance plans may be improved and
more effective. Data may also be useful, for instance, at the design stage, as future defects, such as those
caused by dragging, may be prevented if the type of vinyl or linoleum flooring is adequately chosen,
restricting the functional requirements to more demanding ones. Additionally, at the design stage,
a maintenance manual or a concise user’s manual for the building may be developed and delivered to
the client. That measure may potentially improve maintenance operations, such as cleaning. At the
application stage, several measures may be implemented to avoid defects, always starting with the
use of specialized labor and better communication between contractors. Specialized labor is more
likely to apply floorings according to the best practices, hence avoiding defects caused by execution
errors. As for communication between contractors, it may contribute, for instance, to an adequate
substrate preparation, according to the requirements for VLF. It is also expected that the efficiency and
effectiveness of maintenance in VLF increases if the inspection system proposed by Carvalho et al. [19]
is used. In the future, to improve the system, a wider inspections campaign should be made.
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Faculty of Civil Engineering, Architecture and Environmental Engineering, University of Zielona Góra,
Szafrana 1, 65-516 Zielona Góra, Poland; b.nowogonska@ib.uz.zgora.pl; Tel.: +48-68-3282290

Received: 18 April 2019; Accepted: 14 May 2019; Published: 20 May 2019

Abstract: The perspective of maintaining residential buildings in adequate technical condition is
one of the most important problems over the course of their service life. The aim of the work is
to present issues connected with the methods of predicting the process of changes in performance
characteristics over the entire period that a building, constructed using traditional technology, is
operational. Identification of the technical situation consists of a prognosis based on the analytical
form of the distribution function and probability density of building usability. The technical
condition of a building results from its past, while familiarity with the condition is necessary to
determine how the building will behave in the future. The presented predictive diagnostics of the
performance characteristics of an entire building and its elements is an original methodology of
describing the lifespan of a building. In addition to identifying the technical condition, its aim is
also to aid in making decisions regarding maintenance works. The developed model of predicting
changes in the performance characteristics of buildings, the Prediction of Reliability according to
Exponentials Distribution (PRED), is based on the principles applied for technical devices. The
model is characterized by significant limitations in its application due to the negligible influence
of wear processes. In connection with the above, the Prediction of Reliability according to Raleigh
Distribution (PRDD) was developed, where the carried-out processes of changes in the performance
characteristics are described using Rayleigh’s distribution, and the building is a multi-element system.
Model development would be incomplete without subjecting it to verification. Predicting the degree
of the technical wear of load-bearing walls of a building is a form of checking the proposed PRED
and PRRD models on the basis of data derived from periodical inspections of the research material.
The developed model of the time distribution of the proper functioning of a building, presented as
an image of the forecast of changes in the technical condition, can be applied to solving problems
occurring in practice. The targeted approach to predicting the occurrence of damage will allow for
optimal planning of maintenance works in buildings during their entire service life.

Keywords: technical condition; performance characteristics; degree of wear; service life;
preventive maintenance

1. Introduction

In many fields, such as biology, technology, or management, there is a need for understanding the
prediction of the aging process of an analyzed object. Prospective familiarity with the degradation
process over the entire cycle of the existence of an object will enable the analysis of repair works. The
problem of maintaining residential buildings in adequate technical condition also imposes providing for
optimal planning of maintenance works, while the proper determination of the scope and program of
refurbishment requires a diagnosis of the technical condition to be carried out. Accurate determination
of the state of the building, the reasons behind damage, and above all, the prediction of unfavorable
changes make it possible specify refurbishment needs.
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Diagnosis comprises the basis for properly carried out refurbishment activity in every technical
object. It pertains to both issues of assessing the technical state and its causes, as well as the prediction of
the degradation process. The diagnosis of the technical condition of buildings can be carried out using
two methods. The one most frequently applied is the assessment of unfavorable changes in the objects
on the basis of site inspections, nondestructive testing, measurements, and calculations. Another
course of action that can be taken is the predictive method, relying on predicting the degradation of
a building.

Predicting the aging process of residential buildings carried out using traditional technologies is
necessary when planning maintenance works in these buildings [1–7]. A better understanding of the
service life of buildings results in more efficient building maintenance and reduced environmental
costs [8,9]. Service life analysis aims at establishing and explaining the performance-over-time
functions [10–13]. Reference [14] developed three design proposals that target different service lives
(30 years, 50 years, 100 years) based on the building’s expected life and uses BIM technology to simulate
the life cycle cost and design performance as based on the renovation scenario analysis of the building’s
life cycle.

In accordance with the recommendations of ISO 7162:1992 standards [15], an assessment of the
performance characteristics of a building should be carried out. The changes in these characteristics
should be predicted over time using a method simulating the predicted degradation of a good over time
known as Predicted Service Life Distribution of the Component (PSLDC). The ISO standards “Planning
the Service Life of a Building” [16,17] provide general standards regarding the issues of predicting
the service life of a building. These guidelines contain an introduction to predicting performance
characteristics, but lack details regarding forecasting. These standards highlight difficulties in indicating
degradation, even in the case of similar buildings, as there are many variables influencing the service
lives in practice. The variety of buildings, environments, quality of construction works, and future
conditions of maintenance lead to uncertainty in forecasting service life. In one of the ISO standards
“Planning the Service Life of a Building” [17], there is an entry that the course of the service life runs in
accordance with the Weibull distribution and its possible modifications.

References [8,18,19] were given the classification of methods for predicting the service life of
buildings (PSLDC). The classification is comprised of deterministic, probabilistic, and simulation
methods. Deterministic methods based on the ISO standard provide merely approximated results.
However, probabilistic methods based on indicating variables of the service model as random values
with a known probability distribution are labor-intensive. The other group of probabilistic methods
for describing the course of the destruction process are methods containing Markov chains. Markov
chains are often applied for describing the destruction process of bridges and technical infrastructure.
The example of applying discrete Markov [18] chains is the description of the destruction process of a
residential building described in four states.

The simulation methods [8,18] are comprised of methods for determining the service life of
a building, somewhere between the not-very-accurate deterministic methods and probabilistic
methods, requiring a high quantity of data. The simulation methods are based on developing a
mathematical model using probability distributions for determining the individual variables of the
model. Reference [20] presented problems related to exploitation reliability, which was defined as
the probability of exploiting a building without any interference (failure) in a given period of time.
The author evaluated the construction technologies of residential buildings in terms of their reliability,
and buildings erected in traditional technologies occurred to be the best.

Service Life Prediction is necessary to evaluate Life Cycle Assessment for a sustainable construction
process [21]. In Reference [22], the time behavior of building components is simulated using time
dependent environmental models thanks to the correlation between performance characteristics’ decay
(measured by lab programs) and the conditions established by users’ requirements. The analysis in
Reference [23] shows that the environmental performance of buildings is affected by the service life of
a building and the replacement intervals of building components.
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The study on service life prediction of building components is presented in References [24–27].
Artificial Neural Network, with its back-propagation learning algorithm, was used in developing
model of service life prediction. The simulation results using trained neural network model indicated
that implementation of the neural network model is important for future application of service life
prediction of building components.

Building management [28] is a particular economic activity comprising a set of property
maintenance, operation, and repair. This is a technical set of operations required for building
maintenance and preservation of usable condition, as well as functionally required for the maintenance
of the land to ensure that property is used in accordance with the purpose.

Reference [29] proposes a new stochastic dynamic programming model where optimality
conditions are derived through the Hamilton-Jacobi-Bellman equations. The model defined the
joint production and repair, which are major maintenance switching strategies that minimize the total
cost over an infinite planning horizon. Two probabilistic approaches are described in Reference [30],
one approach using a mathematical function (Weibull) to describe the performance of a component
over time and one approach using discrete Markov chains.

The purpose of the research reported in Reference [31] was to develop a model that allows for the
identification of the owner’s needs in all phases of the building life cycle. A six-level classification
system for the information required in the project and a two-dimensional model that maps the life
cycle were corroborated and improved by applying the Delphi technique to a panel of 10 experts in
two rounds. Reference [32] concluded that the planning and the application of the condition-based
maintenance strategy its significant characteristics and make reference to the resulting prediction model.

Assessments of materials degradation require that methods be available to aid prediction of
service life. Researchers in advanced aerospace, nuclear, electronics, and medicine have been more
successful than researchers in building and construction technology in responding to the need for
reliable predictions of service life [33].

In Reference [34], a proposed method combines the use of failure mode and effect analysis to
permit identifying likely failure modes from which maintenance actions could be planned and the
limit states method to assess the durability of the given retrofit action. In Reference [35], the model of
the lifespan curve for a residential building was presented, where the Pareto principle was applied as
the strategy for undertaking maintenance works.

Obsolescence presents a serious threat to built property [36], as it rarely accounts for the immobile,
long-lasting, and (financial and natural resource) capital-intensive characteristics of property, nor for
its societal and cultural significance. Minimizing obsolescence and extending longevity are therefore
indispensable for maintaining the physical, economic, and societal investments.

The research aim is to present the method of diagnosing the aging process of a building and its
components. Ensuring an adequate technical condition of residential buildings is one of the most
important problems over the course of their service life. Prognostic familiarity of the aging process
of buildings over the entire period of their existence is helpful when analyzing repair works. The
proper development of the range and program of maintenance works requires the diagnosis of the
technical condition to be carried out. Proper determination of the condition of the building, the reasons
behind damage, and above all, the forecast of unfavorable changes will make it possible to determine
repair needs.

2. Methods of Functions Describing the Aging Process of a Building

The problem of ensuring an adequate the technical condition of a building occurs over the entire
period it is in service. The technical condition of a building changes as a result of the aging process.
In solving problems connected with developing a prediction of changes in performance characteristics
of a residential building, using algorithms to determine changes in the reliability of technical devices is
proposed. The prognosis of unfavorable processes will make it possible to determine the time frame in
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which the technical condition of a building will be unsatisfactory in the future and will necessitate
repair works.

The problem of the wear of objects is an increase in damage and partial defects [37]. A model
presented in Reference [38] allows for different kinds of obsolescence to be characterized and
distinguished. To improve the representation of service life in life cycle assessments and the evaluation
of environmental impacts, building service life prediction modelling was examined.

The object’s reliability is defined as the ability to fulfil the task resulting from the purpose it
was intended [39]. The object is demanded to fulfill a determined function in determined time t in
determined conditions of operation. The measure of the reliability of an object is the probability of
the task completing. Such defined reliability measure is a function of time of the building’s reliable
performance and is called reliability function [40].

For modeling situations in survival analysis, when the probability of failure changes over time,
the Weibull distribution is most often applied as the distribution of the random variable of the time a
building is fit for service. This distribution has been applied for many years, as a strength distribution
as well as a distribution of the time of the proper operation and durability of analyzed goods [41–47].

The probability density function for the Weilbull distribution is determined with relation:

f(t) = α βα tα−1 exp [−(βt)α] for t ≥ 0, (1)

where:

t the exploitation period,
α scale parameter (a real number) α > 0,
β the shape parameter (real number), β > 0.

Parameter α of the distribution determines the probability of a breakdown in time:

• for α < 1, the probability of breakdown decreases in time, which indicates the fact, when the object
breakdown is modeled, that some specimens may have production defects and slowly fall out of
the population,

• forα= 1 (exponential distribution), the probability is constant, which suggests that that breakdowns
are caused by external random events,

• for α > 1, the probability grows in time, it indicates the fact time-related technical wear of elements
is the main cause of breakdowns,

• for α = 2 (the Rayleigh distribution), the probability grows in time.

The distributions function for the Weilbull distribution:

F(t) = 1 − exp [−(βt)α], (2)

A measure of the reliability of technical devices is the R(t) function, also referred to as the
survival function. The distribution function is called the probability of damage, a destruction function,
breakdown, or a failure function, and is determined with the relation:

F(t) = P(t < TR) = 1 − R(t), (3)

TR period of object durability,
R(t) reliability function, also called the probability of proper operation, or durability function.

The specific example of the Weibull distribution, when the shape parameter is α = 1, is the
exponential distribution. The characteristic for the exponential distribution is a constant intensity of
damage throughout the whole period of the object exploitation [42,45,47]. Exponential distribution is
frequently used in the examination of a proper performance time of mechanical and electronic devices.
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3. Assumptions Made Regarding the PRRD Method

In business planning of repairing the buildings, one should determine the scope of works. There
are no reliable mathematical models that allow the estimation of the operational reliability of a building,
often referred to as changes in the building performance. In the case of technical appliances (mechanical
and electronic), attempts are undertaken to determine the prediction of their operational reliability.
However, for buildings, only indicative graphs of changes in performance are presented.

Literature [41–47] gives the general form of Weibull as a model for describing the prognoses
of the aging. In the case of mechanical and electronic devices, a particular case of Weibull
distribution—exponential distribution—is used. The distribution function of exponential distribution
is treated as a function of the damage of a device. The damage function, also referred to as unreliability,
is a complement of reliability, which is the R(t) function.

The developed model of predicting changes in the performance characteristics of
buildings—Prediction of Reliability according to Exponentials Distribution (PRED) [46,48]—is based
on the principles applied for technical devices. However, large approximations are accepted in
exponential distribution. The negligible influence of wear processes is assumed. The exponential
model of degradation curves of objects is based on a constant intensity of damage, which, according to
the author, is not precise in the case of building structures.

Another specific case of Weibull distribution is Rayleigh distribution. In this distribution, the
wear of the object along with the passing of time is considered to be a significant cause of failure.
The author proposes using this distribution for the mathematical description of the aging process of
a residential building. In the aging process of a building, its wear increases continuously, which is
why the author believes that, in assessing the changes in the performance characteristics of residential
buildings, formulas based on Rayleigh distribution are more accurate relationships.

The general form of the function describing the course of changes in the performance characteristics
over time t based on the Weibull distribution is expressed by the relationship (1). In Rayleigh distribution,
parameters α and β are equal to: α = 2, β = 1/T.

The proposed [48–50] model PRRD (Prediction of Reliability according to Raleigh Distribution)
of changes in the performance characteristics Ri(t) of the i-th building component in time t, based
on the Raleigh distribution, and using durability periods of component TRi from data found in
literature [51–54], is described by the relationship [45,46]:

Ri(t) = exp [-(t/TRi)2], (4)

The disabilities of building components are given in literature [51–54] as ranges of periods which
result from the different conditions concerning location, maintenance, variability in properties of
materials, the level of workmanship, and the level of design.

The selected results of calculations are presented in Figure 1.
Buildings are made up from many elements with a difficult to define and determine homogeneity

of materials. They have a complex structure and are subject to wear as a result of many processes.
In addition to this, building structures are exposed to outside factors, often with a very diverse intensity.
Indicating changes in the technical state over the entire course of the use of a building is a process
requiring many generalizations to be made.

Each building is made up of many components. These elements serve various functions and are
created from dissimilar construction materials, with each being characterized by different properties
and different service lives. The initial stage of the diagnostic analysis of a building is its decomposition.
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Figure 1. Changes in the performance values of building components: (a) Masonry walls, (b) wooden
floors (c) wooden rafter, (d) gutters, and drain pipes.

A building constructed using traditional technology with exemplary material and construction
solutions was subjected to decomposition into diagnostic levels. The depth of diagnosis, as well as
level p of probing into the structure of the building, were assumed. The components of level p were
listed in Table 1. Each component is characterized by its own service life. Studies pertaining to the
service lives of building components were carried out at research centers in Poland. As a result of the
analysis of literature data pertaining to the service lives minimum TRmin, maximum TRmax, and average
TRsr values were established. These values are compiled in Table 1. Under comprehensive analysis of
changes in the service properties of a building, the problem ought to be looked into accounting for
the phenomena accompanying the long-term use of the object. Among them are: Wear, frequency of
carrying out maintenance works, manner of use, the type of use, the influence of outside factors, the
correctness of the design process, the quality of the applied materials, and the precision with which
it had been made. In the case of buildings which have been used for a few dozen years, there is no
possibility of checking the conditions derived from the design and construction period of the building.
The long period of use to date points to the fact that design and construction processes were correct
and high-quality building materials were used. The assumption was also made that the type of use of
the objects (all are residential buildings), as well as external factors (similar atmospheric conditions
due to the same climate, close geographical location), for all objects are at an equal level and do not
influence the diversification of their performance characteristics.

Each building component serves a specific function. Structural elements have the most significant
influence on the service life of a building. Other elements influence the performance characteristics
of a building to a lesser degree, with their influence resulting from the fact that damaged auxiliary
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elements can lead to changes in the parameters of basic elements. The intensities of the influence
of performance characteristics of the i-th components (Figure 1) in the form of a scale of weights
of elements Ai (importance weight) based on scale serving to assess the quality of a building were
accounted for when determining the performance characteristics of the entire building, which is a
collection of n components. Changes in the performance characteristics of building RA(t) in time t are
determined by the relationship [48]:

RA(t) =
∑

Ai Ri(t) (5)

Table 1. Periods of durability of individual building components from selected building
materials [51–54].

Component
Time Periods for Establishing the Dates of Maintenance Works

min [years] max [years]

Brick foundations 63 110
Masonry brick walls 80 140

Masonry partition walls 57 100
Wooden beam ceilings 40 70

Wooden stairs 20 35
Roof rafter 45 80
Tail caver 40 70

Gutters and drain pipes 10 18
Internal plasters 32 55
External plasters 26 45

Windows 29 50
Doors 51 90

Glazing 22 40
Wooden floor 28 50
Wall coatings 3 4

Woodwork oil coatings 3 5
Cores of ceramic cookers 20 35

Tiled stove 26 45
Central heating pipes 20 35

Boilers and heaters for c.h. 28 50
Water supply and sewage pipes 21 38

Water supply and sanitation fittings 17 30
Gas pipes 21 38

Electrical installations 34 60

4. Verification of the Mathematical Model

The examined material comprises 592 residential buildings performed in the traditional technology,
situated within the area of the town of Zielona Gora [55]. The buildings were built between 1915—2015.
The buildings were divided into subgroups research buildings 5, 10, 15, ..., 100 years.

The buildings covered by the analysis are characterized by similar solutions in terms of their
construction and materials used. All of them are two stories high with full basements. The walls of the
analyzed buildings were made of full brick and the floors over the basements are brick infill floors,
with the remaining floors constructed on wooden beams construction. The stairs and roof trusses are
wooden with a collar beam roof structure, and roof covering is comprised of plain type pantile or
roofing felt.

The technical states of all the buildings were periodically (every five years) inspected by experts.
The periodic monitoring, consisting in the examination of technical wear, resulted in the reports
containing the information on the percentage wear of 25 components of the 592 buildings.

For each building element, it is possible to determine the prediction of the technical wear
in any arbitrary exploitation period. The durability periods of building elements of determined
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material-structure solutions are given in [49–52], and after substituting them into Formula (4), the
prediction of the degree of technical wear may be obtained according to the Rayleigh distribution.

The bibliography on reliability of electronic a device attributes the intensity of failure to technical
wear as described in:

SZ(t) =

t∫
0

λ(t)dt (6)

where Sz(t)—the rate of the product wear.
Often [41], a different definition of the intensity of damage λ(t) is given, described as the speed at

which unreliability F(t) increases in relation to R(t):

λ(t) =
dF(t)

dt
1

R(t)
(7)

Based on the above dependencies, the degree of consumption in the PRRD model is a function
dependent on time:

SZ(t) =
t2

T2 (8)

Out of the results of periodic inspections (every five years) of building elements, the results for
walls were selected. For each subgroup of buildings (5, 10, 15, ..., 100 years old), average values of wall
wear were calculated. The results are presented in Table 2 and Figure 2.

According to the relationship (8), changes in the consumption of masonry brick walls in the full
period of their use have been determined. For brick masonry walls, the durability period is determined
within the limits 130–150 years. The degrees of technical wear were determined for the minimum (130)
and the maximum (150) values, with the use of the according to Rayleigh distribution (Formula (8)).
The obtained results are presented in Table 2 and Figure 2. The analysis adopts the same class of use
for all buildings.

Table 2. Predictions of the degree of wear of masonry walls. Prediction of Reliability according to
Raleigh Distribution (PRRD), as well as values of the degree of wall wear resulting from the periodic
inspection of buildings located in Zielona Góra.

Times of Use [Years]
Degree of Walls Wear

(Average Value)

Predictions of the Degree of Wear of Masonry
Walls in Model PRRD (Formula (8))

Min max

5 0.00 0.00 0.00
10 0.00 0.00 0.00
15 0.00 0.01 0.01
20 0.02 0.02 0.02
25 0.04 0.03 0.04
30 0.05 0.04 0.05
35 0.06 0.05 0.07
40 0.08 0.07 0.09
45 0.09 0.09 0.12
50 0.14 0.11 0.15
55 0.18 0.13 0.18
60 0.22 0.16 0.21
65 no data 0.19 0.25
70 no data 0.22 0.29
75 0.32 0.25 0.33
80 0.35 0.28 0.38
85 0.42 0.32 0.43
90 0.43 0.36 0.48
95 0.50 0.40 0.53
100 0.58 0.44 0.59
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Figure 2. Predictions of the degree of wear of masonry walls as well as values of the degree of wall
wear resulting from the periodic inspection of buildings located in Zielona Góra.

The values of the degree of wear of walls by the Rayleigh distribution during a 100-year period
of building exploitation, as well as the average values of the degree of wear, obtained in periodic
inspections of buildings five-year, 10, 15, ..., 100-year, were verified with the use of Student t-test for
independent samples. The maximum probability of an allowable error, which could be made while
drawing conclusions, was assumed to be equal α = 0.05. For this level of significance, a critical area
was determined. For buildings included in the analysis, the number of degrees of freedom equal
to n = 19, the critical value of the test is p = 2.0930. In examining buildings with the t-test, the test
result was 2.2957. This value is greater than p = 2.0930, which means that the results by the Rayleigh
distribution are statistically significant. It can be assumed, therefore, that the reliability of predictions
of buildings determined by the Rayleigh distribution is close to reality.

The prediction of the degree of wear of the walls is an example of the methodology of prediction
of technical condition of building elements. In an analogous way, it is possible to elaborate predictive
changes in the degree of wear of all building components.

5. Applying the PRRD Model in Planning Maintenance Works

Ensuring the proper technical condition of a building in over the course of its use can only be
done by properly carried out refurbishment activities. The proposed PRRD model can be applied
to modeling situations in the analysis of changes in the performance characteristics of a building
which had not undergone refurbishment. The PRRD method of predicting changes in the performance
characteristics can support activities aimed at avoiding an inadequate technical condition of a building.
The accurate prediction of unfavorable changes and preventive repairs and maintenance works will
make it possible to ensure the proper technical condition of the object.

The effective use of a building ought to be based on maintaining an adequate level of performance
characteristics of the building, with refurbishment processes serving to fulfill this task. All types of
refurbishment activities have a significant influence on the technical condition of a building over the
course of its continued use. The full characterization of a refurbished object must account for the initial
state and the scope of maintenance works. On this basis, the course of changes in the performance
characteristics over time, prior to and after the refurbishment, can be determined.
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The prediction of changes in the performance characteristics RM(t) of a building which had
undergone refurbishment, where tp is the date of the refurbishment, is expressed by the Formula (9):

RM(t) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

m−r∑
i=1

Ai exp
(
−
(

t
TRi

)2)
if t ∈ (0, t pi)

r∑
i=1

Ai exp
(
−
(

t−tpi
TRi

)2)
if t ∈ (t pi, T),

(9)

where:

r—the number of refurbished components in a given inter-repair cycle,
m—number of all components,
Ai—weight of i-th component,
tpi—time of carrying out refurbishment on component i,
TRi—life cycle of i-th component.

The following assumptions were made:

(1) The building is constructed using traditional technology, and the material and building solutions
taken from Table 1;

(2) The frequencies of maintenance works for building components are:

c1 = 5 five-year cycle—including wall and ceiling paint coats, oil paint coats on windows,
and doors,

c2 = 15 gutters and downpipes, electrical installations,
c3 = 30 wooden stairs, plumbing pipes and pipe fittings, gas lines,
c4 = 60 wooden ceilings, roof trusses, ceramic tile roof cover, outside plaster, window and

door frames, glazing, floors and floor covers, furnaces and radiators, electrical
installation cables.

(3) The times of carrying out maintenance works on building components stem from the life cycles
of these elements nearing their end.

Proposals of times of carrying out planned-preventive maintenance works were initially indicated
based on experiments and the life cycles of building components nearing their end. The proposed
maintenance works aim to maintain the building in good, satisfactory, or average technical condition,
and rely on prophylactic action and preventing the premature emergence of unfavorable changes.

The obtained results of predictions of changes in the performance characteristics of a renovated
building according to Rule (9) for the earlier accepted assumptions are presented in Figure 3. For
purposes of comparison, a dashed line is used to also present changes in the performance characteristics
over the course of use of a building which had not undergone maintenance works.

Modeling various possible usage scenarios of a building according to the proposed method will
allow for the optimal planning of building maintenance works undertakings. The changes in the
performance characteristics of the building shown in Figure 3 illustrate the application of a sample
strategy of maintenance works of selected building components at the assumed times.

The characteristics of various strategies of choosing refurbishment activities have an influence on
the shape of the life curve of a building. The obtained data allow for the comparative analysis of the
reliability effectiveness of a building and choice of the most adequate material and structural solutions.
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Figure 3. Prediction of changes in the technical condition of a renovated building RM(t) and unrenovated
building RA(t).

6. Discussion of Proposal to Assess the Date of the Complete Maintenance Works

Changes in the performance characteristics of a building R(t), changes in the failure of a building
(F(t), and its level of wear SZ(t) during subsequent years of its use are a picture of the changes in the
technical condition of a building over the course of subsequent years of service.

Figure 4. Functions describing the aging process of a building.

The performance characteristics of a building along with its failure over the course of its use can
assume values from 0 to 1. The level of wear of a building, given as a percentage, increases over time,
from 0 to the maximum value.

The performance characteristics of a building in which maintenance works had not been carried
out decrease in subsequent years of use, whereas the failure of a building continually increases. It is
assumed that an important moment is term tp, when the performance characteristics are so poor, that
they are equal to the failure of the building. Starting from term tp, complete maintenance works of the
building ought to be carried out due to its bad technical condition (Figure 4).

A more critical term is the moment tk. The function of changes in the performance characteristics
lessens and reaches lower values than the constantly increasing failure function. Term tk is assumed as
a critical term when the performance characteristics function is equal to the level of wear function. It is
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assumed that term tk is a term requiring the unconditional carrying out of major maintenance works of
the building.

Term tn, on the other hand, indicates the limit of the unprofitability of carrying out any maintenance
works. It is a date when the level of wear begins to exceed the failure of the building.

The proposed model of changes in the operational properties of a building and its components
over time is a method of predicting unfavorable changes to the technical condition of a building. The
aging process of residential buildings is an inevitable problem. Familiarity with the course of the
damage process for the entire period a building is in use is helpful when planning maintenance works.

In this method, the value of the level of wear equal to 70% is given as the limit for carrying
out maintenance works; due to the high costs of repairs, provided the demolition of the building is
recommended if the level of wear is higher than 70%. The carried-out analysis does not account for
the costs of remodeling and regards only the technical state of the building. Thanks to the indicated
changes of the aging function over time, it can be stated that residential buildings whose level of wear
is higher than 70% are to be demolished due to their bad technical state.

The exponential distribution is applied often to assess the distribution of the time of proper
operation, however the exponential model of the reliability distribution does not exist in reality. In the
exponential distribution, significant approximations are accepted, assuming the negligible influence of
wear processes. Another specific example of the Weibull distribution is the Rayleigh distribution. This
distribution occurs when the wear of the object with the passing of time is the main reason behind
failure. It is the author’s opinion that the choice of the Rayleigh distribution for modelling the aging
process in buildings seems to be the most accurate. All buildings and their components undergo wear
over the course of their use, with the Rayleigh distribution applied in cases when the wear of the
building increases along with the passing of time.

The model of the distribution of the time during which a building operates properly presented
as the prognosis of changes in the technical condition can be applied to solve problems occurring in
practice. The approach directed at predicting the occurrence of damage will make it possible to plan
maintenance works on buildings in an optimal manner over the entire course of their service lives.

The proposed method of determining the terms of complete maintenance works should be
treated as a warning. The terms of maintenance work according to this method stem from the bad
technical condition of the building. The additional operating costs accounted for result from the lack
of maintenance works, and will surely lead the terms being moved to earlier.

The proposed prognostic models of the aging process of residential buildings can be effectively
used by real estate managers for planning the maintenance of buildings.

7. Conclusions

Over the entire course of use, the performance characteristics of a building are increasingly lower,
decreasing with usage and deteriorating as a result of technical wear. The increase in the performance
characteristics can take place as a result of conservation, preventive measures, modernization, the
replacement of components, or overhaul or rebuilding. In all periods of the life cycle of a technical object,
the needs for predicting damage occur. Determining the changes in the performance characteristics of
a building, in accordance with the recommendations set out by standards, requires the application of
Predicted Service Life of a Component (PSLDC) danger curves as support tools in the planning the
times of maintenance works. The proposed model of changes in the performance characteristics of a
residential building in the Prediction of Reliability according to Rayleigh Distribution (PRRD) function
of time facilitates the prediction of changes in the technical state of a building.

The next stages of research will concern the analysis of conservation strategies to control the
degradation of the building. The decision-making process will include models of deterioration of
conditions in the building and problems related to maintenance works costs.
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The prediction of the degradation of a building should prove useful in processes of reacting to
aging-related damage of buildings, while applying danger curves by administrators can be valuable as
a means of supporting the planning of maintenance works.

Conflicts of Interest: The author declares no conflict of interest.
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49. Nowogońska, B.; Cibis, J. Technical problems of residential construction. IOP Conf. Ser. 2017, 245, 052042.
[CrossRef]
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Abstract: Operations and maintenance optimization are primary issues in Facility Management (FM).
Moreover, the increased complexity of the digitized assets leads Facility Managers to the adoption of
interdisciplinary metrics that are able to measure the peculiar dynamics of the asset-service system.
The aim of this research concerns the development of a cross-domain Decision Support System
(DSS) for maintenance optimization. The algorithm underpinning the DSS enables the maintenance
optimization through a wiser allocation of economic resources. Therefore, the primary metric
encompassed in the DSS is a revised version of the Facility Condition Index (FCI). This metric is
combined with an index measuring the service life of the assets, one measuring the preference of the
owner and another measuring the criticality of each component in the asset. The four indexes are
combined to obtain a Maintenance Priority Index (MPI) that can be employed for maintenance budget
allocation. The robustness of the DSS has been tested on an office building in Italy and provided good
results. Despite the proposed algorithm could be included in a wider Asset Management system
employing other metrics (e.g., financial), a good reliability in the measurement of cross-domain
performance of buildings has been observed.

Keywords: Digitization; Key Performance Indicators; KPIs; Asset Management; Facility Management;
Operations Maintenance & Repairs; Decision Support System; Facility Condition Index

1. Introduction

In Facility Management (FM), performance measurement is one of the primary issues to both
ensure a high-quality built environment for owners and users, and to enhance competitiveness of
the organization providing FM services. The performance measurement assumes a strategic role for
the assessment and monitoring of critical factors within an organization [1], and therefore needs a
particular attention in the context of improved decision-making.

Currently the FM context is changing. The physical asset should no longer be characterized
only according to its presence and existence in the real estate; it should be conceived as strictly
related to data and information which are used for its operation and that are generated through
its use [2]. This trend can be named the digitization of the built environment. The digitization,
together with the sustainability, is one of the driving forces in FM [3] and can be intended as those
dynamics that are currently leading the research in FM and the development of new and more effective
business processes in the industry. The digitization is shaping a different approach, which should be
considered when dealing with physical assets [4]. The digitized asset is composed of the physical asset
integrated with data related to the different phases of its life cycle. This strict integration is due to
the contemporary need for collaboration and the interdisciplinary exchange of competences which
requires new approaches for working on the digital built environment. Moreover, FM has always been
related to the information management tools and took advantage of this strict interrelation from the
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first Computer Aided Facility Management (CAFM), followed by CAD tools and Integrated Workplace
Management Systems (IWMS), up to Computerized Maintenance Management Systems (CMMS) [5].

More recently FM has been more and more strongly integrated within the Building Information
Modeling (BIM), due to the wide adoption of this approach in design and construction phases [6]. A
primary challenge in this field concerns how to maintain and effectively employ information coming
from the previous phases in the use phase of assets, without a loss of reliability, in order to exploit the
collaboration and integration capabilities offered by the BIM [7] approach.

Thanks to this dynamic, in FM new services can be delivered through the use of the digitized assets.
Typically, FM has been conceived as a discipline composed of a set of theories and practices carried out
for the reducing costs and inefficiencies of the non-core business, in order to increase the productivity
of the core business of an organization. Today this trend is changing, and the development of FM
services is more closely targeted towards the optimization of the core business of the organization [8].

The digitization brings new dynamics, enabled by the availability and accessibility of data, in all
the life cycle phases of the assets. One of them concerns the servitization of the built environment. In
manufacturing, the servitization is intended as a strategy for the improvement of the competitiveness
of organizations [9] through the inclusion of a set of services, within the selling of a product. These
services can be activated even after the transaction [10]. In management of the digital built environment,
the demand for efficient and integrated spaces is a key enabler for success and competitiveness of
the core business. Accordingly, the building is conceived not only as a physical asset but also as an
integrated system composed of the physical asset and the services that can be provided to the users
through its use [8].

The Aim of the Research

Traditional performance measurement categories (e.g., financial, functional, physical, user
satisfaction [11]) are no longer suitable metrics for measurement of cross-domain performances
offered by the digitized and servitized assets.

Accordingly, the research question concerns how effectively measure cross-domain performances
of digitized assets. Moreover, once these performances have been measured, how is it possible to
optimize them, in order to achieve an improved Facilities Management of digitized assets? Therefore,
this research aims at proposing a cross-domain Decision Support System (DSS) for the allocation of
maintenance budgets. The maintenance cost performance of the asset has been computed through
the Facility Condition Index (FCI), one of the most acknowledged indicators measuring the technical
performance of the building and its components through an economic metric. This indicator has been
combined with a set of further parameters: the D index, measuring the service life of the component;
the C index measuring the criticality as the consequence of the failure of the component for the effective
execution of the core business of the organization occupying the asset; the P index measuring the
preference of the asset owner for the execution of the core business. These indicators are combined
together for each building component (asset) and are ranked on a scale from 0 to 1, through the
calculation of the Maintenance Priority Index (MPI): the simple average of the four metrics.

Assuming a reduced budget (not enough to cover all maintenance costs), an optimization algorithm
has been developed, thus the economic resources can be allocated to those components presenting the
highest MPI value.

In order to test the robustness of the proposed methodology, the DSS has been applied to a case
study involving an office building in Erba, Italy. A simulation with reduced maintenance budget has
been carried out, demonstrating the possibility of effectively driving different maintenance policies,
according to a variation of the C and P indexes.

2. State of the Art

In Asset and Facilities Management, performance measurement can be considered as a powerful
mean for decision-making [12]. This activity can be seen both as a factor for enhancing the
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competitiveness of an organization and as a learning process within the organization [13], which
allows the continuous improvement in the decision-making process, for the effective delivery of
better services [14]. Performance measurement is always tied to the use of specific Key Performance
Indicators (KPIs), which allow us to synthetize phenomena, without losing the systemic value of
the information [15]. KPIs are obtained through the refinement of raw data, therefore they are
employed at different decision-making levels, depending on the management needs. Typically, three
decision-making levels can be recognized when dealing with performance measurement: strategic,
tactical and operational [16,17].

Performance metrics are often aggregated to support a decision-making process and this
aggregation can vary according to the disciplinary field, the type of organization and the
decision-making level [18]. One of the most acknowledged methods for assessment of performances
within an organization is the Balanced Score Card (BSC) framework: A model for measurement and
management of strategic performances within an organization [1]. The balanced score card gave rise
to the definition of specialized KPIs for FM [3].

In management of the built environment, metrics are usually domain-specific and related to
technical, functional, economic/financial performances [19]. For a definition of effective DSS, metrics
are seldom selected among the same domain, to avoid the excessive specialization of the performance
assessment [14,20]. However, one of the most acknowledged indicators for measurement of technical
performances through an economic dimension is the Facility Condition Index (FCI). This indicator was
introduced for the first time by the National Association of College and University Business Officers
(NACUBO) and Rush (1991) [21], and it is widely used for making informed decisions in AM and
FM [11,22,23].

The Facility Condition Index

The FCI allows us to quantify on a scale from 0 to 100 the condition of the assets. The metric is
a ratio between the Deferred Maintenance (DM) and the Current Replacement Value (CRV) of each
component of an asset and can be calculated at different scales: from the single component in a building,
until the whole building in a portfolio [24]. The basic equation used for the calculation of the metric
is (1):

FCI =
DM
CRV

[%] (1)

where:

• DM is the cost of the deferred maintenance, defined as the costs of the maintenance operations
that should have been done but it had been deferred,

• CRV is the current replacement value of the component or the same asset [25].

The result of the calculation is evaluated on three or four levels, on a scale from 0 to 100%, where
0 is the best value:

• good: 0%–5%,
• fair: 5%–10%,
• poor: 10%–30%,
• critical: 30%–100%.

The FCI, since its first publication, has been adopted for leading maintenance policies of assets
portfolios of many departmental organizations in the United States of America (USA) [26]. Among
them, the Department of the Interior (DoI) has published a set of documents and guidelines which
contributed in the standardization of procedures and workflows related to the calculation of the
metric [26–28]. However, a standardized calculation methodology has not been defined yet.

In literature, other definitions of the indicator can be found. These versions can be considered as
improved variations of the original formula. Despite being a powerful mean for the calculation of
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the technical performances of the assets, this metric needs to be carefully calculated and often when
combined with further indicators, is able to describe other performances not directly related to the
technical and economic performance of the assets. More in general, recent versions of the indicator show
differences in terms calculation of the DM and CRV. Some versions, for instance, consider the effect of
obsolescence due to lack of compliance with codes in the calculation [29]. In some other cases, the DM is
computed considering even the renewals and improvements [24]. Other approaches for the calculation
of the DM are specific for the evaluation of historical assets [25]. Therefore, the USA governmental
guidelines [25,30] suggest employing a combined version of the FCI for being more effective in the
computation of the overall maintenance performance. This enhanced version encompasses in the
calculation also major rehabilitation, replacement and maintenance recommendations registered during
the periodic Condition Assessment (CA). These factors are used for the calculation of a composed
index: the FCIcomp (2):

FCIcomp =
DM + DMmr + DMim

CRV
[%] (2)

where:

• DM is the deferred maintenance as defined for Equation (1),
• DMmr is the cost of major rehabilitations and replacements,
• DMim is the cost of the maintenance and repair recommendations highlighted during the

periodic CA.

Finally, the FCIcomp is used for the calculation of a Condition Index (CIcomp) (3):

CIcomp = (1− FCIcomp) [%] (3)

The CIcomp can be considered as one of the examples of how the FCI is modified in order to
describe a wider array of phenomena. Other application of the FCI can be found in literature, the most
of them stemming from the need for a more comprehensive performance measurement tools that are
able to catch the complexity of the physical asset, while measuring performances belonging to different
disciplinary fields [23,31]. A good example of how the FCI could be associated with other metrics
involves coupling with the Asset Priority Index (API) [32]: a metric which measures the relevance
of the asset according to the objective that the owning organization wants to achieve through its use.
The API have been employed by many private and public organizations [33,34], being a powerful
qualitative indicator that is able to correct the FCI according to the strategic importance of an asset,
provided by the managing or owning organization.

In summary, the FCI can be considered as a powerful aggregated metric for the measurement
of the maintenance performance of the assets, through an economic dimension. Nevertheless, some
drawbacks can be highlighted. The most evident concerns its feature of being driven by the dimension
of the denominator: Two components presenting the same DM but different CRV are ranked differently,
since the ratio would penalize the component with the highest CRV. This issue does not allow us to
use the FCI itself for prioritization of maintenance interventions, since the metric will always tend to
penalize components with small CRV. A second drawback involves the evident technical nature of the
indicator, not considering other phenomena but only the maintenance performance. Therefore, the FCI
provides valuable information of the technical performance, despite needing to be associated with
other metrics to be considered an effective tool for decision-making. Through this research these main
two issues are addressed and a flexible and cross-domain DSS is proposed.

3. Materials and Methods

In this article a DSS for the optimization of maintenance budget is presented. The maintenance
budget is allocated thanks to the inclusion of the FCI in the DSS to obtain the Maintenance Priority
Index (MPI), thanks to the combination with 3 KPIs measuring the age of the assets (D), their criticality
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(C) and the preference of the owner (P). The three metrics are described in detail in the following
paragraphs. Figure 1 represents the process developed for the calculation of the algorithm.

Figure 1. Process adopted for the development of the algorithm underpinning the Decision Support
System (DSS).

The four KPIs were aggregated in a final equation which keeps the phenomena measured together
through these different metrics and addresses cross-domain issues in supporting decisions on assets
to be maintained. The power of this algorithm concerns the inclusion of metrics describing different
phenomena in a synthetic MPI computed through Equation (4).

MPIj =
FCI∗j + Dj + Cj + Pj

4
(4)

The metrics (FCI*, D, C and P indexes) are described through their equations and function in the
next paragraphs.

For the calculation of these indicators, the first step concerns the definition of the entities that
must be considered when the maintenance interventions are implemented. For this purpose, a peculiar
breakdown criterion has been adopted: the elements or group of them on which to implement the
maintenance interventions have been identified through the definition provided by buildingSMART
international for IfcAsset. In the standard ISO 16739-1 [35], the ifcAsset is defined as the:

“level of granularity at which maintenance operations are undertaken. An asset is a group that
can contain one or more elements” [35].

Thanks to this approach is possible to break down the building according to the maintenance
management needs, adopting a standardized approach which allows an easier integration within the
Asset Information Modeling (AIM) as defined in the ISO 19650-2 [36].

After a building condition assessment, the FCI (Equation (1)) of each asset (intended as ifcAsset)
can be calculated. Noteworthy, the FCI is defined as a KPI ranging from 0 to 1 but it is very unlikely to
find an asset with an FCI higher than 30% in a well-managed building. Even in an un-managed but
lived-in building, a value higher than 50% is rare and represents an asset in a very critical condition.
Thus, if directly used in Equation (8) to compute the MPI, the weight of FCI would be much smaller
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than the other 3 KPIs, with all of them actually ranging from 0 to 1. In order to compute MPI using 4
KPIs with the same weights, the FCI has been scaled through Equation (5).

FCI∗j =
FCIj − FCImin

FCImax − FCImin
(5)

where:

• FCIj is the value of the metric calculated for the asset j;
• FCImin is the minimum value of the FCI among the assets in the building;
• FCImax is the maximum value of the FCI among the assets in the building.

The FCI∗j loses its characterization as introduced through Equation (1), despite being more effective
and suitable for the DSS and providing a contribution of 25% in the computation of the algorithm for
the maintenance prioritization.

