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Abstract.  

Improved energy efficiency in new buildings due to stricter regulations results in the growing 

importance of the environmental impact of materials. Not only the initial construction has a 

significant contribution to the total impact, but replacements during the use phase as well. To date 

limited data are available on the service life of building components and the corresponding number 

of replacements. The data that are available are typically deterministic values. This study is a proof 

of concept on the application of survival analysis for service life prediction of building materials to 

compute stochastic distributions in order to reduce uncertainty in building related environmental 

studies. 

A survey was conducted asking building residents for the replacement frequency of components 

such as wall and floor finishes, kitchen and bathroom furniture, etc. This resulted in 99 responses. A 

survival analysis was applied to calculate non-parametric Kaplan-Meier curves. These curves are 

fitted to obtain theoretical parameterized survival and hazard functions. The hazard functions feed a 

Monte Carlo simulation in order to obtain the number of replacements over a certain period of time. 

1000 runs per component result in a stochastic distribution of the expected number of replacements, 

presented by their mean and a 90% confidence interval. 

The analysis was performed per component and more subdivided according to the additional 

parameter ‘room type’ in the case of surface finishes (wall, floor and ceiling). This way more detailed 

information was obtained compared to the existing literature. The simulations indicate that in most 

cases, there are discrepancies between literature data and the computed results in this study. 

Introduction 

The growing environmental awareness of the last decades resulted in identifying the construction 

sector as one of the major targets for improvement. The building sector is responsible for nearly 40% 

of the global energy consumption, 30% of raw material use, 25% of solid waste production, 25% of 

water use, 12% of land use, and 33% of the related global greenhouse gas (GHG) emissions [1], [2]. 

This awareness resulted in Europe in energy regulations such as Energy Performance of Buildings 

Directive (EPBD) 2002/91/EC and the revised EPBD 2010/31/EU issued by the European Union [3], 

[4]. However, actions to improve energy efficiency of buildings require additional material, so the 

entire life cycle has to be taken into account to avoid just shifting the problem. Blengini and DiCarlo 

investigated a low-energy dwelling in Italy and found that although the operational energy was 10 

times lower compared to the reference standard house, the total environmental impact was only 



 

reduced by a factor two [5]. Additionally, when the level of insulation and energy efficiency increases, 

the share of material related impacts increases, both in relative and absolute terms. Buyle et al. 

analysed the influence of building type, level of insulation and different technical services in order to 

improve the environmental profile of Flemish dwellings [6]. Taking into account the current energy 

regulations, multiple non-hierarchic actions for improvement were relevant. A combination of a 

compact building design with one of the two following possible ways to reach a similar environmental 

optimum: firstly by following the current regulations for insulation complemented with the most 

efficient technical services, and secondly by an extensive reduction of energy losses - entailing a 

reduced (but not negligible) influence of the efficiency of technical services on the results. Himpe et 

al. came to similar conclusions for the Belgian situation by performing a life cycle energy assessment 

[7]. Another recent Belgian study by Stephan et al. pointed out that a passive house was preferable to 

a standard one, even if the embodied energy exceeds the operational energy in the passive scenario 

[8], [9]. All of these studies point out that, in particular for energy efficient buildings, the 

environmental impact related to materials is growing in importance.  

 

Often materials are only taken into account at the initial construction of a building, however 

environmental impacts related to maintenance and the replacements of building components can 

contribute up to 50% of the initial construction [6]. This is in particular valid for components with a 

relative short service life and easily to replace e.g., paint. In current environmental studies, typically 

deterministic values from literature are applied. For example Vissering et al. developed a method to 

estimate the life expectancy of building components, resulting in one reference value per component 

[10]. A more detailed guideline developed by Building Cost Information Service (BCIS) estimates 

the life expectancies of common building components based on the experience of building experts 

[11]. For each component, a mean, average, median minimum and median maximum value is 

presented. Engineering approaches exist as well, starting from a reference value which is adjusted 

depending on case specific parameters. The factor method is an example where factors such as design 

level, outdoor environment and in-use conditions are taken into account to calculate an estimated 

service life based on a general reference service life [12], [13]. Van Nunen tried to improve the factor 

method by adding more criteria and by replacing deterministic values by distributions. However, only 

a conceptual framework was presented, but no data [14]. Limited research is available applying a 

bottom-up approach, focussing on data collection by surveying residents instead of building experts.  

