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FOREWORD

This report has been developed within Task 2.4 and concludes the activities of Work Package “WP02 — Life
Cycle Costs of nZEBs / Case Studies, part of the Horizon2020 - CRAVEzero project.

CRAVEZzero focuses on proven and new approaches to reduce the costs of nearly-Zero Energy Buildings
(nZEBs) atall stages of the life cycle (see Figure 1). The primary goalis to identify and eliminate the extra
costs for nZEBs related to processes, technologies, building operation and to promote innovative business
models considering the cost-effectiveness for all stakeholders in the building’s lifecycle.

To evaluate and compare different configurations a performance-based characterisation of nZEB is needed.
In task 2.1, the implementation of nZEBs at European level was analysed. In the section where the nZEB
requirements for different countries were compared, a few key performance indicators (KPI) were defined to
draw a comparison among different requirements. Later, the relevance of defining a full set of KPIs arose
within task 2.2, where it was necessary to summarise and display the results collected from the case studies.
In this document, the procedure followed to define the KPIs for the evaluation, as well as the set of bench-
marks identified from the CRAVEzero the case studies is described.
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EXECUTIVE SUMMARY

Key Performance Indicators (KPIs) are defined to
measure the performance of buildings and to pro-
vide easily accessible and useful information about
building performance (H2020 project Exceed).
Within the project CRAVEzero, the definition of a
set of KPIs aims to provide a comprehensive evalu-
ation of nZEBs cost and performances and, starting
from the project case studies, to introduce reference
benchmarks for nZEBs in the EU.

This deliverable is coupled with D2.2 “Spreadsheet
with LCCs”, that reports the detailed specificities for
the calculation of most the indicators as well as the
normalisation factors applied.

Table 1. Selected indicators

Thelist of KPIs has been defined through a selection
starting from a pre-defined set of indicators taken
from literature and relevant research projects dealing
with the building performance evaluation.

The list was submitted to the project partners, with
the request to rate the KPIs on a scale of 1-3 (“3 -

» (13

very interesting”, “2 - interesting” and “1 - not
interesting”). According to the ranking, it has been
decided to include in the final list the KPIs with an
average score ranging from 2 to 3. Table 1 reports

the selected indicators.

Rating KPI Rating KPI
3 L.CC/usable floor surface 2.4 Cooling enetgydemand for coling
2.8 Investment cost/usable floorsurface 2.4 Energy demand forhot water production
2.6 Operation cost/usable floorsurface 2.4 Annual renewable energy generation
2.6 Renewable energy share 2.2 Maintenance cost/usable floorsurface
2.6 PV annual electridty yield 2.2 Maintenance cost/investmentcost
2.6 Annual CO; emissions 2.2 Final energy consumption
2.5 Life-cyde CO; emissions 2.2 Spedfic heating demand
2.4 LCC 2.2 Spedfic woling energy consumption
2.4 WLC 2.2 Spedfic hot water energy consum ption
2.4 Investment cost 2.2 Spedfic electridty energy demand
2.4 Operation cost 2 LCC/tenewable enetgyinstalled capadty
24 Maintenance cost 2 Operation cost/PV energy production
24 Primary energy consumption 2 Electridty energy demand (lighting, appli-
ances)
24 Heating demand for heating 2 Energy demand for ventilation




The selected KPIs have been implemented within
task 2.2 for the evaluation of the cost and perfor-
mances of the CRAVEzero case studies.

In particular, the indicators have been combined in
the CRAVEzero spreadsheet in both numerical and
graphical form including a comprehensive descrip-
tion of the life cycle cost of nZEB normalised for an
EU-wide comparison of the results.

One of the backbones of WP2 is the analysis of the
exemplary nZEB case studies aimed at identifying a
set of relevant benchmarks for nZEB performances
and cost during the life cycle as a reference for the
activities within the project. Thanks to the normali-
sation approach as described within D2.2 “Spread-

Table 2. Indicators assessed for the case studies

sheet with LCCs”, that considers the national speci-
ficities in terms of market and environmental issues,
it is possible to adopt the average values calculated
for the case studies, as reference benchmarks for
new nZEBs (Figure 3).

It is important to point out that, although the results
are referred to a limited number of case studies (i.e.
12), the detail of the data describing each nZEB and
the relevance of the methodology applied allowed to
reach a good level of reliability.

Table 2 summarises the main indicators calculated
for the case studies, giving an overview of cost and
performances of exemplary nZEB case studies
across Burope.