The building condition assessment allows us to also compute the D index: a metric relating to
the service life of each asset. The D index is derived by the D+ and D− indexes developed by Dejaco
et al. [16]. The D index, in this research, is computed through Equation (6)

Dj =

⎧⎪⎪⎨⎪⎪⎩
ASLj
RSLj

i f ASLj ≤ RSLj

1 i f ASLj > RSLj
(6)

where:

• ASLj is the Actual Service life of the asset, i.e., the period of time since the asset has been installed
or built;

• RSLj is the Reference Service Life of the same asset [37].

The D index weights for an additional 25% in the final calculation of the algorithm. The FCI and
the D index are the two technical indexes. These metrics are combined with two more KPIs describing
the criticality of the asset for the overall functioning of the building and the preference assigned by the
owner of facility manager to the specific assets within the building.

The C index measures the criticality of the specific asset in term of the consequences of the damage
on the overall functioning of the building and must be assigned by the Owner or the Facility Manager.
This approach is similar to the one carried out for the definition of the Asset Priority Index (API): a
metric mainly used by the US governmental organizations for the definition of the most critical assets
within a mission [32]. In this case, the mission can be considered to be the correct and safe operation
of the building. The C index is a qualitative metric, ranging from 0 to 1, computed standardizing a
critical index C* that was defined according to 10 levels (Table 1).

Table 1. Severity classes adopted for the C* index. The classes are taken from the MIL-STD 1629(A) [38].

Severity Rank Criteria

No effect 1 No effect on the product or subsequent processes
Very slight effect 2 Very slight effect on the product performance
Slight effect 3 Slight effect on the product performance
Minor effect 4 Fault does not require repair
Moderate effect 5 Fault on non-vital part requires repair
Significant effect 6 Product performance was degraded, but operable

and safe. Non-vital part inoperable
Major effect 7 Major effect on process, repair on parts necessary.

Subsystem inoperable
Extreme effect 8 Extreme effect on process, equipment damaged.

Product inoperable but safe
Serious effect 9 Potential hazardous effect.
Hazardous effect 10 Hazardous effect
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The C index of an asset is calculated through the following Equation (7)

Cj =
C∗j − 1

9
(7)

where C* is the criticality assigned to each single asset by the facility manager.
The owner of the building or its facility manager is also asked to give his preference for which

asset should be maintained first, since it could be crucial for business related issues. This preference is
measured through a priority index P* on a 1-10 scale (Table 2). The P, then is normalized following the
same approach applied to the C index.

Table 2. Preference scale values.

Preference Rank

No impact on the business 1
Very slight impact 2
Slight impact 3
Minor impact on the business 4
Moderate impact 5
Significant impact 6
Major impact 7
High impact 8
Very high impact 9
Extremely high impact 10

The P index is eventually calculated with the following Equation (8):

Pj =
P∗j − 1

9
(8)

where the P* is the preference assigned to each asset by the owner of the building.

3.1. Sensitivity Analysis

A further investigation has been accomplished in order to understand better how the MPI is
changing according to the variation of its four parameters. Therefore, 5 Montecarlo simulations have
been accomplished (Table 3). The following are the parameters considered:

• Number of iterations: 25,000;
• FCI is random real number between 0 and 1 with a flat probability distribution;
• D is a random real number between 0 and 1 with a flat probability distribution;
• P is a random integer number between 1 and 10 with a flat probability distribution;
• C is a random integer number between 1 and 10 with a flat probability distribution.

Table 3. Results of the Montecarlo simulations.

MPI Sim 1 Sim 2 Sim 3 Sim 4 Sim 5

Mean 0.499117 0.50098 0.499901 0.498664 0.500728
Std. Dev. 0.152626 0.152535 0.151193 0.152301 0.152611

In Table 3, the results of the Montecarlo simulations are presented.
Figure 2 and Table 4 present the results of one of the simulations that were carried out.
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Figure 2. Results of the first of the five Montecarlo simulations compared to a Normal Distribution
with the same average and standard deviation (Dashed line).

Table 4. Percentiles and Maintenance Priority Index (MPI) values.

%tile 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

MPI 0.2464 0.3011 0.3387 0.3681 0.3950 0.4197 0.4412 0.4608 0.4810 0.5007

%tile 55% 60% 65% 70% 75% 80% 85% 90% 95%

MPI 0.5206 0.5420 0.5621 0.5836 0.6065 0.6321 0.6620 0.6989 0.7508

The Montecarlo simulation has been carried out in order to be able to define better the thresholds
in Table 5. The Probability Density Function (PDF) described in Figure 2 allows us to identify the most
likely values according to the values assumed by the four coefficients, therefore it allows us to identify
most suitable thresholds for the assessment of the assets.

Table 5. Thresholds defined for the four metrics of the Decision Support System (DSS).

Metric Good Fair Poor

FCI FCI ≤ 5% 5 < FCI < 10% FCI > 10%
D D ≤ 0.5 0.5 < D < 1 D = 1
P P ≤ 3 3 < P ≤ 6 P > 6
C C ≤ 3 3 < C ≤ 6 C > 6

3.2. The Facility Condition Index in the Decision Support System

The following step concerns the investigation of how the FCI behave in the DSS, since the FCI
thresholds and equation have been revised in order to be more suitable for the calculation of the
algorithm. Therefore, an evaluation of the variation of the MPI according to the variation of the values
of the four parameters has been accomplished. In order to do this, some thresholds have been defined
not only for the FCI but also for the other indicator. The thresholds have been defined thanks to the
Montecarlo simulation (Figure 2 and Table 4).
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For the FCI three levels have been defined: “good”, “fair” and “poor” as suggested in many
literature references [16]. For the D index, if the component presents an ASL below the half of the RSL,
thus can be classified as in good conditions. If the ASL is between the half of the RSL and the end
of the RSL, then the component is in a fair condition, otherwise it can be considered to be in a poor
condition, since it means that it is operating with an ASL that is greater than expected. Therefore, it
has been operating for a longer period than what is expected in standard conditions. The thresholds
defined for the P and the C values are the same. Even in this case, the two parameters are following a
similar logic in the evaluation of the priority and criticality assigned to the assets.

Once the thresholds have been identified, some reference values have been defined for the four
metrics (Table 6).

Table 6. Reference values for the four metrics od the Decision Support System DSS.

Metric Good Fair Poor

FCI 2.5% 7.5% 15%
D 0.25 0.75 1
P 2 5 7
C 2 5 7

The following step concerns the definition of the thresholds to be associated to the MPI. The index
is composed of four metrics. The values of each metric can be organized in three classes: good, fair,
poor (Table 6). For determination of the thresholds a minimum and maximum value of the FCI must
be defined. These parameters have been set as described in Table 7.

Table 7. Facility Condition Index (FCI) and scaled Facility Condition Index (FCI*) values adopted for
the definition of the Maintenance Priority Index (MPI) thresholds.

Parameters Values

FCImin 0
FCI*min 0
FCImax 0.2
FCI*max 0.75

These values of the FCI have been combined with those related to the D, C and P indexes giving as
results a combination of 34 = 81 cases. These results have been organized in a table and the thresholds
of the MPI have been agreed as shown in Table 8:

Table 8. Maintenance Priority Index (MPI) thresholds.

MPI Thresholds Priority Criteria

≥ 0.6 High Maintain the asset as soon as possible
0.3 >MPI > 0.6 Medium Maintain the asset if possible

MPI ≤ 0.3 Low No need for maintenance

Figure 3 represents an example of different combination of the four metrics computed for the
calculation of the MPI. Additionally, the central red circle represents the MPI value obtained from the
calculation of the four metrics. From top left and clockwise, the circles represent FCI, D, C and P.

91



Buildings 2019, 9, 161

 
               Case 1 

 
              Case 55 

Figure 3. visualization of the combination of the four metrics composing the Maintenance Priority
Index (MPI). The central circle represents the value of the Maintenance Priority Index (MPI).

Once the MPI has been computed for all the assets within the building, the budget allocation can
take place. Therefore, assets are ranked in ascending order according to their MPI value. Economic
resources are allocated first to those assets with a higher MPI. Maintenance interventions are assigned
to assets as long as there is enough budget to implement them. The maintenance interventions and
related costs are defined thanks to the calculation of the deferred maintenance (Equation (1)). The
proposed algorithm sits in the core of the DSS for maintenance budget allocation.

4. Results

The proposed DSS has been tested and applied in a case study, in order to demonstrate the behavior
of the metrics composing the algorithm and for testify its robustness. The following paragraphs
describe the outcomes of these analyses and testing procedures.

4.1. The Influence of Criticality (C) and Preference (P) Indicators

The MPI allows us to combine the four indicators and to combine the evaluation of different
phenomena in a single performance metric. This aggregation is used to overcome one of the main
problems related to FCI and its use in maintenance prioritization, concerning the need for the
combination with other metrics. If the priority of maintenance operations is defined only according to
the FCI (i.e., an asset with higher FCI will be maintained sooner than the ones with al lower FCI), it
will be very probable that assets with low CRV will be maintained first and those with very high CRV
will not be considered properly. In fact, FCI is known to be a metric led by the CRV [39].

This gives rise to a question: are P and C indicators enough to change the priority of maintenance
given by the only FCI? In order to answer this question a further investigation has been accomplished.

At first the ratio between to MPI of two different assets has been calculated through Equation (9),
as function of the CRV ratio and the P ratio:

MPI1

MPI2
=

(9DM1 + CRV1(−2 + C1 + 9D1 + P1))y
9DM2xy + CRV1(P1 + (−2 + C2 + 9D2)y)

(9)

where:

• x = CRV1
CRV2

is the ratio between the current replacement values of two components;

• y = P1
P2

is the ratio between the priority indexes of the same two components.
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It must be considered that the P and the C indexes impact on the function in the same way.
Therefore, the y variable can be defined both considering the ratio between the P or the C index. In this
case the ratio between the P indexes of two assets has been considered. The trend of the MPI ratio
according to the variation of the ratios of CRV and P ratios is represented in Figure 4. The MPI ratio
presents a negative variation when the CRV ratio increases, confirming that the FCI is a metric led by
the denominator, which increases when the P ratio increases. This trend confirms that the P and C
indexes are effectively impacting on the final outcome of the calculation of the algorithm.

 

Figure 4. Ratio between the Maintenance Priority indexes (MPI) of two components according to the
ratio of Current Replacement Values (CRV) and Priority index (or Criticality Index).

Table 9 presents the results of an example carried out on two assets. Even in the cases when
the FCI would strongly orient towards the implementation of the maintenance interventions on the
specific component (CRV1/CRV2 = 0.4 or 1.75), the Priority index (or Criticality index) can lead to
completely different situations, compared to the results of the simple FCI. For instance, if two assets
present DM1 = DM2 but a CRV1/CRV2 = 0.5, the prioritization of the maintenance interventions based
on the FCI would lead to a resource allocation for maintaining the component 1 (FCI1 = 2 FCI2), while
the MPI ratio drive the allocation of the same resources on component 1 if P1/P2 >= 1, otherwise on the
component 2 (see Table 9). The same considerations can be made using the ratio between the criticality
of the two components instead of the one between the preference.
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Table 9. Variation of the Facility Condition Index (FCI) ratio and Maintenance Priority Index (MPI)
ratio according to Current Replacement Value (CRV) ratio and Priority index (P) ratio.

Replacement Cost
Ratio [CRV1/CRV2]

Priority Ratio [P1/P2]

0.4 0.6 0.8 1 1.2 1.4 1.6

0.5
2.00 2.00 2.00 2.00 2.00 2.00 2.00 FCI1/FCI2
0.66 0.82 0.94 1.03 1.11 1.16 1.21 MPI1/MPI2

0.75
1.33 1.33 1.33 1.33 1.33 1.33 1.33 FCI1/FCI2
0.65 0.81 0.93 1.02 1.09 1.14 1.19 MPI1/MPI2

1
1.00 1.00 1.00 1.00 1.00 1.00 1.00 FCI1/FCI2
0.64 0.80 0.91 1.00 1.07 1.12 1.16 MPI1/MPI2

1.25
0.80 0.80 0.80 0.80 0.80 0.80 0.80 FCI1/FCI2
0.63 0.79 0.90 0.98 1.05 1.10 1.14 MPI1/MPI2

1.5
0.67 0.67 0.67 0.67 0.67 0.67 0.67 FCI1/FCI2
0.63 0.78 0.89 0.97 1.03 1.08 1.12 MPI1/MPI2

1.75
0.57 0.57 0.57 0.57 0.57 0.57 0.57 FCI1/FCI2
0.62 0.77 0.87 0.95 1.01 1.06 1.10 MPI1/MPI2

4.2. Case Study Results

The proposed DSS has been applied to a case study to test its robustness and the possibility of
effectively drive the budget allocation for maintenance interventions. The DSS has been applied to an
office building in Erba, in the north of Italy. The building is occupied by a construction company and
by a notary firm for a total surface of approx. 3000 sqm. The building was accomplished in 2007 and
sits in a piedmont climatic condition (Figure 5). The building has been modeled through Revit with
a low Level of Detail (LoD) and a high Level of Information (LoI). However, the DSS has not been
completely integrated in the BIM model.

 
Figure 5. location (left) and Building Information Model (BIM) model of the office building on which
the Decision Support System (DSS) has been implemented.

The first step for the calculation of the algorithm concerns the definition of list of assets to be
maintained. This operation is crucial for effective information management framework since it defined
the granularity at which maintenance operations take place. The assets have been defined considering
the definition provided by the standard ISO 16739-1 [35]. Therefore, elements have been aggregated not
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only following the location and typological criteria but also following a functional criterion, grouping
those elements on which maintenance operations can be carried out uniformly.

These assets have been employed for the development of a standard list of maintenance
interventions, collected and used for the definition of their maintenance profiling. Accordingly,
the CRV for each asset has been calculated thanks to the use of CAD drawings, technical specifications
and 3D models available at the moment of the development of the case study. The CRV costs have
been defined according to the Pricelist 2018 published by the Comune di Milano [40] and Camerca di
Commercio Milano Monza Brianza Lodi [41]. Once the CRV values have been defined, a condition
assessment has been carried out and the deferred maintenance interventions for each asset have been
identified. This operation gave as an outcome a list of 246 components with the DM > 0, most of them
with a small CRV (Figure 5).

172 assets out of the 246 present a DM smaller than 5000 € for a total amount of 253.908 €. The
value of the DM for each of the 246 assets is represented in Figure 6. 69.9% of the 172 DM cost 7.15% of
the total cost of DM, amounting to €351.632.

 
Figure 6. Histogram of Current Replacement Value (CRV) for the components with Deferred
Maintenance (DM) > 0. Most of the component have small CRV.

After the condition assessment, carried out in this case checking the maintenance interventions
performed against those defined in the maintenance plan, the MPI can be computed. Figure 7 shows
the initial situation, after the condition assessment. For each asset, the colors display how much each
of the four metrics (FCI*, D, P, C) contribute to the MPI.
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Figure 7. Maintenance Priority Index (MPI) of the components with Deferred Maintenance (DM) > 0.
The colors show how the Facility Condition Index (FCI), D index (measuring the age of the assets), P
index (measuring the preference of the owner) and C index (measuring the criticality of each asset)
contribute to the MPI of each component.

The mean initial FCI of all the assets is FCIinit = 10.8% (poor) and the corresponding MPIinit is
approximately 43.0% (medium). Figure 8 allows us to compare FCIinit and MPIinit. The vertical dashed
lines represent the standard limits for poor and fair conditions used in FCI while the horizontal dashed
lines are the limits for low and medium priority defined for MPI. It can be seen that some components
with a very good FCI have a high MPI due to D, P or C.

Figure 8. Comparison between Facility Condition Index (FCI) and Maintenance Priority index (MPI) of
the components and dimension of the Current Replacement Value (CRV).
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The following stage concerns the budget allocation of reduced resources for the optimization of
maintenance operations. For this simulation, it is assumed a budget constrain (B) equal to 65% of the
cost of all the DM detected during the condition assessment (Equation (10)).

B =

⎛⎜⎜⎜⎜⎜⎝
n∑

i=1

CDM,i

⎞⎟⎟⎟⎟⎟⎠× 65% (10)

Limited by this constrain, it is possible to perform maintenance activities only on 130 components
chosen according to the MPI from the highest to the lowest possible, according to the budget constrain.
The assets have been chosen confronting the cumulative sum of the deferred maintenance with the
budget, until the budget is totally spent.

The budget set to 65% of the total DM cost, allows us to solve the deferred maintenance of
approximately 130 assets (98% of the total DM of the 130 assets) identified through the MPI ranking.
Maintenance interventions carried out, allowed to reduce the average MPI to 34.5%, namely 19.7%
less than the initial MPI (Figure 9); whilst the average FCI assume the value of 3.9%, corresponding
to a decrease of the FCIinit of 63.7% (Figure 10). The breakdown of values assumed by each metric
composing the MPI is shown in Figure 11.

 
Figure 9. Maintenance Priority Index (MPI) before (ivory) and after (light grey) maintenance. The
dashed line is the average MPI after maintenance, the dotted one is the average MPI before maintenance.
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Figure 10. Facility Condition Index (FCI) before (ivory) and after (light grey) maintenance. The dashed
line is the average FCI after maintenance, the dotted one is the average FCI before maintenance.

 

Figure 11. Maintenance Priority Index (MPI) of the components after the maintenance. The colors show
how the Facility Condition Index (FCI), D index (measuring the age of the assets), P index (measuring
the preference of the owner) and C index (measuring the criticality of each asset) contribute to the MPI
of each component.

Comparing Figures 7 and 11 it is possible to visualize how the maintenance optimization affects
1
4 of the MPI, sine it impacts on the reduction of the FCI. This is the only metric of the DSS that
is drastically reduced after the prioritization of the maintenance interventions. Figures 11 and 12
demonstrate that some assets present, after the implementation of the maintenance interventions, an
FCI = 0, despite the values of the remaining three metrics remain the same. This may cause a situation,
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as described in Figure 12, where some priority assets still maintain a high value of the MPI, despite the
FCI is equal to 0.

Figure 12. Comparison between Facility Condition Index (FCI) and Maintenance Priority Index (MPI)
of the components after maintenance.

Using MPI or FCI to prioritize maintenance leads to completely different results. This because
MPI considers also the age of components, their criticality and the priority of the owner /manager of
the asset. Figure 13 compares two different maintenance prioritization strategies which can be applied
to the same case study with the same budget constraint. One maintenance prioritization strategy is
based on MPI, the other is based on the use of FCI. As it can be seen, there is a group of components,
the green dots in Figure 13, characterized by high MPI and elevated FCI values that are going to be
maintained regardless of the KPI used to set priority. There is another group of assets, identified by
the red dots, that using either FCI or MPI, are not going to be maintained. The blue dots represent
assets that are going to be maintained only if the priority is set using the FCI. Eventually, the yellow
dots are components that need to be maintained if the priority is defined using MPI. In the case study
presented in this article, with a maintenance budget set to 65% of the total maintenance needs, if the
priority is set using MPI, 130 components out of 246 will be maintained. Otherwise, if FCI is used, 103
components are going to be maintained.
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Figure 13. Assets to be maintained (or not) according to different maintenance prioritization strategies
(Facility Condition Index and Maintenance Priority Index computed after the Condition Assessment
are shown).

5. Discussion

Based on the results obtained, the DSS has been stressed considering different budget thresholds.
A scenario analysis has been carried out, in order to investigate the behavior of the MPI when the
budget constraint is changed. If the maintenance budget goes from 55% to 65% of the total cost of the
DM the FCI decreases of 36% and the MPI reduction is 7%, while if the budget goes from 55% to 75%
the FCI present a 49% reduction and the MPI is reduced by 10% (Figure 14).

a) b) 

Figure 14. Scenario analysis. How Maintenance Priority Index (MPI) (a) and Facility Condition Index
(FCI) (b) change according to the budget constrain expressed in percentage of the Deferred Maintenance
(DM) costs.

The scenario analysis demonstrated that increasing the maintenance budget, the MPI decreases
slower, since most critical assets are repaired first, thanks to the logic adopted in the development of
the maintenance prioritization algorithm.

Influence of Uncertainty of Input Data on MPI

Computing replacement and maintenance costs is fraught with potential errors due to lack of
knowledge of the actual condition of the asset to be maintained and of its surroundings. Noteworthy,
most of the times these costs are not forecasted by the same person who made the survey for the
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condition assessment, this leads to estimates characterized by uncertainty. Many authors when
forecasting maintenance and life cycle costs suggest dealing with uncertainty using Montecarlo (MC)
simulation method: Tae-Hui, K. et al. [42] uses MC simulations to estimate maintenance and repair
costs of hospital facilities, Rahman, S. et al. [43] for LCC of municipal infrastructure and Park, M.
et al. [44] to analyze aged multi-family housing maintenance costs.

The correct choice of the stochastic inputs for the MC simulation is of paramount importance. In
an analysis of building components life cycle costs, Di Giuseppe et al. [45] found that uncertainty in
the estimation of the costs of the components (CRV of the assets in this case study), is well modeled
using the uniform distribution, Equation (11), with the two limits a and b computed, respectively, as
−/+10% of the deterministic costs.

u(x|a, b) =
{ 1

b−a f or a ≤ x ≤ b
0 f or x < a or x > b

(11)

Likewise, Di Giuseppe et al. [45] suggest using a Normal Distribution, Equation (12), for the
maintenance costs (in this article the DM costs). The deterministic value of DM has to be used as the
mean of the Normal distribution and 3% of the same cost as the standard deviation.

f
(
x
∣∣∣μ, σ2

)
=

1√
2πσ2

e−
(x−μ)2

2σ2 (12)

Eventually, the same source [45], suggests using a Uniform distribution with -/+20% of the
deterministic ESL as a and b limit to model service life uncertainty while computing D, one of the four
KPIs used in the proposed MPI. D, as shown in Equation (5), is the ratio of the actual service life of the
component and the estimated one. While most of the times there is no uncertainty in ASL, ESL may be
subject to a great variability that can be effectively modeled using the uniform distribution.

Main results of a 10,000 sample MC simulations are presented in Table 10, where mean and
standard deviation of both FCI and MPI of the whole building (the mean of the MPI and FCI of all the
components) are showed. These values have been compared to the deterministic values, respectively
MPI = 0.3446 and FCI = 0.0390. The percentage difference between the mean of MC simulation and the
deterministic values is 1.16% for MPI and 9.74% for FCI, demonstrating that the uncertainty on costs
and service lives affects mostly the FCI forecast. This is not an unexpected result since costs only affect
25% of MPIs while FCI is totally dependent on them.

Table 10. Results of the Montecarlo simulation. Mean and standard deviation of Maintenance Priority
Index (MPI) and Facility Condition Index (FCI) deterministic values obtained in the case study.

Mean
Standard
Deviation

Deterministic
Values

% Difference Mean vs.
Deterministic

MPI 0.3486 0.0047 0.3446 1.16%
FCI 0.0428 0.0034 0.0390 9.74%

Moreover, Figure 15 represents the probability density curve and cumulative one of the MPI,
while Figure 16 represents the same outcome for the FCI. These images allow us to better compare
deterministic values with the outcome of the MC simulations. As it can be seen also in Figure 16, the
deterministic values computed for MPI and FCI are slightly optimistic, i.e., the uncertainty in costs and
service lives will lead to higher values of both the KPIs (Figure 17). Noteworthy, even if the assumed
uncertainty is quite high, +/− 20% for the ESL and +/− 10% for the CRV, the final result is slightly
affected by it.
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a) 

 

b) 

 

Figure 15. Montecarlo simulation results. Probability (a) and Cumulative (b) density function of
Maintenance Priority Index (MPI).

a) 

 

b) 

 

Figure 16. Montecarlo simulation results. Probability (a) and Cumulative (b) density function of
Facility Condition Index (FCI).

 

Figure 17. Combination of Maintenance Priority Index (MPI) and Facility Condition Index (FCI) for
each one of the 10,000 simulations compared to the deterministic Maintenance Priority Index (MPI)
and Facility Condition Index (FCI) (dashed lines).
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The deterministic values of MPI and FCI are close to the average of MC simulations. This means
that, with the uncertainty on CRV, DM and RSL assumed to be as described above, there is a 50%
probability that the real value of MPI and FCI will be higher than expected. This is a very high
probability of error. MPI and FCI values with a lower probability of error, can be taken from Table 11
which shows the quantile of the two KPIs. For example, MPI = 0.3519 and FCI = 0.0452 have a
probability of been overcome, i.e., of error, of only 25%, meaning in 75% of the cases, the actual values
of the two KPIs will be lower than these.

Table 11. Results of the Montecarlo simulation. Maintenance Priority Index (MPI) and Facility
Condition Index (FCI).

p 5% 15% 25% 35% 45% 55% 65% 75% 85% 95%

MPI 0.3408 0.3435 0.3452 0.3467 0.3480 0.3493 0.3506 0.3519 0.3536 0.3564
FCI 0.0373 0.0391 0.0403 0. 0414 0.0424 0.0433 0.0442 0.0452 0.0464 0.0483

6. Conclusions

Through this research a DSS for maintenance budget allocation on physical assets has been
developed and its robustness and applicability has been demonstrated through a case study. The
technical assessment of the building has been carried out thanks to the FCI and the D indexes. The
former describes, through an economic measure, the maintenance performance of the assets. The
latter compares, in a scale 0-1, the ASL of each component to its ESL. Moreover, two non-technical
performances related to the building are encompassed in the DSS through two indicators: the criticality
(C) of the failure of each asset on the overall building and the maintenance preference (P) of the building
owner for each single asset. This allows us to gather phenomena belonging to different domains within
the Digital Asset Management context. This cross-domain characterization of the DSS allows us to
address the contemporary trends in management of the built environment. The built environment
should no longer be defined only through its physical properties, but also through the services that can
be provided through its use. Therefore, the DSS is composed of metrics belonging to different domains
of the AM discipline.

The definition of the level of aggregation of the components, composing the ifcAssets, on which
maintenance interventions are carried out, is a critical issue to be considered in the development of the
DSS. This phase is crucial, since it defines the level of aggregation of the information concerning the
operation of a physical asset. This generalization of the information is a key factor for management of
the asset during its life cycle, since it determines the level at which the information requirements for
AM should be provided.

Moreover, some further development of the research can be highlighted. The final calculation
of the MPI at the level of the single asset is obtained through the simple average among the four
metrics of the MPI (FCI, D, C, P). This result could be different if a weighted average would be carried
out. Nevertheless, the definition of the weighting system could lead to completely different results
compared to those obtained through the current version of the proposed DSS, adding uncertainty to
the DSS computation. The DSS, in fact, already comprehends some preference parameters (D and
P), and therefore is partially driven by the choices made by specific subjects working for the correct
operation of the building.

In this article the calculation of the MPI at the building level is presented. Once the MPI for each
asset within the building has been computed, an average MPI for the whole building can be calculated.
However, this value cannot be used for carrying out comparisons among buildings within a portfolio,
since the FCI normalization do not allow us to compare same elements in different buildings. Therefore,
further research should be accomplished to fill the scalability gap of the DSS.

Within the context of the digitization of the built environment, the DSS could be further integrated
into the BIM approach, allowing a stronger integration for data collection and storage in the digital
model. Therefore, further research will be done in the field of information requirements for using AM
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and FM to exploit the digital tools for information management. This could provide a further proof of
the effectiveness in the implementation of BIM methodologies in AM and FM, towards the definition of
a Digital Twin of the built environment. Moreover, the aggregation of the building components through
the use of the ifcAsset definition, facilitate the integration of the DSS in a BIM environment [46,47].
Thanks to the flexibility in the definition of the level of aggregation at which maintenance interventions
are applied, the DSS allows us to address the issue of portfolio management and infrastructural asset
management. However, when the DSS is applied to a different scale, the inclusion of the location
in the algorithm becomes a crucial issue. Therefore, further parameters could be included in the
DSS, allowing the prioritization of the maintenance interventions, according to location-based metrics.
The employment of the DSS at the portfolio or infrastructural level opens new research questions
concerning how to integrate GIS and BIM for effective asset and facility management. Therefore, the
scope of the research should be expanded to the GeoBIM Asset and Facility Management [48]. Further
metrics could be included in the algorithm, as it is able to catch cross-domain issues, despite being
based on only few KPIs.
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Abbreviations

AIM Asset Information Model
AM Asset Management
API Asset Priority index
ASL Actual Service Life
BIM Building Information Modeling
C index Criticality index is a KPI measuring the criticality as the consequence of the failure of the

component, for the effective execution of the core business of the organization occupying
the asset

CA Condition Assessment
CAFM Computer Aided Facility Management
CAD Computer Aided Design
CIcomp Composed Condition Index
CMMS Computerized Maintenance Management Systems
CRV Current Replacement Value
D index KPI measuring the service life of the asset (building component)
DM Deferred Maintenance
DoI Department of Interior
DSS Decision Support system
FM Facility Management
FCI Facility Condition Index
FCIcomp Composed Facility Condition Index
IWMS Integrated Workplace Management Systems
KPI Key Performance Indicator
LoD Level of Detail
LoI Level of Information
MC Montecarlo method
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MPI Maintenance Priority index
NACUBO National Association of College and University Business Officers
P index Priority index is a KPI measuring the preference of the asset owner, in the perspective of

the execution of the core business
PDF Probability Density Function
RSL Reference Service Life
USA United States of America
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Abstract: The growing pressure to ensure sustainable construction is also associated with stricter
demands on the cost-effectiveness of construction and operation of buildings and reduction of their
environmental impact. This paper presents a methodology for building life cycle cost estimation
that enables investors to identify the optimum material solution for their buildings on the level
of functional parts. The functionality of a comprehensive model that takes into account investor
requirements and links them to a construction cost estimation database and a facility management
database is verified through a case study of a “façade composition” functional part, with sublevel
“external thermal insulation composite system (ETICS) with thin plaster”. The results show that
there is no generally applicable optimum ETICS material solution, which is caused by differing
investor requirements, as well as the unique circumstances of each building and its user. The solution
presented in this paper aims to aid investor decision-making regarding the choice of the building
materials while taking the Life Cycle Cost (LCC) into account.

Keywords: building; construction material; life cycle costs; thermal insulation system

1. Introduction

Sustainable efforts are generally discussed from an environmental as well as economic perspective.
On the one hand, there is a need to seek environmentally friendly solutions with minimum energy
consumption and waste generation; on the other hand, there is the investor’s intention to pursue
cost-effective projects. Building projects especially are marked by the fact that they are complex, are
carried out over a long period of time, and face a high level of uncertainty and several risks affecting
the final project outcome [1].

The building project should thus be considered in terms of its entire life cycle. In this relation, the
BLCC approach (Building Life Cycle Costs) plays an important role as it focuses on cost optimisation
throughout the entire life cycle [2] of a building. Zabielski and Zabielska [3] formulate LCC as a sum of
the cost of purchase (project execution costs), cost of ownership (maintenance) and the cost of disposal
decreased by the residual value of the property. This kind of planning of the building life cycle is crucial
for informed decision-making [4], since operational costs usually significantly exceed construction
costs [5]. For instance, it is estimated that about 80% of the energy use relates to the operational stage
of a building’s life cycle [6].

A fundamental issue is to determine the lifespan of the building/building elements. In this
regard, there is a lack of consensus in the relevant literature. Some authors consider the lifespan of
50 years [7–9], others use the value of 60 [10,11] years, while others even compare different service
lifespans (30, 50 and 100 years) [12]. Generally speaking, the lifespan should correspond to the expected
period of use, which may depend on the building’s technical parameters (wood/concrete structure) or
expected time of operation (from the investor’s point of view), while it is also necessary to consider
the lifespan of individual building elements. For example, Robati [13] uses 25 years as the period for

Buildings 2019, 9, 182; doi:10.3390/buildings9080182 www.mdpi.com/journal/buildings109



Buildings 2019, 9, 182

replacement of glazed windows, so it is obvious that this particular element will be replaced several
times during the lifespan of the building as a whole.

As a building’s lifespan ranges across decades, the prediction becomes progressively less accurate
with increasing prediction time. This inaccuracy and uncertainty of costs within the operational
stage is associated with several factors, e.g., predicted inflation rates (energy prices), availability
of new technologies, changes in applicable legislation, inspection costs, insurance, and local tax or
labour costs [14,15]. The accuracy of cost prediction depends on various aspects involving the level
of information detail on the building [16] (materials, conditions under which certain activities can
be carried out, e.g., the cleaning service [17]) and information about materials and related data on
deterioration behaviour [18].

Within the building life cycle, a major part of the costs will be incurred at the later stages, i.e.,
especially in the operational stage. For future costs such as maintenance and repairs, appropriate
discount rate should be applied [19]. The value of the discount rate is important [20], and the influence
is more significant with lower discount rates [21], and vice versa. As a result, building investments
should be evaluated in terms of the NPV (Net Present Value) indicator [9].

One of the most crucial investment decision-making issues consists of striking a balance between
construction and operation costs [22]. This problem is complex, and it also involves the effect of
energy prices (growing energy prices result in a more significant role played by operation energy
costs in the early years of the lifespan) [10] and many other factors mentioned above. That is why
many researchers apply various optimisation techniques, e.g., mixed integer linear programming [23],
genetic algorithms [24], hybrid algorithms [25], and regression models [26,27]. Many researchers also
apply LCC minimisation with regards to a specific natural hazard. For instance, this refers to buildings
threatened by earthquakes and wind damage [7], flooding [28] or seismic risks [29]. In this regard,
the LCC approach also differs in that it takes into consideration the vulnerability of buildings to a
particular risk, the risk exposure in a given location, as well as refurbishment costs incurred on account
of the damage. There are numerous studies providing methodologies for estimating loss caused by
natural hazards (see e.g., [30] for flood risk); however, distributing these losses over the lifespan of the
building is subject to uncertainty from the NPV perspective.

Recently constructed buildings have considerably improved thermal characteristics compared to
older buildings. Incidentally, older buildings are often renovated with the aim of reducing energy
consumption. In this regard, it should be noted that reduced consumption of energy during the
operational stage of the building life-cycle usually comes with increased use of materials and the related
environmental costs that may counteract its financial benefits [31]. Therefore, sustainable material
cycles, recycling options and disposal costs [32,33] should be considered during the preparation of
building projects.

In the area of public works, procurement is governed by applicable national legislation, which in
the case of the European Union (EU) is based on Directive 2014/24/EU of the European Parliament and
of the Council. According to the directive [34], “life-cycle costing shall to the extent relevant cover
parts or all of the following costs over the life cycle of a product, service or works: (a) Costs, born by
the contracting authority or other user (acquisition, use, maintenance and end life costs); (b) Costs
imputed to environmental externalities linked to the product, service or works during its life cycle,
provided their monetary value can be determined and verified”.

Unfortunately, no relevant databases of information on the expected lifetime of products, the
time and extent to which they require repairs and the costs of maintenance of given structures are not
available. That is why the LCC approach is rarely used in procurement practice. Nevertheless, such
data should be processed in future BIM (Building Information Modelling) systems. In the future, the
BIM model should serve as a source of information informing the work of the individual participants
of the construction process. An approach that includes information with the BIM model will benefit
from the data repository of transfer formats, allowing quick editing of the information and updating of
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the LCC value [35]. The integration of BIM and LCC serves to ensure better maintenance accessibility
and enhanced collaboration between asset and maintenance management [36,37].

This paper therefore reflects the growing pressure to ensure sustainable construction, which
is also associated with stricter demands on the cost-effectiveness of the construction and operation
of buildings and reducing their environmental impact. The objective of the research is to propose
a methodology enabling the selection of an optimum building material solution for the individual
functional parts of a building in terms of life cycle costs. This case study involves the proposed and
applied methodology for a selected functional part: “Façade—external thermal insulation composite
system with thin plaster” in the context of the current state of the Czech construction sector.

The article is structured as follows: Firstly, the current state of knowledge is presented, followed
by materials and methods and a description of the proposed methodology, where the methodology
is then applied to the selected functional part in variant solutions and discussed. The final chapters
summarise the research findings and limitations and outline future research directions.

2. Materials and Methods

A proposal for a methodology for LCC calculation with respect to construction materials requires
several steps. With regard to LCC calculation standards, it is first necessary to define the required input
data (see Section 2.1); specify the lifetime, the cycle and frequency of repairs, and the maintenance
of the functional parts of buildings (Section 2.2); and then to propose a system for data exchange
(Section 2.3).

The LCC indicator is calculated based on the formula indicated in the European ISO
15686-5:2017 [38] standard, which is based on the discounting of future costs during the examined
period. Discounting means adjusting future costs (costs of reconstruction, utilities, maintenance, etc.)
with respect to their present value. LCC are calculated according to following formula:

LCC =
T∑

t=0

Ct

(1 + r)t (1)

where:

Ct denotes all costs as equivalent cash flows in year t;
r is the discount rate;
t is the analysed year (t = 0, 1, 2 . . . , T);
T is the length of the life cycle in years.

Other models, such as those published by Bromilow and Pawsey [39] or Sobanjo [40], are based
on the principle of different discounting of regular and irregular costs.

2.1. Input Data Requirements for LCC Calculation

For the purposes of LCC calculation, input data are required in three main areas. Specifically, this
includes determination of the length of the examined period, the value of the discount rate, and the
identification of the individual types of costs arising throughout the life cycle.

The length of the examined period either corresponds to the expected lifetime of the building, or
can be set as a specific period corresponding to the investor’s requirements. The expected lifetime of
buildings in the Czech Republic is indicated in [41], where, e.g., a masonry building is expected to
have a lifetime of 100 years.

The discount rate used when modelling LCC is up to the individual investors, but it should
correspond to the rate of return of other similar projects or requirements for specific types of public
projects. A 5% rate is commonly used [9,42]. Costs arising throughout the life cycle of a building then
constitute the acquisition costs, operational costs (maintenance, repairs, replacement) and disposal
costs. For the purposes of the present research activity, the discount rate was set at 5%.
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The most complex part of the calculation consists in defining and quantifying the costs incurred
in the operational stage of the building’s life cycle. It is necessary to define the scope and frequency in
which the individual parts of a building have to be maintained, repaired or replaced. Each structure
has different requirements when it comes to maintenance and repair, including a different expected
lifetime. As a general rule, however, one of the main factors that has an impact on the expected lifespan
is the material used to build a given structure. Other factors include the quality of production, quality
of construction work, and maintenance frequency.

The calculation of LCC makes it desirable to divide the analysed building into functional parts
(FP). It is then necessary to establish the relevant repair, maintenance and replacement cycles, and
costs; this study uses the data provided in [43]. For instance, “Exterior plasters, insulation” have their
FP lifetime set to 30–60 years, with a repair cycle of 30 years and the scope of repairs of 20%.

2.2. Establishing the Lifetime, Cycle and Frequency of Repairs and Maintenance of Functional Parts

The process of establishing the aforementioned values is based on a survey of already built and
operated buildings included in a facility management (FM) system. In this regard, it is vital that the
FM system contain data on the individual costs of repairs, maintenance and replacement (R/M/R),
including the time when the given intervention took place. Using the aforementioned recorded data, it
is possible to calculate the average R/M/R costs and the average length of the cycle between individual
R/M/R interventions, where the average costs are calculated using the following formula:

Cycle_A =
(DA1 −DC) +

∑n
i=2(DAi −DAi−1)

n
(2)

where

Cycle_A is the average length of the cycle between two individual activities (A), provided separately
for each R/M/R component;
DC is the date of construction;
DA1 is the date of the 1st R/M/R activity;
DAi is the date of the i th R/M/R activity;
n is the number of R/M/R activities.

The concept of collecting R/M/R information and its transformation into a database of lifespans,
frequencies and costs of repairs and maintenance of functional parts is introduced in [44]. Calculating
LCC requires effective communication between three systems: (1) The LCC calculation system; (2) the FM
system; and (3) the building cost estimation system, which is necessary to establish unit prices and other
information from the price database that influence LCC calculation over the entire life cycle of a building.
Another system that can be incorporated is the system for creating BIM models. A BIM model is essentially
a database of all of the information on the building, which can thus serve as a source of input data for LCC
calculation (e.g., surface area, materials used, dimensions, characteristics, etc.); conversely, information
obtained through the LCC calculation can be transferred back into the BIM model for future use.

Each of the above systems usually operates with a different data structure and a different
classification of individual building structures. Accordingly, it was necessary to find a suitable structural
division of a building that would be compatible with all the component systems. The proposed
connecting database is based on a division of a building into four functional units—load-bearing
structures, roof structures, façade and surface treatment of interior spaces. The individual functional
units are divided into functional parts (FP); a detailed division is provided in Table 1. Functional parts
are further divided according to the implementation possibilities or other distinct features of the given
structural part. This brings multiple benefits over the building’s life cycle, both in terms of managing
its construction and cost management in the operational stage. This makes it possible to consider
functional units as actual parts incorporated in a building that are supplied as a whole. Since there
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is no clearly available database for use in LCC calculation and the facility management system, the
proposed connecting database appears to be the default option for both systems.

Table 1. Proposed connecting database with division to functional units and functional parts [45].

Functional unit LOAD-BEARING
STRUCTURES

ROOF
STRUCTURES FAÇADE

SURFACE
TREATMENT OF

INTERIOR
SPACES

Functional part

foundations
walls

columns
ceilings

girders, (main) beams
staircase

load-bearing part of chimney

wooden roof frame
roof covering

metal sheeting of
roof elements

other roof
elements—roof

windows, skylights,
antennas etc.

windows
entrance door, gate
façade composition

exterior window
sills

other façade
elements—covers,
railing, blinds, etc.

wall plastering
facings

ceiling plastering
suspended ceilings

floor

2.3. General Description of the System

The entire process begins with the design of a building. If the design is made using a BIM
tool, it is important for the maker of the BIM model to supply information to classify all building
structures into functional units and functional parts. The BIM model’s level of detail is high (LOD
200 to LOD 300) in order to include the selected construction solution, materials and dimensions,
general information on the building and the size of the individual structures. If the design is made
using traditional tools (2D design), the designer must input all the necessary information into the LCC
calculation system manually. The required information (parameters) are dependent on the type of
functional part, but generally speaking, this means its material characteristics and size. Among other
information, functional parts also require information generally related to the whole building—its
height, location etc.

Once a building is classified into distinctly defined functional parts, the system for LCC calculation
will communicate with the building cost estimation system. Individual items of the price database
carry an information on classification into functional parts, i.e., the items from which the information
necessary for LCC calculation will be retrieved (e.g., unit prices, unit weight, rubble, time needed for
(dis)assembly in standard hours).

The next stage consists in obtaining information for the calculation of costs in the operational stage
of the building, i.e., the costs of repairs, maintenance and replacement (R/M/R). R/M/R costs information
is transferred from the price framework of the building cost estimation system. As described above,
there is a challenge consisting of the availability of information on the scope and frequency of R/M/R.
The information can be entered into the LCC system in two ways:

• Information on the R/M/R scopes and frequencies of the individual functional parts is based on
observation of already built buildings. The information is managed in the facility management system
and can be transferred to the LCC calculation system via the connecting database (see Section 2.2).

• Repairs are simulated by the designer (LCC system user) based on experience or assumptions
regarding the orientation or use of the building. The lifetime and maintenance can potentially be
indicated by the manufacturer of the materials or can be simulated by the user as in the case of repairs.
This possibility of recording can be used by users who lack data from the facility management system.

The final stage consists in entering the calculation conditions. The conditions are based on the LCC
calculation formula itself—discount rate and the examined period. These parameters are dependent
on the customs of the investor and the building’s character.

