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Abbreviations

ADR Advanced dry recovery technology

BAU Business-as-usual

CDW Construction and demolition waste

CRLWCA Coarse recycled lightweight concrete aggrega
DGR Dry grinding & refining system

EC European Commission

EED Energy Efficiency Directive

EoL End-of-life

EPBD Energy Performance of Buildings Directive
EPS Expandable polystyrene

EU European Union

FRLWCA Fine recycled lightweight concrete aggregate
HAS Heating-air classification system

LCA Life cycle assessment

LCC Life cycle costing

LCSA life cycle sustainability assessment

MS Member State of the EU

NECP National Energy and Climate Plan

NEEAP National Energy Efficiency Action Plans

PCE Prefabricated concrete element

PCEL1 Prefabricated concrete element for new bglin
PCE2 Prefabricated concrete element for existinliglipgs
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RFUA Recycled fiber wool ultrafine admixture

RGUA Recycled glass ultrafine admixture

SETAC Society of Environmental Toxicology and Chstmyi
URLWCA Ultrafine recycled lightweight concrete aggate
VEEP European Union Horizon 2020 project VEEP

Abstract

Around 35% of the buildings in Europe are over Barg old and almost 75% of the building stock is
energy-inefficient. A European project VEEP is depeng an innovative prefabricated concrete
element (PCE) system to improve the thermal perdmece of new buildings (PCE1) and old
buildings (PCE2). This study focused on retrofgtiof old buildings via over-cladding of the
building envelope with PCEZ2. This study aims tarira building owner/consumer’s perspective to
explore the life cycle economic performance of B@E2 system at an early stage and associated
cost optimization strategies under the EuropeanesdnThis study tries to answer four questions: 1)
whether the use of the PCE2 leads to an economeangaje over a specific life cycle of an existing
building. 2) what is the biggest cost stressorhia life cycle of a PCE2? 3) the potential route for
further cost optimization. and 4) how would thecdisnt rate affect the life cycle costs, especially
when Europe has entered a negative rate age? gatygpartment building in the Netherlands is
selected as the case study for dynamic thermallation, in which the heating and cooling energy
demands before and after refurbishment with PCHRba&ievaluated. By employing environmental
life cycle costing (LCC), the life cycle costs ovd® years and associated strategy for cost
optimization will be investigated. This research naly unveils meaningful financial implications
on resource-efficient building energy retrofittingg Europe but also provides insight on

methodological dilemmas within the application &C.

Keyword: life cycle costing (LCC); construction and demiolit waste (CDW); building retrofit;

recycling; prefabricated concrete element, eneffigiency



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

1. Introduction

The building sector is responsible for 36% of L&issions and 40% of energy consumption in the
European Union (EU), and almost three-quarters®buildings in Europe are energy-inefficient [1].
Directives at EU level have been enacted for cistve renovation of buildings. In 2010 the EC
enacted the revision of the Energy PerformanceuidBigs Directive (EPBD, 2010/31/EU) aiming
to optimize the energy efficiency of the EU builgnby the cost-effectiveness of energy efficiency
measures [2]. The Energy Efficiency Directive (EEID12/27/EU) states in Article 4 that Member
States (MS) shall establish a long-term strategyniobilizing investment in the renovation of the

building stock [3].

As a Member State of the EU, the Netherlands wagested to draw up national energy efficiency
plans. For instance, The EED states in Articlelzt Member States (MSs) shall submit National
Energy Efficiency Action Plans (NEEAP) which cowrergy efficiency optimization measures and
expected and/or achieved energy savings by 20 eaery three years thereafter [3]. The fourth
NEEAP for the Netherlands was drafted by the Mearisif Economic Affairs and the Minister of the

Interior and Kingdom Relations in the Netherlandgart of the obligation to report to the NEEAP
[4]. For the period from 2021-2030, each EU MS wks® required to draft a National Energy and
Climate Plan (NECP) indicating methods to achieveerdes of targets by 2030 [5]. The Dutch
building renovation strategy is mainly based on Emergy Agreement for Sustainable Growth [6],
which includes plans on energy conservation inbiné environment. According to the Netherlands
Environmental Assessment Agency, to respond toggnefficiency ambitions in those plans, the
Netherlands committed to an energy-neutrality tavgéhin the Dutch built environment by 2050.

This means of 7.5 million dwellings, 80% are to reaovated to energy-neutral levels by 2050,

which indicates 170,000 homes are to be renovaedmmum [7].
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Moreover, gradual aging of building stock triggemassive deconstruction, bringing about the
skyrocketing of construction and demolition wast®W). To support the energy retrofit and CDW
management, a European project VEEP has been géwglan innovative technological system to
recycle CDWs for fabricating multilayer prefabriedtconcrete elements (PCE) that are employed to
optimize the energy performance of buildings. Thehtological system includes an integrated
Advanced drying recovery technolo@yDR) andHeating-air classification systeftHAS) for fully
recycling end-of-life (EoL) normal-weight and ligieight concrete for production of secondary
coarse and fine concrete aggregate and cementfigntisle [8—10]. Additionally, the fiber wool and
glass waste is recovered aaDry grinding & refining systeftDGR), to produce secondary ultrafine
aggregate [11]. Those recycled materials are appbethe production of new normal-weight and
lightweight concrete, and green aerogel in thelfimaduct PCE. The PCE solutions will be
conceived both for new building envelope/recladdi@CELl) and for building envelope
refurbishment/over-cladding (PCE2). PCE1 and PGE&Zaitable for most building families such as
collective residential buildings, office buildingsd school buildings. The life cycle performance of

PCEL1 was already presented in the previous stutly &hd this study only focuses on the PCE2.

