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Abstract: Innovative designs, such as those taking place in nearly zero-energy buildings, need to
tackle Life Cycle Cost, because reducing the impact of use can carry other collateral and unexpected
costs. For example, it is interesting to include the evaluation of end-of-life costs by introducing
future activities of selective dismantling and waste management, to also improve the environmental
performance of the demotion project. For this purpose, it is necessary to develop methods that
relate the process of selective demolition to the waste quantification and the costs derived from its
management. In addition, a sensitivity analysis of end-of-life parameters allows different construction
types, waste treatment options, and waste management costs to be compared. The assessment of
end-of-life costs in the present work is developed by a case-based reasoning. Cost data are obtained
from three actual studies which are part of the H2020 CRAVEzero project (Cost Reduction and Market
Acceleration for Viable Nearly Zero-Energy Buildings). Results show that end-of-life costs are similar
to traditional building typologies. The most influential materials are part of the substructure and
structure of the building, such as concrete and steel products.

Keywords: selective demolition; waste quantification; nearly zero-energy building; End-of-Life Cost

1. Introduction

The study of the life cycle of buildings has generally focused first on the use phase. Studies about
hotels’” performance consider that this phase can represent between 70%-80% of the total life cycle
energy consumption [1] and 80-90% of CO, emissions [2]; in the case of residential typology, building
operation phase consume between 81-94% of total energy of life cycle and 75-90% of CO, emissions [3].
Once the use phase analysis is delimited, it is then focused on the construction phase. In this stage,
studies have been centered on the manufacture of construction products and the building construction
itself, which last a relatively short period of time (1-2 years) but cause a very high environmental
impact. This is largely due to the intensive use of concrete and steel for the construction of building
structures, which represent a very high percentage of the CO; emissions generated [4,5]. For instance,
Du et al. computed embodied energy to be equal 4.9% of the total life cycle energy of building.
This value was due to covering only the initial embodied energy of the building [6].

However, it is also important to evaluate the whole life cycle of buildings, including end-of-life,
mainly related to demolition and waste management. Rossell6-Batle et al. [1] calculated that around
40-50% of the whole energy of this stage is used to demolish the structure of the building, and to
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transport construction and demolition waste (CDW), which is between 16-32%. The authors also
asserted that this result is highly dependent on the distance travelled to the disposal or recycling plant.
In the European Union, Michailidou et al. [7] highlighted the data unavailability to perform end-of-life
studies. Marrero et al. [8] analyzed urbanization and demolition phases and concluded that both
generate 90% of CDW of whole life cycle; the former is due to earthworks and the latter is due to the
elimination of all buildings materials.

A building’s end-of-life takes place when it is considered out of service [9], implies a total
demolition, selective or not, and includes all its processes and waste management [10,11]. Most building
materials are considered waste in this phase [12]. As defined in the EN-16627 standard, End-of-Life
Cost (EOLC) includes deconstruction/demolition, transport, waste processing for reuse or recycle,
and waste disposal [11].

Several studies related to EOLC can be found in the literature. Islam et al. [13] did a complete
review of Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) on residential buildings. Practical
models and systems of LCA and LCC also were analyzed. The main limitation of the case studies was
that EOLC was not studied in detail. Dwaikat and Ali [14] carried out LCC analysis for a sustainable
building and how to identify and use LCC variables to perform the assessment, considering a useful
life of 60 years. In that case, a deeper study about EOLC was developed. Pelzeter [15] tried to
demonstrate that the optimization of the results obtained with the LCC analysis largely depended on
the assumptions that were made during the calculation process of LCC, but in this study, EOLC were
not determined.

EOLC are important for the construction sector because they can incorporate the concept of life
cycle from the design, in order to promote good practices such as reuse and recycling in selective
demolition works or on-site separation processes for the proper treatment of CDW. Recent European
regulations related to the management of CDW include the concept of circular economy, which focused
on the waste hierarchy: Reduce, reuse, and recycle [16]. Dismantling or selective demolition are
therefore promoted [17], for example, through the Green Public Procurement Program developed by
the European Union.

Furthermore, the European legislation about public procurement has considered since 2014
that the LCC evaluation is necessary to find the most advantageous economical tender [18]. In the
most important standards, LCC is normally divided into four stages, that is, construction, operation,
maintenance, and end-of-life [10], thus allowing, in Net Present Value (NPV) terms, different options
of building design to be compared.

To determine the EOLC of new building designs, the definition of a quantification method of the
materials making up the building is required. Furthermore, its corresponding costs should be known.
Other important aspects to incorporate in the assessment of end-of-life cost are the identification of
technological and administrative barriers to adequately manage CDW, which is widely studied by
the environmental community [19-21]. To analyze the waste generation processes in construction,
quantification procedures should be defined. A recent piece of research divides these procedures into
six categories, namely site visit, generation rate calculation, lifetime analysis, classification system
accumulation (CSA), variables modelling, and others particular methods [22].