Once all information necessary for the LCC calculation has been entered or transferred from the
individual systems, the calculation itself takes place. The entire calculation can be divided into five stages:

• calculation of acquisition costs;
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• calculation of replacement costs;
• calculation of maintenance costs;
• calculation of repair costs;
• calculation of disposal costs at the end of the building’s lifetime.

The individual stages of the calculation, i.e., the structure of the calculation, differ for each functional
part in terms of the manner of costing, e.g., the costing of a reinforced concrete wall differs from that of façade
composition. The manner of costing is based on custom and the principles of building cost estimation.

After the calculation has been completed, an important added value of the proposed system
consists in finding the most suitable solution that meets the same or better characteristics as the original
solution. These properties depend on the type of the functional part and its typical characteristics,
e.g., thermal insulation properties, dimensions, strength, etc. The proposed system will then calculate
LCC for all alternatives and order them on the basis of various characteristics: acquisition costs, LCC,
LCC minus acquisition costs, and so on. The user thus obtains a basis that will enable them to make a
design based on the best possible solution.

If a BIM model is available, direct transfer of information from the LCC calculation system into
the BIM model is possible. In particular, this refers to information on the acquisition price, frequency
and cost of R/M/R, which benefits the planning of funding sources in the upcoming operational stage
of the newly constructed building. This makes the BIM model multi-dimensional, since it contains
information on costs, facility management and partially also information on time (time of assembly of
the individual building structures).

The whole process of data exchange among the individual systems is shown in Figure 1.
The diagram also shows other possibilities for linking the individual systems—LCA and energy
consumption—which, however, are not part of the proposed methodology. Similarly, the methodology
does not address costs associated with the entire project, i.e., costs associated with project documentation
and other costs borne by the investor or the contractor. The proposed methodology covers only the
costs associated with the structures incorporated in the building. The methodology addresses the
structure of information and its processing in the individual systems, but not its mutual systemic
interconnection at the data transfer level.

 
Figure 1. The process of exchanging information among the individual systems to ensure the best
material solution of the building.
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3. Applying the Model: Case Study of the “Façade Composition” Functional Part

To demonstrate the functionality of the system, the chapter below presents a proposed solution for
calculating LCC for the functional part designated “façade composition”. In the first stage of the process,
the creator of the BIM model must define the structural, material and dimensional characteristics of the
façade. The façade composition functional part can be divided into four sublevels depending on the
construction solution:

• external thermal insulation composite system (ETICS) with thin plaster;
• external thermal insulation composite system (ETICS) with facing;
• plaster only;
• facing only.

The “external thermal insulation composite system (ETICS) with thin plaster” sublevel of the
“façade composition” functional part, was selected for the case study. Viable types of external
thermal insulation composite systems (hereinafter ETICS) and thin plasters are selected from the price
database [46], which essentially contains all material and dimensional possibilities and is key for
determining the costs. A total of 11 ETICS types and 13 thin plaster types were selected; a list of these,
together with further details, is presented in Tables 2 and 3. There are 143 potential combinations.
The thickness of the material depends on the type of ETICS and thin plaster used.

Table 2. The list of individual types of ETICS with their possible thickness values, thermal conductivity
coefficient and indication of special properties (none = no special properties; SO =meant for the socle
area; PO = fire resistant) [46–50].

Type of ETICS and Reference
Products

Thickness [mm]
Thermal Conductivity

Coefficient λ
[W/(m·K)]

Property

EPS 70 façade board (Isover EPS
70F)

10; 20; 30; 40; 50; 60; 80; 100; 120; 140;
150; 160; 180; 200 0.039 none

EPS 100 façade board (Isover
EPS 100F) 30; 50; 60; 80; 100; 120; 140; 160; 180; 200 0.037 none

EPS graphite façade board
(Isover EPS GreyWall)

20; 30; 40; 50; 60; 80; 100; 120; 140; 160;
180; 200; 220; 240; 260; 280; 300 0.032 none

polystyrene socle board, façade
(Isover EPS SOKL 3000) 20; 30; 40; 50; 60; 80; 100; 120 0.035 SO

polystyrene façade board for
thermal insulation of bottom
parts of buildings (Isover EPS

PERIMETR)

40; 50; 60; 80; 100; 120; 140 0.034 SO

board with longitudinal mineral
fibre (Isover TF PROFI)

40; 50; 60; 70; 80; 100; 120; 140; 160; 180;
200; 220; 240; 260; 280; 300 0.036 PO

board with perpendicular
mineral fibre (Isover NF 333)

20; 30; 40; 50; 60; 70; 80; 100; 120; 140;
160; 180; 200; 220; 240; 260; 280; 300 0.041 PO

foamglass board, no surface
treatment (FOAMGLAS®W+F) 50; 60; 80; 100; 120; 140 0.038 PO

XPS polystyrene board (BACHL
XPS 300 G) 30; 40; 50; 60; 80; 100; 120 0.036 (up to 60 mm)

0.033 (over 60 mm) SO

sandwich insulation board
(polystyrene+wool) (Isover

TWINNER)

100; 120; 140; 150; 160; 180; 200; 220; 240;
260; 280; 300

0.033 (up to 200 mm)
0.032 (over 200 mm) PO

wood fibre board (STEICO
Flex-wood fibre insulation) 40; 60; 80; 100; 120; 140; 160; 180; 200 0.036 none
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Table 3. List of thin plasters with potential thickness [46].

Type of Thin Plaster Thickness [mm]

mineral granular plaster 1.0; 1.5; 2.0
mineral grooved plaster 2.0
acrylic granular plaster 1.0; 1.5; 2.0
acrylic grooved plaster 2.0; 3.0
acrylic mosaic plaster 1.0; 2.0; 3.0

silicate granular plaster 1.0; 1.5; 2.0; 3.0
silicate grooved plaster 2.0
silicone granular plaster 1.0; 1.5; 2.0; 3.0
silicone grooved plaster 2.0; 3.0

silicone hydrophilic granular plaster 1.0; 1.5; 2.0; 3.0
silicone hydrophilic grooved plaster 2.0; 3.0

silicate-silicone granular plaster 1.0; 1.5; 2.0; 3.0
silicate-silicone grooved plaster 2.0

The above material and dimensional characteristics (Tables 2 and 3) are key to the proper
classification of the proposed solution and must be inputted to the BIM model by its creator. Figure 2
shows the list of input information necessary for performing the LCC calculation. Aside from the
material and dimensional characteristics of the façade layers, it also includes information that must
be entered for the purposes of identification of all costs associated with implementing the façade
layers. For the LCC calculation itself, it is also necessary to input the investor’s requirements for LCC
modelling—the discount rate and the length of the examined period based on the DCF model.

 

Area [m

FD parameters – Façade – external thermal insulation composite system with thin plaster
ETICS type:
ETICS thickness [mm]:
Use of thermally insulating plugs [yes/no]:
Use of dispersion (organic) reinforced plaster compound [yes/no]:
Type of thin plaster:
Plaster thickness [mm]:
ETICS characteristics:

General parameters
Building height [m]:
Landfill distance [km]:
Years in which no maintenance is to be performed prior ETICS replacement [years]:
Building lifetime [years]:

Parameters for calculating economic efficiency:
Discount rate:
Examined period [years]:

100

100.00

EPS 100 façade board
120
yes
no
mineral granular plaster
2
no special characteristics

10
30
2

5% 5%
Variant 2Variant 1 and 3

100 30

Figure 2. Overview of input parameters for calculating LCC for the individual variants.

For a specific demonstration of how the proposed system works, the chosen default material
solution consists of ETICS EPS 70 façade board (120 mm thick) with mineral granular plaster (2 mm
thick)—see Figure 2. The input parameters of the discount rate and the examined period are modelled
in three variants:

• Variants 1 and 3—The examined period corresponds to the entire lifetime of the building (100 years)
and the discount rate is set to 5%; the variants differ in the R/M/R database (for more details see
3.6) [9,42,43].
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• Variant 2—The examined period is set to 30 years, i.e., the minimum lifetime of “Exterior plaster,
insulation” according to [43], while the discount rate remains identical to Variant 1, i.e., 5%.

3.1. Calculation of Acquisition Costs

The calculation of acquisition costs for implementation of the façade layers consists of the items of
the price database [46]. The use of the individual items of the price database depends on the type of
ETICS or thin plaster used, respectively. The external thermal insulation composite system is costed
separately for assembly and supply of material. Assembly of ETICS is differentiated according to the
system’s type and thickness:

• assembly of polystyrene external thermal insulation boards—thickness under 40 mm, under
80 mm, under 120 mm, under 160 mm, under 200 mm, under 240 mm, over 240 mm;

• assembly of external thermal insulation mineral wool with longitudinal fibre—thickness under
40 mm, under 80 mm, under 120 mm, under 160 mm, over 160 mm;

• assembly of external thermal insulation mineral wool with perpendicular fibre—thickness under
40 mm, under 80 mm, under 120 mm, under 160 mm, under 200 mm, over 200 mm.

The price of the “ETICS assembly” item also includes the costs of assembly and supply of
levelling compounds and fiberglass mesh. Each assembly item includes information not only on the
unit acquisition price, but also information on the mass, which is essential for material transport
calculations, and on the time demands of the work in standard hours, which is a required figure for
calculating the assembly time.

The material corresponds to various types of ETICS indicated in Table 2. The thickness of the
insulating material indicated by the manufacturer is distinguished. Each item of material also includes
an information on the unit price and mass, where the thermal resistance is calculated according to the
thermal conductivity coefficient and the insulating material thickness. Thermal resistance is important
for finding variants from among the individual ETICS types with the same or improved characteristics.

ETICS costing also includes potential extra costs. The use of these extra costs is conditional on
entering information into the BIM model in the form of an associated parameter. The following extra
costs are included:

• for anchoring boards 22.5 m and higher above ground—determined according to the insulating
material thickness;

• for use of thermally insulating plugs—determined according to ETICS type;
• for use of dispersion (organic) reinforced plaster.

The supply and assembly of thin plaster are indicated as one item in the price database. The price
of the item also includes the costs of priming the substrate. As in the case of the ETICS, each item of
the thin plaster includes information on the acquisition price, mass, and assembly time in standard
hours. The thermal resistance of thin plaster is negligible and is disregarded.

Complete supply and assembly of the “external thermal insulation composite system with thin
plaster” also carries some associated costs such as material transport, where the total mass of all the
items used is added up. The items of material transport depend on the height, type and construction
solution of the buildings, as well as on whether mechanisation is used fully, partially or not at all.
The case study assumes full use of mechanisation in the construction process. Another cost involves
the assembly, lease and removal of scaffolding and the possible use of safety nets. The price database
distinguishes multiple types of scaffolding—light tubular scaffolding, heavy tubular scaffolding, light
frame scaffolding, heavy frame scaffolding. Based on the calculation needs, the most commonly
used type of scaffolding will be considered—light frame scaffolding with decking size of up to 1.2 m.
The cost of scaffolding lease corresponds to the ETICS assembly time converted to working days. One
of the user-entered parameters is the height of the building, which affects the use of items for extra
costs associated with the assembly of ETICS, scaffolding and material transport.
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3.2. Calculation of Replacement Costs

The replacement of a structure is assumed to occur at the end of the given functional part’s
lifetime, where the replacement costs are determined by the sum of disposal costs and the acquisition
costs. The proposed system assumes that the lifetime of thin plaster is the same as the ETICS
lifetime. The ETICS lifetime is based on the R/M/R database and is either transferred from the facility
management system or can be entered by the designer based on his experience (see Section 2.3).

The price database [46] distinguishes between disposal of polystyrene boards and mineral wool
boards, where it only takes into account the thickness of the disposed insulating material. The ETICS
disposal item also includes the thin plaster disposal costs. Costs associated with the transport of
rubble and the disposal of waste constitute an important part of the calculation. The result depends
on the mass of the disposed material (rubble). Each disposal item includes information on the mass
of the building structure being disposed; however, for an exact value, the mass of items used for the
calculation of acquisition costs will be used. Costs associated with rubble transport are divided into
two parts—vertical transport, which depends on the height of the building and relates to transport
within the building, and horizontal rubble transport associated with moving the rubble from the
construction site to a landfill. The distance of the landfill from the construction site is one of the
parameters that must be entered by the user. The rubble dumping fee constitutes another cost, where
its amount depends on classification of the waste according to waste catalogue decree.

3.3. Calculation of Maintenance Costs

Each structure has to be maintained in some way during its operational stage. In the case of the
façade functional part, maintenance concerns the layer that is in contact with the air, i.e., thin plaster.
As mentioned above, it is necessary to establish what needs to be carried out and how often. Two
possibilities for creating the R/M/R database include creating it based on personal observations or
according to the manufacturer’s guidelines or own discretion (see Section 2.3).

The database determines the scope and frequency of maintenance, where it is not possible to
alter the data as they are the result of long-term observations. The other option consists in simulating
maintenance based on the manufacturer’s recommendations and own experience. The main advantage
of a simulation is the possibility to alter the inputs, since each building is exposed to different factors.
Cities with high amounts of dust in the air (and thus higher dirt deposition on the façade) require a
different level of maintenance than buildings in the countryside with lower traffic pollution levels.
The user of the system has the manufacturer’s recommendations available and can modify them based
on the user’s own experience. Based on the technical guideline of the plaster system manufacturer, it
is necessary:

• to clean the façade with pressurised water every 3 to 5 years;
• to apply façade coating to plastered surfaces every 10 to 15 years.

The user can only influence the frequency of the individual stages of maintenance. The costs of the
individual stages of maintenance are determined by the price database. Pressurised water cleaning has
the same cost for all types of plasters. Only the coating type is determined by the plaster type. The price
database [46] distinguishes 4 types of coatings for thin plasters, where the unit price is determined by
the façade topography ranked 1 to 5. Topography levels 3 to 5 are practically absent in contemporary
buildings because they are very costly due to the inclusion of ledges, window framing, pilasters,
embedded columns, etc. Topography levels 1 and 2 are associated with the same unit price and the
calculation thus need not be adjusted in any way. Table 4 shows the association of the individual types
of coatings to the individual types of plasters.

The system gives the user an option to influence the calculation of the maintenance costs by
enabling the user to determine when the LCC should include maintenance of thin plaster due to
upcoming ETICS replacement.
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Table 4. Coating types associated with the individual plaster types (texture not taken into consideration).

Type of Thin Plaster Type of Coating

mineral plaster lime
acrylic plaster acrylic
silicate plaster silicate

silicone and silicate-silicone plaster silicone

3.4. Calculation of Repair Costs

The need to repair functional parts can, but does not have to, appear during their lifetime. This is
the part of the LCC calculation that most relies on an own database of R/M/R and has appeared in
comparable buildings that are already in operation. Nevertheless, even here, the user can set the
expected scope of potential repairs based on his own experience. The only eventuality in which
the ETICS with thin plaster functional part would have to be repaired during its lifetime consists of
physical damage, such as perforation. From the point of view of the price database, a repair of the
insulation system is determined by the ETICS type, thickness and the size of the part needing repair.
Specific division is shown in Table 5.

Table 5. Division of ETICS repairs according to price database [46].

Polystyrene Thickness Mineral Wool Thickness Scope of Repair for Polystyrene and Mineral Wool

under 40 mm under 40 mm under 0.1 m2

40 mm to 80 mm 40 mm to 80 mm 0.1 to 0.25 m2

80 mm to 120 mm 80 mm to 120 mm 0.25 to 0.5 m2

120 mm to 160 mm 120 mm to 160 mm 0.5 to 1.0 m2

160 mm to 200 mm over 160 mm -
200 mm to 240 mm - -

over 240 mm - -

The unit price of replacement assumes cutting out the existing insulating material, applying
binding compound and inserting fiberglass mesh. Unfortunately, the price system [46] does not include
the possibility of choosing different insulation types as in newly constructed structures. To facilitate
LCC calculation, items from the price database were adjusted so that they correspond to newly
constructed ETICS, i.e., to include the assembly and material separately.

In the event of damage to the ETICS, thin plaster has to be repaired in the same scope as the ETICS.
However, the plaster itself can be repaired separately, e.g., if it crumbles away or is worn by pressurised
water cleaning or otherwise. The price database determines the scope of the repaired area, either by
directly inputting the repaired area or using a percentage of the repaired area. Specific division of thin
plaster is shown in Table 6. Types of plaster are identical to the division for newly applied plaster.

Table 6. Division of repairs of thin plaster and types of plaster.

Repair Scope by Area Repair Scope as a Percentage

under 0.1 m2 under 10%
0.1 to 0.25 m2 10 to 30%
0.25 to 0.5 m2 30 to 50%
0.5 to 1.0 m2 -
1.0 to 4.0 m2 -

The scope of repairs (see Tables 5 and 6) of ETICS and thin plaster indicates the size of the damage
that needs to be repaired. The scope is indicated either as a percentage of the total area or the actual
area to be repaired. For the purposes of the proposed system, the scope is defined as actual area to be
repaired per each 10 m2.
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3.5. Calculation of Disposal Costs at the End of the Building’s Lifetime

Each building, as well as its individual parts, has a lifetime. The lifetime of the entire building is
determined by the lifetime of its load-bearing parts—foundations, walls, ceilings, etc. At the end of its
lifetime, the building and its individual functional parts must be disposed of (demolished). The costs
of disposal are detailed in the chapter of this paper dealing with the calculation of replacement costs.
Calculating this cost is dependent on making the examined period correspond to the entire lifetime of
the building. When entering an examined period for the LCC calculation shorter than the lifespan of
the entire building, this cost will not be counted in.

3.6. Proposed Structure of the R/M/R Database

The above LCC calculation process increases requirements for the structure of the R/M/R database.
The R/M/R database, i.e., its structure for the functional part designated “façade composition—external
thermal insulation composite system with thin plaster”, must indicate the ETICS and thin plaster
separately. The reason for the division is the fact that it is not possible in terms of facility management
to monitor all façade layers as a whole; for this functional part alone, this would be 143 possible
combinations and, therefore, obtaining a relevant R/M/R information sample from facility management
would not be realistic.

In the case of ETICS, the facility management system must record information on the lifetimes of
the individual types of ETICS, the scope of repairs per 10 m2 of area and the frequency of the repairs.
The possibility for recording the scope of repairs is based on Table 5. In case the R/M/R database from
the facility management system is not available, the designer must input the information manually.

As mentioned above, the lifetime of thin plaster corresponds to the lifetime of ETICS and this
is taken into account in the LCC calculation; therefore, it is not necessary for this to be included in
the R/M/R database. Thin plaster chiefly requires recording and determination of the frequency of
maintenance, i.e., façade washing and re-coating. As with ETICS, it is necessary to monitor, i.e., record
the scopes under Table 6, and the frequency of repairs for the individual types of thin plaster (aside
from ETICS repairs where plaster repairs are automatically included).

Since the Czech Republic lacks a suitable R/M/R database, the functioning of the system is
showcased by manual input of information based on the manufacturers’ data or the expected lifetime
and repair frequency of the individual ETICS types. The R/M/R database is modelled in three variants
(see Figures 3 and 4):

• Variant 1—lifetime and scope and frequency of maintenance entered based on the manufacturer
of ETICS [47]. The scope and frequency of repairs corresponds to the data included in [43] (with
regard to repairs of ETICS, the proposed system does not offer the possibility of repair in the scope
of 20%—this is replaced by the highest possible value of the scope of repairs, i.e., from 0.5 m2 to
1.0 m2, and an increased frequency, i.e., 15 years).

• Variant 2 and 3—the R/M/R database is filled in based on the possible assumed development of
the lifetime and repairs of the ETICS. In comparison to Variant 1, the lifetime of the individual
types of ETICS is adjusted according to the lifetime intervals indicated in [43]. Further adjusted is
the frequency of repairs which is based on the expected resistance to mechanical damage on the
part of the individual ETICS types.

120



Buildings 2019, 9, 182

 

Variant 1
Variant 2 and 

3
Variant 

1
Variant 2 and 

3
EPS 70 façade board 50 30 0.5 to 1.0 m 15 5
EPS 100 façade board 50 30 0.5 to 1.0 m 15 10
EPS graphite façade board 50 30 0.5 to 1.0 m 15 10
polystyrene socle board, façade 50 40 0.5 to 1.0 m 15 15
polystyrene façade board for thermal insulation of 
bottom parts of buildings

50 40 0.5 to 1.0 m 15 15

board with longitudinal mineral fibre 50 60 0.5 to 1.0 m 15 5
board with perpendicular mineral fibre 50 60 0.5 to 1.0 m 15 5
foamglass board, no surface treatment 50 60 0.5 to 1.0 m 15 10
XPS polystyrene board 50 50 0.5 to 1.0 m 15 15
sandwich insulation board (polystyrene+wool) 50 45 0.5 to 1.0 m 15 5
wood fibre board 50 40 0.5 to 1.0 m 15 5

Scope per 10 
m

R/M/R DATABASE FOR EXTERNAL THERMAL 
INSULATION COMPOSITE SYSTEM (ETICS)

LIFETIME [years]
REPAIRS

Frequency [years]

Figure 3. R/M/R database for the LCC calculation of the individual variants (ETICS).

 

Washing 
frequency 

[years]

Re-coating 
frequency 

[years]

Frequency 
[years]

mineral granular plaster 3 9 20
mineral grooved plaster 3 9 20
acrylic granular plaster 3 9 20
acrylic grooved plaster 3 9 20
acrylic mosaic plaster 3 9 20
silicate granular plaster 4 12 20
silicate grooved plaster 4 12 20
silicone granular plaster 4 12 20
silicone grooved plaster 4 12 20
silicone hydrophilic granular plaster 4 12 20
silicone hydrophilic grooved plaster 4 12 20
silicate-silicone granular plaster 5 15 20
silicate-silicone grooved plaster 5 15 20

10 to 30 %

10 to 30 %

10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %
10 to 30 %

R/M/R DATABASE FOR THIN PLASTER

MAINTENANCE REPAIRS

Scope per 10 m2 or per 
% of total area

Figure 4. R/M/R database for the LCC calculation of the individual variants (thin plaster).

3.7. LCC Calculation and the Selection of the Best Variant

Previous chapters described the process of calculation and defining costs arising over the course of
a building’s life cycle depending on information transferred from the BIM model and R/M/R database.
An important input for the calculation consists in setting parameters for the actual LCC calculation
from the point of view of the investor—the examined period and the discount rate. Individual
costs of repairs, replacement, maintenance and disposal of the given FP are subsequently adequately
discounted so that the investor obtains a net current value of the investment for the examined period.

The LCC calculation system simultaneously identifies alternatives to the input ETICS layers.
The alternatives to the ETICS must meet the condition of identical or better thermal conductivity in
order to preserve the key parameter of designing the ETICS; in thin plaster, the alternatives must be of
identical or higher thickness to maintain the building’s aesthetic properties. Alternatives are subjected
to the same LCC calculation as the designed solution. Subsequently, the LCC calculation system
ranks the best variants of the ETICS and thin plaster in terms of acquisition costs and discounted LCC.
The designer can then choose the best solution for his design.

The results of the calculation for all three modelled variants of input parameters and R/M/R
database are shown in Figures 5–7. The first line includes the initial design variant, with the alternatives
ranked below according to the lowest LCC value.
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Variant 1 total LCC

thermal 
resistance 
(ETICS)     
[m

difference 
from the 
designed 
solution

EPS 70 façade board (120 mm) + mineral granular plaster (2 mm) 8,282.78 € 3.08

EPS 70 façade board (120 mm) + silicate-silicone grooved plaster (2 mm) 7,298.39 €       3.08 -12%
EPS graphite façade board (100 mm) + silicate-silicone grooved plaster (2 mm) 7,455.22 €       3.13 -10%
EPS 100 façade board (120 mm) + silicate-silicone grooved plaster (2 mm) 7,491.10 €       3.24 -10%
polystyrene façade socle board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,024.78 €       3.43 -3%

sandwich insulation board (polystyrene+wool) (120 mm) + silicate-silicone grooved plaster (2 mm) 8,417.64 €       3.64 2%
wood fibre board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,576.81 €       3.33 4%
polystyrene façade board for thermal insulation of bottom parts of buildings (120 mm) + silicate-
silicone grooved plaster (2 mm)

8,913.44 €       3.53
8%

XPS polystyrene board (120 mm) + silicate-silicone grooved plaster (2 mm) 9,514.89 €       3.64 15%
board with longitudinal mineral fibre (120 mm) + silicate-silicone grooved plaster (2 mm) 9,815.55 €       3.33 19%
board with perpendicular mineral fibre (140 mm) + silicate-silicone grooved plaster (2 mm) 9,870.73 €       3.41 19%

foamglass board, no surface treatment (120 mm) + silicate-silicone grooved plaster (2 mm) 14,017.24 €     3.16 69%

Figure 5. Output of the LCC calculation for Variant 1.

 

Variant 2 total LCC

thermal 
resistance 
(ETICS)     
[m

difference 
from the 
designed 
solution

EPS 70 façade board (120 mm) + mineral granular plaster (2 mm) 8,775.01 €       3.08

polystyrene façade socle board (120 mm) + silicate-silicone grooved plaster (2 mm) 6,564.22 €       3.43 -25%
polystyrene façade board for thermal insulation of bottom parts of buildings (120 mm) + silicate-
silicone grooved plaster (2 mm)

7,354.39 €       3.53 -16%

EPS graphite façade board (100 mm) + silicate-silicone grooved plaster (2 mm) 7,472.85 €       3.13 -15%
EPS 100 façade board (120 mm) + silicate-silicone grooved plaster (2 mm) 7,515.39 €       3.24 -14%
XPS polystyrene board (120 mm) + silicate-silicone grooved plaster (2 mm) 7,889.91 €       3.64 -10%
EPS 70 façade board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,037.33 €       3.08 -8%

sandwich insulation board (polystyrene+wool) (120 mm) + silicate-silicone grooved plaster (2 mm)
8,073.72 €       3.64 -8%

wood fibre board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,210.16 €       3.33 -6%
board with longitudinal mineral fibre (120 mm) + silicate-silicone grooved plaster (2 mm) 9,512.23 €       3.33 8%
board with perpendicular mineral fibre (140 mm) + silicate-silicone grooved plaster (2 mm) 9,626.03 €       3.41 10%
foamglass board, no surface treatment (120 mm) + silicate-silicone grooved plaster (2 mm) 12,418.65 €     3.16 42%

Figure 6. Output of the LCC calculation for Variant 2.

 

Variant 3 total LCC

thermal 
resistance 
(ETICS)     
[m

difference 
from the 
designed 
solution

EPS 70 façade board (120 mm) + mineral granular plaster (2 mm) 10,062.17 €     3.08

EPS graphite façade board (100 mm) + silicate-silicone grooved plaster (2 mm) 8,288.88 €       3.13 -18%
polystyrene façade socle board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,324.67 €       3.43 -17%
EPS 100 façade board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,335.47 €       3.24 -17%
EPS 70 façade board (120 mm) + silicate-silicone grooved plaster (2 mm) 8,981.23 €       3.08 -11%
polystyrene façade board for thermal insulation of bottom parts of buildings (120 mm) + silicate-
silicone grooved plaster (2 mm)

9,269.89 €       3.53 -8%

XPS polystyrene board (120 mm) + silicate-silicone grooved plaster (2 mm) 9,514.89 €       3.64 -5%

sandwich insulation board (polystyrene+wool) (120 mm) + silicate-silicone grooved plaster (2 mm)
9,925.14 €       3.64 -1%

wood fibre board (120 mm) + silicate-silicone grooved plaster (2 mm) 10,298.31 €     3.33 2%
board with longitudinal mineral fibre (120 mm) + silicate-silicone grooved plaster (2 mm) 11,257.97 €     3.33 12%
board with perpendicular mineral fibre (140 mm) + silicate-silicone grooved plaster (2 mm) 11,406.44 €     3.41 13%
foamglass board, no surface treatment (120 mm) + silicate-silicone grooved plaster (2 mm) 14,244.52 €     3.16 42%

Figure 7. Output of the LCC calculation for Variant 3.

Once the designer chooses the best solution, it is possible to transfer into the BIM model the
information necessary for construction—acquisition price, assembly time—as well as information
for the future operational stage of the building’s life cycle—frequencies and costs of R/M/R and the
disposal costs. The LCC value itself depends on the calculation parameters (the length of the examined
period and the discount rate) and serves essentially as an evaluation criterion for choosing the best
solution. An example of transferring selected parameters into the BIM model is shown in Figure 8.
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BIM parameters Variant 1 Variant 2 Variant 3

ETICS type: EPS 70 façade board
polystyrene façade socle 

board
EPS graphite façade 

board
ETICS thickness [mm]: 120 120 100
Use of thermally insulating plugs [yes/no]: yes yes yes
Use of dispersion (organic) reinforced plaster 
compound [yes/no]: no no no

Type of thin plaster:
silicate-silicone grooved 

plaster
silicate-silicone grooved 

plaster
silicate-silicone grooved 

plaster
Plaster thickness [mm]: 2 2 2
ETICS characteristics: no special characteristics socle area no special characteristics
Thermal resistance: 3.08 m 3.43 m 3.13 m

Acquisition price: 115,744.43 €                  131,206.21 €                  118,928.98 €                  
Assembly time of façade layers: 160.83 standard hours 160.9 standard hours 160.81 standard hours
Functional part lifetime [years]: 50 40 30
Cost of replacement of the FP: 4,928.76 €                     5,561.08 €                     5,046.08 €                     
Cost of 1 repair of the ETICS: 466.81 €                        528.00 €                        479.05 €                        
Frequency of repairs of the ETICS [years]: 20 15 10
Costs of 1 repair of thin plaster: 62.63 €                          62.63 €                          62.63 €                          
Frequency of repairs of thin plaster [years]: 20 20 20
Cost of 1 washing of thin plaster: 218.36 €                        218.36 €                        218.36 €                        
Frequency of washing of thin plaster [years]: 5 5 5
Cost of 1 re-coating of the façade: 1,256.58 €                     1,256.58 €                     1,256.58 €                     
Frequency of re-coating of the façade [years]: 15 15 15
Disposal (demolition) costs: 660.40 €                        688.47 €                        653.38 €                        

Figure 8. A showcase of information output transferrable to the BIM model.

4. Discussion

Section 3 showcased the proposed information exchange system and calculation of a building’s
LCC on the example of the functional part designated “façade composition”. Multiple parameters and
types of information enter the LCC calculation (see Figure 1) and influence the resulting value. As a
case study, an LCC calculation was performed for an external thermal insulation composite system
(ETICS) with thin plaster in three variants in terms of parameters and characteristics. The variants
included different inputs of the length of the examined period (100 years in the first and third variants
and 30 years in the second variant) and different input of the R/M/R database. The R/M/R database
differed in the individual variants in terms of the entered lifetime and frequency of repairs of the ETICS,
where in the first case, all ETICS types had the same lifetime and frequency of repairs, while different
values were modelled in the second and third cases. The proposed design of façade layers included
ETICS EPS 70 façade board (120 mm thick) with mineral granular plaster (2 mm thick). The system
then calculated a discounted LCC design solution for the individual variants, where the result is always
indicated in the first line of the resulting table (see Figure 5). The system then evaluated the other best
permissible ETICS variants based on the requirement that the ETICS have the same or better thermal
resistance, and thin plaster have the same or greater thickness.

The result for the ETICS type is clear in the first variant. Since all ETICS types have the same
lifetime and repair frequency, the best type is also the cheapest solution (EPS 70 F), despite the fact that,
e.g., the EPS graphite façade board has a higher thermal resistance (3.13 compared to 3.08 m2·K/W)
while being thinner (100 mm compared to 120 mm). The differences between the best three variants of
the ETICS are very small; the difference of the overall LCC is approx. 2 percentage points. The choice
of thin plaster in the first variant is influenced only by the frequency of maintenance, where the
silicate-silicone grooved plaster is the best option in the long term, where over the course of 100-year
lifetime it will have to be washed with water 12 times and recoated 6 times. This is in contrast to the
originally designed mineral plaster, which would have to be washed 22 times and recoated 10 times.

In the second variant, the input parameters and modified R/M/R database yielded the polystyrene
socle façade board as the best ETICS type. This result was achieved even though the acquisition price
including plaster is approx. 20% higher than the originally designed solution (Figure 5), and the
thermal resistance is more than 10% higher. The lifetime of the originally designed solution was set to
correspond to the examined period, i.e., 30 years, so it will have to be replaced once. By contrast, the
most favourable polystyrene socle façade board has a set lifetime longer than the examined period and
additionally, in contrast to other ETICS types, it has a lower set frequency of repairs as it needs to be
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repairs twice during the examined period. The originally designed solution would have to be repaired
5 times during the examined period.

In the third variant, where the R/M/R was identical to Variant 2, the best solution was EPS graphite
façade board (100 mm thick). Considering; however, that the best solution in Variant 2 (polystyrene
socle façade board) where the examined period was shorter, has almost the same resulting LCC price,
despite the fact that the best solution in Variant 3 (EPS graphite façade board) will have to be replaced
3 times during the examined period, which is one replacement more than in the case of the best solution
in Variant 2. The highest lifespan—60 years—was set for ETICS featuring mineral wool and foamglass.
While this system would only have to be replaced once during the building lifetime, it ranked near the
bottom in the comparison of the total LCC. This was because of the higher maintenance frequency of
mineral fibre boards. Foamglass is also affected by its very high acquisition price.

It is clear from the overview of the results of the individual variants that the R/M/R database
and the length of the examined period play a very important role. The examined period and the
R/M/R database affect the results in such a way that it is impossible to determine which façade layer
arrangement is generally the best, which is documented by the variable LCC efficiency of the individual
construction-material solutions in the three modelled variant solutions.

5. Conclusions

This paper presented a methodology for building LCC estimation that enables investors to identify
the optimum material solution for their buildings on the level of individual functional parts. From a
theoretical perspective, this paper contributes to the current body of knowledge with the proposed
LCC system, which takes into consideration various data inputs and interconnects the construction cost
estimation database, facility management database and investors’ requirements into a comprehensive
solution. Regarding managerial implications, the proposed LCC estimation system demonstrates the
absence of a generally applicable optimum material solution for ETICS. Different investor requirements
as well as the unique circumstances of each building and its user are a fact that underlines the need
to apply comprehensive approaches to finding the best solutions. Differences between individual
buildings lead to the fact that the results achieved (e.g., in the context of LCC calculations) will always
be unique and, therefore, no ETICS or thin plaster type should be favoured in advance.

There are three important research limitations that should be mentioned. Firstly, the model’s
division in terms of materials and structures depends on the available price database, where the
proposed system presented in this paper is based on databases used in the Czech Republic. Building
structures and materials not indicated in the relevant price database cannot be assigned with costs,
which means no LCC value can be determined. Nevertheless, if the methodology is applied generally, it
could be used—with adequate modifications—also in other regions and with different price databases.
Secondly, the calculation is unique for each functional part, because it is based on its own cost estimation
principles and the LCC calculation thus has to be modified for each individual functional part separately.
Thirdly, this system is limited only to those life cycle costs that are related to the building’s structures
and materials and omits future energy costs in the operational stage (heating, air conditioning, etc.).

Several future research directions can be outlined. It should be possible to follow up on the
proposed system and the information necessary for LCA calculation in order to be able to select the
best material and structural solution based on its carbon footprint as well, i.e., certainly in combination
of LCC and LCA. This step would dramatically increase the potential for using the proposed system in
the context of adhering to the principles of sustainable construction.

Another step could consist of incorporating utilities and energy consumption (e.g., heating, water
and electricity) based on information obtained from already operated buildings and BIM model
information. This would enable a more comprehensive evaluation of buildings in terms of their LCC.
Finally, the information on the construction time (see Figure 5) has the potential for a broader use
in creating construction time schedules or in identifying the optimum solution for a building that
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takes into account the construction time as one of the evaluation criteria (which can be significant in
commercial development projects).
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Abstract: The durability of eleven different water repellents applied on one sandstone type was
studied after a long-term weathering at seven different locations in Germany. By measuring colour
changes, it could be shown that the formation of black crusts, the deposition of particles and
biogenic growth caused a gradual darkening as well as significant changes in total colour over
time. Additionally, the water absorption behaviour was investigated with two different methods:
applying a low pressure using the pipe method and capillary water absorption measurements from
a wet underlay. Afterwards, the test results were analysed with four different evaluation methods:
calculation of the protection degree from pipe method and capillary water absorption, determination
of the velocity of water uptake during capillary water absorption and calculation of the damaged
depth of the stone surface using single-sided NMR technique. The growing damaged depth leads to
an increase of the water uptake velocity and to a decrease of the protection degree of the applied
hydrophobing agents. Three protective agents based on isobutyltrimethoxysilane showed already
after two years of outdoor weathering a clear loss of performance, which significantly increased after
30 years of exposure.

Keywords: conservation; natural stone; long-term weathered; water repellents; durability; single-
sided NMR

1. Introduction

Most of our historical stone buildings and monuments are made of sedimentary rocks. Their
mineral composition and physical structure, in combination with varying pore space characteristics,
limit their durability in terms of weathering influences. In order to reduce the susceptibility to
weathering, water repellents based on organosilicon compounds can be used. The long-term impact of
these stone treatments is a controversial issue [1–3]: on the one hand, the capillary water ingress is
significantly reduced, which prevents stone deterioration processes based on the influence of water.
On the other hand, the possible decrease of water vapour diffusion through the pore system can lead
to hygric expansion inside the stone, which causes in combination with freeze-thaw cycles spalling of
the treated stone area. Furthermore, the long-term behaviour and efficiency of these stone treatments
depends on diverse aspects and is still a scientific issue [4–7]. The type of stone (e.g., sandstone,
limestone, igneous or metamorphic rocks) as well as the chemical composition of the used conservative
(e.g., acrylic polymers or organosilicon compounds) and also its application have a significant influence
on the success of a conservation action, e.g., an incorrect performance or a poor adhesion of the water
repellent with the stone substrate can lead to severe damage over time [8–10].

Finding answers concerning the above-mentioned issues, the Zollern-Institute (Deutsches Bergbau
Museum, Bochum) performed between 1986 and 2017 a field study in Germany, where various types
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of natural stones were exposed to different weathering conditions. In addition, reference samples
were also deposited in an archive over the entire period. For each type of stone and each location, 11
specimens were applicated with different hydrophobing agents based on organosilicon compounds,
while 2 specimens stayed untreated [11,12].

This study focuses on the evaluation of these long-term weathered samples treated with 11
different water repellents, as shown on one sandstone type. The aim of this research is the performance
analysis of the applied hydrophobic agents. The influence of the composition of the agents, leading
among other things to various penetration depths, is determined with three different test methods.
Based on the work done in [13], a damaged depth inside the weathered stone is calculated for the first
time. The term damaged depth describes the extent of damage in the uppermost area of the natural
stone surface. A comparison between damaged depth of the stone surfaces and penetration depth
of the agents allows statements concerning the performance and explains partly unsolved results
concerning the here evaluated protection degrees.

2. Experimental Matrix

Investigations were carried out on a frequently used building stone in Germany, namely the
Obernkirchener Sandstone (OKS). The mineral composition as well as the geotechnical properties of
this sandstone type are listed in Table 1.

Table 1. Petrographic and petrophysical properties of Obernkirchener Sandstone.

Stone Type Obernkirchener Sandstone OKS

colour beige to yellowish-grey, 5 Y 8/1–5 Y 7/2
mineral content [14] quartz 81%, rock fragments 17%, muscovite (subordinated)

matrix quartzitic, kaolinitic
classification fine-grained quartzitic sandstone

total porosity [%] 20
bulk density [g/cm3] 2.16

apparent density [g/cm3] 2.71
average pore radius [μm] 3.4

The samples have a triangle-prismatic-shaped structure with a length of 300 mm. Figure 1 shows
the geometry of the samples as well as the further preparation for the investigations. To assess the
weathering effects and the degradation of the hydrophobic agents on a time-related basis, specimens
were taken from these stone samples after an exposure time of 2, 24 or 30 years. At each time step,
a 30 mm thick slice was cut out from the lateral surfaces (marked green) of each sample (Figure 1).
All investigations described in this study were carried out on these segments at the TU Dortmund.
The triangle-shaped slices, which were cut out after 2 years of natural weathering, were stored in an
archive until the examinations were carried out in the years 2018 and 2019.

In 1986, the dry samples were applicated with 11 different water repellents based on organosilicon
compounds. In order to generate a uniformly wetted surface everywhere, the samples were completely
immersed in a container filled with the respective hydrophobic agents and treated by flood-process
with an application time of one minute. Table 2 provides an overview of the chemical composition
and active ingredient content of the used products as well as characteristic values of OKS treated with
these agents. The penetration depth of the hydrophobic agents was measured with a calliper on the
triangle-shaped slices, which were moistened for this purpose [1,2,13]. The measurement was carried
out on the cut side. The mean values and the standard deviations in Table 2 were calculated in each
case from 42 measuring points.
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Figure 1. Left: The geometry of the samples and the sampling of the sample slices after 2 and 30 years,
here marked green (years = a). Right: Outdoor weathering of the samples in Nuremberg after an
exposure time of 30 years.

Table 2. Overview of the applied protective agents and characteristic values of Obernkirchener
Sandstone treated with these agents (±standard deviation).

No. Protective Agent and Content [M.-%]
Penetration Depth

[mm]
Water Absorption
after 1 h [kg/m2]

Increase of Water Vapour
Diffusion Resistance Value [%]

0 untreated Obernkirchener Sandstone, 2a
indoor (reference) - 1.38

1 34% propyl-/ 5% octyltrimethoxysilane 7.0 ± 1.8 0.03 16

2 35% isobutyltrimethoxysilane 3.3 ± 3.1 0.04 5

3 20% isobutyltrimethoxysilane + 20%
tetraethoxysilanehydrolysat 3.3 ± 2.1 0.03 15

4 20% isobutyltrimethoxysilane + 20%
tetraethoxysilane 2.6 ± 2.5 0.04 12

5 low-molecular methylethoxysiloxane +
tetraethoxysilane (

∑
75%) 6.7 ± 1.5 0.03 11

6 7.5% low-molecular
methylethoxysiloxane 4.0 ± 0.6 0.02 18

7 6.7% oligomer methylethoxysiloxane 3.3 ± 0.5 0.03 17

8 5% methyl-/isooctyl silicone resin 3.4 ± 1.4 14

9 6.7% oligomer
methyl-/isooctylmethoxysiloxane 2.9 ± 1.1 0.03 13

10
oligomer

methyl-/isooctylmethoxy-siloxane +
tetraethoxysilane (

∑
8.3%)

3.6 ± 0.8 0.03 8

11 8% polymeric methylmethoxy-siloxane
(silicone resin) 3.4 ± 0.6 0.03 17

The hydrophobic agents with the identification numbers 1, 2, 3 and 4 are based on silane
whereby agents 1 and 2 include the highest silane contents and agents 3 and 4 additionally contain
silicic acid ester (tetraethoxysilane). The impregnation depth of the water repellents containing
isobutyltrimethoxysilane (agents 2, 3 and 4) is more than twice lower compared to agent 1 and has a
high standard deviation. These high standard deviations suggest that the hydrophobic agents, based
on silane, penetrate uneven into the pore system of the sandstones. Furthermore, these materials
showed no clear line between hydrophilic and hydrophobic zone [13]. The other materials, especially
based on siloxane, showed after wetting the surface a clear boundary between dry (hydrophobic)
and wet (hydrophilic). Figure 2 visualizes exemplary two samples with high penetration depth and
compares the boundaries of agent No. 1 and 5. Agents 5, 6, 7, 9 and 10 are based on siloxane and allow
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the comparison of low-molecular and oligomer methylethoxysiloxane as well as methylethoxy- and
methyl-/isooctylmethoxysiloxane. The third group is based on silicone resin (agents 8 and 11).