The PCE2 system is at its designing stage, so uindear whether the application of this PCE2
system will necessarily provide an improvementverall economic benefits along the life span of a
building. The goal of this study is at an earlygstdrom the consumer’s perspective to compare the
economic viability and associated optimizing sigae of a wall of building refurbished with the
VEEP PCEZ2 to the wall of building refurbished wilie business-as-usual (BAU) PCE2, and to the
wall of building without refurbishment under thentext of an EU MS the Netherlands. Thus, this
study aims to answer the following research questirom an empirical aspect: 1) whether the use
of PCE leads to an economic advantage over a gpéfafcycle of an existing building; 2) what is
the biggest cost stressor in the life cycle of aEPT 3) the potential route for further cost
optimization; and 4) how would the discount ratieetf the life cycle costs, especially when some
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European countries have entered a negative ratefesartual apartment in Europe is selected for
dynamic thermal simulation, in which the heatingl aooling energy demands before and after
refurbishment with PCE2s will be evaluated. By emgpig environmental life cycle costing (LCC),
the life cycle economic performance of the apartmefurbished with or without PCE2 over 40
years was investigated, and associated stratemie®$t optimizations were introduced. In addition,
the potential costs for the implementation of tHeEW PCE2 system in the Netherlands for different

cohorts of the buildings, as well as in other EUy\8ere compared.

This research not only provided financial implicas on building energy retrofit but also identified
the debates in LCC that need to be further expltoddcilitate the integration of the LCC with life

cycle assessment (LCA) and life cycle sustaingtégsessment (LCSA).

2. Methods and materials

2.1Environmental life cycle costing

LCC was initially developed as a cost management for purely financial purposes [12].
Conventional LCC mainly concerns acquisition andhership costs. With the growing concerns
about sustainability and its three pillars [13], @Gvas not only formulated as the economic
dimension of LCSA via a conceptual equation [14,18SA= LCA + environmental LCC + social
LCA, but also was adopted in an environmental awibs context, such as the variants of LCC: full

environmental LCC and societal LCC [16].

Environmental LCC was initially defined by Rebitzer al. [17] as an LCA-based LCC method,
which utilizes an LCA model as a basis to estimatairred costs in a product assessment. The
Society of Environmental Toxicology and Chemist§ETAC) Europe working group on LCC
formally categorized LCC into: (i) conventional LC®@hich only includes internal costs; (ii)

environmental LCC which includes internal costs artérnal costs expected to be internalized; and
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(ii) societal LCC which contains internal, plus external, costs [18]. Additionally, Hoogmarteris e
al. [16] explain an uncommonly accepted concepteig full environmental LCC, which extends

environmental LCC with monetized, non-internaliz/ironmental costs as societal LCC does.

This study employed environmental LCC as an apakr&i®l to explore the economic performance
and strategies for cost optimization of the VEEPERCThe term ‘environmental™ indicates the
structure of the LCC is established in a mannet ihdarmonized with that of a standard LCA
conforming to 1ISO 14040 [19]. Whether an LCC rdfegrto a planning or past product system leads
to prospective LCC or retrospective LCC. Due tdkla€t historical data information, a prospective
LCC may encounter a wider range of uncertaintyréspective approach was employed to look into

the PCE2 system at its designing stage to supptnte decision-making.

The environmental LCC was deployed based on adtmp-framework from an overarching eco-
efficiency assessment [8]: (i) goal and scope dedim (ii) life cycle economic inventory analysis;

(ii) life cycle economic impact assessment; (imjerpretation. The life cycle stages of the LCC
analysis were defined according to the buildingeassient framework from CEN EN 15804 [20]. If

not specified, the term “LCC” mentioned hereafspresents environmental LCC.

2.2 Goal and scope definition

2.2.1 Goal and scope

The goal of this study is to compare the finangadfitability and optimization potentials of
manufacturing, and using the BAU PCE2 and VEEP P&£2an over-cladding facade of the existing
building compared to the original wall of buildimgthout any refurbishment. Both BAU and VEEP
PCEZ2 are expected to be preferentially implemetaetthose obsolete buildings constructed before
1960. The environmental LCC only accounts for iméicosts, which usually consists of production
budgets and transfers (such as taxes, subsididees)d LCA was not performed, thus external costs

are not considered.
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All productive activities are assumed to occurha Netherlands. All cost data were collected based

on the current market information in the Netherkrthe life cycle phases are classified according

to the life cycle stages and modules for the bngdassessment framework defined in EN 15804 [20]

as shown in Table 1. Based on the building lifeleynformation, four stages are included in the

LCC analysis: (i) production stage; (ii) use sta@; installation stage; (iv) EoL stage. The LCC

investigates an entire life cycle from a singlespective of a consumer of PCE2. However, cost

analysis was broken into two separate segmentss aosurred by the manufacturer and by the

consumer.

Table 1 Scope of the LCC analysis according todifele stages and modules for the building assassimfrmation
system defined in EN 15804:2012. Note: modules ethrkith “/” denote the economic effect of this mewas not

considered in the analysis.