The cumulative systems are the most used in the literature [23-25]. In these methods, a construction
works classification system is essential; this system is the structure on which the calculations are
developed to estimate the costs and quantities of each construction material. These systems offer a
rigorous way to quantify waste streams, allowing decision-making to define the most appropriate
treatment strategies for each waste stream. They generally combine computer tools with calculation
tables. Akinade et al. [26] studied the environmental evaluation of building design, and described four
quantification tools, which include the demolition stage in the analysis, as well as its corresponding cost
estimation and material quantification. The first tool was Building for Environmental and Economic
Sustainability (BEES) [27], which allows building products to be individually evaluated. The second
tool was One-click LCA, a software that assesses capital costs, LCC, and environmental impacts of 3D
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models of construction materials and systems [28]. The third tool was Demolition and Renovation
Waste Estimation (DRWE), which is focused on the evaluation of material quantification and waste
management options such as reuse, recycle, and disposal [29]. The fourth one was Integrate Material
Profile and Costing Tool (IMPACT), which measures the environmental impact of construction phase
and the LCC analysis of buildings [30].

In this paper, EOLC will be calculated using the ISO 15686-5:2008 standard [10], which is the
main source for the building LCC calculation. According to this standard, the LCC of a building is the
NPV, which is the sum of the discounted costs and revenue streams during the phases of the selected
period of the life cycle. The phases of the life cycle that are included in the calculation are the initial
investment cost (design and construction), the cost for operation and maintenance, and the EOLC [31].

An assessment model is proposed to study the end-of-life phase, including quantification and
management of demolition waste. These assessments are needed in economic and environmental
analyses. This study will be applied to Nearly Zero-Energy Buildings (NZEB), as part of the H2020
CRAVEzero research project, of which the objective is to identify the additional economic costs of
NZEB from the point of view of the complete life cycle, in order to be able to make proposals that
minimize these costs. As part of the project, Pernetti et al. have developed a tool that implements a
global and structured methodology [32]. This tool analyzes a set of NZEB case studies, representing
the most technologically advanced buildings across Europe. The projects data have been provided by
the companies Bouygues, Skanska, Kohler & Meinzer, ATP sustain, and Moretti, which participated
as designers, general contractors, or technology providers in the construction processes of buildings.
NZEB have the challenge of reducing energy consumption in the stage of use of the life cycle of
buildings, the longest and most impacting phase [33,34].

European NZEB are defined as “Very high energy performant buildings with a very low amount
of energy required covered to a very significant extent by energy from on-site or nearby renewable
sources” [35]. In the European Union, each country can established his own energy consumption
and emissions requirement, e.g., new single-family house in Madrid (Spain) should not surpass
44.6 kWh/m? of primary energy consumption or 10.1 kgCO,/m? of emissions per year [36]. Furthermore,
each level of energy performance will be joined to cost-optimality solutions to evaluate the building
energy performance [33,37]. A NZEB typology will be mandatory in new buildings in the European
Union States (EU) by 2021 [33,38]. These improvements achieve an energy demand reduction from
non-renewable energy sources [34,38], e.g., in Spain, a NZEB could reduce approximately 75% of
energy consumption and emissions [36].

In the early stages of the design, the analysis of the EOLC should allow all costs to be estimated.
For this purpose, construction materials, dismantling processes, and waste management should be
quantified. In this work, an EOLC assessment is proposed for the CRAVEzero project, which is
based on the standard classification system of construction work of the Andalusian Construction Cost
Database (ACCD) [39]. The methodology developed by the ARDITEC research group [8,12,25] for the
quantification and environmental assessment of CDW is also implemented.

However, we can say that there are insufficient studies or information regarding the EOLC.
Therefore, one of the objectives of this article is to propose a methodology to estimate the costs
and the quantification of waste generated by this phase because the impact from the environmental
point of view is crucial; consequently, its analysis is pertinent. In addition, a sensitivity analysis of
end-of-life parameters allows for the comparison of different construction types, waste treatment
options, and waste management costs. The estimation model is developed by a case-based reasoning
and cost data are obtained from three actual studies that are part of the CRAVEzero project.

2. Methodology

The proposed model calculates the EOLC through the quantification of demolished materials
by using an indirect estimation method per Kim classification [40]. This method predicts the waste
generated by construction work units and accumulation units. The quantification during the project
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design stage is based on a forecast of the CDW production and is helpful for defining the potential
recycling benefit and disposal costs.