Case KPI Results
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1.INTRODUCTION

Key Performance Indicators (KPIs) are defined to measure the performance of buildings and to provide easily

accessible and useful information about building performance (H2020 project Exceed). Usually, KPIs guide
design development, allow comparing design solutions and support the decision making process.

The KPIs approach is functional for benchmarking different building attributes or features, facilitating deci-
sion making, assessing specific project requirements, or ensuring compliance with regulations and standards.
For instance policymakers and stakeholders can use selected indicators to monitor the building stock and
progress towards meeting national targets, building managers and owners for monitoring building perfor-
mance and for defining energy conservation measures (Balaras et al., 2014). Planners in the design phase can
compare and test different design scenarios to optimize building construction and operation.

Within the project CRAVEzero, the definition of a set of KPIs aims to provide a comprehensive evaluation
of nZEBs cost and performances and, starting from the project case studies, to introduce reference bench-
marks for nZEBs in the EU.

This report presents the method for the selection of the relevant KPIs, to describe the approach for the
assessment of the selected ones, to show the structure of the CRAVEzero nZEB spreadsheet and to identify
a set of relevant benchmarks gathered from the CRAVEzero analysed case studies.

This deliverable is coupled with D2.2 “Spreadsheet with LCCs”, that reports the detailed specificities for the

calculation of most the indicators as well as the normalisation factors applied.

2.KPIS SELECTION

2.1. SELECTION PROCEDURE

The list of KPIshas been defined through a selection
starting from a pre-defined set of indicators taken
from literature and relevant research projects dealing
with the building performance evaluation.

In particular, it has been surveyed CRAVEzero
partners, requiring them to rate a list of KPIs. In the
project, different stakeholders are involved: research
institutes, general contractors, research and housing
companies. AEE Intec and Fraunhofer ISE
ATP
company), Kéhler & Meizer (housing company) and

(research institute), sustain  (planning
Skanska (general contractor) participated in the
survey. This heterogeneity provides different
expertise and different points of view regarding
nZEBs, which leads to different requirements when
it comes to KPIs, ensuring a broad analysis spectrum

in the selection phase.

The preliminary list contains a set of pre-defined of
indicators belonging to two main classes, cost-and
performance-indicators.

In particular, it includes the main parameters such as
LCC, WLCC, investment cost, operation cost, both
as absolute- and normalised-valuesas well as the
overall energy performance of the building. Also,
the survey introduced indicators combining cost and
performances, such as LCC and investment cost vs
renewable energy share, shape factor, usable floor
surface, etc.

The list was submitted to the project partners, with
the request to rate the KPIs on a scale of 1-3 (“3 -

» o«

very interesting”, “2 - interesting” and “l - not
interesting”). According to the ranking, it has been
decided to include in the final list the KPIs with an

average score ranging from 2 to 3.



Table 1 shows an example of the rating process, in green the indicators selected and in red the discarded ones.

Table 1: Example of theratingprocess.

KPIS AEE ATP ISE K&M SKANSKA MEAN
INTEC

LCC 3 3 3 1 2 24
LCC/usable floor surface 3 3 3 3 3 3.0
LCC/usab'le to gross floor 1 3 5 1 1 16
surface ratio

LCC/shape factor 1 1 1 1 1 1.0
Lee/ 1 1 1 1 1 10

window to wall ratio

Table 2 reports the overall list of indicators and the outcomes of the survey among project partners.
The selected KPIs show a higher interest in general cost indicators, both absolute and normalised by usable
tloor surface. Energy indicators related to the relevant energy demand and renewable energy production cat-

egories came out with a high rating too as well as indicators on COz emissions. The indicators combining cost

and performance have been evaluated as less interesting, and have been discarded by the rating,

Table 2: list of KPLs with therelative evalnation

RATING KPI

3 LCC/usablefloot sutface
2.8 Investment cost/usable floorsurface
2.6 Operation cost/usable floor sutface
2.6 Renewable energy share
2.6 PV annual electridty yield
2.6 Annual CO; emissions
2.5 Life-cgde CO; emissions
2.4 LCC
2.4 WILC
2.4 Investment cost
2.4 Operation cost
2.4 Maintenance cost
2.4 Primary energy consumption
2.4 Heating demand for heating
1.8 End-of-life cost
1.8 End-of-life cost/usable floorsurface
1.6 LCC/usableto gross floot sutface ratio
1.6 LCC/tenewable enetrgy share
1.6 WILCC/LCC
1.5 Operation cost/ energy price
1.4 LCC/HVAC effidency (SEER)
12 LCC/average U-value opaque compo-
nents