Building life cycle EN 15804:2012 Information module PCE2 system under the EN 15804:2012 Information

information code modules
Production Stage Al: Raw material supply Al: Production of virgin raw materials for lightvggit
(A1-A3, D) A2: Transport concrete and aerogel

Manufacturing A2: Transport of virgin raw materials; Transport of

A3:
D:

Reuse, recovery, recycling

recycling facilities; transport of secondary rawtenel

A3: Manufacturing of PCE2 (including material
manufacturing of concrete and insulation)

D: Recycling of ferrous materials; processing of
lightweight concrete, fiber wool waste, and glasste
for producing secondary raw material

Construction process stage A4: Transport Ad: |
(A4-5) A5: Construction installation process A5: Transport and installation of PCE2
Use stage B1: Use B1:/
(B1-7) B2: Maintenance B2:/
B3: Repair B3:/
B4: Replacement B4:/
B5: Refurbishment B5:/
B6: Operational energy use B6: Operational energy use
B7: Operational water use B7:/
End-of-life stage C1: De-construction demolition C1: Dismantling of PCE2
(C1-49) C2: Transport C2: Transport of recycling facilities; transportvediste

. Waste process
: Disposal

C3: Concrete processing
C4: Landfill of insulation materials

The production stage includes two procedures, wilach raw material production, and PCE2

manufacturing. In the process of raw material potidn, raw materials will be prepared for the

fabrication of the PCEZ2, including raw materials fightweight concrete (expanded clay, sand,

plasticizer, etc.), ferrous frame, and insulatiayelr. Both primary and secondary raw materials will

be incorporated into the production of green ligkityiat concrete and green aerogel for further

manufacturing of the VEEP PCEZ2. In the process@E$® manufacturing, a sandwich panel will be
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fabricated with the mentioned raw materials. At tise stage, the PCE2 will be transported to the
construction site for installation. Then dynamierthal simulations is performed to compare the
heating and cooling energy demands of a virtuattagnt block with or without refurbishment of
the PCE2 in the capital of the Netherlands, Amsterd At the EoL stage, the PCE2 will be

dismantled and disposed.

2.2.2 Scenario development

Based on the defined scope, three scenarios westoped in this study: (i) BAU TW, (ii) BAU
PCEZ2, and (iii) VEEP PCE2. The BAU TW scenario deadhe building uses the traditional wall as
facade without refurbishment. The reference bugdsassumed to be constructed between 1941 to
1960. Based on the statistic from the Buildingsféterance Institute Europe [21], the thermal
transmittance (U-value) of the external walls fbe ttarget building group in the Netherlands is
assumed 2.70 W/(m2.K) for the thermal simulatiomhis study. Regarding the economic assessment

of the BAU TW scenario, cost occurs only at the stege.

The BAU PCE2 scenario represents the building vathraditional wall in BAU TW to be

refurbished with BAU PCE2. The BAU PCE2 scenariadken as the reference with the same
structure as that of the VEEP PCE2. The crossesattiviews of the BAU PCE2 and VEEP PCE2
for over-cladding building envelopes are presenteéigure 1. The normal lightweight concrete,
which does not contain any recycled materials,sisdufor the BAU PCE2 as the exterior layer. A
regular material expandable polystyrene (EPS) lscssl as the insulation layer. The thermal
transmittance (U-value) of the traditional wallugfished with BAU PCE2 is 0.367 W/(m2K). With

respect to life cycle costs of the BAU PCE2 scenaosts are incurred in four life cycle stages.

The VEEP PCEZ2 scenario describes the building thightraditional wall in BAU TW be retrofitted
with the VEEP PCE2. Compared to the BAU PCE2, tk=F PCE2 has higher resource efficiency

8
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due to incorporated secondary raw materials. ThER/BCE2 uses green aerogel with high thermal
performance as the insulation layer. The thermabuaotivity of the aerogel for the PCE2 is set as
0.0157 W/(m.K). The green lightweight concrete at¥mtains secondary raw materials such as
secondary coarse and fine aggregate, and secocmiatgntious particle, amounting to more than 57%
of lightweight concrete by weight. The U-value béttraditional wall refurbished with VEEP PCE2

is 0.203 W/(m2K). Regarding the life cycle coststlod VEEP PCEZ2, costs are incurred in four life
cycle stages. Further introduction of the VEEP PGF&em can be found in the supplementary

document.

Expandable polystyrene

/\

Common lightweight concrete
BAU PCE2

Aerogel

AR

Green lightweight concrete

VEEP PCE2

Figure 1 Cross-sectional views of BAU PCE2 (abowe) VEEP PCE2 (below). Note: BAU PCE2 and VEEP PCE2
share the same dimension: length 2000 mm, widtl® 20@, thickness 130 mm.

2.2.3 Functional unit

In the BAU PCE2 and PCE PCE2 scenario, it is assutimet the required building facade per 4 m
of flooring area amounts to 0.55 mf PCE2. The functional unit is set as: maintajnihe thermal
comfortableness of 1 flooring area of a building (with or without theplementation of the PCE2
system for refurbishment) and active heating andlimg for 40 years based on the climatic

condition of Amsterdam.
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220 2.3 Life cycle economic inventory analysis

221 The assessment boundaries for the three scenagodepicted in Figure 2. Based on the system
222 boundaries, details of the life cycle inventorytloése scenarios are discussed according to the four

223 life cycle stages.
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traditional wall construction ) disposal 1" Disposed
wall in use I BAU wall
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BAU WT Electricity Heat :
scenario production| [production! |
|
________________________________________________________________________ |
EPS Lightweight concrete :
Produciton production | Thermal
| comfortablene
| ssof1m?
EPS Concrete | flooring area of
| building with
| BAUPCE2
Steel frame — !
production BAU PCE2 BAU PCE2 BBA:UWSCE'; EoL BAU PCE2 EoL BAU PCE2 I
Gasone Gasoline manufacturing in use Disposal | Steel
production : scraps
EoL
|
EPS concrete |
Transport service |
EIectrigity Electricity Natural gas Electnc_lty Heat x |
generation (for cooling) |
— |
Natural gas Electricity Heat i i RCA
production | Transport production production et CiisHing |
|
|
|
. ) |
BAU PCE2 Raw material | oy material | Traditional wall Wall EoL BAU wall '
i production for construction ¢ disposal o
scenario traditional wall p , Disposed EoL
| BAUwall
|
e i
Lightweight Expandable clay Sand Gasoline | [ Steel frame || Natural gas : Thermal
concrete production production| [production| | production || production | comfortablene
waste Expandable [ ofLm
p l Sandl Steel Natural flooring area of
clay gas I building with
i frame I VEEP PCE2
CRLWCA Gasoline 1
Integrated :
ADR and . . |
HAS system |-FRLWCA LI(?:::;V;I?em [ :
i i Eol PCE2
(including production |Concrete VEEP | VEEP PCE2 EoL VEEP | Steel
crusher VEEP PCE2 PCE2 | scraps,
ADR HAYS) URLWCA manufacturing and BAU wall EoL BAU wall PCE2 4lp—>
: in use Disposal 1
|
|
EoL I
Additives Elect- Transport Aerogel EPS |
DGR RGUA/RFUA Ticity service concrete|
production N Heat |
Electricity M |
Glass waste/ Aerogel Aerogel (for cooling) :
Fiber wool waste i
production Eeeh = |
y Electricity Heat . RCA
production EEEE production| | [production il Gz |
|
|
|
Raw :
VEEP PCE2 Raw material material » wall | Disposed EoL
. roduction for Traditional wall EoL BAU wall | < BAU wall
scenario proct construction disposal
traditional wall |
|
|
Legend