In Spain, a waste quantification method, included in the category of CSA methods, allows the
volumes of waste generated by a building demolition to be known [25,41]. In addition, if this method
is combined with a cost classification method of work units, a waste cost estimation is likely to be
obtained [42]. The ACCD is employed in this work for the work unit definition [39] as it has been
successfully used in previous works on waste quantification [43]. EOLC includes costs of demolition
(TDC), load (TLC), transport (TTC), and waste (TWC) [9]

EOLC = TDC + TLC + TTC + TWC 1)

The structure of the EOLC calculation is divided into three groups (Figure 1). The first group is
demolition costs (DC), the second group is made up of load (LC), transport (TC), and waste management
costs (WC), and the third one is EOLC in terms of NPV. NPV represents the actual value of a future
cost, so the project time analysis and economic factors, such as discount rate and inflation, should be
considered [44]. These costs categories are compatible with the indications of the ISO 15686-5 and EN

15643-4 standards [10,45].
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Figure 1. Groups and data flow for the end-of-life cost calculation.

2.1. Demolition Costs

The demolition activity is mainly conducted in two ways, massive demolition or dismantling and
selective demolition. The former is not considered in this work because it does not meet European
policies [35,46] about CDW management due to the mixed waste that it produces. In economic terms,
there is no consensus about which demolition (massive or selective) is the best economic option;
on the one hand, Dantata et al. indicate that selective demolition can be 17-25% greater than massive
demolition costs [47], and on the other hand, some studies consider selective demolition more profitable
than massive demolition [12,48,49]. When the demolition method is massive, costs can be calculated
by means of the volumetric or area data of the building. However, if a selective demolition takes place,
detailed information of the building design should be available.

ACCD [39] is employed in this paper for the work unit definition. Its most widespread use is for
estimating costs in the construction sector and is mandatory in public works in Andalusia (Spain) [50].
It uses a hierarchical organization for work units, where the highest level is the construction site, followed
by categories called chapters, each representing a construction process (for example, demolitions,
foundations, installations, waste management, etc.), which then in turn are divided into subchapters.
The base of this structure is formed by the Basic Costs, which correspond to elementary resources
(materials, machinery, and labor), which are added to form Auxiliary Costs, generally mixtures of
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materials such as cement mortar. The aggregation of several basic and auxiliary costs give rise to
Simple Costs, which represent the various construction activities or work units. Putting together
Simple Costs generates Complex Costs, which represent more complicated work units.

In this research, demolition cost is calculated (Figure 2) by assigning Demolition Complex Costs
to each building element (BE). The last are parts in which the building’s project is divided, and they
were used in CRAVEzero project to calculate LCC. Some examples are foundation, facilities, and roofs.
Each of them is expressed in a certain unit of measurement: m?, kg, m, etc. Thirty-nine new Demolition
Complex Costs and thirty-one Simple Costs were defined using ACCD. These costs have been defined
to adapt the demolition process to the work units in the case studies, such as wooden structures and
renewable energy systems.
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Figure 2. Groups and data flow for the end-of-life cost calculation.
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In many cases, the unit of measurement of BE could be different to the one of the corresponding
demolition work unit, thereby a unit conversion ratio (CR) is required. The demolition cost of each BE
(DC;) is calculated according Equation (2),

DC; = Q; X Z (CR;; x DC)) @)

where DC; = Demolition Cost of BE;, and Q; = Quantity of BEi, expressed in its unit of measurement.
CRjj = Unit Conversion Ratio. DCj = Demolition Simple Cost j, expressed in €/unit of measurement.
The sum of the DC; that are part of the BE, leads to the total demolition costs (TDC) of the building
according to Equation (3),

TDC = ZDCi ®3)

Table 1 shows the BE, roof, and, the Demolition Complex Cost generated from the Demolition
Simple Costs, and how the use of CR is necessary to be able to relate the units of both elements (BE and
Demolition Costs). Finally, the cost of the roof with cold attic (DC) is 33.67 €/m2.

Table 1. Example of Demolition Complex Cost of building elements (BEs).

Description Q; umBE
Roof with cold attic 1541 m?
Components Height (cm)

Gypsum board 1.30

Wood/air 2.80

Plastic foil 0.02

Isolation + Wood frames 60.00

Wood 2.20

Bituminous sheet 3.25

TOTAL height 69.57

Breakdown cost calculation
umDC; Concept CRij €/umDC; €/umBE

m? Selective demolition wood roof 1.00 m2/m? 7.46 €/m? 7.46 €/m?
m?2 Selective demolition wood frames 1.00 m?%/m?2 14.72 €/m?2 14.72 €/m?
m? Selective demolition suspended ceiling 1.00 m%/m? 2.24 €/m? 2.24 €/m?
m3 Selective demolition isolation panels 0.60 m3/m? 15.42 €/m?2 9.20 €/m?
TOTAL 33.67 €/m?