 

In this context, the goal of this research is to develop a method to compute stochastic distributions 

of the service life of building components based on survey data. Accordingly the number of 

replacements can be predicted in order to gain insight in the magnitude of the overall uncertainty in 

building related environmental studies. As a starting point, there was focused on components with a 

short reference service life which could easily be replaced. The main reason for this selection was the 

assumption that aesthetical criteria could play an important role as well, making the technical service 

life less relevant for those materials. To process the results of the survey, the methodology of survival 

analysis was applied to calculate non-parametric Kaplan-Meier curves. These curves were fitted to 

obtain theoretical parameterized survival and hazard functions. The hazard functions feed a Monte 

Carlo simulation in order to obtain the number of replacements over a certain period of time. The 

analysis was performed per component and more subdivided per room type in the case of surface 

finishes. The results were represented by their mean and 90% confidence interval and compared with 

the benchmark values of BCIS. This research is a proof of concept, so developing an exhaustive 

dataset for all building components is beyond its scope. 

Methods 

The developed model consists of three distinct steps: data collection (1), processing the data to 

compute theoretical parameterized survival and hazard curves (2) and finally running a Monte Carlo 

analysis to estimate the number of replacements over the total life span of a building (3). In line with 

other Belgian research, the total life span was assumed to be 60 years [15], [16]. A sensitivity analysis 



 

was performed by extending the buildings life span to 120 year, but new insights were created so 

these results are not presented in the paper. The included building components are windows, floor 

finishes, wall finishes, ceiling finishes and fixed furniture. These components were subdivided per 

type of material in the case of windows and per room type for the rest as additional criteria. The 

included building components and their characteristics are listed in Table 1. 

 

Table 1. Included building components and their characteristics 

component Material properties  Additional properties 

windows PVC frame 

-  wooden frame 
 aluminium frame 

floor finishes Wood (laminate, parquet, …)  living room 
 soft and resilient (carpet, vinyl, PVC, …) bedroom(s) 
 ceramic tiles bathroom 

   kitchen 

ceiling finishes - paint paint living room 
 decorative covering (wood, plastic, …) bedroom(s) 
  bathroom 

   kitchen 

Wall finishes - paint paint living room 
 wallpaper bedroom(s) 
 ceramic tiles bathroom 

   kitchen 

fixed furniture bathroom 
- 

  kitchen  

 

Data collection. The purpose of this step was to collect data on the actual service life of the 

selected building components. Not only the service life was part of the survey, but more detailed 

information was collected as well: which were the actual materials before and after an intervention, 

in which room the intervention took place, which interventions were combined, etc. After a pilot 

survey was decided not only to ask for data on replacements that had actually taken place, but the 

respondents had to make an estimation on the time left to the next replacement as well. An online 

survey was selected as an easiest and relevant tool to reach individual residents. Potential 

respondents were selected in the region of Antwerp, Belgium and contacted by a (physical) letter, e-

mail or social media. This resulted in about 110 responses, out of which 99 were relevant. The 

characteristics of the respondents are presented in Table 2. When the characteristics of the sample 

are compared with the Flemish population, it is clear the sample is not representative for multiple 

criteria such as age and sex. However, since the goal of the study was to verify the feasibility of a 

model, there was opted to continue with the presented dataset and improve the input data in future 

research. 
  



 

Table 2. Summary of the characteristics of the respondents, compared with Flemish population 

characteristics respondents samples share in sample Flemish population [17], [18] 

Sex     
 Male 39 39,4% 49,3% 

  Female 60 60,6% 50,7% 

Age     
 < 20 1 1,0% 22,1% 
 20-25 38 38,4% 5,8% 
 26-30 17 17,2% 6,3% 
 31-35 11 11,1% 6,1% 
 36-40 7 7,1% 7,0% 
 41-45 6 6,1% 7,8% 
 46-50 3 3,0% 7,8% 
 51-55 5 5,1% 7,1% 
 56-60 6 6,1% 6,4% 
 61-65 2 2,0% 5,8% 
 66-70 1 1,0% 4,6% 
 71-75 1 1,0% 4,6% 
 76-80 1 1,0% 4,0% 