 

Figure 2. Visual penetration depth of agent No. and 5 after wetting the samples.

The capillary water absorption measured according to DIN EN 15801 [15] demonstrates the
effectiveness of all hydrophobing agents applied on OKS. The increase in water vapour diffusion
resistance was determined in relation to the untreated samples. For this reference value, the water
vapour diffusion resistance of the two untreated samples was averaged from each location (mean value
of 24 samples and standard deviation: 37.8 ± 4). The values were measured by wet cup test according
to DIN EN 15803 [16,17]. Due to application of the hydrophobic agents, the water vapour diffusion
resistance increased up to 18% but stayed still under the threshold value of 50% required by [2].
Obviously, the addition of silicic acid ester has no influence on the water vapour diffusion resistance.

All samples of the triangle-prismatic-shaped Obernkirchener Sandstones were exposed at seven
different locations in Germany in 1986/1987. Three locations were situated in North Rhine-Westphalia,
Dortmund, Duisburg and Eifel, and three in Bavaria, Nuremberg, Munich and Kempten. Table 3 lists a
detailed description of the exposure sites and their surrounding environments. The seventh site was
indoor and can be used as reference.

Table 3. Description of the exposure sites and their setting.

Location Exposure Site Setting

Dortmund
located in the west of the city, on an old colliery site

(former heavy industrial site) with traffic around,
exposure stations situated under trees

residential area/industrial area

Duisburg located in the north of the city, exposure stations situated
on the green area of a schoolyard under trees

residential area/heavy
industrial area

Eifel located on agricultural land, exposure stations situated
on the edge of a forest

urban area and rural space in
the countryside

Nuremberg located in the north-west of the city, near a water
treatment plant, on a busy street behind bushes urban area

Munich
located in the south-west of downtown with a high
amount of traffic around the site, exposure stations

situated partly under trees
residential area/business area

Kempten exposure stations situated on the roof of a tree nursery residential area
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For the above-stated weathering locations, their mean climatic data is shown in Table 4. These are
averages of the last 10 years of exposure (Dortmund, Duisburg, Eifel: 2000–2009; Nuremberg, Munich,
Kempten: 2007–2016) from measuring stations near the locations and with similar environmental
conditions. An extensive evaluation of the climatic data for temperature, relative humidity and
precipitation on the basis of hourly values has been carried out, in order to obtain differentiated
information with regard to the duration of certain temperature levels, the number of freeze-thaw
changes, annual precipitation times and precipitation frequencies. In addition, the averaged pollutant
values for nitrogen- and sulphur-dioxide are given for this period.

In the considered period, the temperatures below the freezing point were more present at the
Bavarian locations, especially in Kempten. In addition, the number of hours with a relative humidity
above 80% was higher for the locations Eifel and Kempten compared to the other sites. A high
precipitation rate was recorded in Kempten, while it did not rain many times. The pollution data
showed a low NO2 rate in Eifel, whose exposure site is situated in an agricultural landscape, while in
the urban location Munich the values are significant higher. Concerning SO2, the heavy industrial
setting in Duisburg had the highest pollution rate.

Table 4. Climatic data for the weathering locations, mean values over the last 10 years of exposure (a =
year, h = hours).

Title

Exposure Site
above Mean

Sea Level

Temperature Freeze-
Thaw-

Changes

Relative
Humidity

Precipitation Pollution

<0 ◦C >25 ◦C <50% >80% NO2 SO2

[m a.s.l.] [times in h/a] [1/a] [times in h/a] [times/a] [mm/a] [μg/m3] [μg/m3]

Dortmund 126 587 274 97 935 5014 30.4 5.7
Duisburg 18 441 352 83 1050 4775 527 947 31.1 11.1

Eifel 579 990 64 91 320 6129 521 820 9.2 5.4
Nuremberg 299 968 309 130 975 4753 447 631 28.2 x *

Munich 552 914 333 97 1126 3929 408 938 67.9 4.0
Kempten 661 1343 206 189 751 5166 381 1177 22.0 x *

Sources:    https://www.lanuv.nrw.de/umwelt/luft/immissionen/messorte-und-werte, * no values available
   h https://opendata.dwd.de/climate_environment/CDC/; https://www.umweltbundesamt.de/themen/luft/
luftschadstoffe/stickstoffoxide; https://www.umweltbundesamt.de/themen/luft/luftschadstoffe/schwefeldioxid.

3. Experimental Methods

3.1. Optical Surface Changes and Colorimetry

Optical changes caused by the influence of outdoor weathering or by the conservation action
itself were evaluated by colour measurements performed according to DIN EN 16851 [18] and DIN
EN 15886 [19]. Measurements were carried out using the spectrophotometer spectro-guide sphere
gloss from BYK-Gardner with a standardised light of D65, a 10◦ image field size and a measuring
geometry of d/8◦. The examinations were carried out on the triangle-shaped slices (Figure 1). On both
the treated weathered side and the cut side (unweathered-untreated =̂ reference), 5 measuring points
were determined, and the mean values and standard deviations were calculated. The results were
presented in the CIE L*a*b* colour system, where colour is expressed with the following parameters:
L* is the lightness (black (0) to white (100)), a* the red (a*)–green (-a*) coordinate and b* the yellow
(b*)–blue (-b*) coordinate in a Cartesian coordinate system.

An ideal hydrophobing agent does not significantly influence the visual appearance of the natural
stone surfaces, and despite of natural weathering processes, the treated surfaces should also be
stain-repellent, which is why these coordinate values should not change noticeable over time. To
evaluate variations in the optical appearance of the samples over time, with ΔL*, Δa* and Δb*, the total
colour difference ΔE* was calculated according to Equation (1):

ΔE∗ =
√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (1)

133



Buildings 2020, 10, 18

A ΔE* > 5 units is rated as a different colour and represents in this paper the limit value of
noticeable changes (dashed lines in the diagrams) [20,21].

3.2. Measurement of Water Absorption by Pipe Method (Karsten Tube)

According to DIN EN 16302 [22] an open glass pipe was mounted with a fixing compound on
the stone surface and the graded tube was filled with water. The amount of water absorbed over an
area of 5.7 cm2 has been determined in defined time steps up to one hour. The tests were carried out
using a tube for horizontal surfaces. The water pressure of 10 mbar was kept constant during the
measurements. The investigations were done on untreated and treated stones after 0, 2 and 24 or 30
years of natural weathering. Afterwards the protection degree PDLP was calculated with Equation (2)
according to DIN EN 16581 [18]. While the standard just mentions that the value should be near 100%
for a hydrophobic function, this paper proposes the following three classes:

• Protection degree 100% to 95%: hydrophobic;
• Protection degree 94% to 90%: influenced by a hydrophobic effect;
• Protection degree ≤ 89%: hydrophilic.

PDLP(%) =
(Wf)B − (Wf)A

(Wf)B
× 100 (2)

with

PDLP—protection degree under low water pressure for 1 h; in%
(Wf)B—absorbed amount of water of untreated sandstone after 2 years indoor storage in mL/cm2;
(Wf)A—absorbed amount of water of treated sandstone in mL/cm2.

3.3. Measurement of Capillary Water Absorption

According to DIN EN 15801 [15] the capillary water absorption was determined by placing the
samples with their weathered side on a wet underlay and measuring the weight changes after different
time periods up to 72 h. The test was done on untreated and treated OKS after 2 and 24 or 30 years
of natural weathering. Afterwards, the mass changes related to the contact area can be drawn in a
diagram as function of the square root of time. Using the square root of time, nearly linear gradients
for the amount of water uptake occur (compare [3,15,23]). As described in Figure 3 and Equation (3),
the velocity of water uptake between 5 and 120 min was calculated.

ϑQ0.08−2 =
QA,2 −QA,0.08√

2− √0.08
in
[

g

m2· √h

]
. (3)

with

ϑQ0.08-2—velocity of water uptake between
√

0.08 and
√

2 h in g/m2 √h;
QA,2—absorbed amount of water after 2 h in g/m2;
QA,0.08—absorbed amount of water after 0.08 h in g/m2.
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Figure 3. Evaluation of the capillary water absorption with regard to the velocity of water uptake
during a period of 5 to 120 min, exemplary shown for agent 6 (a = year).

Furthermore, the protection degree PDCi was calculated with Equation (4):

PDCi(%) =
(QBi −QAi)

QBi
× 100 (4)

with

QBi—absorbed amount of water of untreated sandstone after 2 years indoor storage at the time ti;
QAi—absorbed amount of water of treated sandstone at the time ti.

3.4. Moisture Distribution Inside the Stone—Degradation Depth

The NMR MOUSE® PM 25 (Mobile Universal Surface Explorer, registered trademark of RWTH
Aachen University, Aachen, Germany) allows the non-destructive detection of moisture distribution
inside porous materials via nuclear magnetic resonance. The measurement technique is described
amongst others in [13,24,25].

In situ capillary water absorption tests were carried out on the top Table above the NMR sensor
while the NMR measuring volume (40 × 40 × 0.2 mm) was moved through the stone, beginning at the
stone surface up to a final depth of 4.4 mm. Figure 4 shows the test set up and an exemplary measuring
curve. The amplitude (signal of proton density) depends on the amount of water in the porous stone.

 

Figure 4. Test set up of in situ NMR measurements during capillary water absorption and determination
of the depth of damage after 30 years of outdoor weathering in Munich, shown as an example with
protective agent 6.
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Based on 51 measurements, a correlation between amplitude and amount of absorbed water was
determined for untreated and treated OKS [13]. A threshold for the amplitude was defined: if the
amplitude is ≤0.05 the water content is ≤0.1 kg/m2 and the protection degree is ≥95%. According to
the critical values mentioned in [2] and our own experience, this threshold allows the classification
between hydrophobic or just an influenced zone. With this threshold and assuming a linear gradient
of the amplitude between the two measuring points nearest to the threshold, the damaged depth can
be calculated with Equation (5):

Ddepth =
(At −A1)·(d2 − d1)

(A2 −A1)
+ d2 (5)

with

Ddepth—damaged depth inside the natural stone in [μm];
At—threshold amplitude, for Obernkirchener Sandstone 0.05 in [–];
A1—measured amplitude directly below the threshold amplitude in [–];
A2—measured amplitude directly above the threshold amplitude in [–];
d1—corresponding depth in which amplitude A1 is measured in [μm];
d2—corresponding depth in which amplitude A2 is measured in [μm].

Based on water absorption measurements on treated OKS samples (Table 2) it could be shown that
all applied hydrophobing agents are initially effective. As a result of a natural weathering time of 30
years, changes occur in the hydrophobized zone. This is caused by soiling, biogenic growth, a reduction
of the water-repellent effect and loosening of the stone structure. These changes are associated with
an increase in the amount of absorbed water in the uppermost area of the stone surface (Figure 4).
With the determination of a limit value for the loss of hydrophobicity, this damaged depth can now be
determined with Equation (5).

4. Results and Discussion

4.1. Optical Surface Changes and Colorimetry

Figure 5 presents the results of the total colour difference (ΔE*) and changes in lightness (ΔL*) for
different treated OKS samples. It can be seen that the initial treatment (Figure 5, indoor 2a) did not
cause significant changes of ΔE* as the values are below the limit value of 5 (except agent 11). However,
due to the application of these different hydrophobing agents the surface darkens, leading from the
beginning on to optical aesthetic changes of the stone surfaces (see Figure 6, indoor 2a). After a storage
time of 30 years (indoor 30a), the surface discoloured, probably because of the dusty environment in
the archive.

Figure 5. Total colour difference ΔE* of Obernkirchener Sandstone (OKS) samples, treated with silanes
(agent 1, 2), siloxanes (agent 7, 9, 10) and silicone resins (agent 8, 11) from different exposition sites.
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Except for treated OKS samples exposed in Dortmund, ΔE* and ΔL* increased after 24 years of
outdoor exposure on all exposition sites by a factor of 2. A maximum ΔE* has been measured on silane
treated samples, which were exposed for 24 years in Duisburg (agent 1 = 31; agent 2 = 30). On the
exposition sites in North Rhine-Westphalia, the colour differences and differences in ΔL* are higher
for samples impregnated with silane-based products than for siloxane or silicone resin impregnated
stone surfaces. In contrast, ΔE* increased for siloxane treated samples from the locations in southern
Germany. In addition, these samples show a significant darkening over time (Figure 6).

Figure 6. ΔL* values of OKS samples, treated with silanes (agent 1, 2), siloxanes (agent 7, 9, 10) and
silicone resins (agent 8, 11) from different exposition sites.

Slight changes in total colour and lightness could be detected for the treated samples exposed in
Dortmund, where no distinct variations appeared during a time period of 24 years. The visible and
measured colour changes are caused by biological growth, the deposition of particles and the formation
of black crusts on the OKS surfaces, which lead to a gradual darkening as well as a significant change
of the optical appearance (compare also with [26,27]).

4.2. Comparison of the Protection Degree Calculated from Water Absorption by Pipe Method and Capillary
Water Absorption

Table 5 summarises the protection degree PDLP calculated from water absorption measurements
by pipe method after 1 h (Equation (2)) for the 11 protective agents applied on OKS. In general, the
hydrophobic surfaces withstand a water pressure of 10 mbar for one hour after a long-term weathering
at the different outdoor locations. After 24 as well as 30 years of outdoor weathering, only protective
agent 9 (6.7% oligomer methyl-/isooctylmethoxysiloxane) has a consistent loss of its hydrophobic
effect. After 2 years of outdoor weathering, the silane-based agents 2, 3 and 4 show partly a reduction
in performance. The increase in the water-repellent effect after 30 years compared to 2 years of
outdoor weathering with agents 2, 3 and 4 seems somewhat surprising. Two different reasons could
cause this effect: (a) the influence of biogenic growth and (b) the very uneven penetration of the
isobutyltrimethoxysilanes into the stone. The following results (Table 6 and Figures 7 and 8) show that
these agents are no longer effective even after 30 years.

Table 6 summarises the protection degree PDCi calculated from capillary water absorption tests
after 1 h measuring time (Equation (4)) for the 11 protective agents applied on OKS after outdoor
weathering. In contrast to Table 5, all protective agents show after a long-term outdoor weathering a
loss of effectiveness. Especially at the southern locations in Germany, a decrease of the hydrophobic
effect can be seen on the treated samples after an exposure time of 30 years. The silane-based agents 2,
3 and 4 show already after 2 years of outdoor weathering a performance loss.

Comparing Tables 5 and 6, it is obvious that the two unequal measuring methods lead to different
results concerning the performance of hydrophobic agents. This fact is well known in literature
(compare for example [28]). To sum up, the application of 10 mbar water pressure does not affect the
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hydrophobic function while a superficial water contact with the total area of the treated stone with the
wet underlay leads after more than 24 years outdoor weathering to a loss of the hydrophobic effect
for all protective agents. A further evaluation of the capillary water absorption for a more detailed
discussion concerning the effectiveness of the different protective agents is necessary.

Table 5. Protection degree PDLP calculated from water absorption by pipe method after a weathering
time of 2, 24 and 30 years, respectively, at the 7 locations (PD classes: 100% to 95%: hydrophobic (white
cell), 94% to 90%: influenced by a hydrophobic effect (light grey cell), ≤89%: hydrophilic (grey cell)).

Agent
Indoor Dortmund Duisburg Eifel Nuremberg Munich Kempten

2a 30a 2a 24a 2a 24a 2a 24a 2a 30a 2a 30a 2a 30a

1 100 100 100 95 98 100 98 96 100 97 100 92 98 97
2 100 100 80 91 91 97 50 99 100 95 100 95 100 91
3 99 99 89 95 100 96 57 96 78 95 55 96 100 95
4 100 100 64 95 23 96 86 95 100 96 95 96 100 95
5 97 100 95 99 98 98 98 97 99 95 100 96 100 95
6 99 100 100 100 95 97 100 96 99 98 100 96 100 95
7 100 100 95 95 100 96 100 95 100 95 100 96 100 91
8 96 100 100 97 100 96 100 98 100 96 100 92 100 95
9 100 100 100 91 100 91 100 95 100 92 100 95 99 91
10 98 100 95 98 100 96 100 95 100 93 99 95 100 94
11 100 100 95 96 100 96 100 95 100 95 100 96 100 96

Table 6. Protection degree PDCi calculated from capillary water absorption tests after a weathering
time of 2, 24 and 30 years, respectively, at the 7 locations (PD classes: 100% to 95%: hydrophobic (white
cell), 94% to 90%: influenced by a hydrophobic effect (light grey cell), ≤89%: hydrophilic (grey cell)).

Agent
Indoor Dortmund Duisburg Eifel Nuremberg Munich Kempten

2a 30a 2a 24a 2a 24a 2a 24a 2a 30a 2a 30a 2a 30a

1 98 97 95 93 95 88 94 86 96 90 95 81 96 87
2 97 98 85 88 85 81 42 81 95 85 93 80 95 76
3 98 97 82 88 90 66 89 69 87 71 85 95 81
4 97 96 65 90 83 91 76 87 93 89 87 85 83 80
5 97 96 95 90 93 92 95 91 95 89 95 87 95 87
6 98 98 96 95 97 88 95 92 97 89 96 84 96 85
7 98 97 95 86 97 92 96 89 97 84 95 83 95 79
8 98 97 96 93 93 97 92 98 88 95 81 96 87
9 98 97 94 89 97 86 95 85 96 83 95 78 96 82
10 97 98 90 90 95 90 96 90 96 87 95 84 96 83
11 98 97 96 94 97 93 96 90 97 90 96 88 96 87

Figure 7. Velocity of water uptake between 5 and 120 min for OKS samples treated with agents 1 and 2
and weathered at the 7 different locations.
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Figure 8. Velocity of water uptake between 5 and 120 min for OKS samples treated with agents 3 and 4
and weathered at the 7 different locations.

4.3. Evaluation of the Protective Agents by the Velocity of Water Uptake

The velocity of water uptake between 5 and 120 min during the capillary absorption test
was calculated with 3. While the untreated OKS has a velocity of water uptake ϑQ0.08-2 of nearly
1400 g/m2 h0.5, the treated samples stored indoor have a value of about 25 g/m2 h0.5. Figure 7 shows
the differences in water uptake velocities of agent 1 and 2 applied on OKS. After 2 years of natural
weathering of OKS samples treated with agent 1, the rate of water uptake increased only negligibly
from 26 g/m2 h0.5 (indoor) to maximum 37 g/m2 h0.5 (Dortmund). The extension of the weathering time
to 30 years led, at Nuremberg, Munich and Kempten, to more than a doubling of ϑQ0.08-2. The highest
value was calculated for Munich with 214 g/m2 h0.5. In contrast, the OKS samples treated with agent 2
showed already after 2 years of exposure more than a doubling of ϑQ0.08-2 (except Nuremberg and
Kempten). After 24 or 30 years, the values reached 73 to 238 g/m2 h0.5 (Kempten). These results explain
the low protection degree PDCi of agent 2 (Table 6). An obvious reason for the insufficient effectiveness
of agent 2 (35% isobutyltrimethoxysilane) is the uneven distribution of the agent inside the stone
matrix of OKS, which varies between 0.8 and 8.3 mm. This irregular distribution was determined
for all agents with isobutyl-structures. As a consequence, the velocity of water uptake also increased
significantly for OKS samples treated with agents 3 and 4, already after a weathering time of 2 years.
Due to the lower ingredient content of 20% isobutyltrimethoxysilane, the effectiveness of these agents is
less pronounced than for agent 2 (Figure 8). The decrease of the velocity of water uptake after 24 years
weathering especially in Dortmund and Duisburg compared to 2 years could be caused due to the
uneven distribution of the agent inside the stone matrix and/or the bionic growth on the stone surface.

Figure 9 shows the velocity of water uptake for OKS samples treated with agents 5 and 6.
The methylethoxysiloxane-agents are more effective than the silanes. The results show an increase
in the velocity of water absorption after 24 years. This effect is more pronounced at locations in
southern Germany.
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Figure 9. Velocity of water uptake between 5 and 120 min for OKS samples treated with agents 5 and 6
and weathered at the 7 different locations.

A comparison of the water uptake velocities of OKS samples treated with agents 7, 9 and 10 is
shown in Figure 10. Two years of weathering at the different locations does not significantly influence
ϑQ0.08-2 compared to the reference (2a indoor). After 24 and 30 years, respectively, outdoor weathering
the OKS samples treated with agent 9 shows the highest increase of ϑQ0.08-2 up to 249 g/m2 h0.5 in
Munich. At that time at each location, a loss of functionality can be stated for agent 9, which fits to
the results shown in Tables 5 and 6. In contrast, the OKS samples treated with agent 7 show, after
24 years natural weathering in Duisburg, a lower increase of ϑQ0.08-2. Agents 7 and 9 have the same
oligomer siloxane content of 6.7%, but agent 9 has a methyl-/isooctylmethoxy-structure while agent 7
consist just of a methylethoxy-structure. The addition of tetraethoxysilane to the oligomer siloxane
with methyl-/isooctylmethoxy-structure (agent 10) does not noticeably influence the results of ϑQ0.08-2.

Figure 11 shows the velocity of water uptake for OKS samples treated with silicone resin. The
lower agent content and/or the methyl-/isooctyl-structure of agent 8, compared to agent 11, which
contains a methylmethoxy-structure (Table 2), leads to a higher water uptake rate after a long-term
outdoor weathering. Again, the sample exposition at the southern locations of Germany led, after 30
years, to a significant increase of ϑQ0.08-2. Samples from the rural region Eifel show, also after 24 years
outdoor weathering, a clearer increase of ϑQ0.08-2 compared to samples exposed to the city regions
Dortmund and Duisburg.

Figure 10. Velocity of water uptake between 5 and 120 min for OKS treated with agents 7, 9 and 10 and
weathered at the 7 different locations.
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Figure 11. Velocity of water uptake between 5 and 120 min for OKS treated with agent 8 and 11 and
weathered at the 7 different locations.

4.4. Evaluation of the Protective Agents by the Degradation Depth

Due to the non-destructive single-sided NMR technique described in Section 3.4, it is possible to
detect indirectly the depth of damage (insufficient effectiveness) inside the treated Obernkirchener
Sandstone. In Figure 12, the calculated damaged depth inside the OKS (Equation (5)) is compared
with the measured penetration depth of the hydrophobic agents (measured visually with a calliper by
wetting a cut edge). The high variation of the penetration depth of agent 2 is obvious. At the Eifel
location, the damaged depth is higher than the penetration depth, which with 0.14 mm has the lowest
value. The samples treated with agent 2 show a higher damaged depth compared to the samples
treated with agent 1, which corresponds to the results discussed before (Figure 7).

Figure 13 compares the penetration depth of agents 3 and 4 with their damaged depths. The
acquisition of the damaged depths with the NMR technique is only possible to a depth of 4400 μm. If
the damaged depth reaches this value, it is marked with an arrow (Duisburg, Eifel, Munich). If the
depth of damage exceeds the penetration depth, the speed of water absorption is over 180 g/m2 h0.5

(Figure 8), and the protection degree PDCi calculated from capillary water absorption is insufficient
(Table 6). Once again, the depth of damage of these agents is often higher after 2 years than after 24 or
30 years, which in addition to the scattering of the penetration depth, suggests a reduction in water
absorption due to pollution and bionic growth. This behaviour leads to the assumption that after an
early damage of the hydrophobicity within 2 years, a stronger or different increase of bionic growth
and pollution causes a compaction of the stone surface in such a way that the water absorption is
reduced. This assumption will be considered in further investigations.

Figure 14 confirms the functionality of agents 5 and 6 even after 30 years of outdoor weathering.
The depth of damage reaches a maximum of 1280 μm in Munich. Similar results were determined for
agents 8 and 11 (Figure 15). In general, the damaged depth increases with increasing weathering time.

Figure 16 compares the penetration depths of agents 7, 9 and 10 with their damaged depths.
Again, the damaged depth increased after 24 or 30 years of outdoor weathering, especially for samples
exposed to the southern locations, which are characterised by a longer weathering time and a rougher
climate. Agents 7 and 9 tend to show a higher depth of damage after 24 or 30 years, respectively,
compared to agent 10.

For OKS samples treated with agents 1, 5, 6, 8, 10 and 11, a maximum damaged depth of about
1.5 mm was found, which is in general more than a third lower than the penetration depth. These
results explain the increase of capillary water uptake which resulted in a decrease of the protection
degree PDCi and an increase of the rate of water uptake during the first 120 min measuring time. This
fact might also explain the slight changes of the protection degree PDLP. The performance of the
hydrophobing agents in deeper stone depths prevent the ingress of water under low pressure.
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A correlation between the determined damaged depth and the penetration depth of the
hydrophobic agents could not be established from the data. This result can be stated for all samples
treated with the different agents. This indicates that a high penetration depth of the active substance
does not necessarily mean that the durability of the treatment is increased. If the damaged depth
reaches nearly the penetration depth, a loss of performance can be found for all investigated samples,
for example, agent 9 after 30 years in Kempten.

Figure 12. Comparison of the penetration depth of agents 1 or 2 applied on OKS with the damaged
depth calculated with Equation (5) (depth 0 = surface of the stone).

Figure 13. Comparison of the penetration depth of agents 3 or 4 applied on OKS with the damaged
depth calculated with Equation (5) (depth 0 = surface of the stone).
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Figure 14. Comparison of the penetration depth of agents 5 or 6 applied on OKS with the damaged
depth calculated with Equation (5) (depth 0 = surface of the stone).

Figure 15. Comparison of the penetration depth of agents 8 and 11 applied on OKS with the damaged
depth calculated with Equation (5) (depth 0 = surface of the stone).

 

Figure 16. Comparison of the penetration depth of agents 7, 9 and 10 applied on OKS with the damaged
depth calculated with Equation (5) (depth 0 = surface of the stone).
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5. Conclusions

The influence of up to 30 years of outdoor weathering at six different locations in Germany
on the effectiveness of 11 different hydrophobic agents applied on Obernkirchener Sandstones is
analysed in this paper. Periods of 24 and 30 years of outdoor weathering led to an ageing of the
treated stone surfaces, expressed by discolouration and staining. By measuring colour changes, it
could be shown that the formation of black crusts, the deposition of particles and biogenic growth
caused a gradual darkening as well as significant changes in total colour over time. Beside the optical
changes and colorimetry, the water absorption behaviour was investigated with two different methods:
applying low pressure with the pipe method and capillary water absorption from a wet underlay.
Afterwards, the test results were analysed with four different evaluation methods: calculation of the
protection degrees PDLP (from pipe method) and PDCi (from capillary water absorption) as well as of
the velocity of water uptake during capillary water absorption measurements between 5 and 120 min
and calculation of the damaged depth inside the stone using single-sided NMR technique.

It can be concluded that the degradation of the treated stones has been increased due to a longer
weathering period of up to 30 years. This degradation can be illustrated with the damaged depth,
which has been calculated from NMR measurements during capillary water absorption. The increase
of the damaged depth leads to a higher velocity of water uptake and to a decrease of the protection
degree PDCi. As long as the effective hydrophobic zone is three times the depth of the damaged area,
the functionality of the hydrophobing agent is still given.

Only agents 2, 3 and 4 which are based on isobutyltrimethoxysilane show already after 2 years
of outdoor weathering a clear loss of performance. The irregular distribution of these agents inside
the matrix of OKS caused a high variation of the penetration depth, which partly led to a noticeable
deterioration of the hydrophobic layer.

Comparing the protective agents containing siloxane, the low-molecular methylethoxysiloxanes
(agent 5 and 6) show even with a low content of 7.5% (agent 6) a good performance, which is similar,
partly better than the oligomer methylethoxysiloxane (agent 7). Especially after 30 years of outdoor
weathering, the agents with oligomer siloxane based on an isooctylmethoxy-structure (agent 9 and 10)
have a higher performance loss than the agents 5 and 6.

The effectiveness after 30 years outdoor weathering of the protective agents based on silicone
resin is comparable to that of low-molecular siloxanes. Agent 8 shows a more reduced hydrophobic
effect due to the low ingredient content and possibly to the isooctyl-structure.

Comparing the six different locations, it can be concluded that the degradation of the treated
stones is higher in southern Germany than in North Rhine-Westphalia. This fact can be explained by a
longer weathering time of 6 years as well as the rougher environment. In North Rhine-Westphalia, the
rural location Eifel, which has a high amount of temperatures under 0 ◦C and relative humidity above
80% within one year, leads in general to a higher degradation compared to Duisburg and Dortmund.

To sum up, with the help of complementary evaluation methods, the durability of different
hydrophobic agents applied on Obernkirchener Sandstone and under the influence of outdoor
weathering can be analysed in detail. After 30 years, all agents show a decrease in performance, but
some protective agents still provide an effective hydrophobic layer.
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Abstract: Existing buildings can reach a performance enhancement and extend their nominal service
life through renovation measures such as seismic rehabilitation. In particular, when buildings
have almost exhausted their service life, seeking an optimal solution should consider whether
costs and environmental effects are worthwhile, or new construction is preferred. In this paper,
a methodology to consider seismic hazard into probabilistic approaches for life-cycle analyses is
presented considering the possibility of structural enhancement over an extended building lifespan.
A life-cycle-based decision support tool for building renovation measures is developed and applied
to a selected case study. Unlike standard “static” analyses, which in this work show shortcomings by
underestimating impacts of vulnerable buildings, such an approach brings out environmental and
economic advantages of retrofit measures designed to improve the structural performance.

Keywords: Life Cycle Assessment uncertainties; seismic hazard; building renovation; retrofit

1. Introduction

In a perspective of sustainable development, the Europe 2020 strategy aims for a control of
environmental impacts as an instrument of European economic growth. On such an issue, the
construction sector is subjected to a particular attention: with reference to recent information of
International Energy Agency (IEA), the existing building stock is responsible for 50% of material
depletion and 40% of energy consumption, generates 36% of greenhouse gases (GHG) emissions and
a third of the total waste [1]. Moreover, people spend 90% of their time in buildings that should
guarantee the highest level of safety, comfort and wellness [2].

As a consequence of the recent economic crisis of the construction sector in all European countries,
the number of new buildings is significantly decreased, even if by 2050 2.6 billion people will require
new housing, work places and infrastructure due to rapid urbanization and population growth [2].
With respect to this, the renovation of existing buildings through retrofit is an effective strategy: the
overall building performance is improved and additions of new volumes and surfaces are allowed,
without encountering any demolition and rebuilding, which has proved to have higher environmental
impacts [3,4]. This challenge calls research for improvements to established design procedures and
construction approaches, which could be more effective and support the achievement of a net carbon
neutral society.

In the last few decades, methodologies have been developed to assess environmental and economic
impacts, such as life-cycle approaches, used in the building sector especially in the context of building
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certification labelling systems. They support the decision-making process and represent an instrument
for developing and applying new and more sustainable materials, technologies and measures. Recently,
the results’ transparency and the trustworthiness of such analyses have been discussed. One of the
debated topics is the influence of uncertainties and the importance to include them in the analysis
to improve the robustness of life-cycle assessment (LCA) and to allow a better interpretation and
communication of the results [5]. Another important aspect is the inclusion of unexpected events
such as earthquakes: in a context of buildings mostly outdated (almost 40% [2]) and with seismic
vulnerabilities, such events could lead in the worst case scenario to irreversible consequences such
as high reconstruction costs, environmental damage and lost human lives. On the other hand, users
could implement preventive renovation measures that could minimize the environmental impacts and
final costs, if such measures have been conceived following a life-cycle thinking perspective. Thanks to
these, the building can extend or even restart its own service life [6].

With regard to the methodological point of view, standard life-cycle (or so called “static”)
approaches do neither consider dynamic effects, such as impact profile variation in time, service life
variation, technological improvements and subject willingness, nor sources of uncertainty, such as
unexpected events, that might lead to service-life reduction. Thus, stakeholders might be wrongly
supported leading to miscalculation or missing information on the building life-cycle. Given the above,
the focus of the paper is to address a methodology for the inclusion of seismic hazard and building
structural quality enhancement: in life-cycle analyses carried out under consideration of probabilistic
approaches in order to provide a tool for decision making on renovation measures.

2. Life-Cycle Assessment (LCA) State of the Art

LCA, defined as “an evaluation of the inputs and outputs of a product system”, is a widely applied
methodology whose framework is provided in standards ISO 14040 and ISO 14044. The environmental
assessment of products is conducted thought 4 steps, namely goal and scope, life-cycle inventory (LCI),
life-cycle impact assessment (LCIA) and a final results interpretation [7,8]. By contrast with industrial
processes, buildings cannot be standardized as easily and several issues cause a particular complexity
of the assessment. Among them, we mention:

• the long lifespan of entire building (50–100 years);
• the shorter, but varying lifespan of building parts and components;
• the complex interaction and interconnection of numerous materials and processes;
• the unique character of each building;
• the building evolution over time due to maintenance, refurbishment or renovation measures.

Most of them cannot be exactly predicted during the planning and design phase: the long lifespan
and user behavior and choices can especially require more assumptions and, if neglected, may question
the environmental performance and the results’ credibility [5]. For such reasons, research on LCA
has focused on uncertainties and their effects. The aforementioned standards address uncertainties
analysis within the interpretation phase without any specifications or any systematic procedures and
therefore many studies provide different approaches [9,10].

In literature there are several uncertainties classifications which consider common sources (i.e.,
data comprehensiveness, subjective factors, temporal or local conditions) which may all affect the
results of LCA studies [11–13]. For the investigated case, uncertainty due to methodology and external
factors, which are the focus of this work, have been prioritized depending on their influence on results
coming from environmental assessment. Further sources are assumed negligible.

148



Buildings 2020, 10, 48

2.1. Uncertainties Due to Methodology

As for many mathematical models, LCA does not refrain from approximation: the basis of such
approximation is related to a linearized calculation of the vector r of environmental impacts according
to (1):

r = Q×H×G−1 × u, (1)

where Q is the matrix of characterization factors, H is the environmental intervention matrix of
emissions per unit process of product systems, G is the technology matrix representing the inter-process
flows needed for functioning of the product system, and u is the external supply vector, related to the
functional unit [11,14].

Such a vector cannot always express the variability given, i.e., spatial and temporal factors, and
consequently this can mislead final decisions [15]. In order to solve this issue and improve the reliability
in LCA, the ISO norms recommend technical standards which lead to the implementation of input
variability in form of simple probability distribution. In addition to this, a global sensitivity analysis is
generally accepted for a comprehensive uncertainty analysis [14].

Beside such procedures, probabilistic and sampling-based methods have been developed and
applied: while sensitivity analysis tries to characterize output uncertainty by apportioning it to its
input constituents, probabilistic methods such as Bayesian inference, Gaussian process (GP), and
polynomial chaos expansion methods characterize and propagate uncertainties throughout the system
to outputs and quantify them [16].

Among them, the Monte Carlo sampling is mostly applied, where parameters are provided
dependently from probability functions and the output vector is calculated. Simulations are repeated
thousands of times and the results are provided in the form of probability distribution rather than a
unique value. Especially in a LCA framework, with an adequate uncertainties quantification, efforts
can be focused on collecting more (accurate) information on LCA phases that contribute the most to
the LCA output. It has been shown that the trade-off between parameter uncertainty and model-form
uncertainty can help in determining an optimal model to reduce the overall uncertainty [17].

2.2. Design Changes Due to External Factors

The complexity of a building design is due to a variety of factors which influence the final decision
during the whole planning process. Some of them may induce design changes even during the
operating phase of a building [18]: several studies tried to identify all of them and agree on a distinction
between internal and external factors [18–21]. By contrast with internal factors, which could be
included during the project management, external factors are parties not directly involved. In addition
to this, none of all external factors can be foreseen and consequently a prediction may be possible only
through statistical methodologies [22]. As reported by Yana et al., they can be distinguished in [18]:

• political and economic matters;
• third parties’ requests;
• technological advancement;
• natural environment.

Political and economic matters can dictate policies and regulations; economic fluctuations (price
increase, inflations etc.) can furthermore influence the decision making. Requests coming from
third parties (i.e., neighborhood) concern mostly end users and regulatory bodies. A technological
advancement can be helpful by promoting more performing and optimized products. Lastly, the
natural environment involves a multitude of matters: weather and geological conditions or natural
disasters that are hardly predictable. The latter, even without a high frequency, represent a still open
issue for the engineering design criteria. A common example is earthquakes, which are included in the
overall building design for seismic-prone regions [23].

By a LCA-methodological point of view, such issues have been handled so far in different ways.
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The problem is usually solved a priori, by considering a seismic resistant building and consequently
neglecting further vulnerabilities. The impact related to seismic hazards is limited to renovation
measures, which are carried out in pre-specified periods of the building operating phase [24]. Even if
capable of bringing an idea about the impact of the single intervention, such examples do not envisage
unforeseen future losses and the random nature of seismic events.

In FEMA’s Advanced Engineering Building Module (AEBM) [25] and in PEER-PBEE studies [26],
probabilistic methodologies are investigated rather than the abovementioned deterministic one. On the
basis of a probabilistic seismic hazard assessment (see Section 3.1), seismic losses are evaluated and
the environmental impacts expressed by a repair or retrofit measure belonging to a predetermined
set [25,26]. As already noticed by Calvi et al., such approaches do not take into account a possible
building performance upgrade over time of the buildings lifecycle [27].

In general, all the mentioned applications do not include user subjectivity, which, depending on
its own economic availability and aesthetical preference, represents an active actor within the choice of
renovation measures.

2.3. Uncertainties in Service Life

In the field of life-cycle assessment, there is wide consensus on the consideration of a service
lifespan coming from structural and seismic design requirements: building components are designed
for a service life between 30–70 years and then refurbished or substituted, while the building is planned
with a 50 years’ service life (Design working life category 4: Building structures and other common
structures [28]). The structure shall be designed such that deterioration over the considered building
lifespan does not impair the structural performance, considering regular maintenance. After the
working life, the structure needs to be checked for possible deterioration and retrofitted or dismantled.
Such assumption differs however from information coming from building stock data. According to
the latest report of Building Performance Institute Europe (BPIE), a substantial share of the existing
building stock in Europe is older than 50 years and has not always been subjected to renovation
measures to enhance the overall performance or many of the buildings still in use are hundreds of
years old [29].

With regard to building renovation works, the cost of the intervention is a relevant factor which
could compromise the definition of the plan for necessary measures. Therefore, social and technical
benefits have to find a compromise with the national economic situation and the fund availability.
A model for works planning can be based on predicting the time when building critical elements
may reach degradation levels that exceed acceptable values [30]. Nevertheless, even a degradation
level cannot be scientifically defined or a service life cannot be assessed by deterministic approaches.
Therefore, in the literature, probabilistic or engineering methods which combine both deterministic
and probabilistic ones, such as the factor method (ISO:15686-1) [31], have been developed but not
frequently applied by architects and planners.

Eurocodes [28] state that to achieve an adequately durable structure, the designer should take
into account various aspects such as the intended or foreseeable use of the building, the expected
environmental conditions, the structural detailing, and the intended maintenance during the designed
working life, among others. However, in some conditions, the knowledge of such factors has changed
during the building life: for instance, different and not predictable use of the building may have
been arisen since the initial design, the knowledge of the environmental factors, such as seismic
hazard, has changed during time due to the increased availability of earthquake data, and an increased
knowledge of the structural and material performance has been available due to the advancement of
scientific research.

All these issues contribute to increasing uncertainties in the working life and, consequently, in the
impacts assessment.
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3. Method: Probabilistic life-cycle analyses with Inclusion of Seismic Hazard Model

The presented methodology consists in a probabilistic model enriched by factors related to
technological, economic and environmental changes, ensuring its flexibility over an extended building
lifespan. The service life is dictated by using stage and user aware choices, and, especially for
construction with significant structural vulnerabilities, by earthquakes.

The main steps are:

1. “As is” situation analysis. Investigations about the reference building (when t = 0, today’s
situation), in order to verify its compliance with current building code, minimal requirements of
design limit states and vulnerabilities.

2. Events choice. With particular respect to the geographical location, earthquakes with different
magnitude and frequency are taken into account. The frequency is evaluated by Geophysics
and Volcanology institutions on the basis of the classical probabilistic seismic hazard analysis
(PSHA) model.

3. Decision tree set up. In the occurrence of earthquakes, different scenarios are considered. In the
worst case, where the building will present a damage level greater than 40% of the building value, a
demolition and a re-build will generally occur. Over time the reference building may be subjected
to further improvements by user decision and under particular technological, environmental and
economic conditions which influence intervention willingness.

4. Future scenarios analysis. Because of an eventual adjustment, the response to seismic loads
(here called Building Quality—BQ) could be improved.

5. Probabilistic Model setting. A Monte Carlo sampling method is set up and all aforementioned
considerations are included.

The inclusion of Probabilistic Seismic Hazard Analysis (PSHA) in life-cycle assessment (LCA)
and life-cycle cost (LCC), while introducing more uncertainties in the analyses (e.g., aleatory and
epistemic uncertainties related to the structural performance), provides a rational way to deal with
them. In particular, accounting for unforeseen events such as earthquakes allows a more comprehensive
LCA and LCC and to analyze the effects of events that could alter classic results.

3.1. Life-Cycle Impact Assessment (LCIA) and Cost (LCC) Method of Measurement

The total environmental impact and cost are calculated as the sum of impacts (2) and costs (3)
recorded every year of the observation time of n years.

GWPtot =
n∑

i=1

GWPprod, i +
n∑

i=1

GWPB4−B5, i +
n∑

i=1

GWPEoL, i (2)

€tot =
n∑

i=1

€prod, i +
n∑

i=1

€B4−B5, i +
n∑

i=1

€EoL, i (3)

where

GWPprod, i/€prod, i , GWP (LCA) or cos ts (LCC) due to production on year i.

GWPB4−B5, i/€B4−B5, i , GWP (LCA) or cos ts (LCC) due to renovation measures on year i.
GWPEoL, i/€EoL, i , GWP (LCA) or cos ts (LCC) due to end of life on year i.

3.1.1. Construction Phase and Building Renovation Measures

Regarding the embodied carbon derived by the building production, replacement or refurbishment,
a dynamic measurement has been considered, by adjusting the value at t = 1 year (i.e., at present)
by using price increase rate and discount rate for cost analyses (5) and a decarbonisation rate for
the environmental assessment (4), which expresses technological advancements suitable to reduce
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environmental impacts due to manufacturing. The discount rate has been neglected in environmental
analyses [10].