2.2. Load, Transport, and Waste Management Costs

Load, transport, and management activities represent the conversion of demolished BEs into
waste and their treatment cost. Previously to cost calculation, waste should be quantified, and waste
management options should be defined. The first part of the calculation process (waste quantification)
is performed with the support of the ARDITEC waste volume calculation [25].

For each BE, a volume conversion coefficient (CC;) is applied to change the unit of measurement
of the BE to cubic meter. This ratio indicates how much apparent volume (m?3,) is contained in a unit
of the BE before being demolished. In example (Table 1), a wooden roof has 0.6957 m3,/m%. However,
gaps are discounted by measuring the project to obtain a value of 0.6957 — 0.021 = 0.6747 m3,/m?.
This last figure (0.6747) is what it is defined as CC;.

After BE is demolished, its volume is changed and is transported as bulk volume. This conversion
is made by a bulk volume ratio (CTj). Representative CT; values are in parenthesis, for reinforced
concrete (1.30), walls-partitions (1.30), tiling (1.20), ceiling (1.35), wood doors (1.15), heaters (1.00),
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and glass (1.10) [8,25]. The demolished bulk volume (DBV;) of the BE is defined as the demolished
volume generated by each BE of the project according to Equation (4).

DBV; = Q; x CC; x CT; (4)

In the example of Table 1, DBV yooden roof = 1541 X 0.6747 X 1.30 = 1351.98 m3,; CT; in this case is
1.30. An average value of CT; is stablished for each BE.

It is necessary to calculate the total waste of each material that can be generated by each Demolition
Complex Cost. Therefore, the next step is to determine the weight of different material components
by nature in the BE. The waste nature is defined by using the classification from the European Waste
List [51], included in Chapter 17 Construction and demolition wastes. The codes are 17 01 01 concrete,
17 01 07 ceramic, 17 02 01 wood, 17 02 02 glass, 17 02 03 plastic, 17 03 02 bituminous, 17 04 07 metal,
17 04 11 cable electric, 17 05 04 soil, 17 06 04 isolation, 17 08 02 gypsum-based, 17 09 04 mixed inert,
17 09 04 mixed non-inert, and hazardous materials.

Firstly, the percentage of each material in the BE, the material volume percentage (VPy;), should
be determined according to Equation (5),

VP = qui X (CC/CC) ®)

where qy is the quantity of the material included in the BE per unit of BE. It is obtained from the bill of
quantities of the project. CCy is a conversion ratio that relates the unit of measurement of the material
included in the BE to volume unit (m3). CC; comes from Equation (4).

For example (Table 1), the percentage of wood in BE (wooden roof) will be calculated. CC; is
calculated before (0.6747 m3,/m?); CCy = 1, since wood is measured in m?3; and ki is obtained from the
bill of quantities of wooden roof, in this case 0.039 m3/m?2, VP 00d, wooden roof =0.039 X 1/0.6747 = 5.78%.
A similar analysis is done with the other materials that are part of the BE. Thus, it is possible to
determine the quantity of demolished bulk volume for each material (DBVy;), according to Equation (6),

DBV, = DBV; X VPy; (6)

To determine the demolished weight material (DWy;), the bulk density (dby;) is employed
according to Equation (7),
dby; = day / CT; @)

where day is the apparent density. Finally, DWy; was calculated according to Equation (8),
DWy; = DBVy; X dby (8)

In the example (Table 1), the bulk density of wood = 0.5 t/m3 and DW yoo0d, wooden roof =0.0578 X
1351.98 x 0.5 = 39.07 t. This process is done with all the materials that make up the BE. In this example,
the materials are wood, bituminous, plastic, insulation, and gypsum. This process would be replicated
for all BEs in the project.

After determining all weights, the treatment option percentage can be indicated for each material.
The waste treatment options are chosen by considering the waste treatment hierarchy, reuse (PUy),
recycle (PYy), and disposal (PDy) [16], thus allowing different percentage combinations to be compared.
Quantities are obtained (in weight) of reused (DWUy), recycled (DWYy), and disposed (DWDy) waste
with the Equations (9), (10), and (11) respectively,

DWU, = PUy x prki ©)

DWY, = PYy x ZDWki (10)
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DWD, = PDy, x ZDwki 11)

After determining all material weights, the costs of load, transport, and waste treatment can be
established. The total load cost (TLC) includes in situ transport of waste and being loaded on a truck,
according to Equation (12),

TLC = LC x Z(DWUk + DWY, + DWDy) (12)

The calculation is made by multiplying the unitary load cost (LC) per tonne to the waste weight,
after adding the weight of different waste treatment options. The total transport cost (TTC) includes
all the costs incurred from the construction to the treatment site. The calculation is made with the
Equation (13),

TTC = Z (TC x WTDok x DWok) (13)

where TC is the unitary transport cost (TC), WTD, is the distance between the worksite and the waste
treatment site, and DW is the total amount of waste and waste treatment option (the options are
recycling or disposal). The total waste treatment cost (TWC) includes all the cost related to the waste
treatment site, fees, and special taxes included according to Equation (14),

TWC = Z (WCox X DWy) (14)

which is the summation of each unitary waste treatment cost (WC,y) per tonne times the total amount
of wasted materials for each treatment option DWy (recycling or disposal).