  > 80 0 0,0% 4,7% 

level of education     
 secondary education 19 19,2% 54,7% 
 higher education - non-University 38 38,4% 12,3% 
 higher education - University 41 41,4% 12,8% 

  others 1 1,0% 20,2% 

family structure     
 single 20 20,2% 24,6% 
 single parent 4 4,0% 7,0% 
 couple with (resident) children 32 32,3% 34,4% 
 couple without (resident) children 38 38,4% 32,7% 
 reconstituted family 2 2,0% - 

  others 3 3,0% 1,4% 

Ownership status     
 owner 68 68,7% 74,4% 
 renter 30 30,3% 24,1% 

  others 1 1,0% 1,5% 

 

Theoretical parameterized survival and hazard curves. The results of the survey were 

processed by applying a survival analysis. This is a branch of statistics which is often applied in a 

biomedical context with as main interest the time until a certain event occurs, typically death [19]. 

Despite the medical origin of the method, it has been applied in an engineering context as well. Haldi 

et al. developed a model to simulate user behaviour related to window openings by office occupants 

[20], [21]. The event of interest in this case was the opening and closure of a window. Long term 

observations were available to validate the model. Other models were tested as well in this study, but 

survival analysis, combined with Markov chains to model the arrival and departure of the occupants, 

turned out to be the most reliable approach.  

 

One of the strengths of survival analysis is the possibility to include observations containing only 

partial information such as survival for at least a certain period of time. Such non-comprehensive 

observations are called censored data and even if the event of interest was not observed during the 

study period, such observations still contain relevant information. In this research only right censored 

observations occur. This means that the status at the start of the observation period is known (the 

moment of a previous replacement), but the next replacement is not observed when the study period 

has ended. The only thing which is known is that at that time, the replacement did not take place yet. 

Theoretically, a survival analysis is characterized by two functions, the survivor function S(t) and the 

hazard function h(t) (see Eq. 1, Eq. 2 and Fig. 1a). The survivor function S(t) gives the probability 

that a subject survives longer than some specified time t. The hazard function h(t) gives the 

instantaneous potential per unit time for the event to occur, given calculated that the subject has 

survived up to time t [19]. If one of the two functions is known, the other can be as well. In reality, 

the theoretical functions are not known and a non-parametric Kaplan–Meier (KM) estimator is mostly 



 

applied to analyse the data (Eq. 3, Fig. 1b). KM curves are typically step functions. However, in order 

to carry out further calculations, a continuous parametric function was needed similar to the 

theoretical functions. Therefore the Kaplan-Meier curves were fitted using a maximum likelihood 

regression. The distribution used in this study is the Weibull distribution. Previous research identified 

the this as the most relevant distribution, so no other distributions are taken into account [20]. 

 

𝑆(𝑡) =  exp [− ∫ ℎ
𝑡

0
(𝑢)𝑑𝑢]    (Eq. 1) 

ℎ(𝑡) = [
𝑑𝑆(𝑡)/𝑑𝑡

𝑆(𝑡)
]     (Eq. 2) 

�̂�(𝑡(𝑓−1)) = ∏ �̂�𝑟(𝑇 > 𝑡(𝑖)|𝑇 ≥ 𝑡(𝑖))
𝑓−1
𝑖=1   (Eq. 3) 

 

 
 

Fig. 1. a) theoretical survival curve [19] b) Kaplan-Meier Curve of window replacements with PVC frame (step 

function) with fitted Weibull distribution (dashed line)       

The survey described in the previous step resulted in two lists. The first one included only historical 

data, so without the estimations. Most of the data is right censored, since not many components have 

been replaced twice and the exact service life is therefore unknown. The second one included the total 

estimated service life, so in this case all data is uncensored. The disadvantage of the historical data is 

that for most of the components included in the survey, not enough replacements were observed to 

come to relevant results. Therefore all simulations have been based on the estimated data.  