|:| Background system

|:| Foreground system

L_ ___1| System boundary

— Economic flow

—X— Cut-off flow

Figure 2 System boundaries for the BAU TW scen@hmve), the BAU PCE2 scenario (middle), and th&&aREPCE2
scenario (below). Note: ADR represents Advanced Regovery system; BAU denotes business-as-usudlWITA
represents coarse recycled lightweight concretereagge; DGR indicates Dry Grinding & Refining systeEoL
represents end-of-life; EPS: expandable polystyréfdt WCA denotes Fine lightweight recycled concratgregate;
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HAS represents Heating-Air Classification Systei@fR represents prefabricated concrete elementuitdibg retrofit;
RGUA represents recycled glass ultrafine aggregd®L.WCA represents Ultrafine recycled lightweighbncrete
aggregate; VEEP represents European Union Hori@860 project VEEP.

In a national accounting system, internal costslmameasured either in market prices: adding all
expenditure on products, or by adding all factosted18]; the latter are market prices excluding
transfers. However, for an LCC study, market priged factor costs are used in a mixed manner. It
is difficult and incorrect to use market prices d&actor costs alone, and the reason will be eldbdra

later in 4.2. The cost information was collected Ecoinvent cost database 3.4 for OpenLCA 1.9,

surveys by email and telephone and literature.

2.3.1 Production stage

In the VEEP PCEZ2 scenario, EoL lightweight conciisteecycled by the integrated advanced dry
recovery (ADR) and heating-air classification syst¢HAS) technology for the production of
ultrafine recycled lightweight concrete aggregdtlRWCA), fine recycled lightweight concrete
aggregate (FRLWCA) and coarse recycled lightweagimicrete aggregate (CRLWCA), as illustrated
in Figure 3. The dry grinding and refining systeDGR) can process glass/fiber wool waste into
recycled glass ultrafine admixture (RGUA) and réegidiber wool ultrafine admixture (RFUA) as
depicted in Figure 3. The mass balance for ADR HiA®G processing normal-weight siliceous
concrete and for DGR was discussed in the prevétudy [8,11], based on which integrated unit
costs (including waste transport raw material pobidn, utilities, personnel, equipment) of
URLWCA, FRLWCA, CRLWCA, RGUA, RFUA were determineds can be seen from Figure 3
that mass balance varies between processing liggittvend normal-weight concrete. However, the
integrated unit costs of the coarse, fine, ultefiraction from processing lightweight concrete are
identical to those materials made from normal-weigbncrete due to the mass-based allocation

scheme. The cost information for the productiogeta presented in the supplementary document.

12
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EoL lightweight concrete rubble (100%)

A 4

12-22mm coarse recycled

0,
Pre-crushing aggregate (20%) >

0-12mm coarse fraction (80%)

A4

Advanced dry 4-12mm CRLWCA (32%)| _
recovery technolog "
(ADR)
) ) Glass was/
0-4mm fine fraction (48%) fiber wool waste (100%)
Heating-air
classification system
(HAS) Dry Grinding&refining Recovery
v v
0.125-4mm 0-0.125mm RGUA/RFUA (100%)

FRLWCA (38.4%) URLWCA (9.6%)

Figure 3 Mass balance of integrated EoL lightweigdncrete recycling (left) and glass waste recaongge(iight) system.
Note: URLWCA represents ultrafine recycled lightafgi concrete aggregate; RGUA denotes recycled gltissine
admixture; RFUA indicates recycled fiber wool uline admixture; FRLWCA represents fine recycledhtigeight
concrete aggregate; CRLWCA represents coarse mstyightweight concrete aggregate; ADR represetitarrced dry
recovery technology; HAS represents heating-assifecation system.

2.3.2 Installation stage

After a fabrication process at a factory, PCE2 vib# transported to a construction site for
installation. The installation is a labor-intensetivaty; around 90% of the expenditure is from
personnel costs. The cost information for the liettan stage is presented in the supplementary

document.

2.3.3 Use stage

At the use stage, the operation time is set as €drsy during which additional repair and
maintenance for the traditional wall and PCE2 werkconsidered. The dynamic thermal simulation
was conducted on a virtual typical apartment in ¢hatic condition of Amsterdam through the
software EnergyPlus and DesignBuilder, to compheethermal characteristics of three scenarios.

Heating demand can be directly linked to the natgas consumption for heat generation from a
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boiler. With respect to cooling, cooling energy siéemodified into the electricity demand of the ai

conditioning based on an energy efficiency ratibe Beasonal energy efficiency ratio for household
air conditionings in DIN V 18599 is set as 4.7][ZPhe annual demand for heating and cooling of
three scenarios are shown in Table 2. Other dethilse dynamic thermal stimulation are elaborated

in the supplementary document.