2.3. EOLC

The EOLC is calculated through the aggregation of demolition, load, transport, and waste
treatment costs (Equation (1)). This cost will be therefore affected by economic factors over time and
indicates the investor’s time value of money [44]. The NPV of EOLC is obtained from Equation (15),

EOLCnpy = EOLC x (1 +1)Y/(1 + dr)Y) (15)

where EOLCnpy represents the present worth of an investment, which will take place in the future,
so the period of time (y), the value of discount rate (dr), and the inflation rate (i) that the investor
considered in the LCC assessment should be known. This equation is used for the LCC assessment in
ASTM 917, EN-16627, and ISO 15686-5 [10,11,44]. Additionally, if the data cost is not recent, an updated
cost factor is also required [10].

2.4. Cost Normalization

To compare the results of EOLC of the case studies and to add into previous costs calculated of
NZEBs, a cost normalization should be performed [32], because these case studies come from different
countries in Europe. For this purpose, the European construction cost index is employed [52] to
establish an equivalence value of the EOLC obtained from the ACCD and the CRAVEzero project. It is
defined as EOLCnpyn and obtained in Equation (16),

(EOLCNP\/)H = EOLCva/iCd (16)

EOLCnpy represents the end-of-life cost calculated with ACCD in this research, and icd is the cost
index of Spain where the ACCD is defined.

2.5. Sensitivity Analysis

The main weak point of an LCC analysis are the assumptions that should be made for the input
parameters. The difficult access to data, especially in the case of economic boundary conditions,



Sustainability 2020, 12, 6255 9of 18

leads to uncertainty in LCC calculation, thus limiting its application. To determine the most relevant
input parameters and to tackle in this way the uncertainty issue, a sensitivity analysis is performed,
so decision makers could concentrate on the analysis of the most critical parameters [53].

First, the set of input parameters and their variation range must be selected. On the one hand,
a fixed range can be adopted from the technical literature, norms, and the data collection of case studies,
i.e., interest rates. On the other hand, if a fixed range is not available, e.g., the price of building features,
the baseline value is arbitrary varied, +10%.

One of the simplest screening techniques, the differential sensitivity analysis, is adopted. This method
belongs to the class of the one factor at a time methods [54-56]. The impact on the LCC of one parameter
at a time is studied, keeping the other parameters set equal to their baseline value. In spite of the
influence of inflation rate and discount rate, it is very intense in terms of present worth. This affirmation
is widely supported in existing literature [13,44,56,57]. Thus, we focus the sensitivity analysis on
evaluation of parameters related directly with EOL: Recycle percentage (PYy), Recycle distance (DY),
Disposal distance (DDy), Unitary recycle cost (CY), and Unitary disposal cost (CDy).

2.6. LCC CRAVEzero Calculation

For the LCC calculation of the other life cycle phases (design, construction, and operation)
CRAVEzero methodology [32] was adopted, which is resumed in this section. The first step for
the calculation of the LCC is establishing the time period. Following the framework of the ISO
15686-5:2008 standard, the largest period possible is 100 years [10] but shorter periods lead to more
reliable assessments as time-uncertainties have a smaller impact. For the phases up to the operation
phase, a period of 40 years was selected. A common discount rate value for all case studies was
adopted to updating future costs over the 40-year life. The selected value was taken from the FRED
Economic Database [58], which provided an average discount rate of 1.51% for the time period going
from 2009 (the year of construction of the oldest case study) to 2017 (time period during case studies
were built). Average values from 2009-2016 (year of construction of the case studies) of interest rate
were used. Interest rate is taken from CRAVEzero project, which is necessary to maintain for further
comparison and aggregation. Inflation rate was not considered in this calculation since it affects all
results in the same way.

In a second step, energy costs related to building operation were obtained from CRAVEzero
project. As the official energy bills were not available in most cases, the evaluation was based on the
energy demand calculated. In particular, the energy consumption and production was analyzed using
the PHPP evaluation tool [59]. Energy prices derived from Eurostat [60], considering the average
values from 2010 to 2017.

The analyzed buildings were built between 2009 and 2016, and there are not enough data for
maintenance cost yet. Therefore, the analysis within CRAVEzero of maintenance and use costs was
based on the standard values from the literature. In particular, the EN 15459:2017 standard [32,61]
provided annual maintenance costs for each item, including operation, repair, and service, as a
percentage of the initial construction cost. For passive construction elements, an annual average value,
representing 1.5% of the construction cost, was taken for the evaluation, and it was verified with
average values derived from the experience of industry partners in the CRAVEzero project.