GWPprod, i = GWPprod, i−1· 1− rd(
1 + r f

)i (4)

€prod, i = €prod, i−1· 1− rd(
1 + r f

)i (5)

where

i is a year belonging to the investigate period (100 years)
GWPprod, i−1, is the embodied carbon in the (i− 1) year

€prod, i−1, are cos ts in the (i− 1) year

rd, is the considered decarbonisation rate (LCA)/price increase rate (LCC)
r f , is the considered discount factor

3.1.2. End-of-Life

In this approach, the end-of-life (EoL) costs and environmental impacts are dictated by a final
dismantling after 100 years’ analysis. As well as for the production, the value is corrected by taking
into account average decarbonisation, price increase and discount rates [10].

GWPEoL, i = GWPEoL, 99y·
1− rd,avarage(

1 + r f ,avarage
)100

(6)

€EoL, i = €EoL, 99y·
1− rd,avarage(

1 + r f ,avarage
)100

(7)

where

rd,avarage =

∑n
i rd,i

n
is the evaluated decarbonisation (LCA)/price increase (LCC) rate (8)

r f ,avarage =

∑n
i r f ,i

n
is the evaluated discount rate (LCA/LCC) (9)

3.2. Seismic Hazard

3.2.1. Probabilistic Seismic Hazard Analysis (PSHA)

By contrast with other cases such as weather conditions, seismic events cannot be forecast, but
the current state of knowledge allows predictions: the available models are capable to address the
likelihood of a seismic event [32].

In order to maintain conservative assumptions, the Poisson Model is generally used for seismic
hazard assessment to represent the occurrence rate of an earthquake through time-independent models.
The probability density function is expressed as following:

fExp(t) = λ eλt (10)

where:
λ = N/ΔT, mean rate of events per unit time (11)

TR = λ−1 = ΔT/N, is the average return period (12)
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On the basis of this, Cornell developed the probabilistic seismic hazard analysis (PSHA), which is
still nowadays used for deriving hazard curves and embedded into seismic design regulations [33]. In
PSHA the annual probability of exceedance of a ground motion Y ≥ y is:

γ(y) =
∑

i

vi

�
fm(m) fr(r) fε(ε) P[Y > y

∣∣∣ m, r, ε]dm dr dε (13)

where:

vi is the activity rate of the ith-source of earthquakes
fm(m) is the probability density function of earthquake magnitude
fr(r) is the probability density function of source-to-site distance
fε(ε) is the ground motion shape uncertainty density function
Y>y|m,r,ε is the conditional probability that Y exceeds y, given m, r, ε

For simplicity, hazard curve and annual frequencies can be provided by seismologists (such as the
Institute for Geophysics and Volcanology, INGV, in Italy) [34]. For each geographical location different
earthquake intensity, expressed for instance in terms of peak ground acceleration (PGA), are associated
with their mean annual frequency of occurrence and, according to building design regulation, to a
design limit state [32,35].

3.2.2. Inclusion of PSHA Method in Probabilistic LCA

In the present paper, the occurrence of a seismic event is taken into account by a Monte Carlo
simulation. The building lifespan is subdivided into years and for each year the occurrence of an
earthquake with a given intensity is considered by comparing a random value nr with the earthquake
occurrence probability P (λ) under the following conditions:

random value (nr)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

> P(λ1, t), no earthquake

≤ P(λ1, t), light earthquake occurence

≤ P(λ2, t), medium earthquake occurence

≤ P(λ3, t), strong earthquake occurence

(14)

where:

λ j is the mean rate of earthquake occurrence.

The occurrence probability P(λ) is the Probability Mass Function (PMF) for Poisson’s distribution
(see Equations (10)–(12)). In this application only one seismic event (n = 1) is allowed in the considered
time step, t = 1 year. Consequently, different earthquakes cannot occur simultaneously, and, if that is
the case, only the highest intensity earthquake is considered. The generalized equation can be assumed
here as following:

P(λ, n) =
e−λ λn

n!
→

n=t=1
λ e−λt (15)

This assumption allows the evaluation of a yearly increases of environmental impacts and costs
overall the building lifespan. Due to the discrete and limited number of the earthquake intensity levels,
it is expected to observe scattered results in the cumulative distribution functions.

3.3. Life Duration of Building and Building Parts

For this analysis, a wider time duration of 100 years has been considered, in order to assume
an extended service life of the whole building, where the structure is not highly damaged. While
structural service life is dictated more dynamically by earthquake occurrence, non-structural building
parts present in this application a pre-defined lifespan: every 30 years’ service life, their replacement
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takes place. The chosen building lifespan leads to the generation of 10,000 random value runs, i.e., 100
times the building lifespan.

4. Case Study

A case study has been selected as a proof of concept for the proposed methodology: an integrated
structural and architectural renovation intervention, which can potentially improve the energy
performance through further measures. An 8-storey apartment building is considered located in
L’Aquila, a region of high seismicity in Italy, and designed for gravity loading, without accounting for
seismic actions. Two different structural retrofit measures have been considered and analyzed. In this
section, the results of a static and the proposed probabilistic LCA are reported and compared. Table 1
shows the specification of the LCA analysis.

Table 1. Specification of life-cycle assessment (LCA) analysis according to [7,8,36]

Specification of LCA Analysis

Goal and Scope

Evaluation of Global Warming Potential (GWP) for the construction and
demolition of a reinforced concrete (RC) residential building for social
housing. Evaluation of potential scrap steel coming from RC reinforcements.
The use stage is neglected because of missing information about energy
performance of the building.

System Boundaries

B4: Building parts replacements (non-structural elements), which include
end-of-life of substituted parts and production of new ones.
B5: Refurbishment or addition of new elements which were not initially
foreseen.
C + D: End-of-life and credits. For the end-of-life of steel systems the pattern
of re-use is modelled.

Functional Unit [m2 net surface] multi apartments building designed for 50 years service life

Impact Categories GWP [kg CO2 eq.] Characterization Method CML 2001–January 2016

4.1. Static LCA

The LCA analysis has been carried out for the reference building and for the selected retrofit
measures, specifically a diagrid system and shear walls. For both examples the modelling and the
final impact evaluation have been realized with help of GaBi ts pc-tool [37] and Generis software [38],
on the basis of environmental databases updated on 2019.

4.1.1. Rebuilding

Data collection has been made for the whole considered building and for each part of it.
The stratigraphic information has been collected and included in the final model in GaBi ts software.
For the End-of-Life of the building, a whole demotion has been envisaged with a rebuilding process.
The new building will be considered equivalent to the old one in terms of geometry but with structural
elements fully complying with current seismic regulations.

Life-Cycle Impact Assessment: according to the results of the impact assessment for global
warming potential, 490 kg CO2 eq./m2 are calculated. Most of the environmental impacts are due
to the construction process during which structural reinforced concrete (RC) elements are the most
relevant (see Figure 1). The calculated value does not differ too much from results of analyses carried
out for new buildings in the Italian territory, which estimate 488.5 kg CO2 eq./m2 [39]. Hence, for the
rebuilding process the same LCIA result can be claimed valid.

Reconstruction Costs Assessment: the lack of precise information about manufacturing processes
and further costs related to reconstruction of damaged buildings does not allow a direct calculation
of the costs. An indirect evaluation is possible consulting likely reconstruction costs per net surface
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of RC buildings after strong earthquakes which include, e.g., professional fees, geotechnical tests,
dismantling, strengthening and repair costs.

Figure 1. LCIA results of reference building (Source GaBi ts [37]).

For most of the highly damaged RC buildings (usability rating class E according to Italian practice)
following the recent earthquakes in L’Aquila on 2009, a mean unit cost for re-construction of 1300 €/m2

net surface has been evaluated [40,41]. Demolition activities are, meanwhile, evaluated for RC buildings
with 152 €/m2 net surface [42]. The discount due to the scrap steel of reinforcement bars has been
considered negligible.

4.1.2. Replacement

The first renovation alternative consists in a substitution of the non-structural elements belonging
to the external envelope and to the internal partition walls. The total emission derives by considering
the production of the new elements and the dismantling of the old ones (see Table 2). With regard to
costs, lump-sum costs are derived by information from local authorities [42] and evaluated as 245 €/m2

net surface.

Table 2. Replacement measure specification (Source: Generis [38]).

Construction
GWP

[kg CO2 eq./m2

Element]

Quantity
[m2]

Total GWP
[kg CO2 eq.]

External wall: bricks with composite thermal insulation 44.1 1942 85,642.2
Internal partition wall: double coating and acoustic insulation 27.9 2204 61,491.6

Sloped roof with insulation 98.6 188 18,536.8

- Total 165,671
- /m2 Net Surface Area 90.0

4.1.3. Diagrid Retrofit System

A diagrid is a global intervention which provides an external reinforcement directly attached
to the building. An additional exoskeleton reshapes the building façade, improves the structural
performance by sustaining static and seismic loads that exceed the capacity of the existing structure.
The global system is activated by transferring the seismic inertia loads through floor diaphragms. As a
result, a box-structural behavior of the retrofitted building is obtained (see Figure 2) [43,44].

The envisaged system is made by cross bracing steel elements with variable circular hollow
cross sections. At each floor, a floor diaphragm made by steel profiles, metal sheets and protected by
lightweight concrete connects the grid to the existing floors. A concrete foundation system transfers
loads from the structure to the soil.

Life-Cycle Impact Assessment: the evaluation of the potential environmental impacts is reported
in Table 3. After the data collection, impacts are calculated for raw material supply and manufacturing
(A1–A3), disposal (C3–C4) and credits due to recycling (D) modules, according to EN 15804 [36].
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By contrast with other renovation measures, the main advantage of the diagrid is due to its dried
technique: this allows an easier dismantling and more chances to the scrap steel elements to be recycled
or, in the best case integrally reused.

 

(a) (b) 

Figure 2. A schematic representation of (a) Reference building and (b) Diagrid retrofit system.

Table 3. Diagrid data collection and LCIA results (Source: Generis [38]).

Element [unit] Quantity
Global Warming Potential

[kg CO2 eq./unit]
Global Warming Potential

[kg CO2 eq.] Total

- A1 − A3 C1 − C4 D A1 − A3 C1 − C4 D
Steel profiles [kg] 105,221 0.994 8.87 × 10-4 −0.223 104,631 93.35 −23,464.30
Metal sheet [kg] 1447 2.68 0.003 −1.58 3878 4.63 −2280

Lightweight concrete [m3] 9.21 72.77 2.81 0 670.5 25.88 0
Concrete (C30/37)
Foundation [m3] 60.92 219 18 −21.4 13,340 1096 −1304

- Total 122,520 1220 −27,048
[/m2 Net Surface] 66.05 0.66 −14.58

Costs Assessment: for a screening cost assessment of the diagrid, three groups of activities have
been considered (see Table 4): (I) pouring of lightweight concrete per floor diaphragm, (II) steel
components erection, (III) new foundations together with total required materials. Information is
derived by local authorities and include raw materials, manufacturing and machine costs [42] and
it provides a conservative estimation. Since they do not include value added tax (VAT) and by
considering the lack of information, they are increased by 22%. Lastly, the recovery steel elements
have been considered with reference to the current scrap European prices updated on the end of year
2019. Furthermore, the final unit price per square meter in Table 4 is calculated with reference to the
net surface in the as-is layout, and reduces quite remarkably if one considers the extension of the net
surface in the post-retrofit condition, thus including the red shaded area in Figure 2.

Table 4. Diagrid cost analysis [42].

Element Unit Cost Quantities Total [€]

HEM steel profiles 3.09 €/kg 13,465 41,606.85
Metal sheet 3.65 €/kg 1447 5281.55

Lightweight concrete 240.74 €/m3 4.81 1157.96
Grid–Circular hollow profiles 4.15 €/kg 91,756 380,787.10

Concrete Foundation 111.54 €/m2 100 11,154

- Total 439,987.45 €
- +VAT 22% 536,784.69 €
- - 253,20 €/m2

- Scrap Steel Value 212.35 €/ton −10.68 €/m2
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4.1.4. Shear Wall Retrofit System

The second retrofit system considered is composed by steel cross bracings located in specific parts
of the building. The additional system is made by steel circular hollow profiles and it is assembled
by employing X- or V-cross bracing. The V-Cross bracing elements are used in the neighborhood of
openings for sake of usability (see Figure 3).

 

(a) 

 

(b) 

Figure 3. A schematic representation of (a) Reference building and (b) Shear walls retrofit system.

The location of such elements has been selected to re-establish the floor symmetry and regularity.
An additional floor is realized where new surfaces are added. The connection between the new system
and the building has been made in correspondence to the floor RC edge beams by steel elements and
connectors. A concrete foundation system transfers loads from the structure to the soil. The unit price
per square meter in Table 5 is calculated by spreading the total cost over the net surface in the as-is
condition, and does not reflect the beneficial effect of the expansion of the net surface (red shaded area
in Figure 3).

Table 5. Shear walls system data collection and LCIA results (Source: Generis [38]).

Element [unit] Quantity
Global Warming Potential

[kg CO2 eq./kg]
Global Warming Potential

[kg CO2 eq.] total

- - A1 − A3 C3 − C4 D A1 − A3 C3 − C4 D

Steel hollow profile [kg] 138,099 0.99 8.87 × 10−4 0.22 137,326 122.52 −30,796
Lightweight concrete [m3] 4.78 72.77 2.81 0 347.84 13.42 0

Concrete (C30/37)
Foundation [m3] 30.46 219 18 −21.4 6670 548 −651.79

Total 1,444,344 684.2 −31,448

[/m2 net surface] 77.81 0.37 −16.95

Life Cycle Impact Assessment: by collecting all materials, the total impact of the shear walls
system has been evaluated through environmental databases according to EN 15804 (see Table 5) [36].
Due to the high quantity of steel and the large cross section of the chosen profiles, the total GWP is
higher in the shear wall systems compared to the diagrid system.

Costs Assessment: the screening cost assessment considers steel components erection, additional
floor and foundation system construction together with total required materials (see Table 6).
Information is derived by local authorities and includes raw materials, manufacturing and machine
costs [42]. Costs are increased by 22% VAT as well as for the diagrid system and the recovery steel
elements refers to the current scrap European prices updated on the end of year 2019.
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Table 6. Shear walls system cost analysis [42].

Element Unit Cost Quantities Total [€]

Diaphragm—Lightweight concrete 240.74 €/m3 4.78 1151.70
Grid–Circular hollow profiles 4.15 €/kg 138,099 573,112.75

Concrete Foundation 111.54 €/m2 50 5577

Total 579,841 €
+VAT 22% 707,406 €

333.68 €/m2

Scrap Steel Value 212.35 €/ton −13.83 €/m2

4.1.5. Comparing Results

As shown in Figure 4, the impact and cost assessment carried out by static approaches does not
encourage renovation measures associated with a structural enhancement, especially because of the
evaluated total costs.

 

(a) 

 

(b) 

Figure 4. (a) LCIA and LCC (b) results, by considering B4–B5, C + D life-cycle modules.

This may be due to the selected functional unit, which, by referring on net surface of dwellings,
can reflect the equal performances of renovation measures only in “standard” conditions, namely
under static permanent or variable loads and wherever seismic events do not occur. In a context
of seismic hazard, a building provided with diagrid system can be comparable to a new building
in terms of the remaining structural service life, resistance and displacements due to seismic loads,
performances which cannot be improved through replacement of non-structural elements.

Rather than reviewing and establishing a new functional unit, in the next section such a shortcoming
is handled by revising the methodology and applying probabilistic approaches. As an advantage, the
seismic hazard can be included as well as further sources of uncertainties.

4.2. Probabilistic LCA

This section shows the results of the probabilistic LCA under seismic hazard with Monte Carlo
simulations. The environmental impact and costs at year-1 are given by the results of static LCA–LCC
and processed according to the Section 3.

4.2.1. Seismic Event Choice

Earthquake magnitudes are derived for the geographical location of L’Aquila. The chosen events
refer to the designed nominal service life of dwellings (50 years) and with higher return periods (300
and 600 years). For the considered case study, earthquakes between 50–300 years return period may
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lead to a mean damage level not higher than 25% of the building. Higher return periods, due to higher
damages, lead to demolition and reconstruction. Table 7 reports the characteristics of the considered
earthquakes [34].

Table 7. Earthquakes characteristics for geographical location of L’Aquila (Source INGV [34]). Note:
PGA is the peak ground acceleration on stiff soil in terms of m/s2.

Earthquake Return Period Mean Annual Frequency of Earthquake PGA 50th Percentile

50 0.02 0.1038
300 0.003333 0.2316
600 0.001667 0.3602

4.2.2. Fan Diagram—Today’s Scenarios

Depending on human decisions, there are three main groups of possibilities:

• No retrofit. Service life of non-structural elements is extended. Nevertheless, the overall structural
performance does not comply with current regulations (Building quality—BQ 1)

• Diagrid/shear wall intervention. The service life of the building can be extended: the intervention
adjusts the building structural response under seismic loading according to current regulation
(BQ 3).

• Demolition and re-building. This entails complications, such as the relocation of inhabitants, waste
production and long-term works. For such reasons, demolition and rebuilding is not considered
as an option to start the analysis with.

4.2.3. Fan Diagram—Future Scenarios

By considering the quality of the building at year-0, future scenarios are analyzed (Figure 5).

• Reference building without adequate adjustments may resist low-intensity earthquakes (λ1).
After repairs, some vulnerabilities can be solved (BQ 2) but the occurrence of medium- and
high-intensity earthquakes (λ2–λ3) cause severe damage and eventually its collapse. This leads
to a new construction: the new building is considered equivalent in shape and complying with
seismic design requirements (BQ 3).

• The building with a new retrofit intervention enhances immediately its behavior (BQ 3). In the
case of strong earthquake occurrence (λ3) the building may be subjected to moderate damage
evaluated for 25% of the building value in terms of costs and environmental impacts.

 

(a) 

 

(b) 

Figure 5. Future scenarios depending on the building quality: (a) not-retrofitted reference building; (b)
retrofitted reference building.
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Scenarios are converted into a matrix (see Table 8) in which interventions related to earthquake
events and building quality (BQ) are converted in GWP and costs (Tables 9 and 10). Both matrices are
processed in a Monte Carlo Simulation by means of the software MATLAB [45]. In Figure 6 a flow
chart shows the building quality function variation due to earthquakes’ occurrence.

Table 8. Interventions due to seismic event occurrence and building quality (BQ).

BQ

Events
No Earthquake EQ1 EQ2 EQ3

1: As is 0 1/4 * (Building) Dem. + Building Dem. + Building
2: Repaired 0 0 1/4 * (Building) Dem + Building
3: Adjusted 0 0 0 1/4 * (Building)

Table 9. GWP in kg CO2/m2 due to seismic event occurrence and building quality.

BQ

Events
No Earthquake EQ1 EQ2 EQ3

1: As is 0 123 497 497
2: Repaired 0 0 123 497
3: Adjusted 0 0 0 123

Table 10. Costs expressed in €/m2 due to seismic event occurrence and building quality.

BQ

Events
No Earthquake EQ1 EQ2 EQ3

1: As is 0 143 1252 1252
2: Repaired 0 0 143 1252
3: Adjusted 0 0 0 143

 

Figure 6. Building quality function variation depending on earthquake occurrence.

For impacts and costs discounting rates, the Italian price increase rate is derived from direct
measurements or as the average value of the inflation rate (evaluated in 2019 as 0.82% [46]). The discount
rate is derived from government bonds (expiring date at least of 10 years—2.8% [47]). LCA analyses
consider a “business as usual” modelled decarbonisation rate of 1.6% [48].
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4.2.4. Monte Carlo (MC) Simulation Results

After obtaining a series of possible CO2 emissions and costs values, results are processed. Relevant
statistical values are derived, e.g., minimum, maximum, mean and median values (see Table 11).

Table 11. Probabilistic LCA–LCC results (10,000 runs MC simulation).

GWP (100 Years), [kg CO2 eq./m2] Min Max Median Mean St. dev.

Reference Building (RB) 299 2,221 458 542 234
RB+Retrofit Diagrid (DG) 253 566 253 268 39

RB+Shear Walls (SW) 262 576 262 277 39

Costs (100 Years), [€/m2] Min Max Median Mean St. dev.

Reference Building (RB) 639 3,704 845 938 326
RB+Retrofit Diagrid (DG) 445 881 446 458 40

RB+Shear Walls (SW) 534 969 534 546 40

It is worth to notice that, due to the recorded values distribution, the median and arithmetic mean
are different, especially for RB case, this may be related to different reasons, such as a non-Gaussian
distribution, and, more likely, to the discrete number of the considered earthquake intensity levels
and to the given deterministic repair costs and environmental impacts for each earthquake scenario.
In addition, RB cases are characterized by higher dispersion. Besides these limitations, the results
obtained still allow general considerations on the effects of including the earthquake occurrence in
LCA and LCC analyses.

The results are grouped in ranges of values and their occurrence within such ranges is counted.
The following graphs represent the probability trends. Two groups of values are distinguished
(see Figure 7): one in correspondence to low-medium values (200–500 kg CO2 eq.) and another
to high environmental impacts (500 to 1000 kg CO2 eq.). The second group reveals the effects of
the occurrence of medium and strong intensity earthquakes. For a not-retrofitted building, critical
consequences are expected and consequently high economic and environmental impacts due to the
demolition and re-building process are observed (Figure 7a). A building provided with structural
retrofit systems (Figure 7b,c) does not reveal high impact occurrence because preventive initiatives
have been undertaken. Few cases are recorded in the shear wall case (Figure 7c), due to higher
environmental impacts of reinforcement production.

 (a)  (b)  (c) 

Figure 7. GWP occurrence probability for (a) not-retrofitted reference building, retrofitted building
with (b) diagrid and (c) shear walls.

With regard to LCC results, a non-retrofitted building presents costs occurrence that is rather
homogenous between 700–1100 €/m2 while values higher than 1200 €/m2 have more than 20% probability
of occurrence. Retrofitted buildings (Figure 8b,c) do not record high costs.

161



Buildings 2020, 10, 48

 (a)  (b)  (c) 

Figure 8. Cost occurrence probability for (a) non-retrofitted reference building, retrofitted building
with (b) diagrid and (c) shear walls.

Lastly, probabilistic LCA and LCC results are shown over the 100 years’ observation time of the
building (Figure 9). For each year average GWP and costs are calculated and summed with previous
values in order to analyze the yearly increase. This visualization of the results enables to evaluate
the measure impact over time. As shown by the graphs, every 30 years a building refurbishment
increases costs and impacts. GWP curves present a linear trend, while costs, because of discounting,
are non-linear. This is especially noticeable for the reference building, where sensitivity to change is
higher. In this regard, the building quality variation is visible through the curve gradient. When the
building achieves the highest building quality, both GWP and costs curve trends become as flat as
for buildings provided with structural retrofit. Nevertheless, this occurs for the reference building
only beyond 75 years’ analysis. The reference building seems to be advantageous in terms of GWP
only in a short or medium period (20 years ca. for both diagrid and shear walls). In comparison with
lifecycle costs of the reference building, the diagrid proved to be the most advantageous renovation
with a payback time of 44 years. It is worth noting that if we would have considered standard profiles
instead of circular ones for the diagrid, we would have had a payback time of 33 years. In any case,
if we account for the extra floor surface provided by the new retrofit system (92m2 per floor for the
diagrid and 55 m2 per floor for the shear walls system), the cost over the building lifecycle reduces
(dashed lines in Figure 9) with a payback time of 27 years (22 years with standard profiles) for the
diagrid and 47 years for the shear walls system.

(a) (b) 
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Figure 9. Future scenarios depending on the building quality: (a) GWP and (b) cost over
building lifecycle.
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5. Discussion

The comparison between the two methodologies highlights that probabilistic LCA and LCC can
solve miscalculation due to uncertainties and thus prevent from misleading LCA-based decisions.
The probabilistic approach enriches the analyses by adding additional functions and parameters related
to environmental, economic contingencies and external factors, leading to a more complex model
which can allow stakeholders to make more aware choices.

According to the results obtained, static analyses are not able to consider the advantage of a seismic
retrofit, since it may be not capable through a single trustworthy value to reveal the performance of
the construction under seismic actions and the risk of long-term losses due to the lack of a suitable
anti-seismic structural system. On the contrary, the presented method performs both probabilistic
LCA–LCC and includes a statistical assessment in order to provide impact occurrence probability for
different ranges of values. Among the analyzed solutions, the retrofit system with a diagrid achieves
more economic and environmental savings in shorter terms, while the analyzed shear wall system can
be considered not efficient for the considered case study.

In comparison with the PEER-PBEE probabilistic model, the proposed approach introduces a
function related to the building quality. Thank to this, the structural enhancement due to repairs of
seismic adjustments has been included and consequently a reduced likelihood of damage in the case of
subsequent earthquakes. As a disadvantage, the missing variation of the building quality function may
lead to the considered case study overestimating results that would not always encourage anti-seismic
reinforcements within the decision making process over the building life cycle (Appendix A).

To validate this study, in particular referring to the occurrence rate of the simulated earthquakes,
a comparison between the results of the model and the target annual frequency of exceedance has
been made: for 10,000 runs over 100 years’ observation time, the recorded frequency can slightly
diverge (see Table 12) but an accuracy of 10−2 ÷ 10−3 is achieved. More MC runs would improve the
convergence between values model and empirical values, but, on the other hand, generate problems
due to the used calculation software limits and the high quantity of values to be processed.

Table 12. Comparison with Mean Annual Frequency of Exceedance from probabilistic seismic hazard
analysis model and frequency recorded by Monte Carlo (MC) Simulation.

Earthquake Return Period Mean Annual Frequency of Exceedance MC Sim Recorded Frequency

50 0.02 0.019142
300 0.033333 0.003337
600 0.001667 0.001657

It is necessary to underline the “Proof-of-Concept” character of the presented methodology, which
still contains inaccuracies and approximations. A first approximation can be related to the probabilistic
seismic hazard assessment (PSHA) model, which is currently used and it results advantageous
because it describes earthquake occurrence and effects by requiring a limited number of parameters.
Due to the complexity of introducing Monte Carlo simulations in the LCA evaluation, future research
will focus on the development and investigation of simplified procedures to include earthquake
effects in LCA, analogously to what has developed in earthquake engineering, such as software
(as PACT—Performance Assessment Calculation Tool, FEMA P-58 [48]) or direct loss assessment
procedures (such as the displacement-based loss assessment [49]).

More significant inaccuracies are related to the correct assessment of the building damage and to
the cost of retrofit. In this work, three seismic events with increasing intensity have been considered,
which lead to a certain building damage level. Actually, there is a variety of events with different
consequences, depending on the vulnerability of the existing building: in this regard, the inclusion of a
wider set of earthquakes would improve the technical aspect of the analyses, by adding more scenarios.
Specific local damages and interventions may be included in order to derive more accurate predictions
under seismic hazard on building components level.
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The framework could be enriched through the inclusion of more sources of LCA uncertainties.
On one hand, this enables more transparent results but on the other hand increases the complexity
of the model. Hence, it is important to identify uncertainties that, individually or together with
other factors, influence results’ robustness. Lastly, a more detailed data collection or the extension
of LCA-LCC system boundaries, through i.e., the inclusion of building energy demand information,
would improve the analysis with more comprehensive results.
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Appendix A

In Table A1 are the results of 10,000 runs of Monte Carlo simulation of LCA–LCC analyses by
varying the starting building quality of the reference building on year y = 1. BQ variation due to
earthquake occurrence is not considered.

Table A1. Probabilistic LCA–LCC results without BQ variation due to earthquake occurrence.
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Table A1. Cont.
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In Table A2 are the results of 10,000 runs Monte Carlo simulation of LCA–LCC analyses by varying
the starting building quality of the reference building on year y = 1. BQ variation due to earthquake
occurrence is considered.

Table A2. Probabilistic LCA–LCC results with BQ variation due to earthquake occurrence.
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Abstract: Sustainable building practices are rooted in the need for reliable information on the
long-term performance of building materials; specifically, the expected service-life of building
materials, components, and assemblies. This need is ever more evident given the anticipated effects
of climate change on the built environment and the many governmental initiatives world-wide
focused on ensuring that structures are not only resilient at their inception but also, can maintain
their resilience over the long-term. The Government of Canada has funded an initiative now being
completed at the National Research Council of Canada’s (NRC) Construction Research Centre on
“Climate Resilience of Buildings and Core Public infrastructure”. The outcomes from this work will
help permit integrating climate resilience of buildings into guides and codes for practitioners of
building and infrastructure design. In this paper, the impacts of climate change on buildings are
discussed and a review of studies on the durability of building envelope materials and elements is
provided in consideration of the expected effects of climate change on the longevity and resilience of
such products over time. Projected changes in key climate variables affecting the durability of building
materials is presented such that specifications for the selection of products given climate change
effects can be offered. Implications in regard to the maintainability of buildings when considering the
potential effects of climate change on the durability of buildings and its components is also discussed.

Keywords: buildings; building components; building elements; climate change; degradation;
durability; maintainability; service life prediction

1. Introduction

Sustainable building practices are rooted in the need for reliable information on the long-term
performance of building materials; specifically, the expected service-life of building materials,
components, and assemblies. This need is ever more evident given the anticipated effects of climate
change on the built environment and the many governmental initiatives world-wide focused on
ensuring that structures are not only resilient at their inception but also, can maintain their resilience
over the long-term.

In this paper, climate resilience pertains to the ability of a building material, component or element
to maintain its function if subjected to the effects of climate loads as may occur in the future under
different climate change scenarios as compared to those effects arising from loads sustained under
current historical climate conditions.

To provide context to the implications for the durability and maintainability of buildings as may
be affect by changes in the climate in the future, it is useful to first gain an appreciation of the expected
global climate change and thereafter some measure of the climate change of Canada, given that this
study focuses on a Canadian perspective. Thereafter, a brief review of the impacts of climate change
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on buildings is provided as a framework in which the NRC research program on climate resilient
buildings is described and thereafter, a review is given of literature pertinent to the degradation of
building materials components and elements arising from the effects of climate change.

1.1. Global Climate Change and the Climate Change of Canada

There is evidence around the globe, perhaps also evident in every day weather, that the climate is
changing much more drastically than recorded in the past, and the expectation is that climate change
will continue into the foreseeable future. Historically observed and projected future global temperature
changes based on different emission scenarios are given in Figure 1. The extent of global warming (◦C)
as provided in this figure is relative to the fifty year period spanning 1850–1900.

Figure 1. Observed and projected global temperature change based on different emission scenarios;
global warming is relative to 1850–1900 (◦C) [1].

The overall monthly global mean surface temperature is given, as is the estimated anthropogenic
warming to date (in orange tint); the likely temperature range from anthropogenic warming is also
provided. The orange dashed line that begins in 2017 projects increases in global warming in the
future and indicates that the historically recorded rate of warming global temperatures are projected to
increase by 1.5 ◦C or more in the future. Global warming could be kept at 1.5 ◦C level provided the
CO2 emissions are gradually reduced to net zero levels. Furthermore, the more rapidly emissions are
reduced, the greater the likelihood that by 2100, global temperatures will be maintained at a 1.5 ◦C
increase. The grey portion of the figure that stretches beyond 2017 shows the projected range of
warming if CO2 emissions are mitigated systematically following select “stylized anthropogenic
emission and forcing pathways”. Whereas, the blue curve shows the resulting effects on temperature
change should reductions in CO2 emissions reach net zero by 2040, the grey curve shows the scenario
when the CO2 emissions reach net zero by 2055. Finally, more rapid CO2 emission reductions (grey
and blue curves) suggest a higher chance of limiting warming to 1.5 ◦C than the purple curve that
represents no decline in CO2 emissions after 2030 and results in a lower likelihood of limiting warming
to 1.5 ◦C.

Likewise, the climate of Canada is evidently warming, as shown in Figure 2 [2]. The figure shows
time series of recorded average annual temperatures across the country that has fluctuated from year
to year over the 1948–2018 period. The linear trend indicates that annual temperatures averaged
across the nation have warmed continuously during this period adding up to a total warming of 7 ◦C
over the past 71 years. The national average temperature for 2018 (January to December) was 0.5 ◦C
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above the mean temperatures over the 1961–1990 period, highlighting significant warming even in the
recent decades.

 
Figure 2. Nationally averaged annual temperature anomalies with reference to recorded temperatures
over 1948–2018 [2].

The spatial temperature departures map, provided in Figure 3, shows that the Yukon, most of the
Northwest Territories, as well as parts of Nunavut and British Columbia experienced temperatures
above the baseline average in 2018, whereas, for some locations of Northern Quebec, temperatures
were well below the baseline average. Annual temperatures were generally near the average recorded
temperatures over 1961–1990 in the remainder of the country.

 
Figure 3. Spatial distribution of temperature departures for 2018 from the 1961–1990 average [2].
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1.2. Climate Change and Impacts on Buildings

The primary driver for climate change produced directly by human activities is greenhouse gas
(GHG) emissions. Of course, other natural climate determinants such as terrestrial, solar planetary,
and orbital effects all affect the global climate. Nonetheless, given the presence of ever increasing
amounts of GHG emissions to the atmosphere, climate change is upon us to the extent that there
are to be expected changes, depending on the geographical location, in mean values for the primary
climate variables that include: temperature, precipitation, humidity, solar radiation and wind speed.
Additionally, the variability from mean values of these climate parameters is also expected to increase [3].

In Figure 4, a schematic is given that attempts to depict the complexity of the interrelation amongst
climatic factors affecting buildings, land and coastal systems, and the degradation of the environment
arising from the potential effects of climate change. This was adapted from that provided by de Wilde
and Coley [3]. Buildings provide environmental separation between the outdoor environment, which
is subject to the effects of climate change, and the indoor environment to ensure building occupants
reside in healthy, comfortable, and functional dwellings. In Figure 4, from left to right, information is
provided on: (i) climate change as a driving force; (ii) the environmental effects of climate change that
pertain to buildings; and, (iii) the possible impact of those environmental effects on buildings.

As such, it is apparent that changes in mean values for the primary climate variables such as,
temperature, precipitation, humidity, solar radiation and wind necessarily arise from natural climate
determinants (i.e., solar planetary, terrestrial, orbital), but as well, from man-made greenhouse gas
emissions that are driving changes to the future climate. Such changes will also affect the variability
of the climate and this is revealed by the anticipated environmental effects in the future where the
frequency and severity (duration and intensity) of extreme climate events will increase. Together with
these effects, there will be a gradual change in the means of climate variables such as temperature,
and an associated rise in sea levels given the warming temperatures.

What are the associated impacts on buildings, as may arise from these various environmental
effects? There is anticipated, for certain locations in Canada, increases in the frequency, intensity and
duration of precipitation events as well as increase peak wind loads and the frequency of occurrence
of extreme winds. Hence, it is clearly expected that extreme wind-driven rain events will be more
prevalent in the future. As such, the exterior of the building will be subjected to more intense climate
loads of longer duration that will, in turn, increase the risk to premature degradation of building
elements, such as roof, wall and fenestration systems, and as well, the risk of water entry of building
elements, resulting in moisture-related problems.

Increases in global temperatures will bring about decreases in heating loads, as evident by
reductions in heating degree days, and increases in cooling loads, in particular in urban agglomerations
where heat island effects may prevail over the summer months. Lack of attention to extreme heat
events may bring about overheating in buildings that, in turn, increases health risks to the vulnerable
portion of the population such as the elderly, the sick and physically challenged, and the very young.
In respect to the operation of buildings, there may be mismatch in the capacity to cool or heat buildings,
depending on the season, that could bring about energy-use inefficiencies.

The general climate attributes associated with climate changes as may affect buildings have been
known for decades. Hence, the need for climate resilience in buildings is apparent from the number of
relevant tools, practices, and guides for increasing the climate resilience of new and retrofit buildings.
A few notable examples include: the Public Infrastructure Engineering Vulnerability Committee
(PIEVC) assessment protocol [4], the Institute for Catastrophic Loss Reduction (ICLR) Home Builder’s
Guide to promote the construction of disaster-resilient homes [5], the US Department of Housing and
Urban Development (HUD) Climate Change Adaptation Plan [6], and the US Green Building Council’s
report, Green Building and Climate Resilience [7]. Common to all these resources is providing useful
and practical information on how the climate will affect buildings in the future as may arise from
a warming climate.
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There are also a number of well-developed approaches for the Wildland–Urban Interface
(WUI) in North America, including the National Fire Protection Association wildland standards [8],
the International Code Council WUI Code [9], as well as standards for buildings on floodplains [10].

Given the past activity globally in respect to mitigating the effects of climate change, what recent
Canadian projects have been initiated to permit preparing the built environment for the expected
increases in temperature, humidity, precipitation, wind as may arise from climate change? This is
discussed in the next sub-section.

1.3. Research Program on Climate Resilient Buildings

The National Research Council of Canada (NRC) has also embarked on a research program related
to buildings and climate change, more specifically, a project related to climate-resilient buildings and
core public infrastructure [11]. Apart from the many different elements of this project, a key component
is the development of climate design data based on different expected climate change scenarios [12].
Access to this climate data will permit determining the resilience of existing building structures, or
new buildings, to expected climate change loads when comparing the response of building enclosures
to historical loads. This will allow for mitigating any significant changes in response through adoption
of suitable building design measures to reduce the risk to premature degradation and from which will
evolve a guide to building enclosure design for existing building structures [13]. It will also permit
developing hazard maps for different types of building products that will provide practitioners with
information on the increased risk to degradation evaluated in relation to local climate conditions.

As part of the NRC research program, there was interest in knowing what previous work had
been carried out on the durability of building envelope materials and building elements in respect to
expected changes to the climate in the future. A concise summary is provided in Section 2 of previous
work as has been completed on climate resilient building materials, components or elements, such as
wall and roof assemblies. In regards to the durability of building envelope materials, brief accounts are
given of works related to concrete and wood product degradation, the corrosion of metals; and the
degradation of plastics due to the effects of solar radiation. Thereafter, studies on the durability of
building envelope systems are reviewed for which the frost decay of masonry wall systems and the
degradation of wood frame, roof and wall assemblies are briefly described.

In the subsequent section (Section 3), a discussion on the projected changes in key climate variables
affecting durability of building materials and on climate issues as may affect durability and service
life estimates of building materials and components is given, as this permits suggesting measures for
the maintainability of buildings and selection of construction products for climate resilient design
(Section 4).

2. Climate Resilient Buildings—Durability of Building Envelope Materials and Elements

The process of weathering of materials at the building exterior leads to their degradation that,
in turn, leads to an increase in the rate and severity, of degradation over time [14]. In respect to the
effects of climate change, it is unlikely that new mechanisms of degradation will develop. However,
the changing climate will affect the built environment through steady changes in weather, increasing
variability of and extremes in climate conditions [15]. The significant daily processes of weathering that
contribute to premature degradation of the exterior of structures include wind-driven rain, temperature
fluctuations, freeze–thaw cycling, frost effects, wetting and drying of porous materials, the action of
solar and ultraviolet (UV) radiation, and chemical deposition on metals from the atmosphere.

A number of studies related to this topic specific to the Canadian context have been completed
by Auld et al., [16–19]; to briefly summarize: given that buildings are in particular, vulnerable to the
effects of weathering that degrade their durability and resilience to extremes conditions over time, it
will become increasingly important in the future to ensure that building enclosures are able to resist
wind-driven rain and to prevent moisture from penetrating the assembly.
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In instances where it is projected that significant increases in degradation rate are to arise,
adaptations to the building fabric may be required. In the context of climate change and existing
buildings, adaptation is a means to further protect the existing building fabric, to enhance performance
and control the rate of degradation. In regards to new buildings in a changing climate, design of
buildings must be adapted to consider performance for both current and future climates. As such,
building standards and building codes need to be revised to permit consideration of the effects of
future climate on building design.

2.1. Selected Studies on Durability of Building Materials and Climate Change

Given that climate change is a global phenomenon, its effects on the durability of materials and
building elements has, likewise, been studied broadly and in several countries. Some of the studies
that have been carried out in the past decade relate to the effects of climate change on the durability of
different materials and building elements, including: wood products, metals directly exposed to the
environment (as opposed to imbedded metals), and plastic building products.

2.1.1. Concrete Degradation—Carbonation and Corrosion

(i) Concrete carbonation—increases in CO2 concentration, and changes in temperature and relative
humidity (RH), as my arise from a changing climate over the long-term, will accelerate the
degradation processes and consequently, cause a decrease in, serviceability and durability and
possibly the safety of reinforced concrete (RC) infrastructure. Peng and Stewart [20], report on
an investigation of carbonation-induced degradation of RC under a changing climate for three
cities located in China (Kunming, Xiamen and Jinan). A time-dependent analysis was conducted
using Monte Carlo simulation, and included the uncertainty of climate projections, deterioration
processes, material properties, dimensions and accuracy of the predictive models. Deterioration
of RC structures in these cities was represented by the probabilities of initiation and occurrence
of damage of reinforcement due to corrosion. It was found that by 2100, the mean depths for
carbonation of the RC could increase by up to 45% for RC structures located in these cities due
to a changing climate. It was also found that in temperate or cold climate locations in China,
climate change can cause an additional 7–20% of carbonation-induced damage of RC buildings by
2100. Such findings permit development of climate adaptation strategies through consideration
of improved RC design of structures to ensure their resilience over the long-term.

(ii) Concrete corrosion—Saha and Eckelman [21], report on investigating the effects on RC structures
resulting from corrosion through increases in carbonation and chlorination rates. Different
climate emission scenarios and (respectively, IPCC A1FI (high) and B1 (low)) were used together
with downscaled temperature projections and code-compliant material specifications to model
carbonation and chloride-induced corrosion of RC structures in the Northeast United States.
Based on these results, it is expected that current RC construction as a result of climate change,
will experience depths of penetration that exceed the current code-recommended cover thickness;
in respect to the depth of chlorination, this would occur in 2055 and by 2077 for the depth of
carbonation. The projected timeline is well within the expected service life of these buildings,
indicating the potential for extensive repairs during the building service life.

2.1.2. Degradation of Wood Products

Although few studies have been completed regarding the durability and risk to degradation of
wood products used in wood frame building construction, Lisø et al. [22] provided a highly useful
overview of the decay potential in wood structures when subject to projected future changes in climatic
conditions in Norway. The work consisted of developing a national climate index map that allows
for geographically climate-differentiated guidelines for use of protective and preservation measures
(e.g., impregnation, surface treatment or design precautions) for wood building elements. Based on
this work, it is anticipated that in a changing climate, the vulnerability of wood frame structures in
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Norway will increase given that climate change in this country is seen to increase the risk of decay of
wood structures. The use of such mapping tools has permitted the development of technical guidelines
for wood-based building enclosures, thus allowing a designer to consider both protective design and
the preservative treatment of wood in relation to the expected projected climate conditions.

2.1.3. Corrosion of Metals

In Australia, as reported by Trivedi et al. [23], work undertaken by the Commonwealth Scientific
Industrial Research Organisation (CSIRO), has shown that new metal structures are expected to last at
least 50 years and well past 2064. As such, the effects of climate change must be considered in design
and material selection, specifically in regard to changes in climate that increase the rate of corrosion
of metal components. From this study, an estimate was provided of the greatest expected change in
the rate of corrosion for the year 2070. Changes in corrosion were estimated for 11 coastal and inland
locations in Australia. For each station, the climatic data in 2070 was estimated by modifying current
data with probable changes based on two global climate models (i) the Meteorological Research Institute
model [24]: (MRI-CGCM 3.2.2; most likely median model), and; (ii) the CSIRO model (CSIRO-Mk
3.5 dry climate model). For both models, a high global warming rate was assumed and with a GHG
emissions scenario of intensive use of fossil fuel technology (i.e., A1FI scenario). The climatic data was
then run through a corrosion “predictor” (a multi-scale process model) to predict corrosion at each
location. The predictor revealed a moderate decrease in corrosion at inland locations but a substantial
increase in coastal locations. The reduction in corrosion at inland locations was associated with
a reduction in RH (i.e., surface wetness), whereas for coastal locations, the increase in corrosion was
related to a greater build-up of salt due to fewer rain events.