Table 2 Heating and cooling demand of three scesari

BAU TW BAU PCE2 VEEP PCE2
kWh/(m3year) kWh/(mdyear) kWh/(m3year)

Annual heating demand 99.80 51.40 46.68
Annual cooling demand 1.31 2.03 2.29
Modified electricity consumption for annual coolidgmand 0.28 0.43 0.49

2.3.4 End-of-life stage

At the EoL stage, the building is to be demolishBedmantling of PCE2 is considered a process
within the destruction of the building, thus itsoeomic impact was not considered. However, the
treatments of additional waste such as EoL concnesellation material and steel frame generated
from PCE2 was taken into account. The EoL condsete be crushed in situ by a crusher. Costs
incurred by crusher transport are split based entdkal amount of EoL concrete generated at the
demolition site, thus it is negligible. The steellms and welded nets are sold directly on-site. The
insulation materials are transported to the lahdfte. The cost information for the EoL stage is

presented in the supplementary document.

2.4 Life cycle economic impact assessment

In the phase of economic impact assessment, qosstio how the cost will be categorized and

structured, and how will costs incurred in differéfe cycle stages be aggregated, are discussed.

Regarding cost categorization, there are commadmnletways: expenditure-based, actor-based and
life cycle-based [8]. Since integrated unit costsravused, cost information is not specific and
detailed enough to be broken down from an expereddapect. The perspective of the consumer was

used, and two cost bearers exist in the LCC, namelyufacturer and consumer. There is only one
14
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main actor in each life cycle stage, thus, act@ebaand life cycle-based will be identical. Therefo

a life cycle-based cost breakdown structure wadieappCosts incurred along the life cycle is

categorized into production costs, operation castsEoL cost.

With respect to the effect of the time on costs,discount rate is applied to modify costs incuiaed

different life cycle stages. The historical timeigs interest rate for the Netherlands and the Euro

area is visualized in Figure 4. The interest ratelie Netherlands as well as the Euro area present

descending trend and ends at around 0% in 2020s feudiscount rate for the study was set 0%,

literately a static-state costing system.
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Figure 4 Time-series interest rate for the Netmeldaand Euro area, data from De Nederlandsche B&hk

3. Results and interpretation

3.1Life cycle costs of three scenarios

The results of the LCC from a consumer perspeceieeshown in Figure 5. The life cycle costs of

the VEEP PCE2 is 13% lower than that of the BAU RCRowever 22% higher than that of the

BAU TW Scenario. The operation costs account fouad 70% of the life cycle costs of the BAU
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PCE2 and VEEP PCEZ2 scenario, while the EoL costalanost negligible. Due to the utilization of
secondary raw materials, the production costs @MMBEEP PCE2 are 30% lower than that of BAU
PCEZ2. Regarding the VEEP PVEZ2, the three biggesttsteessors are heating costs (38% of the life
cycle costs), installation costs (35%), and aeragsts (20%), amounting to 93% of the life cycle

costs.
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°
o €150
>
g
E €100 - '\
> N
- I
BAU TW BAU PCE2 VEEP PCE2
M Production costs Installation costs

Use costs Eol costs

Figure 5 Life cycle costs of BAU TW, BAU PCE2, VEIFRCE2 scenario

3.2 Strategies on cost optimizations

Considering those three main cost elements, refex@st-optimization strategies are: extension on

the life span of PCE2, full and partial reuse oE2@nd cost-effective installation.

3.2.1 Service lifetime of PCE2

The heating demand of the BAU PCE2 and VEEP PCERas® is directly determined by their

thermal performance. Adjusting the structure of RCflar instance by increasing the thickness of the
aerogel layer, can lower the U-value of PCE2, hawekis increases the production costs as well.
Reducing the heating demand by modifying the stimecbf a PCE2 is a complicated systematic

engineering process. It is assumed the dimensibtieaerogel layer of the PCE2 already reached
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an optimum condition and alteration on the thiclenet the insulation layer is omitted from this

study.

The lifetime of a PCE2 can also minimize its lifecle costs. At the lab scale, the life span of the
VEEP PCEZ2 is assumed 40 years. The average lifetfmesidential buildings in the Netherlands is
around 120 years [24]. The building in this stuslgonsidered to be constructed before 1960 and its
rest lifetime may be more than 40 years. It is as=ilithe service lifetime of PCE2 can be extended
to a maximum of 60 years without additional remaimaintenance. The modified life cycle costs of
BAU PCE2 and VEEP PCE2 are presented in Figurd.&\(hen the life cycle of PCE2 is prolonged

to 60 years, the life cycle costs of VEEP PCE2 @¢dud slightly lower than that of BAU TW.
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(a) Comparison of life cycle costs of three scargim different lifetimes
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(b) Modified life cycle costs by reduction of iaflation costs by 10%, 30%, 50% of three scenarios
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Figure 6 Results of the cost optimization strategie

3.2.2 Installation of PCE2 with novel anchoring systems

If a connection/joint between PCEs is consideretnpeent, such as welded connections, adhesive
anchors or grouting or dry packing of connectiaghen PCEs cannot be separated and disassembled
into individual elements without any damages. B thstallation systems for PCE2 consist of the

HALFEN system, which allows a quick, flexible anidhple installation, PCE2 can also be easily
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disassembled and detached from the old structulledivds EOL stage for reuse. Over 90% of the
installation costs result from personnel coststiesdismountable anchoring solution is expected to
a large degree reduce the labor-hours during tallation of PCEs, it is assumed 10%, 30% and 50%
of the installation costs can be reduced in BAU P@&d VEEP PCE2 scenarios. The modified life

cycle costs of each scenario are presented in &igip).