3. Case Studies Description, Scenario

3.1. Case Studies Description

Three buildings with different construction characteristics were chosen for this study (Table 2).
Their main difference was their structural material, ranging from concrete, wood, and mixed. Also,
they have a high degree of thermal insulation in their envelope, use low-consumption installations,
and have their own system of photovoltaic power production.
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Table 2. Nearly Zero-Energy Buildings (NZEB) case studies description and equipment. Adapted from
Pernetti et al. [32].

Name Residence Alizari

Solallén Vila Gard
Year 2015 2015 2012
Location Malaunay (France) Vixjo (Sweden) Helsingborg (Sweden)
GFA {m?} 2825 2100 1815
Building typology Residential Residential Office building
Floors 5 1 3

Concrete structure. Triple
glazing, internal and
external insulation
Balanced ventilation with
heat recovery, centralized
wood boiler, photovoltaics

63.90 kWh/mZ.yr

Concrete structure except
wood roof. Well insulated
and airtight

Wood structure. Well

truction feat . e
Construction features insulated and airtight

Balanced ventilation with
HR, GSHP, photovoltaics

Balanced ventilation with

Equipment features HR, GSHP, photovoltaics

Net final energy
consumption
GFA = gross floor area, HR = heat recovery, GSHP = Ground source heat pump

28.18 kWh/m?.yr 12.58 kWh/m?.yr

3.2. Scenario

To compare different buildings correctly, economic and geographical estimates were made,
including the normalization of the economic values of the LCC (Section 2). Furthermore, the idealization
of the location of waste treatment plants included the unification of the distances between the
construction site and the plant. In addition, the costs of each type of waste management, such as reuse,
recycle, and/or disposal, for each waste stream were defined by employing current fees in Spanish
municipalities and ACCD [39,62,63]. Reuse did not take place due to the complex factors making it
difficult to define its corresponding costs because of both the opacity in the market of construction
companies and the lack of public data. Recycling and disposal rates at European level were obtained
from the project called Resource Efficient Use of Mixed Wastes Improving Management of Construction
and Demolition Waste [64] as well as from the Institute of Civil Engineers [65]. Main data and its
sources are summarized in Table 3; no estimation has been made in the present work besides the cost
normalization as explained in Section 2.4.

Table 3. Data scenario and assumptions.

Parameter Value Source
Life cycle cost building Various [32]
Time period 40 years [32]
Inflation rate 0 -
Discount rate 1.51% [58]
Cost normalization index Spain 70.52% [52]
Load Cost (LC) 0.65 €/t [39]
Transport Cost (TC) 0.69 €/t km [39]
Demolition Cost (DC) Various [39]
Waste Treatment Cost (WC) Material(k) Recycle (WCYy) Disposal (WCDy) [39,62,63]
Mix non-inert - 70.00 €/t
Mix inert 9.50 €/t 30.00 €/t
Concrete 4.00 €/t 30.00 €/t
Ceramics 6.00 €/t 30.00 €/t
Wood 25.00 €/t 70.00 €/t
Glass 30.00 €/t 70.00 €/t
Bituminous 3.50 €/t 70.00 €/t
Metal —80.00 €/t 30.00 €/t
Cable —-900.00 €/t 70.00 €/t
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Table 3. Cont.

Parameter Value Source
Soil 3.00 €/t 30.00 €/t
Isolation 60.00 €/t 80.00 €/t
Gypsum based 60.00 €/t 80.00 €/t
Paper 3.50 €/t 70,00 €/t
Hazardous - 80,00 €/t
Waste Treatment Distance (WTD) 15 km -
Recycle waste percentage
Mixed inert, concrete, ceramic 75% [65]
Gypsum-based 10% [64]
Wood 57% [65]
Metal 80% [64]
Soil, glass, paper 50% [64]
Plastic, bituminous, isolation 25% [64]

4. Results and Discussions

4.1. EOLC Results

The importance of the EOLC is established by comparing it with the rest of the LCC previously
calculated in the CRAVEzero project [32]. The indicator chosen for comparison was the cost per Gross
Floor Area (GFA).

EOLC is divided into demolition, load, transport, and waste management costs. In Figure 3,
EOLC in the three cases is approximately 100 €/m2 and 5% of the LCC.

9
7.66%
2000 8
70%
60%
1500 ® Design
® Construction
® Building site management 50%
® Maintenance
1000 Net energy consumed 0%
W End of life
30%
s0 20%
410
10%
183
88

Loom s w

Residence Alizari Solallén Vala Gard Alizari Solallén VilaGard

100

X

2500

g

. 7.00%

4.32%

g

 %waste management

%transport

= %load

LCC BREAKDOWN {€/M2}

m %demolition

% END OF LIFE COST BREAKDOWN

g

Figure 3. Life Cycle Cost (LCC) breakdown and End-of-Life Cost (EOLC) breakdown percentage.