 

Model and Monte Carlo simulations. To estimate the service life of a building component and 

the number of replacements over a certain period of time, a model has been developed in Matlab to 

create virtual timelines. The time interval is one year and each year a (memoryless) random number 

is generated to evaluate if a component is replaced or not. The criteria whether a replacement takes 

place or not at time t + 1 after the survival up to time t, is based on the conditional failure rate of the 

hazard function at time t. If a replacement took place, the timeline is reset. If not, a new random 

number is generated to evaluate t + 2. This procedure is repeated until the end of the observed period 

is reached and the number of replacements can be counted. To process the results statistically, a Monte 

Carlo simulation has been performed with 1000 independent runs of this timeline. The average and a 

90% confidence interval have been calculated. The boundaries of the confidence interval are rounded 

up to the next integer, since it is assumed replacements cannot be subdivided. At the end, the results 

were compared with the reference values of BCIS. 

Results and discussion 

After processing the surveys, 7 aggregated and 34 detailed datasets were composed. The first 

category focusses on building level, without taking into account the additional properties. The latter 

is subdivided according to the additional properties, namely the specific room of the replacements. 

The results are presented in Table 3. The model calculates in the first place the number of 

a) b) 



 

replacements. The same exercise could be done for the service life as well, but in the case of life cycle 

studies the replacements are more important so only this figures are presented. As can be seen, there 

is a wide range in sample size influencing the accuracy of the curve fitting. In particular the 

components with a short reference service life have a relative high sample size. 

 

Table 3. Estimated service life and number of replacements of the selected building components 

component Properties component  
sample 

size  

replacements BCIS Calculated replacements 

average average lower limit  upper limit 

windows       
 PVC frame 60 1,88 1,32 1 2 
 wooden frame 20 1,82 2,23 1 4 

  Aluminium frame 25 1,54 2,33 1 4 

Floor finishes - wood      
 All rooms 135 

1,58 

2,78 1 5 
 living room 54 2,37 1 4 
 bedroom(s) 64 3,02 1 5 
 bathroom 6 4,50 3 6 

  kitchen 11 2,18 2 3 

Floor finishes - soft and resilient       
 All rooms 37 

3,75 

2,05 0 4 
 living room 3 -  -  -  
 bedroom(s) 17 1,49 0 3 
 bathroom 6 2,03 1 4 

  kitchen 11 4,83 2 8 

Floor finishes - tiles      
 All rooms 188 

1,20 

1,52 1 3 
 living room 31 0,92 0 1 
 bedroom(s) 10 -  -  -  
 bathroom 76 1,83 1 3 

  kitchen 71 1,50 0 3 

Ceiling finishes - paint      
 All rooms 362 

8,57 

3,82 2 6 
 living room 96 4,28 2 7 
 bedroom(s) 92 3,83 2 6 
 bathroom 82 3,54 1 6 

  kitchen 92 3,68 2 6 

Ceiling finishes - decorative covering     
 All rooms 45 

1,13 

1,41 0 3 
 living room 13 1,18 0 3 
 bedroom(s) 9 1,46 0 3 
 bathroom 14 1,58 1 3 

  kitchen 9 1,67 0 3 

Wall finishes - paint      
 All rooms 244 

8,57 

5,31 3 8 
 living room 81 5,69 3 9 
 bedroom(s) 79 5,83 4 8 
 bathroom 19 7,18 6 9 

  kitchen 65 4,12 2 7 

Wall finishes - wallpaper      
 All rooms 106 

7,50 

6,03 4 9 
 living room 46 6,79 4 10 
 bedroom(s) 38 5,36 3 8 
 bathroom 0 -  -  -  

  kitchen 22 5,49 3 8 

Wall finishes - tiles      
 All rooms 86 

2,22 

1,90 1 3 
 living room 0 -  -  -  
 bedroom(s) 1 -  -  -  
 bathroom 69 1,96 1 3 

  kitchen 16 1,54 1 3 

fixed furniture      
 bathroom 95 1,71 2,36 1 4 

  kitchen  93 3,33 1,82 1 3 

 



 

The results are very heterogeneous making it hard to draw general conclusions. In addition, the 

variance is high, resulting in a very wide diameter of the 90% confidence interval. Only for painted 

ceilings and kitchen furniture there is a significant difference between the calculated replacements 

and the BCIS results (paint: 8,57 replacements vs. 3,82 at building level; kitchen: 3,33 vs. 1,82). 