3.2.3 Reusability of PCE2

According to the waste hierarchy of the EU [25]e tteuse of waste has a higher priority than
recovery. One prominent feature of the precastede®lement is its reusability, especially the-non
structural element. Besides, the development ohthesl anchoring system in the concrete element

further boosts the potential of reuse.

The partial reusability on the concrete and insoiekayer, and the full reusability on an entireE2C
are considered. Considering the composition of CDWdre than 90% of the value embedded in
CDW results from metallic waste [26]. However, Hmount of steel beams and welded nets used in
PCE2 is neglectable, compared to concrete andatignl Thus, the recyclability of steel frames is

omitted.

The reuse of an EoL item in the LCC analysis wadeterl as avoiding additional production of this
item at the production stage and avoiding dispog#his item at the EoL stage. Full reuse of PCE2
represents PCE2s being integrally separated frambthlding and reused for refurbishing other
buildings. Partial reuse means the insulation |layet concrete layer are reused for substituting new

insulation and concrete in the manufacturing of PCE

10% of physical loss is assumed in the proces®udea, and the loss fraction is compensated by
production. Additional costs incurred during thegess of reuse are included in the physical loss.
The life cycle costs of PCE scenarios with or withpeuse are presented in Figure 6 (c). It can be
seen that the reuse of insulation materials hamaiderably positive effect on cost reduction, whil
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the reuse of the concrete layer barely affectditbecycle costs. For the VEEP PCEZ2, its life cycle

costs can be decreased to €163 if the aerogel ddiybe PCE2 is successfully reused.

3.2.4 Aggregation of cost optimizations

To gain a better understanding of the holistist optimization of the PCE2 systetihe proposed three
strategies were aggregated to reflect on the exfecdst optimization. Three levels of optimization

are definedlow-level, medium-level and high-level, as showTable 3.

Table 3 Magnitude of cost optimization

Low-level optimization Medium-level optimization igth-level optimization
Description Service lifetime: 47 years Service lifetime: 54 years Service lifetime: 60 years
Installation costs reduction: 10% Installation costs reduction: 30%  Installation costs reduction: 50%
Reusability: reuse of concrete layer Reusability: reuse of aerogel layer Reusability: reuse of entire PCE2

Due to different time spans in each level, the céidus in life cycle costs cannot be directly
compared. Therefore, the result of LCC is expresselde form of annual value. As it is depicted in
Figure 6 (d) after medium-level optimization thenaal costs of BAU PCE2 and VEEP PCE 2 is
lower than that of the BAU TW scenario. After higwvel optimization, the annual costs of the
VEEP PCE2 is 1.42 €/annual lower than that of tA&JB'W scenario, amounting to around 85 €/m

in 60 years.

3.3 Effect of discount rate

To what extent the fluctuation of the discount rateuld affect the life cycle costs is explored.
Applying a discount rate to an LCC analysis depesrdspecific research questions to be answered.
For example, the discount rate ranges from 2% mg-kerm public projects, and 5-15% in private
investments, to 20% in the high-tech area [18]c&im this study the operation cost is borne by
individual consumers, the discount rate is relatetthe interest rate in Figure 4. A range of (-1%)3

is assumed to model the fluctuation of the lifeleycosts responding to discount rates. The BAU

TW, BAU PCE2 with medium-level optimization and VEFPCE2 with medium-level optimization
20
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are selected as examples under a 54-year serfetenk. The annual energy cost and EoL cost are

discounted according to Formula (1) and (2).

Ct _ Cheating+ccooling (1)
p (1+m)t

EoL _ _CEoL
G = (1+7)54 (2)

WhereC}, denotes the net present value of the heating anling costs incurred dtyear; Cheating
represents annual heating coSlgwingindicates annual cooling costsgenotes discount rate;
Cy°" represents the net present value of the EoL ausiisred athe EoL stage(g,, denotes
the EoL costs.
The life cycle costs of three scenarios with défgrdiscount rates are shownHigure 7 It can be
seen from the trend that a negative discount ralieinerease life cycle costs over time, while
positive discount rates are supposed to lowerdgarding PCE2 scenarios, there is an obvious trade-
off on additional production costs and lower operatosts. The negative discount rate will amplify
the impact of operation costs on the life cycletgowhich enhances the economic advantage for
VEEP PCE2 which has lower operation costs. For @gk@mvhen the average discount rate descends
from 0% to -1% over a 54-year time span, the radocof the life cycle cost of VEEP PCE2
(medium-level) increases from €50 to €88 comp#weBAU TW. As Europe has entered an era of

a negative discount rate, using insulation withhhiigermal performance such as aerogel is likely to

be more competitive in the future market buildiegofit.

On the other hand, it is found that LCC analysisassitive to the discount rate. Variation of the
discount rate by 1% over a long period, such ageals, is expected to noticeably influence the life
cycle costs. Compared to the PCE2 scenarios, thd BW is more subject to the discount rate
because it has higher heating and cooling costampaum. The life cycle costs of BAU TW would

halve if the discount rate increases from 0% to B4thermore, the discount rate is even able to

reverse the results. The life cycle cost of the PHECE2 (medium-level) is €50 lower than that of
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BAU TW in a static-state costing system, but €éhkigif the average discount rate remains 3% over

54 years.
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Figure 7 Life cycle costs of the BAU TW, BAU PCE2tlwmedium-level optimization, VEEP PCE2 with metilevel
optimization under 54-year service lifetime. Notée minimum limit of life cycle costs was estimategdassuming 3%
as the average discount rate; the maximum limitifefcycle costs was estimated by assuming -1%hasatverage
discount rate; the line inside the shaded areaesepis static-state life cycle costs without distiog. The
min/med/max life cycle costs of BAU TW is 107.6@%3.74/291.93 €; the min/med/max life cycle co$tBAU PCE2
is 126.97 /186.77/224.60 €; the min/med/max lifeleycosts of BAU PCE2 is 113.59/168.56/203.21 €.