Comparing these results with other research, Banias et al. determined the transport and management
cost is in the range between 31-42 €/m? [66], but cost normalization or NPV were not applied. In terms of
the importance of the EOLC with respect to the LCC, Islam et al. established those in 2.69% (a discount
rate of 6% and a study period of 50 years) [13], Pelzeter in 1% (a discount rate of 5% and a study period
of 90 years) [15], and Dwaikat in 1% (a discount rate of 0% and a study period of 60 years) [14]. The
difference was mainly due to different discount rates and the number of years employed.

The cost distribution (Figure 3) of EOLC was as follows: Demolition cost from 82 to 84%,
waste management from 8 to 14%; transport cost from 4 to 7%; and load cost, 1%.
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4.2. Waste Streams and EOLC

Table 4 shows the total amount of waste streams obtained in this work and in others [23]. The insulation
material was that showing significant differences, as expected in NZEB.

Table 4. Weight of waste/Gross Floor Area (GFA) (kg/m?).

Residential. Residential Non-Residential.
Waste Alizari Reinforced. Solallén : Vila Gard Reinforced
Wood *
Concrete * Concrete *
Concrete 810.76 492-840 278.95 137-300 683.50 401-768
Wood 3.08 12-58 92.81 70-275 61.93 20-159
Metal 45.49 9.8-28.4 9.84 4.8-22.5 34.69 28.4-53
Isolation 9.69 0.1-2.2 47.32 0.1-2.2 19.58 0.1-2.2
Gypsum 27.57 10.8-64.3 40.61 10.9-105.4 12.67 10.8-75.7
*[23].

Another work analyzed the construction waste generated during the building life cycle of social
housing projects [8] named P1, P2, and P3; the main streams of P2 and P3 (concrete, plastic, and metallic
waste) were similar to those included in this work, the Residence Alizari project, but P1 was significantly
different due to its urbanization characteristics.

In the three case studies, a detailed analysis of the influence of the materials within the EOLC, in terms
of the percentage per weight and costs of transport and management, is shown in Figure 4. The main
materials were concrete, metallic, insulation, wooden, and gypsum-based materials, representing
between 88 and 95% per weight. Moreover, NZEB buildings increased the amounts of insulation waste,
thus making the recycling of these materials important.

100% 120%

90%

80%

70%

60%

50%

40%

%BUILDING WASTE WEIGHT BY MATERIAL

30%

20%

10%

0%

8.75%

11.74%

4.63%
0.31%

8.90%

1.85%

17.45%

82.52%

52.44%

Residence Alizari Solallén

4.62%

2.30% 110%
4.07%
13.75% 9.47%

20.47%

o - 806%

3.93%
80% 0.8

0%
16.33%
70%

60%

Concrete
Concrete

Wood Wood

¥ Metal 17.80% ® Metal

9
Isolation S0% Isolation

80.25% = Gypsum

¥ Gypsum 40% 80.26%
22378 68.71% Others
Others 30%

20%

25.63%

% WASTE MANAGEMENT AND TRANSPORT COST BY WASTE MATERIALS

10%

0% -2.07%
-10.29% §L27%
-10%

Vila Gard Residence Alizari Solallén Vila Gard

Figure 4. Waste fraction per weight and its influence on transport and waste management cost.

In the percentage comparison of the material weight, the importance of concrete was stressed as it
represented between 80 and 82% in buildings with a reinforced concrete structure and facade, and 52%
when it was employed only in the foundation.

The cost of transport and waste management represented between 79 and 90% of the EOLC.
In turn, the metallic materials which were sold were between —3 and —10%.
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4.3. Sensitivity Analysis

The sensitivity analysis compared the percentage of variation of the EOLC with respect to waste
parameters, when the parameter studied changes 1%. In terms of the EOLC and the building weight,
the five materials most influencing were as follows (see Figure 5): Concrete, metallic, insulation,
wooden, and gypsum-based materials. Moreover, the three case studies were compared.

The first parameter evaluated was the waste recycling percentage. The results showed that concrete
was the most influential, which was between 4 and 12%, followed by metallic materials which were
between 1 and 3%, and wooden materials which were between 0 and 2%. The second parameter
assessed was the distance to the recycling plant. The waste most influencing the EOLC was also
concrete, which was between 2 and 5%; the remaining waste did not significantly affect the EOLC.

The third parameter analyzed was the distance to the disposal plant. The residue most affecting
the EOLC was also concrete, which was between 1 and 2%; the remaining waste did not significantly
affect the EOLC. The fourth parameter evaluated was the unit cost of waste recycling. The results
showed that the cost of recycling metallic waste varied up to 2%. Then, concrete influenced between 1
and 2%, and finally, the wooden waste reached up to 1%.