Nonetheless some relevant observations can be made. Basically all wall finishes are replaced less 

according to the calculations compared to BCIS, while for the other components the results are more 

related to the room type. The indoor finishes are subdivided per room type, which means the technical 

properties of the used materials are identical. Apparently other motivations affect the results to a big 

extent, in some cases up to a factor 2 (wall finishes – paint: bedroom vs. the rest) or 3 (floor finishes 

- soft and resilient: bedroom vs. kitchen). Possible motivations are economic or aesthetic reasons. 

Also the combination of interventions might shorten or extend the real service life of components.   

 

The most important result of this research is the observation that there is a wide range in the number 

of replacements and that they are not uniform for different parameters of a building, such as room 

type for example. So one single deterministic value per building component is unsuitable for a 

detailed prediction of the number of replacements. Of course the presented results should be 

interpreted with care. A major limitation of this research is the relative small sample size. Before the 

model can be used to provide robust results, the survey data should be extended and improved. In the 

first place, the sample should be representative for the (in this case Flemish) population. A second 

limitation regarding the data quality is the limited amount of observed replacements. Since the 

presented results are mainly based on the predictions of the respondents, these are too much a 

reflection of the surveyors’ opinions instead of on objective observations. In future research, more 

data should be collected to address these two limitations. 

 

On the other hand, the simulated results emphasize the importance of tuning the results more 

specific to their field of application. Besides improving data quality, there are some other important 

research opportunities as well. In this study, only room type has been analysed as an additional 

parameter. However, other criteria could be included as well. User profiles could help to gain insight 

which groups tend to postpone or accelerate interventions. Criteria such as age, ownership status, and 

level of education or family status could result in different replacement rates. Also building related 

criteria such as building type and size could be analysed more in detail. Such results could assist to 

develop more customized guidelines for reducing environmental impacts. As example, industrial, 

flexible and demountable (IFD) buildings typically have a higher initial impact, but the benefits are 

due to the lower impacts of future replacements. The user profiles could identify for which groups 

this structural concept could be environmentally beneficial and which groups fit better with traditional 

non-flexible concepts. 

 

A second research opportunity lies in capturing the cross impact of multiple interventions, which 

could have a big influence as well. At this point, the building components are treated as independent 

entities, but the model is able to include interference between components. It is possible to compute 

virtual time lines at building level as well. If a component is replaced, it can be assumed this will 

increase the probability other components will be replaced at the same time i.e., painting walls after 

installing a new kitchen. Or interventions can be postponed after the technical service life of a 

component is reached when a combined intervention is scheduled. The main issue in this case is the 

data collection, since it is hard to quantify to what extent decisions are mutually influencing each 

other. Which is the cause and which the effect? An attempt was undertaken to include such effects, 

but the survey turned out to be not detailed enough to capture these effects properly. 

Conclusion 

Over the last years, the energy efficiency of buildings has greatly improved. In environmental 

studies taken into account the entire life cycle of the building, this typically results in an increasing 

importance of material related impacts. These impacts take place both at the initial construction and 



 

during the use phase when maintenance and replacements take place. The key factor for estimating 

the number of replacements and corresponding impacts is the service life prediction of the building 

components. In current research often single deterministic values are applied without taken into 

account the corresponding uncertainties. In this study a model is proposed to compute a distribution 

for the replacement of components, based on survey data. The data are analysed by applying a survival 

analysis and the results are fitted to obtain parameterized hazard curves. This curves feed a Monte 

Carlo model to calculate a set of 1000 timelines. For each run, the number of replacements were 

counted and for the total result, the mean and 90% confidence interval were presented.   

 

Despite the limitations of the survey data, the results point out multiple clear discrepancies between 

the calculated and the BCIS reference values. So even without taken more detailed characteristics 

into account, the model indicates the need for more detailed information regarding the estimated 

service life. When the results are analysed more in detail by subdividing the sample based on the 

room type, the results are in many cases even more heterogeneous. This research is a proof of concept 

rather than an exhaustive list of service life distributions and the concept could be extended to the 

lifespan of the entire building as well. More research is needed to come to robust results with more 

complex models (e.g. autoregressive moving average), however the model itself is able to increase 

insight in the magnitude of the uncertainties related to service life prediction of building components. 
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