3.4 Comparison with results to other studies

Many LCC studies, including LCC studies on buildiagades, have been carried out in the building
sector. We used a code (shown in Formula (3)) &iegyatically search articles in the Web of
science Core Collection and found 87 relevant studihe detailed information on the studies are

listed in the supplementary document.

TS=(("life cycle cost” OR LCC OR “life cycle costi)) AND (residential building) AND (wall* OR

facade* OR envelope*)) 3)

After reviewing those literature, however, it i$fidult to compare the results of this study witiner

LCC cases due to the diversity of modeling appreagcisettings and purposes, and peculiarity in
technologies selected and local characteristicpukdhe study in context, a comparison analysss ha
been carried out. The potential costs for the imgletation of the VEEP PCE2 system in the

Netherlands for different cohorts of the buildings well as in other EU Member States are
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calculated. Because energy costs for cooling ar®st negligible in the climatic condition of the

Netherlands, the comparison focuses on the enengnyadd for heating.

Data was collected from the TABULA online databd®&] which includes information about

building renovation in multiple EU Member States/eFapartments in the Netherlands constructed
in different periods were selected for comparisés.depicted in Figure 8, the annual heating costs
of building after it has been refurbished with B®U PCE2 and VEEP PCE2 are between the costs
of those five apartments after usual and advanerahishment. However, the annual heating costs

of two PCE scenarios are significantly lower thiae tosts of existing state without refurbishment.

From a cross-state comparison of annual heatintg @o&igure 9 the VEEP PCE2 solution can be
seen as advanced refurbishment in some middledatistates such as Germany or France. However,
this may be because the annual heating demancdedsabic reference BAU TW is lower than the
cases from TABULA. Besides, the latitude of an araa also influence the annual heating demand.
The Northern states such as Norway and Denmark higher annual heating demand, resulting in
both PCE2 solutions having remarkably lower heatiogts compared to the advanced refurbishment
of those two states. However, for low-latitude doytike Spain, the heating cost of the VEEP PCE2

is almost equivalent to that of the existing staittnout any refurbishment.

It is noteworthy that the PCE2 solutions are nataly comparable to the usual/advanced
refurbishments from the TABULA database becausesehefurbishments refer to a series of
systematic renovations on every element of a mgldMoreover, heating supply systems vary in
different states from individual electrical heatiaguipment, heat pumgsuctas a central heating

system) and district heating with cogeneration.
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Figure 8 Comparison of annual heating cost of stesén this study and five Dutch apartments careded in different
periods from TABULA database. Note: detailed degwn of existing state, and usual refurbishmemtyamced
refurbishment can be found in TABULA database [27].

7€
T 6€ -
2 5€ -
c
S 4¢€ A
£ 3¢
~~
© 2¢€ 4
=}
£ e | |
0€
O K TN NN N NN
\'g N 3 \C N O \2J A Q o A
IR A N NRC ORI I AR N .
SO AN R AN N AN
N ) S N ¢ & @ N 0
NGNS e & &S NG 2
&L & & e 3 R
() (2 () QO
Ay & & <
ARG
H This study M Existing state
B After usual refurbishment After advanced refurbishment

Figure 9 Comparison of annual heating cost of steman this study and typical apartments in difer European
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refurbishment can be found in in TABULA databasg][2
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4. Limitation and outlook

4.1 Volatility of costs

Uncertainties and inconsistencies in cost datacaremon dilemmas for a costing system. Many
reasons can result in the volatility of cost, feample, time, area, availability of cost data, amel

confidentiality of cost information.

In this study, cost data were collected along difié times, and costs are highly area- and time-
varying. In different areas and times, identicaldqucts may be of completely different value. Cost
data in this study is based on a background oDileh market, while some less developed states
may have higher availability of primary materialsdacheaper labors. For example, according to a
survey to the Keey Aerogel, the production cosyjreen aerogel can be reduced from 10 €/0.61 m
to 8 €/0.01 min some cheap-labor areas. Thus, the LCC restdtsaply only reflect the economic

implication of the PCE2 system in developed areas.

It is noteworthy that due to its comparative andteyic nature, the LCC is not developed for
accurate financial appraisal [17]. Rather tharpfecisely financial accounting, this LCC study more
aims at cost management on identifying trade-affsmplementation of the VEEP PCEZ2, and

comparing life cycle costs of alternatives, andrépg the potential cost optimizations.

4.2 Prices or costs

The distinction between prices and costs leadsddrequently asked question in LCC “whose costs
is one accounting for?”. This is original from thecess of “value-added” in transactions, which has
no counterpart in an LCC [28]. The cost of one a¢tuch as the consumer) is the revenue for
another one (such as the PCE2 manufacturer). Siieireason why it is necessary to set up an actor

or cost bearer in an LCC study to specify on whicbasion costs or prices are used.
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For examplefor a consumer of the PCEZ2, the costs of ownershpCE2 and costs of utilities such
as electricity are market-related and do not réflee true costs of material supply and electricity
generation, but reflect the true costs that ocouhé consumer. The difference between the price of
the PCE2 and the production costs of PCE2 is tlhesgvalue added, which consists of profits,

capital depreciation costs, and labor costs.

However, market prices and production costs arallysused equivalently in LCC, as in this study.
Due to less availability of cost data, prices asaally more publicly accessible than costs. On the
other hand, regarding product budgeting, detailextiyction costs substitute less detailed market

costs.