Tidblad [25] reports on the prediction of atmospheric corrosion of metals in Europe based on
climatic parameters derived from climate change scenarios for 2010–2039 and 2070–2099, using chloride
deposition data from the project on ‘Global Climate Change Impact on Built Heritage and Cultural
Landscapes’ [26]. For Europe, the future projected atmospheric corrosion of metals show that corrosion
is governed by the effects of chloride deposition in coastal and near-coastal areas as is evident from
maps portraying the corrosion of carbon steel and zinc. In extreme cases, the change can be as high
as an increase in one corrosivity category and the corrosion can be higher than the highest values
currently being experienced in Europe for coastal areas of Southern Europe. It is supposed that the
reasons for increased coastal corrosion and reduced inland corrosion in Europe are similar to those as
were found for Australia.

2.1.4. Effect of Solar Radiation on Plastics

Increased solar ultraviolet radiation (UV) reaches the surface of the Earth as a consequence of
a depleted stratospheric ozone layer and changes in factors such as cloud cover, land-use patterns and
aerosols. Increased levels of UV radiation, especially at high ambient temperatures, are well-known to
accelerate the degradation of plastics, rubber and wood materials, thereby reducing their useful lifetimes
in outdoor applications. As climate change is expected to result in a 0.9–5.4 ◦C increase in average
temperature by the end of this century, depending on location, this indicates that the degradation
of plastics due to exposure to solar radiation will only increase in the future. The useful lifetimes
of plastics used routinely outdoors are ensured generally using light-stabilized chemical additives.
Although the increased damage to materials due to an increased UV-B (280–315 nm) component in
solar radiation reaching the Earth is not well known, such effects can be offset through the use of
different approaches; e.g., light-stabilization technologies, surface coatings or, substitution of materials
having an enhanced resistance to UV radiation. It is expected, then, that product manufacturers will
take measures to ensure the stability of plastics in light of probable increases in UV-B and projected
increases in ambient temperature, as may arise in the coming years due to climate change [27].
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2.2. Hygrothermal Performance of Building Envelope Systems Affected by Changes in Wind-Driven Rain Loads
Arising from Climate Change

The hygrothermal performance of building envelopes to future projected wind-driven rain loads
has seldom been investigated in the past, although wind-driven rain and its consequence on buildings
has been explored in many studies [28–32]. Only a few studies have been found to comprehensively
assess the hygrothermal performance of building enclosures under future projected wind-driven rain
loads. These included studies related to the frost decay of masonry cladding materials and the risk to
degradation of wood frame, roof and wall assemblies in Sweden; each of these is briefly summarized
in the subsequent sections.

2.2.1. Frost Decay of Masonry Materials

Different parts of Europe will necessarily experience different changes in the climate parameters
that affect the masonry of heritage buildings. Grossi et al., from the UK [33], indicates that from
the point of view of protection of the built heritage, a range of techniques have been developed to
interpret climate data in terms of the risk of frost damage and provide meteorological parameters to
guide plans for future management of heritage buildings. Emphasis has been placed on the way in
which small changes in temperature can be amplified and have large effects on the phase change of
moisture within materials where the freeze–thaw effect is a process in which a phase change occurs at
an exact temperature. Thus, subtle increases in temperature, even of a few degrees, might positively
affect porous building stones. Accordingly, Europe was mapped and divided into areas where the
number of freeze–thaw cycles was mapped to which heritage buildings are subjected in a changing
climate. From this effort, areas could be identified for likely increases or decreases in the frequency of
freeze–thaw events. Thus, Europe is most likely to remain a temperate climate in the future and as such,
the effects of temperature and temperature fluctuations on masonry materials are likely to diminish.
Consequently, it may be expected that porous stone, as is typically used in monuments, located in
future temperate climate zones may be less vulnerable to the degradative effects of freeze–thaw action
and temperature change.

It has been shown [34] that the relative risk of degradation due to the effects of frost on porous
masonry materials exposed to different climates can be expressed using a simple index incorporating
information about the number of freezing events and the total 4-day rainfall occurring prior to freezing
for the different months of the year. The index was based on multi-year records of daily air temperatures
and rainfall data. The principal advantages of this method are that results are based on readily available
series of long-term climate data.

Hygrothermal simulation models of external building envelopes incorporating calcium silicate
brick (a frost-sensitive material) were shown to reproduce degradation due to frost action in winter
months in the Netherlands [35] as compared to onsite degradation assessments. This model was used
to predict frost behavior of such bricks in the future arising from a changing climate. Degradation of
masonry and mortar materials caused by frost requires that the average temperature in the material be
lower than the freezing point of water, whilst the moisture content of the masonry and mortar should
be higher than the capillary saturation point. As such, frost damage may occur if a long-duration rain
event is immediately followed by a severe frost given that the length of time over which rain will
permeate the masonry will necessarily affect the moisture content. The results from simulations show
a reduction in future risk of frost damage by 70%.

2.2.2. Degradation of Wood Frame, Roof and Wall Assemblies

Brischke and Rapp [36] have reviewed the potential impacts of climate change on wood
deterioration. Their published work focuses on the effects of global warming and corresponding
moistening on the durability of wooden building components. With the use of a mathematical wood
decay model an attempt was made to quantify the influence of climatic changes on wood decay rates
for various climate change scenarios. The decay model was based on both laboratory and experimental
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work for which climatic data, wood temperatures, wood moisture contents and decay rates recorded
for several years across Europe were correlated. Examples of such predicted changes were provided
for specific sites located in Sweden (Uppsala), Germany (Freiburg), the UK (Portsmouth), France
(Bordeaux) and Croatia (Zagreb). The results showed that warming and humidification will lead to
a significantly reduced service life in wooden building components under climate change. It was
further determined that the quantity of climate-induced changes strongly depended on the geographic
location and the present climate.

The effects of climate change on the moisture performance on building facades of common
wood frame wall constructions in Sweden was assessed in Nik et al. [37]. To do so, the response of
a building façade was assessed under historical (1961–1990) and future climates. Two different future
time-frames—2021–2050 and 2071–2100—were analyzed. The climate simulated by the RCA3 regional
climate model was considered to assess the impacts of climate change. The heat–air–moisture (HAM)
simulation model, WUFI, was used to simulate hygrothermal response of building facades in historical
and projected future climates. The moisture accumulation in the building façade was assessed for five
cases: (a) when three different sets of atmospheric boundary conditions from GCMs were used to
simulate regional climate in the RCA3 regional climate model; (b) when three different initial conditions
were used to initialize the simulations in the regional climate model; (c) when the regional climate
is simulated at two different spatial resolutions—25 and 50 km; (d) when two different methods of
calculation of wind-driven rain loads were considered; and e) two different façade materials were
considered. The results from the study pointed to an increased risk of moisture-related damage in
building facades in Sweden as a consequence of climate change. In addition to this, uncertainties
associated with differences in spatial resolutions of the regional climate model were found to be the
highest among the five cases analyzed. Another important conclusion of this study was that detailed
wind modelling around the buildings was not necessary to accurately model climate change impacts
on moisture performance of the buildings in Sweden.

The hygrothermal performance and mould growth potential of a typical and three modified
attic constructions in Sweden under potential climate change effects were evaluated in Nik et al. [38].
The historical and future projected climate were obtained from the climate simulations made using the
RCA3 regional climate model. Three representative concentration pathways of future greenhouse gas
concentrations were considered for analysis. The response of attics to climate was simulated using
a whole building heat, air and moisture modelling software, HAM-Tools. The study found future
increases in mould growth potential in Sweden as a consequence of future projected climate change.
Among the three adaptive designs investigated, the attic with mechanical ventilation was found to be
most resilient to the projected climate change effects.

Future projections of climate are associated with uncertainty that can stem from the existence of
a wide range of climate models, different downscaling methods, and so on [39]. To account for this
uncertainty, typically, a large ensemble of future projections is considered to assess the potential effects
of climate change. However, given the computational and time constraints in assessing hygrothermal
response under a large ensemble of climate scenarios, it is important to develop methods that can be
used to encompass climate-related uncertainty in climate change assessments on buildings. In this
regard, Nik [39] quantified the amount of uncertainty encompassed when typical and extreme climate
data based on—(a) outdoor dry bulb temperature, (b) equivalent temperature, and (c) rainfall—are
selected, and compared it with the uncertainty communicated by the entire ensemble of climate
projections. The results of the study indicated that representative typical and extreme projections
selected based on the simulated outdoor dry bulb temperature are able to capture the range of
hygrothermal responses projected by the entire ensemble of climate projections.

Nik et al. [40] demonstrated that three representative years—typical downscaled year (TDY),
extreme cold year (ECY), and extreme warm year (EWY)—selected based on outdoor temperature, are
able to capture the range of simulated energy response of the buildings when exposed to long-term
(30-year) climate. To demonstrate the approach, several synthesized weather data were created for
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two European cities: Geneva and Stockholm, considering two RCMs (RCA3 for Stockholm and RCA4
for Geneva), six GCMs (two for Stockholm and four for Geneva) and three emissions pathways (RCP
4.5 and RCP 8.5). Two different building models were exposed to the complete set of historical and
future projected climate data, as well as to the climates of selected typical, and extreme warm and
cold years. Based on the findings of the study, it was concluded that TDY, ECY, and EWY together
are able to capture climatic variations present in the long-term climate, as well as reflect the climate
uncertainties from the use of multiple scenarios.

2.3. Summary—Of Building Envelope Materials and Elements

As is evident from that reported in the previous sections, studies have been conducted at various
locations around globe that serve their respective countries. In respect to climate change in Northern
European countries (i.e., Sweden, Norway), wood degradation is of importance given the predominant
use of wood as a construction material. Whereas, the effects of freeze–thaw action on stone and brick
masonry materials is more relevant to other European countries where the use of such materials in
construction are preferred. In countries such as Australia, where the use of metal roofing is common,
corrosion of this roofing component is evidently of importance. To summarize:

• Carbonation of RC in three Chinese cities (Kunming, Xiamen and Jinan) is predicted to increase
by 45% by 2100; based on model results of carbonation and chloride-induced corrosion of RC
structures located in the Northeast United States, the depths of chloride penetration of these
structures will exceed the current code-recommended cover thickness by 2055, and by 2077,
the depth of carbonation.

• In Europe, the future projected atmospheric corrosion of metals (carbon steel and zinc) show that
corrosion is governed by the effects of chloride deposition in coastal and near-coastal areas; hence,
it is foreseen that in the future, corrosion of exposed metals in Europe will increase in coastal zones
and decrease inland; similar results were obtained from an Australian metal corrosion predictor
that revealed a moderate decrease in corrosion at inland locations but a substantial increase in
coastal locations.

• Europe was mapped for the number of freeze–thaw cycles to which heritage buildings will be
subjected in a changing climate; Europe is most likely to remain a temperate climate in the future
and as such, freeze–thaw effects related to temperature fluctuations and rainfall on masonry
materials are likely to diminish; in the Netherlands, results from simulations show a reduction in
the future risk of frost damage by 70%

• Warming and humidification will lead to significantly reduced service life in wooden building
components under climate change in Europe; examples of predicted changes were provided for
specific sites located in Sweden, Germany, the UK, France and Croatia.

• Norway developed a national climate durability index map for risk to degradation of wood
products; in a changing climate, the vulnerability of wood frame structures in Norway will
increase, as will the risk of decay of wood structures; likewise

• In Sweden, under projected future WDR loads, the amount of water accumulated in the façade of
common wood frame wall constructions was projected to increase in the future; the attics of wood
frame homes in Sweden are projected for increases in mould growth potential in the future.

3. Discussion on the Durability of Building Materials as Influenced by Climate Change Effects

The discussion first focuses on the magnitude the anticipated effects of climate change for key
climate variables such as projected changes to January and July temperatures, total precipitation and
average wind speeds under globally averaged warming of 2 ◦C and 3.5. Thereafter, consideration is
given to climate-related effects that will affect the outcome of service life prediction estimates, including
an estimation of reliable future WDR loads and their spatial distribution, and, methods as may be used
to encompass climate uncertainty. Each of these is discussed in turn.
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3.1. Projected Changes in Key Climate Variables Affecting Durability of Building Materials

In Canada, a large fraction of today’s infrastructure has been designed using climatic design
values calculated from historical climate data without taking into consideration potential impacts
of climate change. In other words, an inherent assumption has been made that past extremes will
represent future conditions. To design climate-resilient infrastructure, projected future changes in
climate will need to be estimated as accurately as possible and reflected in the climatic design values.
These design values will also need to be regularly updated to reflect the advances in climate sciences,
and climate model development. Additionally, it will be important to determine appropriate return
periods for when the data should be recalculated.

Projected changes in temperature-related climate design values at 659 locations identified in Table
C-2 of the National Building Code of Canada (NBCC) [41] and S6.1–14 Commentary on CSA S6-14,
Canadian Highway Bridge Design Code [42], are presented in Figures 5 and 6. The figures contrast
the consequences of two global warming (GW) scenarios, leading to 2◦ and 3.5◦ increases in globally
averaged temperatures. The changes presented are averaged across a 31-year time-period and show
differences between a historical time-period, i.e., 1986–2016, and future time-periods when select
levels of globally averaged warming are projected to be reached. According to ECCC [43], a 31-year
averaged globally averaged warming of 2◦ and 3.5◦ will be reached at future (center) years of 2049 and
2077, respectively.

Figure 5. Projected changes in January 1% design temperatures in Canada under globally averaged
warming of 2 ◦C and 3.5◦.

 
Figure 6. Projected changes in July 2.5% design temperatures (dry) in Canada under globally averaged
warming of 2 ◦C and 3.5◦.
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The results clearly demonstrate significant increases in January 1% and July 2.5% (dry),
temperatures across Canada as a consequence of climate change. The most significant increases
are projected for the northernmost regions of Canada. More significant increases in the summertime
design temperatures are projected for western regions of Canada than for eastern regions. On the other
hand, more significant increases in wintertime design temperatures are projected for eastern regions of
Canada than for western regions. As expected, more significant changes are projected under the 3.5 ◦C
global warming scenario than the 2 ◦C global warming scenario.

In addition to temperatures, climate change is also expected to bring considerable shifts in
other key climate variables that affect the durability of building materials. Projected changes in
total precipitation and average wind speeds, as simulated by the Canadian Regional Climate Model,
CanRCM4 under 2 ◦C and 3.5 ◦C global warming scenarios across Canada are presented in Figures 7
and 8, respectively. Higher precipitation totals have been projected for all parts of Canada with the
highest increases projected for the northernmost regions. As projected in the case of temperatures,
higher precipitation increases have been projected for higher levels of global warming i.e., under 3.5 ◦C
global warming scenario than, for instance, under a 2 ◦C global warming scenario. However, the sign
of change is more uncertain in the case of wind speeds as a larger fraction of the Canadian landmass is
projected to have increases in the future as opposed to decreases in wind speeds.

Figure 7. Projected percent changes in total precipitation across Canada under globally averaged
warming of 2 ◦C and 3.5◦.

Figure 8. Projected changes in average wind speeds across Canada under globally averaged warming
of 2 ◦C and 3.5.
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The above results highlight that buildings across Canada will be exposed to a climate that is
expected to be remarkably different from that observed historically during their design life. Therefore,
when considering the durability of buildings and their materials and elements, durability evaluations
should account for the non-stationarity in climate loads.

There are, indeed, uncertainties associated with the future projections of climate as contributed by
the many global climate models developed by climate groups across the globe, different approaches to
downscale the climate projections, and range of future emission scenarios in accordance with which the
projections are made. Since, however, uncertainty in design data is accepted as a part of construction
codes and standards, it should be possible to account for multiple sources of uncertainties associated
with future impacts of climate change by reflecting them, for example, in the choice of novel safety
factors in building design which take into account the inherent uncertainty in design data. These issues
are discussed in the subsequent sub-section.

Although the information presented in these figures for projected values of wind speed,
precipitation, winter and summer design temperatures, and heating degree days under different global
warming scenarios provides an estimate of the order of magnitude of the expected effects of climate
change, it has still to be determined exactly how such information is to be presented in the NBC and
how practitioners are to use the additional information to affect design decisions.

3.2. Consideration of Climate Issues as May Affect Durablity and Service Life Estimates

Consideration should be given to two issues as related to climate that will affect the outcome of
service life prediction estimates. These include the estimation of reliable future WDR loads and their
spatial distribution, and methods as may be used to encompass climate uncertainty

(i) Reliable estimation of future WDR loads and their spatial distribution: The climate simulations in
the GCMs and RCMs are performed at 100–300 km and 25–50 km spatial resolutions, respectively.
Climate variables such as wind and rainfall, and their extremes, are not accurately simulated at
this spatial resolution as their propagation mechanisms are influenced by local geophysical factors
that are not resolved in the GCMs or RCMs. Several studies have used very-high-resolution (sub-4
km) limited-area climate models to simulate these climate variables more accurately [44–47];
however, such simulations are computationally expensive. There is a need to devise a strategy
to obtain reliable long-term estimates of wind and rainfall variables which can facilitate more
accurate assessment of building response to the effects of climate change.

(ii) Methods to encompass climate uncertainty: Future climate projections are associated with
uncertainty contributed by a wide range of sources such as the choice of GCMs, greenhouse
gas emission scenarios, downscaling methods, bias-correction methods [48]. Additionally,
climate change impact assessments are performed at time-periods spanning at least 20 years or
more. Hygrothermal simulations are computationally expensive and it is impractical to evaluate
hygrothermal performance of wall assemblies over time-periods in excess of 20 years, and under
a wide array of climate simulations. To reduce the computational costs, it is important to develop
methods that can be used to encompass climate-related uncertainty and identify representative
climate years/scenarios without compromising on the range of projected changes. Nik [39], for
example, obtained an acceptable range of hygrothermal response when only typical and extreme
climate projections were used for performing hygrothermal simulations as opposed to the entire
set of future projections available. The concept can also be extended to choose the reference
years that represent typical and extreme WDR conditions and only consider those years for
hygrothermal simulations.

4. Maintainability of Buildings and Selection of Construction Products for Climate Resilient Design

The expectation is that in the coming decades, the general climate of Canada is to become warmer,
with some locations experiencing more intense and frequent rain events of longer duration, thus
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producing heightened wind-driven rain loads. Hence, the atmosphere is not only likely to be warmer
but also more humid; however, structural wind loads may increase but only in the far northern latitudes
and not likely in current urban areas. What guidance can be offered building practitioners in respect
to building maintainability and the selection of construction products to achieve climate resilient
performance over the service life of the building?

The maintainability of buildings and related performance indicators have been thoroughly
reviewed and conceptually defined by Asmone et al. [49] in a “Green” building context, that is,
buildings conforming to the precepts of sustainability whilst accommodating environmental, economic
and societal requirements. Maintainability, as opposed to the action of the maintenance of buildings
relates to the ability to forecast maintenance costs over the expected life cycle (service life) of the
building. Hence, the need for the use of life cycle costing tools, together with service life planning to
develop a viable maintenance plan. The “Green” building trend has gained momentum in recent years
and it has increasingly been considered as a means of addressing concerns over climate change and the
effects of global warming on buildings and their occupants [50]. Such approaches now also include
life cycle environmental assessment tools whereby the environmental impact of specific construction
design and product choices can be known and considered in the overall service life plan. Nonetheless,
in regards to mitigating the effects of climate change, there is little specific information that has been
made available relating to the maintainability of buildings over the long-term, irrespective of the
availability of rating tools for “Green” building or the development of performance indicators to help
achieve highly sustainable and maintainable building projects.

Given that revised climate data that accounts for projections of climate change are not yet available
what information can be provided to expert practitioners in respect to the selection of products for new
buildings or for the retrofit of existing buildings? Considering that the construction of new buildings
and renovation of existing buildings cannot be halted and given the available research on this topic,
some recommended specifications for the selection of products arising from climate change effects
are provided in Table 1. Two aspects related to the expected climate change effects are considered;
those that relate to an increase in: (i) global warming, and (ii) wind-driven rain loads. The notional
specifications for selection of products and methods of installation are provided for each of the two
aspects in terms of the specific environmental agent acting to cause degradation. For example, should
global warming be the anticipated effect arising from climate change for a specific location of interest,
then it is expected that higher temperatures and a broader overall range of both annual and diurnal
temperature change will occur for that location. Accordingly, one ought to specify dimensionally
stable products having a lower coefficient of thermal expansion, thus providing a reduced overall daily
and annual dilation; e.g., amongst several possible choices of window frame products, the selection
of plastic fenestration components has the lowest coefficient of thermal expansion when directly
exposed to solar radiation. Additionally, components should be specified with compatible thermal
expansion coefficients to ensure that interaction between components does not also increase the risk to
degradation of the assembly.

Global warming will also accelerate the aging process of products directly exposed to solar
radiation and the exterior environment due to more prolonged periods of higher temperature and
from exposure to higher levels of UV-B radiation. Products such as roofing and cladding components,
insulted glass units, plastic fenestration components, polymer-based waterproofing and sheathing
membranes, jointing and sealing products, paints and coatings for cladding and comparably exposed
components would also be subject to accelerated aging. As such, only products of proven and
heightened resistance to heat aging and UV radiation ought to be specified.

Likewise, guidance is provided in Table 1 for specifying products where there is an expected
increase in wind-driven rain loads. In this instance, one would expect higher average humidity
conditions within windows and door frames, and openings in which the components are installed
with an increased incidence of liquid moisture being in prolonged contact with fenestration products.
Hence, specification for these types of products would require dimensionally stable products that resist

183



Buildings 2020, 10, 53

prolonged exposure to both heat and moisture, and more robust design for the installation of such
products in wall assemblies. Furthermore, metal products must be resistant to corrosion given that
they may be in contract with moisture.

Table 1. Notional specifications for the selection of products given climate change effects.

Climate
Change Effects

Environmental Agents
Notional Specifications for Selection of Products,

Methods of Installation

Increase in
global warming

Higher temperatures and broader
overall range of both annual and

diurnal temperature change

Dimensionally stable and compatible products having
lower coefficient of thermal expansion thus providing

a reduced overall dilation
(e.g., for: plastic fenestration components directly

exposed to solar radiation)

Products having enhanced elasticity and are resistant to
repeated movement cycles

(e.g., when considering jointing and sealing products)

Accelerated aging process due to
more prolonged periods of higher
temperature and from exposure to

higher levels of UV-B radiation

Products of proven and heightened resistance to heat
aging and UV radiation

(i.e., for products directly exposed to solar radiating and
exterior environment, e.g.,: roofing, and cladding

products, IG units; plastic fenestration components;
polymer-based waterproofing and sheathing membranes;

jointing and sealing products, paints and coatings for
cladding and similar exposed components)

Increase in
wind-driven

rain loads

Environmental conditions within
window and door frame and in

installation openings having
higher average humidity

conditions together with increased
incidence of liquid moisture in
more prolonged contact with

fenestration products

Select the more robust design approaches that enhance
drainage of water from surfaces and minimise the

likelihood of retention of water in interstitial spaces
(e.g., for: wall assemblies and for window design

and installation)

Dimensionally stable products when wetted and having
enhanced resistance to hydrolysis (i.e., degradation from

contact with warm liquid water)
(e.g., for: insulation products used to ensure continuity

of thermal resistance at wall-window and door
interfaces; polymer-based waterproofing and sheathing

membranes; jointing and sealing products)

Metal product components having enhanced resistance
to corrosion after being wetted (e.g., roof, cladding,
window frame, window ties, brick ties products)

5. Summary

A brief overview has been provided related to climate change effects on the durability of building
materials and building elements. This overview attempts to provide some perspective on the magnitude
of the effects and how such changes in climate variables will affect the durability of building materials
and building elements in the coming years. The weathering and degradation of various building
materials have been discussed and examples of recent studies are provided that relate to frost decay of
masonry materials, the degradation of wood products and concrete elements, the corrosion of metals,
and the effect of solar radiation on plastics.

In the final section, the development of climate change design data is reviewed whereby
examples are given of expected changes in climate design data (e.g., wind speed; precipitation;
design temperatures) for two climate change scenarios. The information presented in these figures for
different global warming scenarios provides an order of magnitude of the expected effects of climate
change. It has yet to be determined exactly how such information is to be presented in the NBC and
how practitioners are to use the additional information to affect design decisions. Irrespective of how
such information is to be implemented in the NBC, when considering the durability of buildings and
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their materials and elements, durability evaluations should account for the non-stationarity of the
future climate.
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Abstract: The majority of the single-family houses in Sweden are affected by deteriorations in
building envelopes as well as heating, ventilation and air conditioning systems. These dwellings
are, therefore, in need of extensive renovation, which provides an excellent opportunity to install
renewable energy supply systems to reduce the total energy consumption. The high investment costs
of the renewable energy supply systems were previously distinguished as the main barrier in the
installation of these systems in Sweden. House-owners should, therefore, compare the profitability of
the energy supply systems and select the one, which will allow them to reduce their operational costs.
This study analyses the profitability of a ground source heat pump, photovoltaic solar panels and
an integrated ground source heat pump with a photovoltaic system, as three energy supply systems for
a single-family house in Sweden. The profitability of the supply systems was analysed by calculating
the payback period (PBP) and internal rate of return (IRR) for these systems. Three different energy
prices, three different interest rates, and two different lifespans were considered when calculating
the IRR and PBP. In addition, the profitability of the supply systems was analysed for four Swedish
climate zones. The analyses of results show that the ground source heat pump system was the most
profitable energy supply system since it provided a short PBP and high IRR in all climate zones
when compared with the other energy supply systems. Additionally, results show that increasing the
energy price improved the profitability of the supply systems in all climate zones.

Keywords: single-family house; energy supply system; payback period; internal rate of return;
energy price; Swedish climate zones

1. Introduction

The energy renovation of single-family houses remains a challenging task throughout Europe due
to threats posed by climate change on different regions’ environments and economies. The current
range of energy renovations among member of the European union is between 0.5% and 2.5% per year,
with an average of 1% per year [1]. To achieve the European parliament’s target for 40% energy
efficiency by 2030, the renovation rate should increase to about 2.5% to 3% of the housing stock per
year [1]. Although Sweden set a more ambitious target of 50% more efficient energy use by 2030,
compared to the levels from the reference year 1995 [2], the renovation rate in this country was about
0.8% per year in 2016 [1]. At this point, the Swedish residential sector could be a major contributor to
achieving the national target for reduction in energy use, since it is responsible for 22% of the country’s
total energy consumption, from which 12% comes from single-family houses [3]. Single-family houses
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account for almost 50% of the total building stock in Sweden [4]. The total heated area (applying the
Swedish Atemp definition) of the single-family houses in Sweden was about 293 million square meter
in 2016, about 54% larger than the total area of multi-family houses [5]. According to the Swedish
Statistics Central Bureau (SCB), 86% of single-family houses are about 30 years old, while 50% of them
use electricity to support their heating demands [6]. Moreover, technical installations of single-family
houses and insulation layers within building envelopes are likely to be near the end of their expected
lifetime [7]. In addition, the existing single-family houses in Sweden primarily exhibit poor energy
performance due to technical deterioration in heating, ventilation and air conditioning systems [7].

The energy renovation of single-family houses should be based on two main considerations.
First, the energy use of single-family houses after renovation should meet the national energy target.
Installing renewable energy supply systems was mainly considered as a solution to reduce the total
energy use of single-family houses in Sweden. From 2010 until 2015, the market share of installed heat
pumps and photovoltaic solar panels in Sweden increased to about 30% [4] and 19% [8], respectively.
The second consideration concentrates on the cost of such an energy supply system for the homeowner.
This is because installing renewable energy supply systems requires mainly high-cost investments,
setting a great challenge for homeowners [9]. Financing such a supply system often involves taking
out a loan, which will only be granted if the renovation increases the value of the property or reduces
operational costs to offset the interest costs of the loan. The value of property in Sweden is highly
dependent on its location. Accordingly, there is a risk as to the value of the property after installing
energy supply systems will not cover the loan. Homeowners need to prioritize the adoption of
energy supply systems that will allow them to save a high amount of energy and minimize their
operational costs. However, the profitability of renewable energy supply systems is mainly determined
by several different factors: Their technical characteristics [10], energy prices [11], interest rates [12],
buildings’ energy use patterns [10], climate conditions [13], lifespan [14] and performance gap between
actual and predicted energy savings [15], which is considered when analysing the profitability of
the supply systems. There are several reasons for the inconstancies between actual and predicted
energy savings; but “rebound effect” was frequently discussed by former studies [16,17]. The rebound
effect refers to occupants’ tendency to consume more energy due to economic gains provided by
energy-efficient renovations.

Although previous studies have analysed the implications of the abovementioned factors on the
profitability of renewable energy supply systems in Sweden [12,18–20], they provided no information
on how simultaneous changes in energy prices, interest rates, climate conditions and lifespan affect
their profitability. Towards this direction, this study takes a novel approach and provides with
an analysis of the profitability of a ground source heat pump (GSHP), photovoltaic solar panels (PVs)
and an integrated ground source heat pump with a PV system (GSHP-PV) for a single-family house
in Sweden. The profitability of the energy supply systems was analysed by calculating the payback
period (PBP) and internal rate of return (IRR) for these systems. The IRR represents the interest rate,
which, for a given time, can be obtained from the investment [21]. A high IRR signifies the profitability
of an investment. On the other hand, PBP corresponds to the time in which, for a given discount rate,
the investment cost will be repaid [22]. As homeowners prefer investments with low-risk exposure [23],
a short PBP is more preferable. The profitability of the GSHP, PV and GSHP-PV systems was analysed
for four Swedish climate zones, all with different climate conditions. In addition, three different energy
prices, three different interest rates and two different lifespans were considered when calculating the
IRR and PBP. Any such approach allows one to analyse how simultaneous changes in energy prices,
interest rates, climate conditions and lifespan affect the cost-effectiveness of energy supply systems.
The evaluation of the PBP and IRR assists in projecting energy efficiency policies while informing
house owners of the outcomes of the investments they decide to make.
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2. Methodology

The single-family house had a total heated area of 140 m2, with a ventilated volume of about 350 m3.
The heated area was divided over 2 floors above the ground (Figure 1). In addition, the single-family
house included an unheated attic with a wooden pitched roof on the 3rd floor. The attic area was
equipped with a mechanical ventilation system.

Figure 1. The first and second floors of the single-family house.

The EnergyPlus simulation tool (8.5.0) was used to evaluate the energy performance of the house.
The thermal specifications of the single-family house were in accordance with the national codes at the
time of construction in 1979 (Table 1). The heat transfer between the ground and external floor slab
followed ISO 13370 [24].

Table 1. The thermal specifications of the single-family house.

Building Envelopes U-Value

U-value of external walls 0.25 (W/m2 K)
U-value of attic roof 0.08 (W/m2 K)

U-value of external floor 0.27 (W/m2 K)
U-value of external windows 1 (W/m2 K)

The heating system was an electrical boiler, which was connected to water-based underfloor and
radiator distribution systems. The supply and return temperatures of the underfloor and radiator
systems were set to 60/45 ◦C. The domestic hot water consumption was assumed to be 14 m3/person
per year, which corresponded to 800 kWh/person per year [25]. The airtightness was assumed to be
1.6 L/s m2 at the pressure of ±50 (Pa), which complied with national codes at the time of construction.
In addition, the single-family house was equipped with a mechanical ventilation system, which was
comprised of a supply fan and a heat exchanger with an efficiency of 80% and 85%, respectively.
The ventilation system was operated 24 h a day. The airflow rate was set to ±0.35 L/m2 to comply
with national codes [26]. To ensure comfortable thermal conditions, the upper and lower temperature
limits were set to 22 ◦C and 18 ◦C, respectively [27]. The occupancy density was about 0.02 persons
per 1 m2, while the occupancy internal heat gain was assumed to be 80 W/person, following the
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recommendations provided by Levin [25] for Swedish housing. The occupancy schedule follows
Figure 2 below.

Figure 2. The occupancy schedule applied when running simulations.

The clothing thermal insulation followed ISO7730-Standard [28], as it was set to be 1 (clo) in winter
and 0.5 (clo) in summer. The heat gain from artificial lighting and electric appliances was assumed
to be 3.6 W/m2 [12]. The visible reflection of the interior walls, ceilings, and floors was set to be 60%,
80% and 20%, respectively, which complied with the Swedish standard [29].

2.1. Weather and Climate Zones in Sweden

Following the Köppen-Geiger climate map, Sweden is located in the cold climate zone (D) [30].
In addition to the abovementioned categorization, the National board of housing building and
planning [31] further classified Sweden into 4 climate zones, which allowed for the performing of
detailed energy demand calculations based on the different climate conditions. The climate zones
vary mainly in their outside design temperatures, annual average temperatures, wind velocity,
relative humidity and solar radiation. The Swedish climate zone I represent the coldest and northmost
zone, while climate zone IV represents the warmest and furthest south zone [31].

The single-family house was modelled in 4 different cities: Kiruna in climate zone I, Sundsvall in
climate zone II, Stockholm in climate zone III, and Gotheborg in climate zone IV (Figure 3). This decision
was made to analyse the contribution of the climate zones in terms of the cost-effectiveness of the 3
different energy supply systems in Sweden. Weather data files, required for performing simulations in
the respective cities, were collected from Climate OneBuilding [32].

Figure 3. Four Swedish climate zones and the position of four regions analysed.
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2.2. Energy Supply Systems

Three distinct energy supply systems were considered to improve the energy efficiency of the
single-family house. The first considered supply system was a ground source heat pump (GSHP) with
a coefficient of performance (COP) of 3 and a total power of 50 kW. The lifespan of the GSHP was
15 years. The 2nd supply system was a solar photovoltaic (PV) system with a lifespan of 20 years.
Each PV panel had a power output of 285 W [33]. In total, 31 PV panels with a total area of 43.7 m2

were installed on a south-sloping roof with a 45◦ tilt toward the south. The third supply system was
comprised of an integrated GSHP and PV system (GSHP-PV). The COP, total power and lifespan
of the GSHP used in the integrated supply system was similar to those of the first energy supply
system. However, the total number of PV panels to be installed in each climate zone varied in order to
avoid overproduction issues. Although the overproduced electricity of the system can be sold back to
the grid [34], PV panels had significantly higher embodied CO2 when compared with other supply
systems [35]. Louwen, Van Sark [36] discussed about great downward trends of the environmental
impact of PV production. Although previous studies included the evaluation of embodied CO2 impact
of PV systems in their analyses, they used different data sources, technologies, system boundaries,
locations and lifespans. The inconsistency in results, presented by previous studies, limits one to derive
a robust conclusion about PV systems’ performance in reducing carbon footprints. Table 2 presents the
specifications of the PV systems installed in each region.

Table 2. Photovoltaic solar panels (PV) systems, used when installing ground source heat pump-PV
(GSHP-PV) system in four climate zones.

Total Number of Panels Total Area (m2) Max. Power (kW) Tilt Toward South

Climate zone I 31 51.2 8.8 45◦
Climate zone II 25 41.3 7.1 45◦
Climate zone III 23 38 6.6 45◦

Climate zone
IV 21 33 5.7 45◦

The schedule for operating the abovementioned supply systems was set to 24/7 since they were
designed to support both heating and domestic hot water demands.

2.3. Cost-Effectiveness Evaluations

The IRR and PBP were quantified using Equations (1) and (2). The IRR is the interest rate of “i”,
which, for a given lifespan of “t”, the net present value (NPV) is zero. Meanwhile, PBP is the lifespan
of “t”, which, for a given interest rate of “i”, makes NPV zero.

NPV =
n∑

t=0

(D′t) ∗ 1

(1 + r)t − (I + U) (1)

D′t = (E0 − Et)∗α(1 + β)t (2)

where:

NPV is the net present value during the lifespan of n year;
D’t is the annual energy saving cost;
E0 is the initial total energy use before installing the supply systems;
Et is the total energy use after installing the supply systems;
r is the interest rate;
t is the lifespan of n years;
α is the energy price per kwh/m2;
β is the inflation in energy price (%);
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I0 is the investment cost;
U is the maintenance and installation costs.

The IRR was calculated for the lifespans of 30 and 50 years. In quantifying PBP, the interest rates
of 1%, 3% and 5% were considered. This decision was made to analyse the implication of lifespan and
interest rate on the IRR and PBP, respectively. In addition, 3 different energy prices were considered
when calculating the IRR and PBP (Table 3). Furthermore, the sensitivity of the IRR and PBP to rises in
energy prices and changes in lifespan was analysed.

Table 3. Three different energy prices considered.

Energy Price Energy Price for Electricity

Lowest energy price among European countries in 2019 * [37] 0.48 (SEK/kWh)
Highest energy price among European countries in 2019 * [37] 3.36 (SEK/kWh)

Energy price in Sweden in 2019 * [37] 1.45 (SEK/kWh)

* Including tax and levies.

Table 4 presents the investment, maintenance, installation and labour cost of the three renovation
packages. In calculating the IRR and PBP, the energy supply systems were replaced when they reached
the end of their lifespan.

Table 4. Investment, maintenance and installation costs of energy supply systems.

Supply Systems Investment Cost
Maintenance Cost

(SEK/kW.Y)
Installation Cost

GSHP [38] 6000 (SEK/kW) 150 24,000 (SEK/kW)
PV system [33] 19,000 (SEK/kW) 342 3800 (SEK/kW)

GSHP-PV system [33,38] 25,000 (SEK/kW) 492 27,800 (SEK/kW)

3. Results and Discussions

Table 5 shows the variation in the total energy consumption of the single-family house before
and after installing the energy supply systems in the four regions. The GSHP and GSHP-PV systems
reduced the total energy consumption to below 69 (kWh/m2), thereby satisfying the national energy
target in reducing total energy use by 50% when compared with 1995. However, the PV system fulfilled
the national energy code only in climate zone IV. In addition, the analyses of the results showed that
the GSHP-PV system had the best performance in the four regions, as it reduced the total energy use
by about 91% in climate zone I, 93% in climate zone II, and 98% in climate zone III and climate zone IV.

Table 5. The total energy consumption of the single-family house.

Initial
(kWh/m2)

After Installing
GSHP (kWh/m2)

After Installing
PV (kWh/m2)

After Installing
GSHP + PV (kWh/m2)

Climate zone I 197 53 164 21
Climate zone II 124 41 86 9
Climate zone III 119 32 79 3
Climate zone IV 113 29 67 2

3.1. Analysing Variations in the IRR

Figure 4 shows the variations in IRR when installing energy supply systems with three different
energy prices and lifespans of 30 years. Considering the GSHP system, when the energy price was
0.48 (SEK/kWh), the IRR was positive only in climate zone I. This was because the aggregate levels
of monetary savings due to the installation of GSHP were greater in climate zone I than in the other
climate zones. Accordingly, with a low energy price of 0.48 (SEK/kWh), the GSHP was profitable only
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in climate zone I, while it lost its value at its respective IRR in all climate zones. A higher energy
price had a significant effect on the convenience of GSHP installation in all four climate zones, as it
augmented the IRR across them all. However, IRR was augmented at a different degree of increase.
When changing the energy price from 0.48 (SEK/kWh) to 1.45 (SEK/kWh), the IRR in climate zone I
rose by a 10-fold increase; however, it was augmented by an 8-fold increase in climate zone II and
by a 7-fold increase in climate zones III and IV. Similarly, when the energy price was changed from
0.48 (SEK/kWh) to 3.36 (SEK/kWh), the IRR rose 25-fold, 19-fold, 17-fold, and 16-fold in climates I, II,
III and IV, respectively.

Considering the PV system, when the energy price was 0.48 (SEK/kWh) or 1.45 (SEK/kWh), all IRR
values were negative. A negative IRR implied that the PV system was not profitable as it lost value at its
respective IRR in all climate zones. This was because, when the energy prices were low, the investment
cost of the PV system outweighed the cost of the saved energy. With an energy price of 3.36 (SEK/kWh),
the lowest IRR was obtained in climate zone I. This was because, at higher latitudes, like Kiruna
in climate zone I, the amount of electricity produced by the PV system was less than the electricity
production in other climate zones, which increased the use of electricity from the grid. Accordingly,
the aggregate levels of monetary savings due to the installation of the PV system were smaller in
climate zone I. The highest IRR of 3% was obtained in climate zones III and IV, signifying that the PV
system was most profitable in these climate zones because the PV system received high solar irradiation
at lower latitudes, such as Gothenburg and Stockholm; accordingly, it exhibited better performance in
producing electricity.

In terms of the GSHP-PV system, when the energy price was 0.48 (SEK/kWh), all IRR values were
negative. Although the GSHP-PV system had the best performance in reducing the total energy use of
the single-family house, its high investment costs exceeded the cost of the saved energy. With an energy
price of 1.45 (SEK/kWh) or 3.36 (SEK/kWh), all IRR values were positive, but the highest IRR was
obtained in climate zone I, while the lowest IRR was observed in climate zone IV. This occurred since
the amount of saved energy due to the installation of the GSHP-PV system was higher in climate zone
I, which added to the aggregate levels of monetary savings. Accordingly, the GSHP-PV system was
most profitable in climate zone I when compared with the other climate zones. When changing the
energy price from 1.45 (SEK/kWh) to 3.36 (SEK/kWh), the IRR in climate zone I was augmented by
an 8-fold increase, while it rose 6-fold in climate zone II and 5-fold in climate zones III and IV.

Figure 4. Internal rate of return (IRR) values in four climate zones when installing energy supply
systems with three different energy prices and a lifespan of 30 years.

Figure 5 presents the variations in IRR when installing energy supply systems with 3 different
energy prices and lifespans of 50 years. The GSHP system was profitable in all climate zones only
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when the energy price was 1.45 (SEK/kWh) and 3.36 (SEK/kWh). When changing the energy price
from 1.48 (SEK/kWh) to 3.36 (SEK/kWh), the IRR in climate zone I rose 9-fold, while it was augmented
8-fold, 7-fold, and 6-fold in climate zones II, III and IV, respectively.

With an energy price of 0.48 (SEK/kWh) or 1.45 (SEK/kWh), the PV system lost value at its
respective IRR in all climate zones. Increasing the energy price to 3.36 (SEK/kWh) led to positive
growth in the IRR in all climate zones; however, the IRR turned positive only in climate zone IV.
Accordingly, the PV system was profitable in climate zone IV only when the energy price was high.

With a low energy price of 0.48 (SEK/kWh), the investment costs for the GSHP-PV system devalued
at its respective IRR in all climate zones. The devaluation rate was lower in climate zone I, while it
further deteriorated in other climate zones. This was because of the amount of costs of the saved
energy due to the installation of the GSHP-PV system being greater in climate zone I than in the other
climate zones. Increasing the energy price to 1.45 (SEK/kWh) had a positive effect on the IRR in all
climate zones; however, the IRR became positive only in climate zone I. With a high energy price of
3.36 (SEK/kWh), all IRR values were positive. The highest IRR was obtained in climate zone I, while the
lowest was observed in climate zones III and IV. Increasing the energy price from 1.48 (SEK/kWh) to
3.36 (SEK/kWh) augmented the IRR by a 6.7-fold increase in climate zone I, while it rose by 6-fold in
climate zone II and 5-fold in climate zones III and IV.