The fifth parameter was the unit cost of disposal. Concrete waste was again the most influential,
between 2 and 5%. Wooden, insulation, and gypsum-based materials were up to 2% of EOLC. The results
showed, in general, that the EOLC was mainly influenced by the materials most presented in the
building, and in particular those which were part of the structure and substructure.
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Figure 5. Sensitivity analysis. EOLC performance.

Also, it is possible to analyze the differences between concrete and wooden buildings, verifying
that in the latter (Solallén), the influence of wood on the sensitivity analysis is much greater than
in the other two buildings (Alizari and Vila Gard). The uncertainties in the main material volume
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calculations (i.e., concrete) were low because this material was an essential part of the building structure
and was always precisely defined in construction projects due to safety issues.

5. Conclusions

This work defines an assessment model for the evaluation of the EOLC of buildings, based on
a cost model that implements selective demolition. It is aimed at designing stage decision making,
by knowing in advance what type of waste is to be generated at the end-of-life and its economic
impact. These aspects could be considered during the materials selection in the building design stage.
In addition, the influence of the distance to the recycling plants is also assessed in economic terms,
as well as the influence of waste management fees.

Firstly, the results showed that the EOLC represented approximately 5% of the total of the LCC.
That percentage significantly changed with modifications in time span and discount rate, thus making
the comparison to other results difficult. Furthermore, among the elements describing the EOLC
(i.e., demolition, load, transport, and waste management costs), demolition costs were those most
influencing the EOLC as they constituted between 82 and 84% of the total. In addition, these percentages
were not affected by the typology of the structure or by the number of floors.

Secondly, the results showed that the waste generated was mainly from the foundation and
structure. In particular, concrete, wood, metals, insulation, and plaster-based materials. Also, the indicator
of weight per floor area obtained in the three case studies was in line with those calculated with
other methodologies in the scientific literature. Moreover, NZEB buildings increased the amounts of
insulation waste, thus making the recycling of these materials more important than in conventional
projects. The presence of waste that generates income, such as metallic waste, showed the importance
of the recycling market.

Thirdly, the sensitivity analysis indicated that the parameters most influencing the EOLC were
the percentages of recycled waste and disposal unit cost. In this regard, it was clearly shown that if
the difference between disposal costs with respect to recycling costs increased, then recycling would
be an economic advantageous. So, the sensitivity analysis confirmed, as previously mentioned,
that those materials constituting the building structure and foundation were the most influencing,
and consequently, recycling policies would be focused on these materials.

In future works, the complete LCC of the building will be calculated for a bigger sample of
building typologies.
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Abbreviations

Equation Parameter List

CGi Volume conversion ratio of building element {m3,/umBEi}

CCk Volume conversion ratio of material {m3,/umMKk}

CRij Unit conversion ratio. {umDCj /umBE;}

CTi Bulk volume ratio {m3,/ m3,}

DCi Demolition cost of building element {€}

TDC Total demolition cost {€}

day Apparent density of material { t/m>,}

dby Bulk density of material {t/m3)

dr Discount rate {dimensionless}

DBV; Demolished bulk volume of building element {m3y}.

DBV Quantity of demolished bulk volume for each material {m3y,}.

DC]~ unit demolition cost {€/umDGC;j}

DWy Quantity of demolished weight for each material {t}

DWUy Demolition waste reuse {t}

DWYy Demolition waste recycle {t}

DWDy Demolition waste disposal {t}

EOLC End-of-life cost {€}

EOLCnpy End-of-life cost net present value {€}

(EOLCnpv)n  End-of-life costs net present value and normalized. {€}

i Inflation rate {dimensionless}

icd Cost index {dimensionless}

Pok Treatment option percentage {dimensionless}

PUy Reuse percentage {dimensionless}

PYy Recycle percentage {dimensionless}

PDy Disposal percentage {dimensionless}

Q; Quantity of building element {umBEi}.

qxi Quantity of the material included in the BE {umM;/umBE;}.

TLC Total Load costs {€}

TTC Total Transport cost {€}

LC Unitary load cost {€/t}

TC Unitary transport cost {€/t-km}

TWC Total Waste treatment cost {€}

Vi Volume percentage of material k in building element i.
{dimensionless}

WCqk Unitary waste treatment cost {€/t}

WTDx Waste treatment distance {km}

y Period of time {years}

Measure Unit List

m3, Apparent volume.

md, Bulk volume.

umBE; Unit of measurement of building elements {m, m2, m3 ... }

umDCG; Unit of measurement of demolition work unit {m, m2, m3... }

umMy Unit of measurement material {m, m2, m3,t... }

t tonns
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