4.3Perspectives in LCC

The perspective of an LCC has always been a cais@l issue. The perspective of a consumer is
more suitable for this environmental LCC analysistaseems able to cover a full life cycle of the

VEEP PCEZ2 from production to disposal. The upstraators, such as the manufacturer, deliver the
reference flow to the consumer, and the downstrieéamactor treats the EoL reference flow for the

consumer. Thus, an LCC from the consumer's pelispdastabout aggregating production costs and
value-added from upstream and downstream activitiesvever, based on the supposition of the
"rational person”, consumers are only concernedhbycosts of PCE2 requisition and operational
energy (and EoL costs if the consumer is respagsilaind they are not interested in the exact
detailed process of the production and EoL stadmis;T production costs and EoL costs can be
simplified as market prices or in the form of aggeed costs without specifying any details. As

illustrated by Rebitzer and Hunkeler [28],if therggective of an LCC is from the consumer, the
costing process of other actors can be viewed asklldloxes. The perspective of consumer LCC is

unable for cost optimization because it cannoergfbn details of production costs and EoL costs.
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This study is from the perspective of a consumesetek strategies for cost optimization. However,
there are two cost bearers in the costing systeenptoduction and installation costs are incurngd b
the manufacturer; the operation and EoL costs aneebby the consumer. Figure 10 takes the VEEP
PCE2 scenarios as an example to illustrate theclifde costs from a strict manufacturer’s and
consumer’s perspective. Therefore, the LCC inghisly is more likely to be deployed from a hybrid
perspective of a manufacturer and a consumer: dreufacturer tries to reduce production costs of
PCE2 to acquire maximum payoff while the consunsepaying higher prices, encouraging the

manufacturer to reduce operation costs at thetage.s
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Figure 10 Life cycle costs of VEEP PCE2 scenawarfdifferent perspectives. Note: strategies fot opsimizations are
not included.

Swarr et al. [29] present a case study from a mpaliperspective to ensure a transparent process.
Even though it is not a strictly financial perspeet as it contains externalities, it unveils the
possibility of a perspective that can aggregataetbrs in the life cycle of a product. Howeveisth
reasoning still cannot tackle the preceding quastishose costs is one accounting for?”. In our

future study, we will try to conceive a method iplain the issue of perspective in LCC.
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4 .4 Standardization of LCC

Despite LCC having a longer history than LCA, ish@ot been standardized yet except for some
specific uses. The emergence of variants of LC@é&urcomplicates its progress of standardization.
For environmental LCC, the Code of Practice [29]tbg SETAC did not present any concrete
formula for steering its application, not to mentithe societal LCC being at its infant stage.
Moreover, the role of LCC was also questioned as m@in component for assessing economic

sustainability in an overarching framework of tHé3A [30].

Studies were conducted on discussing the conceptpaactice of LCC [28,31-33], its variants
[16,34,35], and its relation to LCSA [17,36—38].0Be studies did not effect a permanent cure but
opened up a discussion on the need for a broaatnsas on LCC. Thus, standardization of LCC has

high significance for its theoretical clarificatiamd practical application.

5. Conclusion

This study employed a prospective environmental L&&m a building owner/consumer’s
perspective to explore the economic performance sl optimization strategies on the VEEP
PCE2 system at an early stage in a Dutch contegrt.bviéfly introduced the environmental LCC
according to SETAC'’s definition. The life cycle paoof the PCE2 system was defined as four
stages according to EN 15804: (i) Production stéigetJse stage; (iii) Installation stage; and (iv)
EoL stagewith three comparable scenarios: the BAU TW, th¢JBPCE2 and the VEEP PCEZ2. The
findings reveal that the life cycle costs of VEECH2 are 13% lower than that of the BAU PCEZ2,
however 22% higher than that of the BAU TW ScenaFize production costs of VEEP PCE2 is 30%
lower than that of BAU PCE2 due to the utilizatiminsecondary raw materials. The operation costs
account for around 70% of the life cycle costs e BAU PCE2 and VEEP PCE2 scenario.

Regarding VEEP PVEZ2, the three biggest three coesdsors are heating need costs (38% of the life
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cycle costs), installation costs (35%), and aera@gsts (20%), amounting to 93% of its life cycle

costs.

Based on those main cost stressors, three costiaption strategies were evaluated: extension on
the life span of the PCEZ2, full and partial reu$d>GE2 and cost-effective installation. The three
strategies were aggregated to reflect the extermost optimization. Three levels of optimization
were definedlow-level, medium-level and high-level. After medidevel optimization, the annual
costs of BAU PCE2 and VEEP PCE 2 are lower than ¢hathe BAU TW. After high-level
optimization, the annual costs of VEEP PCE 2 a# E/annual lower than that of the BAU TW

scenario, amounting to around 85 £fm60 years.

To what extent the discount rate would affect tfeedycle costs was modeled. The discount rate can
significantly affect the LCC and even reverse dsults. A negative discount rate is supposed to
amplify the impact of operation costs on the lifele costs, which enhances economic advantages
for those products which have lower operation costsaddition, the potential costs for the
implementation of the VEEP PCE2 system in the Né&hds for different cohorts of the buildings,

as well as in other EU Member States were compared.

Finally, limitations and conceptual debates of LOfere addressed. Uncertainties and
inconsistencies in cost data and the mixed-usageicés and costs are the most common dilemmas
that may result in uncertainty to life cycle coStke perspective of actors is a long-standing igsue
LCC. Even though environmental LCC can use a nadltor perspective, it still cannot answer the
guestion “whose costs is one accounting for?”. Tlstendardization of LCC has high significance

for its theoretical clarification and practical dipption.
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Highlights

» Innovative technological systems for recycling construction and demolition waste (CDW) were introduced,;

* A resource-efficient prefabricated concrete el ement (PCE2) system for refurbing existing building were presented;

» Economic implications on building renovation via prefabrication panel that included secondary raw materiads are

presented;

* Thelong-stand conceptua debates of environmental LCC were addressed.
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