Figure 5. IRR values in four climate zones when installing energy supply systems with three different
energy prices and a lifespan of 50 years.

Sensitivity Analyses

Figure 6a–d show the variations in the IRR in the four climate zones when installing the GSHP
in terms of changes in energy price and lifespan. Regardless of whether energy price was low or
high, changing the lifespan from 30 years to 50 years had a negative impact on the IRR in all climate
zones. Accordingly, funding investments in the GSHP system during a lifespan of 30 years was more
convenient way to invest in all climate zones. The analysis of the results showed that the IRR was more
sensitive to increases in energy prices when the lifespan was 30 years. This was because, for a lifespan
of 30 years, the difference between the costs of saved energy and investment costs was larger than
for a lifespan of 50 years. In addition, the IRR was more sensitive to changes in energy prices in
climate zone I, followed by climate zones II, III and IV. This was because the GSHP system had the best
performance in climate zone I, and, accordingly, an increase in energy price augmented the IRR more
significantly in this climate zone.

196



Buildings 2020, 10, 100

 

(a) (b) 

 
(c) (d) 

Figure 6. (a) Variation in IRR with respect to changes in lifespan and energy price in climate zone I.
(b) Variation in IRR with respect to changes in lifespan and energy price in climate zone II. (c) Variation
in IRR with respect to changes in lifespan and energy price in climate zone III. (d) Variation in IRR with
respect to changes in lifespan and energy price in climate zone IV.

Figure 7a–d show the variation in the IRR in the four climate zones with respect to energy price
and lifespan when installing the PV system. The analysis of results showed that, when the lifespan was
30 years, the IRR was equally sensitive to changes in energy prices in all climate zones. In addition,
with a lifespan of 30 years, the IRR was more sensitive to changes in energy price, than for a lifespan of
50 years.
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Figure 7. (a) Variation in IRR with respect to changes in lifespan and energy price in climate zone I.
(b) Variation in IRR with respect to changes in lifespan and energy price in climate zone II. (c) Variation
in IRR with respect to changes in lifespan and energy price in climate zone III. (d) Variation in IRR with
respect to changes in lifespan and energy price in climate zone IV.

Figure 8a–d show the variation in the IRR in four climate zones when installing the GSHP-PV
system in terms of changes in energy price and lifespan. Similarly, the IRR was more sensitive to
changes in energy prices when the lifespan was 30 years in all climate zones. In addition, the IRR was
more vulnerable to changes in energy prices in climate zone I, followed by climate zones II, III and IV.
This was because the amount of monetary savings due to the installation of the GSHP-PV system in
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climate zone I was greater than those of the other climate zones; hence, an increase in energy price
raised the IRR to a greater degree in this climate zone.

 
(a) (b) 

 
(c) (d) 

Figure 8. (a) Variation in IRR with respect to changes in lifespan and energy price in climate zone I.
(b) Variation in IRR with respect to changes in lifespan and energy price in climate zone II. (c) Variation
in IRR with respect to changes in lifespan and energy price in climate zone III. (d) Variation in IRR with
respect to changes in lifespan and energy price in climate zone IV.
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3.2. Analysing Variations in PBP

Figure 9 shows the variations in the PBP when installing energy supply systems with three
different energy prices and three different interest rates. With interest rates of 1% and an energy
price of 0.48 (SEK/kWh), the GSHP was the only profitable system in climate zone I, because it
provided the highest energy saving rate of 73% in climate zone I, which accumulated in the monetary
savings toward investment and maintenance costs. When the interest rate was increased to 3% and
5%, the investment costs for installing the GSHP system were never returned. However, the GSHP
system was profitable in all climate zones when the energy prices increased to 1.45 (SEK/kWh) and
3.36 (SEK/kWh). Although increasing the interest rate usually augmented the PBP values, the increase
in energy price mitigated the negative effect of a high interest rate on the PBP in all climate zones.
Regardless of fluctuations in interest rate, when energy prices were 1.45 (SEK/kWh) or 3.36 (SEK/kWh),
the lowest PBP was observed in climate zone I, while the highest was obtained in climate IV.

The profitability of the PV system was strongly dependent on a low interest rate of 1%, along with
a high energy price of 3.36 (SEK/kWh). This was because a low interest rate, together with a high
energy price, elevated the aggregate levels of monetary savings in all climate zones.

The profitability of the GSHP-PV system was determined by both the interest rate and energy
price. Regardless of fluctuations in interest rate, when the energy price was 0.48 (SEK/kWh),
funding investments in the GSHP-PV system was inconvenient, since the investment costs for
installing this supply system was never repaid. Increasing the energy price mitigated the negative
effect of the interest rates on PBP. With an interest rate of 1% and an energy price of 1.45 (SEK/kWh),
the GSHP-PV was profitable only in climate zones I and II. Meanwhile, increasing the interest rate to
3% decreased the monetary savings, as the investment costs of the GSHP-PV system were only repaid
in climate zone I. With an interest rate of 5%, the GSHP-PV system yielded no financial gain in any
climate zones. However, with energy prices rising to 3.36 (SEK/kWh), the difference between the costs
of the saved energy due to the installation of the GSHP-PV system and the investment costs turned
positive in all climate zones, which made the GSHP-PV system a profitable solution for reducing total
energy use. Regardless of fluctuations in interest rate, when the energy price was 3.36 (SEK/kWh),
the lowest and highest PBPs were obtained in climate zone I and IV, respectively.

Figure 9. Payback period (PBP) values in four climate zones when installing energy supply systems
with three different energy prices and three interest rates.

Sensitivity Analyses

Figure 10a–d show the variations in PBP when installing the GSHP in terms of changes in energy
price and interest rate. The analysis of results showed that PBP was more sensitive to changes in energy
prices when the interest rate was high. In other words, rising energy prices reduced the PBP in all
climate zones but more significantly when the interest rate was high, which signified the effectiveness
of a higher energy price in terms of the profitability of energy supply systems when interest rates were

200



Buildings 2020, 10, 100

high. In addition, the sensitivity of PBP to changes in energy prices varied among the four climate
zones. Regardless of the fluctuations in interest rate, the PBP was less vulnerable to changes in energy
price in climate zone I, while it was highly sensitive to changes in energy price in climate zone IV.

 
(a) (b) 

 
(c) (d) 

Figure 10. (a) Variation in PBP with respect to changes in the interest rate and energy price in climate
zone I. (b) Variation in PBP with respect to changes in the interest rate and energy price in climate zone
II. (c) Variation in PBP with respect to changes in the interest rate and energy price in climate zone III.
(d) Variation in PBP with respect to changes in the interest rate and energy price in climate zone IV.
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No analyses were performed to study the sensitivity of PBP when installing the PV system since
this system was only profitable with a high energy price of 3.36 (SEK/kWh) and a low interest rate
of 1%.

Figure 10a–d show the variations in PBP when installing the GSHP-PV in terms of changes in
energy price and interest rate. With an interest rate of 1%, PBP was less sensitive to changes in energy
prices in climate zone I than in other climate zones. This was because the amount of monetary savings
due to the installation of the GSHP-PV system was greater in climate zone I; accordingly, increases in
energy price had a smaller effect on PBP in this climate zone. In addition, PBP was more sensitive to
change in energy prices in climate zone I when the interest rate was increased to 3%. With an interest
rate of 5%, the GSHP-PV system was profitable only when the energy price was 3.36 (SEK/kWh);
accordingly, no analyses were performed to study whether or not the PBP was sensitive to change in
energy price.

4. Final Remarks

The following remarks were concluded from the analyses performed.
The GSHP-PV system exhibited the best performance in reducing the total energy use of the

single-family house.
In general, the GSHP system was the most profitable energy supply system, since it provided

a short PBP and high IRR in all climate zones when compared with the other energy supply systems.
Increasing the energy price improved the profitability of the supply systems in all climate zones.
With an energy price of 1.45 (SEK/kWh) or 3.36 (SEK/kWh), funding investments in the GSHP and

GSHP-PV systems during a lifespan of 30 years was more convenient in all climate zones.
The IRR was more sensitive to changes in energy price when the lifespan was 30 years in all

climate zones.

5. Conclusions

The European parliament’s target for the energy efficiency of buildings mandates an increase
in the rate of house renovations. The single-family houses in Sweden can be seen as highly relevant
in fulfilling this target, as they account for almost half the residential building stock in this country.
In addition, the single-family houses in Sweden are responsible for a large amount of total energy
consumption within the residential sector. Installing renewable energy supply systems has thus been
seen as a solution to meet the European parliament’s target. However, the rate of energy renovations
performed on single-family houses in Sweden has been low, reaching only 0.8% in 2016. One of
the reasons explaining this low renovation rate is the high investment costs required for installing
renewable energy supply systems that pose a great challenge to house owners. Therefore, there is
a need for evaluating the cost-effectiveness of different supply systems that could be applied to
single-family houses. This study took a novel approach to analyse how simultaneous changes in energy
prices, interest rates, climate conditions and lifespan affect the cost-effectiveness of energy supply
systems. For this purpose, the internal rate of return (IRR) and the payback period (PBP) of three
potential energy supply systems that could be possibly applied in the case of a single-family house
in Sweden. The first energy supply system included the installation of a ground source heat pump
(GSHP), while the second and third packages comprised the installation of photovoltaic panels (PV
system) and the mounting of an integrated GSHP and PV system (GSHP-PV), respectively. The IRR
was calculated for lifespans of 30 and 50 years, while the PBP was obtained for interest rates of 1%,
3% and 5%. Furthermore, the implications of the three different energy prices and four climate zones
on IRR and PBP were analysed.

The analyses of the results showed that the GSHP provides a higher IRR; accordingly, it yields the
highest profit during the lifespan of a house when compared to other energy supply systems. This was
because of the high performance of the GSHP in reducing total energy use and its relatively low
investment cost. Furthermore, the results showed that raising the energy cost can increase the IRR of
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the supply systems because it adds to costs related to saved energy and thus offset the investment costs.
Comparatively, the GSHP provides the lowest PBP when compared with the PV and GSHP-PV systems.
In addition, the results showed that increasing the interest rate adds to PBP of the supply systems since
it depreciates the cost of saved energy. In contrast, increasing the energy price can ease the investment
cost of the renovation package more effectively, thereby reducing the PBP. With a lifespan of 30 years,
the IRR was more sensitive to changes in energy price, than for a lifespan of 50 years.

Although the renewable energy supply systems hold promise for providing energy savings,
this promise can be misleading mainly due to the rebound effect. The rebound effect comprises two
main categories: Temporal rebound and spatial rebound [15]. The temporal rebound is associated with
phenomena such as temperature take-back, in which occupants keep a higher indoor temperature,
practically over longer periods, thereby counteracting the energy efficiency provided by renewable
energy supply systems. The spatial rebound refers to occupants’ tendency to expand the heated space.

Results, considering the effectiveness of the energy supply systems in reducing the total
energy consumption, can be generalised to countries with similar climate conditions. However,
the cost-effectiveness of the renewable energy resources depends on how investment costs, energy prices
and energy policies evolve. Effective energy policy formulations can facilitate renewable energy
transitions. Any such policy may include financial incentives or taxation regimes applying to
non-renewable energy resources [39]. However, the scope of the energy policies may vary in different
countries, since they are strongly influenced by social, political and economic factors [40].

The results can be expanded to provide an aid when developing energy efficiency policies
with a goal of increasing the rate of implementation of energy renovations. In addition, the analyses
performed could be expanded for the further quantification of the IRR and PBP in a more comprehensive
manner, including the replacement of windows and insulation layers in building envelopes.
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Abstract: Time-dependent reliability assessment is a crucial aspect of the decision process
for rehabilitation of existing reinforced concrete structures. Since the assessment strongly depends on
degradation of materials with time, the paper focuses on the influence of corrosion in reinforcing steel
on time-reliability curves of relevant reinforced concrete (r.c.) structures, built in Italy in the 1960s,
belonging to different building categories. To realistically represent the probability distribution
functions (pdf s) of the relevant properties of reinforcing steel and concrete commonly adopted in
the 1960s, stochastic models for steel yielding and concrete compressive strength have been derived,
by means of a suitable cluster analysis, from secondary databases of test results gathered at that
time in Italy on concrete and steel rebar specimens. This cluster analysis, based on Gaussian mixture
models, provides a powerful tool to “objectively” extract material classes and associated probability
density functions from databases of experimental test results. In the study, different degradation
conditions and several reinforcing steel and concrete classes are considered, also aiming to scrutinize
their influence on the time-dependent reliability curves. Finally, to stress the significance of the study,
the time-dependent reliability curves so obtained are critically examined and discussed also in
comparison with the target reliability levels currently adopted in the Eurocodes.

Keywords: existing structures; reinforced concrete; time-dependent reliability; life cycle; Gaussian
mixture models; strength degradation; steel corrosion; secondary databases

1. Introduction

Life cycle management is a topical research subject of modern structural engineering [1–3].
At present, many research studies are focused on the development of practical methods
for the time-dependent reliability assessment of existing structures and infrastructures [4].

Despite the fact that reinforced concrete structures are generally associated with high durability [5],
during their service life they are subjected to several deterioration processes, which are responsible
for the decay of structural performance and safety over time. The most relevant causes of ageing effects
in r.c. structures are, inter alia, steel corrosion and concrete carbonatation.

In the reliability assessment of existing structures, a key issue is the appropriate estimate of
the mechanical properties of materials and the evaluation of their relevant statistical parameters [6].
In principle, that issue can be tackled by carrying out a suitable experimental campaign devoted to assessing
the statistics of these mechanical properties, but the number of the tests is often limited by practical
reasons, associated on the one hand with the difficult accessibility of some relevant points or elements to
be investigated and on the other hand with the need to preserve the structural or architectural integrity of
the construction. For these reasons, the most common and effective approach to the problem is based on
an a priori characterization of materials, drawn from historical data obtained by documents, literature
and in-situ or laboratory tests referring to coeval constructions, which is subsequently consolidated and
updated by limited in-situ non-destructive or semi-destructive tests, if any.
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In reinforced concrete of existing structures, the most relevant mechanical parameters are
the compressive strength of the concrete and the yielding stress of the steel reinforcement.

Concrete compressive strength is generally estimated by means of non-destructive tests, such as
sclerometric in-situ tests, ultrasonic tests, Sonreb combined tests or semi-destructive tests, such as
extraction of cores [7] or pull-out tests. Test procedures are standardized in international standards
(e.g., EN13791 [8], EN12504 series [9–12], ACI214-4.R10 [13]), which are often further specified and
supplemented at national level through ad-hoc guidelines, such as the recent “Italian guidelines
for the evaluation of in-situ concrete properties” [14].

As already remarked in general terms, since the safeguard of the static performances and integrity
of the construction as well as its finishes and installed plants is a primary need, also in existing
reinforced concrete structures the number of in-situ destructive or semi-destructive tests is limited.
Although in the most favorable cases test results allow the mean values of the relevant mechanical
parameters and the material’s degree of homogeneity throughout the structure to be assessed, they are
usually not sufficient to derive accurate statistics of the mechanical parameters needed for the reliability
assessments themselves.

Difficulties in performing in-situ investigations are even more evident for steel rebars.
Despite the fact that experimental evaluation of the yield and ultimate strength of reinforcing
bars requires a sufficient number of samples, as suggested, e.g., in [15], the in-situ extraction of
rebars from existing reinforced concrete structures is frequently unwise, since the repair is often not
easy, for example, due to poor weldability of steel grades used in the past for the reinforcement.
For these reasons, the main sources of information are commonly the original design documentation,
if available, or the structural codes in force at the time of construction.

To overcome the lack of information about the mechanical properties of buildings’ structural
materials in terms of pdf s and relevant statistical parameters, suitable methods for the analysis of
secondary material properties databases are needed. Concerning this aspect, a very sound and efficient
methodology to identify homogenous material classes in databases of raw test results commonly
stored in testing laboratory’s archives has been previously proposed in [6,16]. Starting from standard
acceptance test results obtained at the time of the construction, this methodology, based on a Gaussian
mixture model, briefly described in Section 3, allows identification, in an “objective” way, of the relevant
clusters of data, as well as their statistical properties.

By introducing appropriate degradation models, the outcomes of the above mentioned analyses
can be further implemented to assess the time-dependent reliability of existing structures.

The present work focuses on time-dependent reliability of reinforced concrete structures built
in Italy during the 1960s, also aiming to check how the concrete and reinforcing steel classifications
influence the results. The time interval considered in the study is particularly significant since it
is associated with the most intensive construction activity in Italy in the framework of post-war
reconstruction; in fact, a relevant part of the built Italian environment dates back to it.

To illustrate the practical application of the method, some relevant time-dependent reliability curves
are discussed, referring to three relevant case studies consisting of r.c. reference buildings belonging
to three different categories: residential, commercial and storage buildings. The study aims to assess
how corrosion effects in reinforcing steel influence the structural reliability over time, depending on
the degradation conditions as well as on the reinforcing steel and concrete classes.

To realistically represent the actual pdfs of the relevant material properties, the stochastic models
for steel and concrete classes are those derived from the cluster analyses of the historical test data
of the Laboratory of the Department of Civil and Industrial Engineering of the University of Pisa
illustrated in the already mentioned references [6,16].

Finally, to further underline the significance of the study, time-reliability curves are compared
with the target reliability levels currently given over time by the Eurocodes [17].
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2. Time-Dependent Reliability Analysis

A methodology to estimate time-dependent reliability of aging structures, taking into account
the non-stationarity of loads and the degradation of structural resistance, has been proposed and
previously applied in [18] and [19]. Truly, that methodology can also be applied to assess the influence
on structural reliability of non-stationarity of climatic actions due to climate change effects; in fact,
it only requires the knowledge of suitable factors of change, expressing the variations over time of
the relevant parameters of the extreme values distribution of the investigated action [20–22].

According to [23], the degradation of structural resistance over time can be represented by a
suitable deterministic degradation function, D(t). Saying that R(t) is the resistance at time t and R0 is
the initial resistance of the structure, R0 = R(0), it is:

R(t) = R0 D(t) (1)

Let FS be the cumulative distribution function (CDF) of the load intensity; the time dependent
reliability L(t) can be thus expressed by

L(t) = exp
{
−
∫ t
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is the probability that
the load intensity exceeds the resistance.

Assuming an extreme value type I (EVI) distribution for the leading action, the time-dependent
structural reliability trivially results
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and μ
(
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and σ
(
t
)

are the location and the scale parameters of the distribution.
The variation of the EVI parameters as a function of the time is described in [18,19] by means

of factors of change derived from the analysis of climate projections and weather generated series,
also considering the uncertainty in the prediction [21]. That method is much more general and can be
applied, for example, for imposed loads as well.

Recalling that the probability of failure P f (t) is the complement to one reliability,

P f (t) = 1− L(t) (5)

the reliability index β(t) = −Φ−1
(
P f
)

can be easily derived, as function of the time t, from Equation (5).
The reliability index so obtained can be compared with the target reliability level given in

structural codes for a specific reference or observation period; for example, in EN1990 [17] it is usually
assumed βt = 3.8 for an observation period of 50 years, that means P f ≈ 1/

(
1.4·104

)
, or equivalently,

for structural designs mainly governed by variable actions, P f ≈ 1/
(
7·105

)
in one year, roughly

corresponding, for the same structure, to βt = 4.7 for an observation period of one year.
With the above mentioned methods, the variation over time of the structural reliability can be

assessed not only for new structures, designed according to modern codes, such as Eurocodes [17,24]
and ACI specifications [25], but also for the assessment of existing structures, provided that adequate
information about material properties and degradation effects is available.
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In the following section, the general methodology for the evaluation of statistical parameters of
material properties from secondary material tests databases, which was adopted in [6] for concrete
classes and in [16] for reinforcing steel classes, is briefly recalled.

3. Use of Gaussian Mixture Models in Cluster Analysis of Test Results on Building Materials

As already said, the reliability assessment of existing structures requires suitable information
about statistical distribution of relevant properties of building materials, also taking into account their
degradation over time.

In reliability-based assessment of existing structures, the statistical distributions of relevant
mechanical properties are often selected based on literature data [26], introducing further uncertainties
in the evaluations. To reduce these uncertainties, an “a priori” assessment of statistical information about
the material’s properties could be very helpful, also in view of possible application of Bayesian updating
techniques. This “a priori” estimate should rely on historical investigations, taking into account codes
and standards, scientific and historical documentations, or even architectural canons, in force at
the construction time.

Anyway, the most suitable approaches are irrefutably based on experimental test results.
As anticipated, starting from experimental results, the assessment of mean values of relevant

mechanical properties is not particularly demanding; on the contrary, a sound evaluation of their
standard deviation, or more generally of their inherent uncertainty, requires the availability of many
in-situ test results. However, owing to the fact that the number of samples is generally too limited to
derive that information, it is often necessary to rely on databases of standard laboratory or in-situ test
results obtained for similar coeval structures.

The elaboration of raw data stored in testing laboratory archives is not trivial. The major difficulty
frequently originates from the uncertain association of the tested sample to the corresponding material
class; in fact, the declared material classes are often untrustworthy or wrong, also for the presence
of downgraded material. For that reason, the database results in a mixture of different individual
populations, each one typifying a material class, which should be duly identified.

A general and user independent methodology allowing the identification of material classes
and the evaluation of the statistical parameters of their relevant mechanical properties is discussed
in [6]. The method, which is based on a Gaussian mixture model (GMM) [27], allows the identification
of different clusters, representing homogenous statistical populations, in secondary databases of
experimental tests data derived, for example, from standard acceptance tests.

3.1. Mixture Models

Mixture models (MMs) approach the statistical modeling of heterogeneity in a cluster analysis on
a mathematical basis.

MMs are able to analyze quite complex distributions, composed of several homogenous
populations belonging to the same distribution family, allowing different individual components to
be identified. In fact, such kinds of complex distributions cannot be described by single probability
density functions, which are unable to provide a satisfactory model for local variations in the observed
data. On the contrary, assuming the distribution composed by one single homogenous population
could lead to erroneous statistical information.

Due to their flexibility, mixture models are applied for the statistical modeling of a wide variety of
random phenomena.

When all the distributions of the mixture belong to the normal family, the mixture model is said to
be a Gaussian mixture model (GMM) [27]. As discussed in [6] and [16], they have been successfully
adopted to identify material resistance classes in a whole database of test results, even if the origin of
individual data is unknown.
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The above mentioned procedure, briefly described in the following, has been applied to identify
the relevant statistical properties of concrete and reinforcing steel classes used in Italy during the 1960s,
as illustrated in Section 4.

3.2. Cluster Analysis

To identify individual clusters and their relevant statistical properties, the following method,
based on the already cited Gaussian mixture model, can be adopted:

• a database of tests results, carried out on standardized specimens adequately representing
the examined building materials, should be collected. Data can be gathered from pertinent
laboratory or in-situ test results available in the archives of laboratories for testing building
materials. To be adequately significant, tested specimens should be consistent with the investigated
structural material in terms of raw materials, workmanship and age; therefore, they should refer to
coeval structures as the considered structure and be located within the same geographical region;

• a cluster analysis is then carried out based on Gaussian mixture models, with the objective to
identify different individual homogenous populations included in the whole database, as well as
their probability density functions (pdf s). As said before, the mixture model (MM) is a probabilistic
model suitable to identify a subpopulation within an overall population by means of its pdf.
In a MM with k components, the density f (y) of the random variable Y can be written in
the form [28].

f (y) =
k∑

i=1

wi fi (y) (6)

where fi (y) is the pdf of the i-th component of the mixture, and 0 < wi < 1 its mixing proportion,
or weight:

k∑
i=1

wi = 1. (7)

The mixture model (MM), which could be interpreted as a method of classification by unsupervised
learning [28], provides results that can be directly used for the reliability assessment of existing buildings.
In performing the analysis, it must be considered that preliminary manipulations of the collected data,
like a priori assignment of some test results to a given class, on the basis of recorded information
available in the test report or on the basis of engineering judgments, are not necessary and should be
avoided, since this practice can lead to misleading results.

4. Concrete and Reinforcing Steel Properties of Typical R.C. Structures Built in Italy in the 1960s

In order to identify building material classes and the associated pdfs to be used in the time
dependent reliability analysis discussed in Section 5, the above mentioned methodology has been
applied to databases of material test results concerning concrete and reinforcing steel used in Italy
during the 1960s. As said before, that historical period is extremely relevant, since a large part of
the Italian built environment was erected at that time, in the framework of the so-called “economic
boom” following the post-Second World War reconstruction.

4.1. Database of Material Acceptance Tests from the 1960s

The mechanical properties of the historical building materials were derived from the materials’
acceptance tests carried out in the 1960s in the Laboratory of the Department of Civil and Industrial
Engineering of the University of Pisa. The laboratory has been active, as an official laboratory,
since 1939 [29], being one of the oldest Italian facilities operating in this field. During the 1960s, samples
of reinforcing bars came from all over Italy, from construction sites concerning not only buildings,
but also bridges and other civil and industrial engineering works.
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The collected databases, derived from official test reports, consist of about 6000 tensile tests on
steel rebars used in the years 1961, 1963, 1965 and 1967 [16] and on 18,222 compressive tests of cubic
specimens for the years 1961, 1963, 1965, 1967 and 1969 [6].

The cluster analysis of the aforementioned databases allowed homogenous classes and associated
probability distribution functions for the fundamental mechanical parameters to be identified.
In the following sections, relevant results concerning the concrete compressive strength and the yielding
strength of rebars are summarized.

4.2. Concrete Material Classes

The material acceptance tests performed on concrete cubic specimens have been already analyzed
in [6], therefore in the following, only some key results relevant for this work are recalled.

Considering typical production of concrete in Italy during the 1960s [30], as well as code
requirements for material acceptance in force at that time [29], preliminary information was collected
about concrete strength variation [31]. The study highlighted that no standardized concrete classes
existed at that time and that frequently concrete was produced directly at the building site, adopting
mix designs mainly based on the producer’s past experience.

The cluster analysis performed on the collected database leaded to a Gaussian mixture model made
of eight components. Indeed, different number of components, k, were considered (k = 7, 8, 9 and 10).
The value k = 8 was chosen being associated to lower values of the Bayesian information criterion (BIC).
It must be underlined that, except the extreme classes, which are not particularly significant, relevant
information on most common classes are quite independent on the number of components.

The identified concrete classes are shown in Figure 1, and their relevant statistical parameters are
given in Table 1, together with the probability associated to each component. Obviously, the significance
of class 1 is very limited for practical applications, due to the very low concrete resistance values and
the associated high COV.

4.3. Reinforcing Steel Classes in Italy during 1960s

During 1960s, different types of steel rebars were commonly used in Italy. Indeed, further to
the common plain rebars, the use of ribbed rebars, to improve steel-to-concrete bond performance,
increased over the years and different shapes were proposed before a complete standardization.

An illustration of the main different typologies of ribbed bars used at that time is summarized in
Figure 2.

Figure 1. Results of the cluster analysis for concrete compressive strength f c, identification of eight
different sub-classes.
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Table 1. Concrete compressive strength—statistical parameters μ and COV of the Gaussian Mixture
Model (GMM) and probability of each component.

Material Class μ (N/mm2) COV (%) Component Probability (%)

1 14.7 27 10
2 22.9 17 18
3 31.8 13 23
4 40.6 10 20
5 49.9 9 14
6 59.9 8 10
7 70.2 8 3
8 79.5 13 2

 
Figure 2. Steel ribbed bar typologies commonly used in Italy during the 1960s.

In the collected database, 84% of the samples are plain bars, 13% are ribbed bars, while only
3% are not labelled as plain or ribbed. The analysis of the evolving percentages of samples during
the years confirms that the time period under examination represents a transition phase; in fact, while in
the years 1961, 1963, 1965 the percentage of plain rebars was almost 88% of the tested rebars, from 1967
on it decreased to 66%, due to the increasing use of ribbed bars.

In the collected database, the main categories of rebars are Aq-steel plain rebars (Aq42, Aq50
and Aq60), high elastic limit steel (known in Italy as ALE), GS steel, RUMI, TOR and STAR rebars.
However, a relevant percentage of unclassified steel samples is also registered.

In Figure 3, histograms of yielding strength for the main steel categories, Aq, ALE, RUMI, GS,
STAR and “unclassified common steel”, are shown.

In each of these macro-categories, subcategories have been recorded, in turn: Aq 42, Aq45,
Aq 42/50, Aq 50, Aq 50/60, hard 60/70, ALE, ALE 4400, ARES, RUMI, RUMI LU, RUMI 400, RUMI LU3
or RUMI LU3 4000, RUMI4400, RUMI LU3/4400, RUMI LU3/5000, GS, GS3600, GS4400, GS 4400 ALE,
GS4500, GS5000, STAR, STAR4400, STAR4500, STAR5000, TNT 60, RUMI TNT, FERRO BOX 4400, TOR,
Thor Aq52/60, special steel.

With the aim of a preliminary classification, three main steel categories have been considered:

• Aq-category, including plain rebars only, incorporating all the Aq subcategories;
• Ribbed bars, including all the steel classes for ribbed rebars (RUMI, GS, STAR and “ribbed not

classified” steel).
• Not classified steel, including all plain rebars not specifically labelled.
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Figure 3. Histogram of yielding strength of main steel rebars used in Italy in 1960s: Aq, high elastic
limit steel (known in Italy as ALE), RUMI, GS, STAR and not classified.

In Figure 4a the bar charts of yielding strength for the three main steel categories are shown.
The Aq-category and Not classified steel show similar distributions with the mean value of the yield
strength μ = 382 N/mm2 and COV = 15% and μ = 393 N/mm2 and COV = 18%, respectively.
It is worth noting that the Italian regulation in force in those years (Ministerial Memorandum 1957 [32])
recommended the use of the macro-category “Aq” plain rebars, with subclasses (Aq42, Aq50, Aq60)
corresponding to the steel typologies identified by the previous regulation (R.D. 1939 [29]), i.e., mild,
medium, and high strength steel. Ribbed bars were introduced in Italy by the same Memorandum [32];
therefore they represent only a marginal part of the database, characterized by an average value of
the yield strength μ = 472 N/mm2 and by COV = 10%.

  
(a) (b) 

Figure 4. (a) Bar charts of yielding strength of steel rebars for the whole dataset and the sub-divisions
of “Not classified steel”, “Aq-category” and “Ribbed bars”; (b) results of the cluster analysis for yielding
strength f y and identification of three different sub-classes.
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As it is evident in Figure 4, the two main sub-populations “Not classified steel” (in blue)
and “Aq-category” (in yellow) are overlapped, complicating the identification of sub-classes.
Moreover, although the steel category for ribbed rebars (in magenta) is clearly identified as a
subpopulation in the descending part of the frequency bar chart, corresponding to the higher
strength values, it partly overlaps the higher values registered for plain bars. As a consequence,
a robust methodology is needed to identify homogenous sub-populations, like the one discussed above
for concrete.

Analyzing once again the whole dataset by means of the cluster analysis based on Gaussian
mixture models (GMM), it is thus possible to identify three sub-classes of steel rebars. It is important
to stress that the advantage of the proposed method is its “blindness”, since it does not require any
preliminary assumptions about the classes.

The results of the analysis for yielding strength are illustrated in Figure 4b, where the pdfs
associated to the three classes (dashed red lines) are compared with the pdf related to the whole
dataset (solid red line). The relevant statistical parameters, i.e., the mean value of yield strength,
μ, and coefficient of variation (COV), are given in Table 2 together with the probability associated to
each individual component.

Table 2. Steel yielding strength f y—statistical parameters μ and COV of the GMM and probability of
each identified component.

Material Class μ (N/mm2) COV (%) Component Probability (%)

1 323 13 14
2 368 6 27
3 434 13 59

As already noted for concrete, it is crystal clear that cluster analysis leads to a better evaluation of
the statistical parameters for steel rebars rather than the analysis of the whole dataset. Indeed, the proper
identification of sub-classes allows the estimate of the coefficient of variation associated with each class
to be significantly improved: the COV, which is 6% for the intermediate class and 13% for the upper
and lower class, is sensibly smaller than the one resulting from the analysis of the whole dataset
(COV = 17%). However, the coefficients of variation of the lower and upper classes are sensibly higher
than the values usually suggested in the literature [26] for reliability analyses of existing structures,
generally varying between 6% and 8%.

For the higher steel class, to which the ribbed bars belong, the increased scattering of data could
be ascribed to the different production processes of various ribbed bar typologies adopted at that time.
On the contrary, in the lower steel class, a positive bias can be appreciated with respect to the expected
nominal resistances as codified in the structural standards in force at the time. This could be justified
by the inclusion in the lower resistance steel classes of downgraded high strength steel rebars, not
complying with requirements for upper steel classes.

5. Reliability Assessment of Existing R.C. Buildings under Different Degradation Conditions

Starting from the stochastic models for concrete and steel rebars derived in the previous section,
this study focuses on the reliability of existing reinforced concrete buildings built in Italy during
the 1960s and designed according the already mentioned R.D. 1939 [29].

At that time, the “allowable” or “permissible stress method” was the reference method for structural
design [33]. As known, the method is based on a global safety factor affecting material strengths.
The assessment consists of checking that the maximum calculated stresses, induced by the applied
loads, fG+Q, are lower than the allowable stress, fadm, obtained by dividing the material’s resistance
(e.g., yield stress in the rebars or compressive strength in concrete) by the pertinent global safety factor:

fadm ≥ fG+Q. (8)
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In [29], a permissible stress, fadm,s, equal to 140 N/mm2 was recommended for mild steel and
equal to 200 N/mm2 for medium and high strength steel rebars. For concrete, the allowable stress was
generally derived by dividing the cubic resistance after 28 days, σr,28, by a safety factor equal to three,
except for the “high strength” concrete, as defined at that time, characterized by σr,28 ≥ 22.5 N/mm2,
for which a higher stress value was allowed, according to the following equation:

fadm.,c = 7.5 +
σr,28 − 22.5

9
N/mm2. (9)

It must be underlined that the use of medium and high strength steel rebars was allowed only in
association with the above defined “high strength” concrete.

Assuming the use of a “high strength” concrete (σr,28 = 25 N/mm2, fadm,c = 7.8 N/mm2) and
the two categories “mild steel” ( fadm,s = 140 N/mm2) and “medium” or “high strength” steel rebars
( fadm,s = 200 N/mm2), the design of a simply supported r.c. slab subjected to both permanent and
variable load is first carried out and then the time-dependent reliability is evaluated.

In the spirit of [19], in the design exercises an allowable stress fadm,s = 140 N/mm2, like for mild
steel, is adopted when reinforcing steel class 1 is considered for reliability analysis, while an allowable
stress fadm,s = 200 N/mm2, like for medium and high strength steel, is adopted when reinforcing steel
classes 2 and 3 are taken into account.

The permanent loads (self-weight of the slab and remaining permanent loads, such as finishes
etc.) acting on the simply supported slab with a span L = 6 m is assumed to be equal to 7 kN/m2,
while for variable loads, depending on the building’s category, values in line with the common design
assumptions adopted at the time are considered. These values are, obviously, not significantly different
from those adopted in the modern standards for imposed loads on structures.

Making reference to previous engineering experience, the total height of the slab is set to h = 0.25 m
for an effective height d = 0.22 m [34].

From the statistical point of view, the permanent load G and the variable load Q are modelled
as in Table 3, in line with the models recommended by the Joint Committee on Structural Safety
(JCSS) [35]. The pdfs derived in the previous section are adopted for concrete and steel classes for initial
structural resistance.

Table 3. Statistical description of structural resistance and loads.

Variable Mean μ COV pdf

Initial Resistance Material Classes
defined in Section 4 Normal

Permanent Load (Gk = 7 kN/m2) Gk 0.10 Normal

Variable Load
Residential (Qk = 2 kN/m2) 0.21 Qk 1.42 EVI
Shopping (Qk = 5 kN/m2) 0.52 Qk 0.35 EVI
Storage (Qk = 7.5 kN/m2) 0.72 Qk 0.15 EVI

For the reliability calculation the following limit state function, as given in [34], is adopted.

Z(x) = As fs

(
d− As fy

2b fc

)
− (G + Q)L2

8
. (10)

The degraded resistance R(t) is obtained by multiplying the initial resistance for a suitable
degradation function D(t), according to Equation (1).

For time-dependent reliability assessment of aging structures, structural deterioration is often
modeled using equations of the form [23,36–38]

D(t) = 1− a(t− T1)
b + ε(t), t > T1 (11)
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where a and b are the parameters governing the deterioration process, which can be determined
from an analysis of experimental data, ε(t) is a zero-mean stochastic process, which takes into account
the randomness of the observed data, and T1 denotes the random time required to initiate the deterioration.

In Equation (11), the exponent b can be assumed b = 0.5, if the damage process is strictly diffusion
controlled, or b = 1, if the process is strictly rate controlled, such as in case of the corrosion of
the reinforcement.

Obviously, relations such as Equation (11) are essentially empirical and depend on environmental
conditions, and it is very difficult to generalize them to cover situations where no experimental data
are available.

In the following reliability analysis, a sensitivity study is carried out taking into account four
degradation conditions, associated with zero, low, medium and high rate of the corrosion, respectively [36].

In the present study, it has been assumed that degradation affects mainly the steel reinforcement.
The adopted parameters for the steel degradation conditions, which are based on the parametric studies
of reinforced concrete beams subjected to corrosion attack carried out in [39], are summarized in Table 4.

Table 4. Typical parameters governing different steel degradation rates (Equation (10)).

Degradation Condition Degradation Rate T1 (years) a b

0 Non-degrading — — —
I Low 10 0.0005 1
II Medium 5 0.005 1
III High 2.5 0.0065 1

The time-degradation curves, representing the four investigated degradation conditions given in
Table 4, are illustrated in Figure 5. It must be underlined that in 70 years the three degrading conditions,
I, II and III, lead to a reduction of the steel section of about 3%, 33% and 44%, respectively.

 
Figure 5. Investigated degradation conditions for steel reinforcement.

The results of the time-dependent reliability analysis are illustrated, for each of the investigated
deterioration conditions, in Figures 6–8 for typical residential buildings. More precisely, Figure 6 refers
to steel class 1, Figure 7 to steel class 2 and in Figure 8 to steel class 3.
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(a) (b) 

Figure 6. Time-dependent probability of failure (a) and reliability index β (b) for residential
buildings—reinforcing steel class 1 and concrete class 3 for different steel degradation conditions.

 
(a) (b) 

Figure 7. Time-dependent probability of failure (a) and reliability index β (b) for residential
buildings—reinforcing steel class 2 and concrete class 3 for different steel degradation conditions.

In the assessment the three different steel classes previously derived are taken into account,
while for concrete, strength class 3 (μ = 31.8 N/mm2, COV = 13%) is adopted. In particular,
the variations of the probability of failure, P f , and of the reliability index, β, over time are shown.

For the sake of a direct comparison with target reliability values intended to represent modern
design approaches for new structures, the curves are compared with the variation of target reliability
levels over time as defined in the Eurocodes, represented in the diagrams by red curves [17], but it is
obvious that for existing structures some limited reduction in the reliability index is often accepted.
As previously remarked, the plotted time variation of the reference probability of failure (as well as
the reference target reliability index) refers to structures whose design is governed by the effects of
the time-variant components in the limit state equation.

Inspecting the diagrams in Figures 6–8, it clearly appears that when the reinforcing steel is
subjected to degradation condition I, the rate of resistance loss is so small that the failure probability is
comparable to that obtained for non-degrading steel.
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(a) (b) 

Figure 8. Time-dependent probability of failure (a) and reliability index β (b) for residential
buildings—reinforcing steel class 3 and concrete class 3 for different steel degradation conditions.

From the examination, it can be seen that:

• Under degradation conditions 0 and I:

- if the rebars belong to reinforcing steel class 1, the structural reliability satisfies the minimum
modern requirements;

- if the rebars belong to reinforcing steel class 3, the structural reliability is in accordance with
the required minimum target levels;

- while if the rebars are reinforcing steel class 2, even higher reliability than that in the Eurocodes
for new structures can be achieved.

• Under degradation conditions II and III, confirming similar observations for some r.c. bridge
girders [36], the failure probability increases significantly, reaching unacceptable values,
in particular approaching the end of the service life, thus stressing the importance of
maintenance interventions.

Another interesting observation regards the performance of reinforcing steel class 3 compared to
reinforcing steel class 2. Notwithstanding the higher mean strength value for class 3, the reliability
analysis indicates that a lower reliability index (i.e., higher failure probability) is expected to be found
with respect to structures where reinforcing steel class 2 is used, and this is motivated by the higher
coefficient of variation (13% instead of 6%). Moreover, as the relevant literature generally reports
COV ≈ 7% for steel rebars, the reliability indexes thus evaluated are unsafe sided also for steel class 1,
characterized by COV = 13%.

These results confirm the relevance of the proposed methodology: the reliability assessment
of existing structures, based on limited in-situ test results, may result in the adoption of high mean
strength values, which can lead, when associated with small values of COV deduced from the literature,
to an unjustified overestimation of the reliability index of the investigated structure.

The remarks are particularly relevant for the correct implementation of modern codes and
standards for the assessment of existing structures. Regarding the assessment, these codes
(e.g., EN1998-3 [40]) generally deserve great attention and importance should be given to the mean
values of the materials’ relevant properties, measured by means of in-situ tests on the structure
being investigated. This approach is clearly justified in the design phase by the need to assess
the actual properties of structural materials and not to pre-judge them only on the basis of available
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documentation or the practice at the time of the construction, also considering that, on the other hand,
as discussed previously, the possibility of carrying out an extensive testing campaign to get an adequate
representation of the statistical parameters of the properties of the materials is frequently precluded.

It must be stressed again that the use of these estimations of the mean value of the relevant
properties is mainly devoted to back-calculating, applying suitable reduction factors, the design
values to be adopted in the assessments. To clarify the remark, an additional case has been analyzed
for the residential building considered here, hypothesizing that steel class 1 is used.

Assuming that the mean value previously determined for the reinforcing steel class 1 represents
the actual properties of the reinforcing steel of the structure, μ = 382 N/mm2 is the mean value of
yielding strength derived from five or six tests on samples directly extracted from the structure.

According to the already mentioned EN1998-3 [40], these results lead to an allowable stress
fadm,s ≈ 200 N/mm2, much higher than the allowable stress permitted at the time of construction,
which was 140 N/mm2. This assumption, generally acceptable when the COV of the yield stress
complies with reference values (i.e., COV ≈ 7%), can produce unsafe results, when higher COV
characterizes the actual distribution. Indeed, if adopting fadm,s ≈ 200 N/mm2, the verification would
have led to an unjustified overestimation of the element’s reliability. Consequently, for that element it
would be possible evidently unsafe-sided increases of permanent and variable loads for refurbishment
purposes or change in use. The increase of the total load (G + Q) resulting from the increase from
140 N/mm2 to 200 N/mm2 of the allowable stress of the reinforcement is about 40%. Considering that
increased load, the time-dependent reliability curves for a r.c. element with reinforcing steel class 1,
previously illustrated in Figure 6, become those reported in Figure 9.

 
(a) (b) 

Figure 9. Time-dependent probability of failure (a) and reliability index β (b) for residential
buildings—reinforcing steel class 1 and concrete class 3, designed considering increased design loads.

Inspecting Figure 9 it clearly appears that the element’s reliability is much lower than expected
following the possible indications of modern assessment standards.

Time-dependent reliability curves, summarized for residential buildings in Figures 6–8, have been
derived for shopping and storage buildings too as illustrated in Figures 10 and 11 respectively.

In the figures the four different degradation conditions are considered for each one of the three
reinforcing steel classes derived from the cluster analyses. The diagrams confirm that also for these
building’s categories, the influence of degradation conditions on different reinforcing steel classes
produces similar effects as for the residential buildings.
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(a) (b) 

Figure 10. Time-dependent probability of failure (a) and reliability index β (b) for shopping buildings
(concrete class 3).

 
(a) (b) 

Figure 11. Time-dependent probability of failure (a) and reliability index β (b) for storage building
(concrete class 3).

In order to evaluate the influence of different concrete classes on the time-dependent reliability,
the analyses over time can be easily extended also to r.c. structures characterized by higher or lower
quality concrete class than that assumed above (concrete class 3).

The study is concentrated on shopping buildings, for which concrete class 2 (σr,28 � 20 N/mm2,
fadm,c � 6.7 N/mm2, COV = 17%) and concrete class 4 (σr,28 � 35 N/mm2, fadm,c � 8.9 N/mm2,
COV = 10%) are also considered in the analysis.

The time-dependent reliability curves obtained for the various steel degradation conditions and
reinforcing steel classes are reported in Figure 12 for concrete class 2 and in Figure 13 for concrete
class 4, to be compared with those illustrated in Figure 10 for concrete class 3.

The comparison shows that, as expected, the reliability increases as the COV decreases, i.e.,
moving from concrete class 2 to concrete class 4. On the contrary, the differences in reliability depend
only on the degradation condition, being nearly constant over time for a given degradation condition.

221



Buildings 2020, 10, 99

 
(a) (b) 

Figure 12. Time-dependent probability of failure (a) and reliability index β (b) for shopping buildings
(concrete class 2).

 
(a) (b) 

Figure 13. Time-dependent probability of failure (a) and reliability index β (b) for shopping buildings
(concrete class 4).

6. Conclusions

Life cycle assessment is a fundamental tool to support decisions on retrofitting interventions on
existing structures and for their prioritization.

Since reliability assessment is highly influenced by the statistical parameters of material properties,
a specific preliminary study is needed, covering both historical data and in-situ test results. In real cases,
the possibility to carry out enough tests is generally very limited and they are unlikely to obtain an
adequate statistical description of the mechanical parameters.

In this study, a methodology for the time-dependent reliability analyses of existing structures is
presented, also referring to relevant cases studies.

The implementation of the method relies also on a special procedure to evaluate material properties
and their statistical parameters, based on cluster analysis. The cluster analysis, based on a Gaussian
mixture model, is generally applicable, and it allows individual components belonging to a mixed
population to be identified. This methodology is particularly adequate when databases of raw test
results need to be analyzed. In fact, it allows homogenous material classes and the probability density
functions associated to their mechanical properties to be identified and does not require any a priori
assignment of relevant clusters, resulting in it being independent from engineering judgment or any
other influence related to the user’s skill.
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The method has been applied to thousands of historical test results, dating back to the 1960s,
concerning concrete compressive strength and yield stress of steel rebars, allowing resistance classes
for both materials to be identified and a sound estimation of the related statistical parameters to
be obtained. Thanks to the great number of analyzed test results, the outcomes of the proposed
methodology are particularly relevant for the estimation of the COV of mechanical properties in
the reliability assessment of r.c. structures coeval with the samples in the database. Results presented
in this work are particularly relevant taking into account that a large part of the built environment in
Italy and, more generally, in Europe dates back to the decade 1960–1970. In fact, according to the Italian
National Institute of Statistics [41], around 30% of Italian r.c. buildings were built in the period
1950–1970 (19% in the decade 1960–1970).

To illustrate the application of the methodology, time-dependent reliability analyses for significant
case studies, consisting of r.c. elements part of residential, shopping and storage buildings, have been
carried out, focusing on the effects of corrosion in steel rebars, under different environmental conditions,
resulting in no degradation to high degradation effects.

Time-dependent reliability trends have been compared with the reliability targets in the Eurocodes,
showing quite satisfactory results under no or low-degradation conditions, with an exception made
for steel class 3, which despite being associated to the highest mean yielding stress among the examined
classes shows a higher COV; these results confirm the importance of a proper evaluation of statistical
parameters for the variables in the limit state function. Results for medium and high corrosion rates
show that the reliability becomes quite soon too low, even accepting a reduction of the target reliability
values for existing structures.

Concerning the influence of the concrete class, the study confirms that, as expected, the reliability
increases as the COV decreases, i.e., moving from concrete class 2 to concrete class 4, while differences in
reliability depend only on the degradation condition, being nearly constant over time for a given condition.

Further studies are being developed, based on the promising achievements in this work.
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Abstract: The aim of this paper is to analyze the basic criteria, trends, applications, and developments
related to climate adaptation in building maintenance and operation management (MOM) practices
in Norway. Investigations conducted as part of the study include an analysis of current literature
addressing climate adaptation in relation to MOM practices, supplemented by a review of existing
research projects and initiatives in this field. Three case studies involving different Norwegian building
owner organizations were examined in order to investigate the current status of the application
and extent of climate adaptation practices in relation to MOM. The study has revealed a significant
gap between theory and practice when it comes to integrating MOM in relation to climate adaptation.
The concept of climate adaptation is only addressed as a high-level strategic issue. The case studies
thus emphasize the need for a structured process that can enable the incorporation of climate
adaptation in current MOM practices. This proposes a generic and structured climate-adaptive
MOM framework that will enable the incorporation of climate adaptation in into corporate MOM
practices at different scales and organizational levels. Implementation of this flexible and transferable
framework is expected to provide a basis for accruing further knowledge on climate adaptation.
Further work with the framework should include the introduction of more tangible and tailored tools
and processes, including checklists or scoring systems accompanied by relevant climate adaptation
factors and plans.

Keywords: climate change; climate adaptation; buildings; maintenance; operation; management

1. Introduction

1.1. Background

It is clearly demonstrated that climate change is increasing the amount and intensity of precipitation
in Norway, and that this will have a major impact on future built environments. As a result, we will
probably have to make changes to the ways in which we construct, maintain, operate, and manage
our buildings. According to the Intergovernmental Panel on Climate Change (IPCC) [1], an average
increase of 20% in precipitation volumes has occurred over the last 100 years, and an additional 20%
increase is expected before the year 2100. Moreover, projections for climate change in Norway [2]
indicate that a warmer climate can be anticipated, accompanied by an increase in the frequency of
extreme weather events and more intense precipitation in certain parts of the country. Changes in
temperature will result in an increase in the number of freeze-thaw cycles, and a greater proportion of
winter precipitation will fall as rain. These changes will lead to greater demands to protect buildings
from the effects of climate change.
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Since Norway is already situated in a region characterized by relatively high levels of precipitation,
moisture-related damage has always posed significant challenges to the Norwegian built environment.
Current projections of climate change impacts indicate that these challenges will increase in the years to
come. Moisture, damp building structures, and precipitation all combine to stress the building envelope
(the facades and roofs) and can cause significant damage. Adapted and improved technical systems
are required, and must be accompanied by comprehensive supervisory and maintenance regimes.
Increased precipitation will also present challenges in terms of the floodwater threat, and factors such
as drainage, water retention, and building-adjacent terrain considerations will become increasingly
significant during the design phase of future buildings.

Approximately 80 percent of Norway’s current buildings will be standing in the year 2050 [3],
but not all of these are designed to meet the challenges resulting from progressive climate change [4,5].
This fact underlines the importance of achieving a balance between mitigation and adaptation during the
design of new, and the retrofitting of old, buildings. It also emphasizes that appropriate maintenance,
operations, and management (MOM) strategies will be vital tools in ensuring adequate climate
adaptation of Norway’s existing building stock.

The adaptation of the built environment to climate change has received significant attention
in Norway during the last two decades [6–8]. A prior study carried out within the framework
of the Norwegian research program Klima 2050 [9] has recognized the need for research-based
knowledge related to building maintenance [10]. The study identified a significant knowledge gap
in the field of building maintenance and renovation, especially in relation to technical solutions
and related components.

In 2014, Flyen et al. [11] recorded a significant time lag in the maintenance of Norwegian
public buildings, arguing that this lag increases the vulnerability of the built environment to the
stresses imposed by climate change. Furthermore, a national condition status report published by
the Norwegian Consulting Engineers’ Association [3] indicated that the entire built environment in
Norway is worth approximately NOK 5800 billion, and that the cost of renovating this building stock
to an adequate standard is estimated to be NOK 2800 billion. Even though this is the grand total
for renovation due to all degradation aspects, climate related renovation needs can be argued to be
substantial. To put this in perspective, the Norwegian gross national product (GNP) in 2016 was NOK
3100 billion [12]. Previous research has estimated that the total annual costs related to building repair
in Norway are approximately EUR 1.65 billion [13].

1.2. Definitions

1.2.1. Climate Change

Climate change in the context of this article is defined as “a change in the state of the climate that
can be identified (e.g., by using statistical tests) by changes in the mean and/or the variability of its properties
and that persists for an extended period, typically decades or longer” [14]. Depending on which of the
various IPCC scenarios we select, we can expect a global temperature increase of between 1.5 and more
than 6 ◦C before 2100. In a Norwegian context, a temperature increase of between 2.3 and 4.6 ◦C is
anticipated during the same period [2]. Future climate change will thus have a significant impact on
the built environment. Estimates carried out on behalf of the Norwegian government show that the
anticipated impact on the building and infrastructure sectors will be high both in terms of monetary
and societal costs [15]. A conservative estimate indicates immediate costs of 0.1–0.2% of the GNP for
the European countries. The estimate is uncertain and excludes, i.e., accumulated costs over time.
If these accumulation effects are accounted for, the figure will be considerably higher [15].

1.2.2. Climate Adaptation

Two fundamental response approaches to climate change are recognized in the literature: climate
mitigation and climate adaptation. Climate mitigation is defined by the IPCC [14] as “the notion of
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limiting or controlling emissions of greenhouse gases so that the total accumulation is limited”. The terminology
used in this paper is based on definitions also provided by the IPCC, which define adaptation as

“the notion of making changes in the way we do things to respond to changes in climate”. Adaptation in the
context of climate change is defined by the United Nations as “adjustment in natural or human systems
in response to actual or expected climatic stimuli or their effects, which moderates harm or exploits beneficial
opportunities” [16]. The term “climate adaptation costs” is not within the scope of this paper.

1.2.3. Maintenance and Operation Management (MOM)

This paper presents work related to Maintenance and Operation Management (MOM). Terminology
related to this term is based on definitions set out in the Norwegian industry standards NS 3424:2012 [17]
and NS 3456:2010 [18]. Here, maintenance is defined as a “combination of technical, administrative
and managerial actions with the intention of maintaining or re-allocating the condition to a level that fulfils the
functional requirements throughout the life-cycle of an item” [17]. Corrective maintenance “is maintenance
carried out after fault detection and intended to put an item into a state in which it can perform a required
function” (EN 13306 [19]). Preventive maintenance is “maintenance carried out at predetermined intervals
or according to prescribed criteria and intended to reduce the probability of failure or the degradation of the
functioning of an item” (EN 13306). Predictive maintenance is condition-based “maintenance carried out
following a forecast derived from repeated analysis or known characteristics and evaluation of the significant
parameters of the degradation of the item” (EN 13306). Operation is a “combination of all technical,
administrative and managerial actions, other than maintenance actions, that result in the item being used” [17].
Upgrade is related to “work that is to be carried out on a building or its technical installations in such a
manner that the building fulfils new, stricter demands and/or that the buildings’ area or capacity of installations
are increased” [18].

The development of MOM strategies and the technical systems considered suitable for the
implementation of said strategies are crucial to achieving appropriate climate adaptation of existing
buildings to ensure that they meet future functional requirements. In this context, the term functional

refers to the expression of how the physical building works according to its purpose and fits the need of the user
organization [20].

1.3. Aims and Scope

The aims of this paper are firstly, to analyze the trends, applications, and development of
climate adaptation as it applies to MOM practices; and secondly, to propose a climate-adaptive MOM
framework for public and large building owners. It has the following objectives:

• to examine relevant and current literature addressing climate adaptation in MOM practices
(Section 3),

• to review existing research projects in an attempt to understand the research landscape in this
field in a Norwegian context (Section 3)

• to examine the application and extent of climate adaptation from a day-to-day MOM perspective
(Section 4)

• to propose a generic framework that facilitates a structured process for developing climate-adaptive
MOM practices for professional and public building owners that can reduce climate change risk
and increase the resilience of the Norwegian built environment (Section 5).

2. Methods

2.1. General Overview

A multimethod-based research approach is adopted here to ensure coordination and interdependency
between Norwegian research efforts and everyday practice (see Table 1 and Figure 1).
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Table 1. Overview of methods, objectives, and research questions.

Research Method Scoping Review
Review of
Norwegian

Projects/Initiatives
Case Studies

Collaborative Workshop
Series

Objective

1. To examine
relevant and current

literature
addressing climate
adaptation from a
MOM perspective

2. To review existing
research projects

and understand the
research landscape in

this field

3. To examine the
application

and extent of climate
adaptation from a
day-to-day MOM

perspective.

4. To propose a generic
framework that facilitates a

structured process for
developing climate-adaptive

MOM practices that can
reduce climate change risk

and increase the resilience of
the Norwegian building

environment

Research questions

1.1 What trends are
emerging in current

MOM-related
literature?

2.1 What
research-based

initiatives or projects
are associated with

MOM and upgrade?

3.1 What are the
characteristics of

current
MOM-systems for

climate adaptation at
different scales in
Norwegian public
sector institutions?

4.1 What should be added to
or modified in terms of

MOM practice in order to
meet the challenges

presented by climate
change?

1.2 What are the
implications of
climate change,

and where is the
need for climate

adaptation?

2.2 What is the main
purpose of the

projects/initiatives?

3.2 What challenges
do these systems
face, and how can
they be improved?

4.2 How should we structure
a process for identifying

climate-adaptive measures
in MOM practices?

 

Figure 1. General overview and structure of the methodology.

2.2. Literature Review

An initial scoping review was carried out in order to examine the nature, extent and range of
research activities that have addressed the incorporation of climate adaptation in MOM practice.
The review was based in an established research methodology [21] by which the queries used to search
the databases were taken from experts working on major research projects in the field, and based on
the CIMO (context intervention mechanisms outcomes) framework [22]. The search string, keywords,
and Boolean operators are shown in Table 2. Two electronic databases containing peer-reviewed
literature were used; SCOPUS and Web of Science, which revealed 22 and 15 potentially relevant
documents, respectively. However, based on their titles and abstracts alone, most of this literature
was of little relevance to the scope of this paper. Nevertheless, we did identify some articles that
discussed climate adaptation and MOM in contexts other than the building environment, such as civil
engineering applications including railways, bridges, and road projects, or design stage applications.
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In addition to the initial search, a more traditional rapid review using the Google Scholar search engine
and the Science Direct database was carried out to identify trends in the field of MOM, climate change,
and the need for adaptation.

Table 2. Keywords, Boolean operators, and search strings.

WHO WHAT HOW

Intervention Context Outcomes/Mechanism
Building Climate adaptation Maintenance

Architecture Facility management
Construction Operation management

Upgrade
Refurbishment

(TITLE-ABS-KEY (“climate adaptation”) AND TITLE-ABS-KEY (building OR architecture OR construction)
AND TITLE-ABS-KEY (maintenance OR “facility management” OR “operation management” OR upgrade OR
refurbishment)).

2.3. Mapping of Research Projects and Initiatives

The main author has previously published a paper involving a literature study and a review
of research projects involving Norwegian building owners in which MOM and upgrades were
investigated [23]. An internal workshop was held to sort these projects into categories in matrix form
according to their principal research theme and the type of decision-maker (main actor) involved.

The project review also involved dialogue with experts and major research project representatives
in order to obtain an understanding of the current status of contemporary research. A draft of the
project overview was also discussed with three major Norwegian building owners/managers and one
of the largest construction consultant companies in Norway.

2.4. Case Studies

Three cases were selected to represent the building owner perspective. Selection was carried out
to ensure representative variation in scale in terms of geographical location and climate exposure,
building portfolio, and size.

1. Municipality. The municipality selected is one of the most highly populated in Norway.
It maintains one million square meters of building stock, but is geographically categorized
as a local actor with a relatively uniform level of climate exposure.

2. A large Norwegian actor. This actor is the largest owner of civil buildings in Norway. It owns a
highly varied portfolio of more than 2300 buildings covering more than 2.8 million square meters.
The buildings are distributed across the entire country and their levels of exposure to climate
stresses vary according to location.

3. A medium-sized Norwegian actor. This actor was selected in order to offer insights into a smaller
organization with a limited, though geographically widespread, portfolio of buildings. The actor
manages 45 airports of varying size.

Three principal methods were adopted for this investigation and were applied according to the
guidelines presented by Yin [24] as follows:

(a) Documentation study. An initial examination of specific MOM components was carried out based
on a documentation study. This included a review of drawings, operational plans and condition
state analyses as set out in guidelines developed by Weber [25]. The number of case-specific
documents examined is presented in Figure 2.

(b) On-site inspection. A single on-site inspection for each of the actors was carried out by two
of the authors of this paper. During the inspection, they were accompanied by a maintenance
officer who commented on maintenance needs and the extent to which different solutions were
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working. The main objects of analysis in this case were the building envelope and adjacent
terrain, with a specific focus on identifying climate related damage and areas of weakness of the
building envelopes.

(c) Semi-structured interviews. Methods (a) and (b) were supplemented with semi-structured
interviews (Yin [24]) with representatives from the municipality (operations officer,
project manager, and maintenance and sustainability advisor), the large Norwegian actor
(senior project managers, innovation officers, building workers, and administrative personnel)
and the medium-sized Norwegian actor (maintenance officer). The interviews were also used to
extend the results from the on-site inspection of one building to a more general perspective in
order to provide a more generic representation of the MOM procedures of each actor.

 
Figure 2. Numbers of case-specific documents examined as part of the case studies.

2.5. Joint Workshop Series

A series of joint workshops involving experts in the fields of building engineering and climate
adaptation were carried out in order to develop a climate-adaptive MOM framework. The knowledge
gap that emerged as a result of the literature review, combined with an identified need to incorporate
climate adaptation in MOM practices based on examination of the case studies, served as the starting
point for preparation of the proposed framework. The workshop also established a set of four
requirements that the framework would have to meet:

• Compliance with the Norwegian standard EN 15331—“Criteria for design, management,
and control of maintenance services for buildings” [26].

• Compliance with the ISO 9001 standard “Quality Management Systems—Requirements” [27],
which states that “Management of the processes and the system as a whole can be achieved using
the PDCA (PDCA stands for Plan-Do-Check-Act) cycle with an overall focus on risk-based thinking
aimed at taking advantage of opportunities and preventing undesirable results”. Concepts set out
by the IPCC [1] regarding risk assessment are also adopted in this context.

• The framework should be generic and thus applicable at all scales and for all actors carrying out
maintenance and operation management on buildings and other facilities.

• The framework should be specifically applicable in a Norwegian context. The findings from
various projects linked to the Klima 2050 research centre [9], as well as the report “Climate in
Norway 2100” [28], were taken into account.

3. Review of Literature and Initiatives

3.1. Scientific Literature Review

Climate change is forcing society to address factors affecting building maintenance needs from a
life cycle perspective. This includes the use of proactive maintenance to extend the operational life of
buildings and equipment. A key to this proactive approach is the search for smart and innovative
MOM assessment tools.
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The ISO standard “15686-8:2012—Life Cycle Planning: Reference service life and service-life
estimation” [29] defines the so-called “factor method” for the estimation of the expected service
life of a component or assembly under the influence of a well-defined set of conditions. The method
addresses a number of different factors: (i) material (properties), (ii) design (details), (iii) execution
(on-site factors), (iv) climate stresses, such as rain, wind, snow, and chemicals, and (v) maintenance
(preventive measures). The first three factors address resilience in the face of deterioration. The fourth
influences the speed of deterioration and the fifth addresses measures designed to extend service
life. All of these factors are important and should be taken into consideration from the beginning
of the design process to project completion, not least as a means of ensuring the incorporation of
life cycle planning (LCP). Further development of the standard should include need assessments
for the technical and functional upgrade of buildings. New standards are currently in preparation
(e.g., CEN TC50, WG8) that address topics within the field of so-called sustainable refurbishment.

Maintenance and operation management takes place during the operational life of a building.
Construction projects related to this phase of a building’s lifetime have been the subject of increased
interest from project management researchers in recent years. In Norway, for example, the research
project OSCAR (http://www.oscarvalue.no/) is actively seeking to identify methods for the optimization
of building projects, with the primary aim of contributing to value creation and capture in the interests
of owners and users during the building life cycle.

An understanding of the role of facility management (FM) and MOM is crucial to ensure the
sustainable extension of building lifetimes, and it is essential that proper emphasis is given during the
early planning phase. Recent research in Norwegian contexts indicates that qualitative early-phase
planning will assist in meeting sustainability requirements and contribute towards ensuring more
secure financial conditions for refurbishment projects [30]. Initiatives such as OSCAR rely heavily on
the insights of Cooke-Davies [31]. In recent years, such insights have been applied under Norwegian
conditions by Hjelmbrekke et al. [32], and studies such as this have helped to illustrate the challenges
encountered in the Norwegian construction sector. Hjelmbrekke et al. [32] have proposed a model for
the inclusion of strategic perspectives during the operational phase of construction projects. The core
insight shared by the foregoing authors is that building-related operations, and maintenance strategies
in particular, must be considered during the planning of new projects. In the absence of a proper
knowledge of the actual practices that a typical maintenance scheme may involve, any alignment of
project execution with the uoperational phase may be highly problematic.

Fregonara et al. [33] proposed a multidisciplinary approach to decision-making in this context
taking into account the property market, project economics, architectural technology and building
physics, life cycle costing methodologies and energy consumption analyses. Kamari et al. [34] have
presented a comprehensive sustainability framework for the development, assessment, and auditing
of building renovation performance. Key components in this model include the support given to
decision-makers during the project’s lifecycle and the need to address the sustainability of entire
renovation projects, including the introduction of new categories, criteria, and indicators.

The financial consequences of climate change have been identified by the statistical analysts
Finance Norway, showing a 30% increase in insurance claims payments during the last five years [35].
The need for well-functioning strategies and technical systems to protect the building envelope
and other components has also been demonstrated in references [36,37]. An examination by the present
authors of the building defects archive held by SINTEF Building and Infrastructure reveals that damage
to, and defects in, existing Norwegian building stock can be explained as follows:

• 75% of investigated defects are caused by moisture
• 67% of investigated defects are related to building envelopes
• 25% of investigated defects are caused by precipitation
• 33% of investigated defects linked to exterior walls above the terrain surface are caused by moisture
• 50% of investigated defects linked to roofs and terraces are caused by moisture.
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The most critical aspects of climate change that are relevant to future building adaptation are
increases in annual mean temperatures and levels of precipitation, increasing volumes of winter
precipitation falling as rain, and increases in the wind-driven rain component. An increase in the
frequency of freeze–thaw cycles (temperature oscillation around 0 ◦C) is also anticipated in the future [4].
Other factors such as the higher frequency of events such as avalanches, floods, and storm surges,
combined with rising sea levels, are not considered relevant to this study, and are not discussed further.

This study has identified four major climate change factors. These are summarized in Table 3,
together with a list of the key technical challenges associated with them.

Table 3. Climate change factors and associated technical challenges. This table has previously been
presented in Grynning et al. [38].

1. Increase in Annual
Temperatures

2. Increase in Precipitation
(Rain)

3. Winter Precipitation as
Rain

4. Driving Rain

Increased mould growth
potential

Increased rot decay risk
Greater frost-cycle variation
Reduced heating demand
Increased cooling demand

Increased mould growth
potential

Increased rot decay risk
Longer periods of free-standing

water on roofs
Stress on the robustness of roof

membranes
Freeze–thaw cycles

Stresses on membrane joints
Gaskets and protrusions
Drain/gutter capacities

Blocking of drains
Overflow in drains

Standing water due to limited
drain capacity

Increased structural loads
Stress on roofing robustness
Increased water pressure on

ground constructions
Ice formation on surfaces
and in pore structures of

materials

Increased mould growth potential
Increased rot decay risk
Need to upgrade surface

treatment of facades
Drying out of walls

Flashing details
Need to identify better

window/door mounting solutions

One can see from the challenges listed above that the design of the building envelope is key to
the climate adaptation of buildings. Adaptation is a general term that denotes a building’s physical
properties and its flexibility to adjust to changes in use, function and size [20]. Increases in temperature
will promote mould growth within building envelopes. A study carried out by Almås et al. [13] has
shown that an estimated 615,000 buildings in Norway are located in areas with a potentially high risk
for rot decay. In 2100, this number is anticipated to rise to 2.4 million. Increased temperatures will also
result in a general decline in demand for heating and corresponding increases in cooling demand.

3.2. Review of Research Projects and Initiatives

Table 4 provides a summary of research projects identified as being useful to this study, categorized
in matrix form according to main actor and research theme. A total of 28 projects are listed, and ten
of these address climate adaptation issues. The reviews of existing literature and relevant research
projects conducted as part of this study have revealed a number of thematic research needs. One of the
general findings is that the research projects relevant to MOM and building upgrades exhibit a notable
bias towards energy efficiency in buildings. A more detailed description of these projects is presented
in a previous study by the present authors [23].
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Table 4. Summary of research projects identified as being useful to this study, categorized in matrix
form according to main actor and research theme. Green shading indicates cases where the topic in
question is considered highly-researched. Red shading indicates that the topic has been the subject of
little or no research.

Level Main Actor of Interest Research Theme

1. Climate
Adaptation

2. Energy
Efficiency

3. Economy

A. Law and legislative Ministry/Directorate [13,39–42] [43–47] [47–49]

B. Legislative/planning/strategy Municipality/local
authority [13,39–42,50–59] [43–46,57,58,60,61] [62]

C. Strategy/system Managers/MOM
operators [24,51–56,63] [43–46,60,64–77] [62,78–80]

D. System/solution Consultant/contractor [13,81,82] [13,43–46,64–66,69,
70,75–77,82–86] [62,87,88]

E. Solution/component Product manufacturer [13,43–46,82]

3.3. Knowledge Gap

Due to anticipated changes in climate, building envelopes will be subjected to increasing levels of
stress in the years to come. Our research review demonstrates that projects addressing the climate
adaptation of buildings using MOM focus mostly on the effects of moisture and resilience to potential
moisture-related problems. This is mainly due to a broad understanding that future increases in
precipitation, combined with annual average increases in temperature, will become the greatest sources
of stress on the building envelope in the future. These impacts may reduce the lifetimes of individual
building components and increase overall damage risk, and underline the importance of promoting
appropriate maintenance strategies and schedules.

Implementation of climate adaptation measures for buildings has been on the agenda in Norway
for some years, but the climate adaptation of buildings involving MOM has received very little attention
from the research community, and Grynning et al. [23] have identified key knowledge gaps in this
field. This study has also been able to identify a need to provide an account of what MOM practices
entail and to develop a framework for industry application.

Hauge et al. [89] found that numerous user guides exist to prepare societies for the coming climate
challenges, but none of the user guides describes decision processes in depth, and target groups are not
specified. Stagrum et al. [90] found little research on the consequences of climate change on buildings
in cold regions. The majority of the identified literature concerns climate change impacts on buildings
in warm climates, with overheating being seen as the greatest challenge.

Hauge et al. [91] have studied barriers and drivers for climate adaptation in Norway. They conclude
that pursuing changes across the practical, political, and personal spheres is essential.

4. Case Studies

4.1. General Remarks

The three organizations introduced in Section 2.4 have all stated that climate adaptation is an
explicit ambition as part of their corporate strategies. However, the levels of detailed planning and,
perhaps also, of commitment to this ambition vary somewhat. It is clear that there exists wide variation
in facility management strategies and implementation within these organizations—ranging from
incident-based corrective maintenance programs to long-term preventive plans and strategies.

4.2. The Municipality

The MOM strategies employed by the municipality revolve around a five-year cycle, as shown in
Table 5. Every fifth year an extensive condition status analysis is carried out by an external consultant.
This analysis forms the basis for longer term MOM plans addressing the needs of the building
envelope, technical installations (heating, cooling, ventilation, etc.) and interior MOM and building
upgrade needs. On this basis, the municipality prepares annual MOM plans and reporting procedures.
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This structured approach to planning ensures adequate levels of supervision of day-to-day maintenance
and upgrade needs. It also helps in the facilitation of longer term planning.

Table 5. Stepwise procedure for the management of MOM needs and tasks as exercised by the
municipality in this case study.

Step 1—Maintenance
Needs

Step 2—Long-Term
Planning

Step 3—Annual Plans
and Work Orders

Step 4—Revision of Plans

Task: Task: Task: Task:

Assess building condition
Define long-term

maintenance needs

Prepare 5-year
maintenance plans

Adjustment of
maintenance needs

and transfer to budgets

Year on year MOM
procedure for building
maintenance officers

Revise annual plans
and booklets including

checklists and tasks

Persons responsible Persons responsible Persons responsible Person responsible

External consultant
and internal

administrators

Building and head
administrators

Administrator
and building maintenance

officer
Building maintenance officer

Actions: Actions: Actions: Actions:

Condition status analysis
of buildings

Prepare long-term plans
(also for funding purposes)

Coordination of
maintenance

and potential upgrade
needs

Prepare checklists for the
maintenance procedure

booklets

Submission of plans/booklets
to central property

department at year end

Dedicated maintenance officers are responsible for the day-to-day maintenance and operation
of municipal buildings. As a rule, a maintenance officer may have responsibility for one or several
buildings, depending on the size of the structures in question. External contractors are brought in if
major MOM or upgrade tasks have to be carried out.

A set of annual MOM procedures is provided to responsible maintenance officers, consisting of a
booklet describing all the detailed procedures and mandatory checks that must be carried out during the
year in question. An ongoing series of checklists is completed as the year progresses. At the end of the year,
each officer submits his or her booklet to the municipality’s central property department. Booklets are laid
out in nine operational chapters as follows (taken from the 2013 edition): 1. A description of tasks with
checklists. 2. A checklist for mandatory tasks. 3. A checklist for critical operational tasks. 4. A checklist
for (less critical) operational tasks. 5. A checklist for electrical systems and equipment. 6. A checklist for
outdoor areas (e.g., municipal playgrounds). 7. Internal building safety checks. 8. MOM procedures for
bomb shelters. 9. Internal checks of operational tasks.

The procedures and systems descriptions in the booklets are for the most part in paper format,
making revisions cumbersome. It was also found that much of the knowledge in the organization is
tacit and linked to the know-how of experienced individuals, making the organization vulnerable to
changes in personnel. Such practices may impair organizational knowledge transfer on a broader scale.

In order to assist the organization in the further development of its systems, we recommend
that greater focus should be directed on the digitalization of tools (e.g., using Building information
modeling (BIM)), communication, and processes. This may help to promote proactive knowledge
sharing at all levels in the organization. Moreover, higher levels of digitalization may promote the
transfer of knowledge from individuals into a structured organizational knowledge base.

Table 5 presents a summary of the overall MOM strategy exercised by the organization. The review
of documents carried out for this case study indicate that specific challenges exist linked to a lack
of climate change planning, and a failure to implement climate adaptation initiatives. For example,
the present authors are skeptical of the resilience of some technical systems to increased levels of
precipitation, and no strategy exists for the upgrade of these systems.
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4.3. The Large Norwegian Actor

Climate adaptation was introduced as an area of focus in this property owner’s strategy in
2014 [92]. Currently, the organization’s focus is at a more strategic level—“climate adaptation shall be
accounted for in the light of climate changes”. This statement corresponds with the findings resulting
from our research project review that the majority of current research is limited to high-level strategy
applications. This actor currently includes no operational plans or specific proposals regarding
strategic implementation, which underlines the need to develop a knowledge framework within
organizations in general to enable them to implement climate adaptation measures in practice. Of the
three case study organizations, this actor possessed the most comprehensive facilities management
(FM) system. However, we recognize a need to introduce actions to strengthen the organization’s
climate adaptation implementation strategy. The existing climate adaptation system for buildings
adheres to a structure similar to that described by Cooke-Davies [31], which accentuates the need to
establish strong links between the operations and project management levels within the organization in
order to meet corporate strategies and goals. The facility management system and tasks are assembled
in a database tool and adhere to a stepwise procedure as shown in Table 6. The tool collects all technical
and practical information regarding the owners’ properties. The property maintenance officers have
overall responsibility for entering maintenance needs in the tool. Building administrators register the
entries and transfer these to short- and mid-term maintenance plans and budgets. The tool can then be
accessed by maintenance officers to obtain activities and work orders. “Long-term” in the context of
this organization is a period of five years.

Table 6. Stepwise procedure for the management of MOM needs and tasks as exercised by the large
Norwegian actor in this case study.

Step 1—Maintenance
Needs

Step 2—Long-Term Plans Step 3—Annual Plans
Step 4—Activities

and Follow-Up

Task: Task: Task: Task:

Definition of maintenance
needs

Define 5-year maintenance plans
Adjustment of maintenance needs

and transfer to budgets
On budget approval, needs are

transferred to annual plans

Access annual action
budgets and preparation of

work orders
Implement work orders

Persons responsible Persons responsible Persons responsible Persons responsible

Maintenance officers or
administrators Building and head administrators Building administrator Maintenance officer

Actions: Actions: Actions: Actions:

Register needs
Transfer to long-term plans

Edit action and budget approval
Periodization of actions

Edit action
Prepare work orders

Closing of actions

Edit work orders
Prepare orders for external

assistance
Closing of work orders

The authors have identified some challenges related to the implementation of the system for
this case study. For example, defects in building envelopes that have resulted in ongoing water
leakages were revealed during the on-site inspection and in interviews, underlining the importance of
strengthening the links between operations and management levels within the organization.

Secondly, the level of detail inherent in the management tool could be improved. Critical building
components should be the subject of greater attention from a climate adaptation perspective. Maintenance
intervals for such components should be introduced and adapted to local, site-specific, needs.

Finally, building damage and critical events caused by “extreme weather” incidents may be avoided
by implementing early warning and weather forecasting systems. The need for such systems was
underlined by a flooding incident in a building adjacent to one of the actor’s properties. This incident
emphasizes the need for greater cross-organizational communication, as well as a need to consolidate
internal corporate strategies and plans.
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4.4. The Medium-Sized Norwegian Actor

The building considered in this case study is located in an airport for domestic and international
flights. This actor’s maintenance department employs five maintenance officers and a maintenance
manager, who is responsible for day-to-day task planning. The department is responsible for
maintenance across the entire airport, including the building considered in this study. The actor uses
an interactive management tool for day-to-day building management. The users of the building
report their needs to the maintenance department, which in turn plans and coordinates a daily
schedule. Recurring maintenance tasks are also plotted in the system, enabling the department to plan
and prioritize its assignments according to criticality and urgency. We observed no long-term planning
integrated into the MOM system. Instead, it was the task of the maintenance manager to report annual
funding needs based on the condition of the building. In contrast to the two previous case studies,
no strategic planning structure exists for this actor. We recommend that this situation be remedied.

This actor’s management system makes it easy for building managers to keep track of the
maintenance needs at any given time. The aim here is to ensure that functional failures can be rectified
quickly, enabling building managers and the operations department to prioritize issues based on
critical need.

However, we recognize that it would be beneficial if the management system also incorporated
a comprehensive and long-term maintenance and upgrade plan based on condition status analyses
and the estimated lifetimes of key components and products. The development of a more long-term
approach to the management of building stock may make a useful contribution towards major
maintenance and upgrade planning, and at the same time facilitate long-term expenditure budgeting.
This would provide a detailed overview of future maintenance tasks and enable potential synergies in
situations where two or more major improvements could be carried out at the same time with adequate
quality and at lower cost.

Periodic tasks such as the supervision of technical installations are guided by procedures.
Needs and corresponding tasks are reported on a continuous basis. However, the lack of a structured
long-term plan for MOM tasks presents a challenge. In an interview carried out with the operator,
it emerged that aspects of the main terminal roof could be used to illustrate this issue. The roof was
installed in 1986 and had been subject to considerable wear and tear. However, since no leaks had
been detected, no funds had been assigned for a thorough condition status analysis or replacement,
even though the roof’s expected lifetime was close to expiry. This approach flies in the face common
sense that dictates that waiting for a component to fail before initiating a response will lead to additional
work as a result of consequential damage.

5. A Climate-Adaptive Maintenance and Operation Management (MOM) Framework

5.1. Definitions

The term climate-adapted buildings and building structures is commonly applied to structures
that are planned, designed and built to withstand various types of external climatic stresses including
precipitation, snow deposition, wind, temperature, storm water and exposure to the sun. However,
adaptation to a changing climate must also incorporate reductions in the risks to wider society. It is
not sufficient simply to restrict our focus to historical weather data when designing and maintaining
buildings [93].

Climate-adaptive maintenance is hereby defined for the purposes of this study as the combination
of technical, administrative, and managerial actions carried out with the intention of maintaining,
allocating, and adjusting the condition of an item to a level that fulfils the functional requirements
throughout the life-cycle of the item in response to actual or expected climatic stimuli.

Climate-adaptive maintenance and operation management is hereby defined as a combination of
all technical, administrative, and managerial actions, including maintenance actions, that result in the
item being used and maintained in response to actual or expected climatic stimuli.
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5.2. A Climate-Adaptive Maintenance and Operation Management (MOM) Framework Workflow

Figure 3 illustrates the climate-adaptive MOM framework workflow that is proposed in this
paper. Climate adaptation exerts most influence during the planning and decision-making stages
of the planning phase. For this reason, the workflow focuses primarily on the planning stage of the
PDCA cycle since this is intended only to account for the climate change aspect. The components of
the workflow are discussed in detail in the following.

 

Figure 3. Proposed climate-adaptive maintenance and operation management (MOM) workflow.

Overall climate-adaptive building strategy: This step is designed to determine the applicable
climate-related service and performance specification for the building asset in question in compliance
with the EN 15331 standard [26]. It will also include a strategy to safeguard property value in the face of
exposure to climate change. The step shall be reviewed at specified regular intervals and in situations
where a major change in performance requirements is required in response to new knowledge.

Condition analysis: This step is designed to determine the condition of the building asset in
relation to a given reference level (performance requirement). The reference level will be set out
in a climate-adaptive building strategy. The data required to carry out a risk analysis shall be
collected, and the analysis performed according to guidelines set out in the Norwegian standard NS
3424.E:2012 [17].

Identification and assessment of climate-related hazards: This step is designed to identify potential
hazards to the building asset in question, and impacts in response to actual or expected climatic stimuli

239



Buildings 2020, 10, 107

in a Norwegian context. To support this step, Table 7 provides a structured overview of hazards that
may be anticipated in a Norwegian context as a result of climate change and their expected impacts on
the building asset.

Assessing vulnerability and exposure: This step is designed use the data and knowledge gathered
during previous steps to assess the vulnerability and capacity of the exposed building assets in response
to identified hazards.

Assessing climate-related risk: This step is designed to identify, assess and prioritize the risks
resulting from actual or anticipated climatic stimuli. A graphical risk matrix is constructed illustrating
probabilities and consequences. A priority list shall be drawn up to categorize and rank risks based on
the level of response required (from immediate to no action).

Generating climate-adaptive strategies: This step is designed to generate and evaluate
climate-adaptive strategies in response to identified risks. Strategies may be generated by following
the structured matrix proposed in this paper that recommends strategy categorization based on
(a) maintenance type (corrective, preventive or predictive) and (b) the risk factor(s) that require
mitigation (hazard, exposure, and vulnerability). For example, a hypothetical case study involves a
flat roof showing no signs of leakages (see Table 8). The roof is then exposed to levels of precipitation
and increased temperatures that were not built in during the design stage. The strategy categorization
provides a detailed overview of potential impact in terms of risk reduction and enables identification of
the most useful strategy for a given building asset. This approach may prove to be beneficial to actors
with responsibility for the management of large building asset portfolios, within which buildings or
building stock may require component-specific adaptations to changing climate stimuli and consequent
exposure risk.

Generating climate-adaptive plan: This step is designed to facilitate the preparation of an adaptation
plan and strategy document that incorporates the main findings of previous steps, and which provides
clear direction for implementation and long-term execution.

Implementation: This step involves implementation and execution of the climate-adaptation plan
generated in the previous step.

Monitoring: This step is designed to facilitate monitoring and performance measurement of the
climate adaptation plan and the effectiveness of its risk mitigation measures. Performance is rated
with reference to the objectives, requirements and planned activities identified in the strategy set out
for the building asset in question.

Reviewing: This step is designed to review the adopted climate adaptation strategy and plan based
on the monitoring and performance indicators emerging from the previous step. Risk assessments
and strategies may be upgraded based on the findings of the review process and subsequently
implemented in new plans.
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Table 8. Matrix showing the climate-adaptive strategy proposed in this paper. A (potentially) leaking
flat roof is taken as an illustrative example.

Maintenance Type Hazard Exposure Vulnerability

Corrective
Fast cleaning (carry water in

buckets)
Change roof covering

when damaged Not applicable

Preventive
Increase dimensions of roof

guttering and drainage system

Change roof covering
before end of expected

service life

Training of MOM
personnel

Predictive Sensor system warning

Change roof covering
when embedded sensor
alerts that service life is

about to end

Direct weather forecast
warning to all involved

stakeholders

6. Conclusions and Further Work

This study has adopted a multimethod research approach to the analysis of the basic criteria,
trends, applications, and developments related to climate adaptation in connection with building
maintenance and operation management (MOM) practices in Norway. The study concludes that there
exists a significant knowledge gap between current maintenance and operation management practice
and the strategies that are required to safeguard adequate adaptation to climate change. The study
recommends that future research should focus on resolving this gap by addressing the two factors
in combination. A review of practices and research projects has shown that climate adaptation is
considered only as a high-level strategic issue in many organizations and that there is a need to
incorporate the concept at lower organizational levels. An analysis of the three case studies has
served to emphasize the need to adopt a systematic approach to the integration of climate adaptation
considerations in current MOM practice.

This study proposes the adoption of a climate-adaptive maintenance and operation management
framework. The framework involves a generic and structured process that facilitates the incorporation
of climate adaptation in MOM practices on different scales and at different organizational levels. It is
anticipated that implementation of this flexible and transferable framework will provide a basis for
acquiring more knowledge on the topic of climate adaptation. Further development of the framework
should include the introduction into organizations of more tangible and tailored tools and processes,
including checklists or scoring systems accompanied by relevant climate adaptation factors and plans.
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