RATING
2.4
2.4
2.4
2.2
2.2
2.2
2.2
2.2
2.2
2.2

KPI

Cooling energy demand for cooling
Energy demand forhot water production
Annual renewable energy generation
Maintenance cost/usable floor surface
Maintenance cost/investmentcost

Final energy consumption

Spedfic heating demand

Spedfic coling energy consumption
Spedfic hot water energy consumption
Spedfic electridty energy demand
LCC/tenewable enetgyinstalled capadty
Operation cost/ PV energy production

Electridty energy demand (lighting, appli-
ances)

Energy demand for ventilation
Maintenance cst/exchange technical
equipment

LCC/shape factor

LCC/window to wall ratio

LCC/air tightness

Investment cost/shape factor
Investment cost/window to wall ratio

Investment cost/air tightess

Investment cost/average U-value opaque
components



Rating KPI Rating KPI

LCC/average U-value glazing compo- Investment cost/average U-value glazing

1.2 1
nents components
1.2 LCC/ generation system effidency 1 Oppaiziion eosit/asvgs Lelus ey
components
U . Operation cost/average U-value glazing
1.2 LCC/distribution system effidency 1
components
ilati ffi-
1.2 I,‘CC/VCHU ation heat recovery - cffi 1 Operation cost/ air tightness
dengy
12 Operation cst/distribution sys. effi- 1 Operation cost/vent. heat recovery effi-
’ dengy dengy
19 Operation  st/HVAC  effidency ; Maintenance  cost/tenewable energy
) (SEER) share

The selected KPIs have been implemented in Tasks 2.1 and 2.2 (see paragraph 3) to analyse the nZEB case
studies and to build-up the display results and draw comparisons among case studies and countties, according
to the specific need and the information availability related to the data collection.

It is also interesting going through the discarded KPIs, to better understand which indicators were rated very
interesting and which were considered less relevant. Table 2 reports in red the proposed indicators, which
received a rating below “2”. This group includes all the cost parameters expressed in relation to building
features, such as U-values, shape factor and performance parameters, such as air tightness, the heat recovery
efficiency of the ventilation. Itis relevant to point out that the end-of-life cost did not receive a high score
and therefore has been discarded. This is mainly due to the lack of data and a shared approach to evaluate
this indicator providing reliable figures, especially for nZEBs.

2.1. ASSESSMENT OF THE SELECTED KPIS

This section describes the selected indicators and provides an approach for the assessment.
The specific boundary conditions, references and normalisation factors of the indicators are defined in detal
within Deliverable 2.2 “Spreadsheet with LCCs”.

Indicator 1:  Investment cost E]: investment cost includes the amount due for design, construction
(labour and materials) as well as for the building site management during the construction works

Indicator 2:  Operation COSt[€]: the operation includes the net energy cost during the life cycle for heat-
ing, cooling ventilation, domestic hot water production and electricity for lighting and appliances, con-

sidering the amount of energy supply for renewable energy sources:
Oo=B 0 0 O O O ,where:

10 , 0O : clectrical and thermal energy consumed during the life cycle
10 ,0,0 :renewable energy produced during the life cycle by photovoltaic, wind and

solar thermal system

Indicator 3:  Maintenancecost[€]: real and predicted cost for the maintenance of the envelope elements
and the technical services of the building during the life cycle. The reference for standard, with a partic-
ular focus on the HVAC system, is the EN 15459:2017 “Energy performance of buildings - Economic evaluation
procedure for energy systems in buildings.”



Indicator 4:  Life Cycle Cost LCCI€]: represents the sum of the discounted costs, revenue streams, and

values during the life span of the building, including design, construction, operation and end-of-life cost.
Itis evaluated according to the ISO 15686-5:2008 as follows:

060

1 C: cost occurred in year n;

11 d: expected real discount rate per annum (assumed as 1.51%);

1 n: number of years between the base date and the occurrence of the cost;
1 p: a period of analysis (40 years).

Indicator 5:  WHhole Life Cycle Cost€]: represents the sum of the discounted costs, revenue streams,
and values during the life span of the building, including the same cost as Indicator 7 and the initial non-

construction cost (cost of land, fees and enabling costs, externalities).

Indicator 6: LCC / usablefloor surface[€/m?]: it stands for Life Cycle Cost normalised according to
the net usable surface of the building, including all the heated spaces without considering the area of the

walls (neither external nor internal partitions). The LCC is evaluated according to the standard ISO
15686-5 with a period of 40 years and with the boundaries desctibed in Deliverable 2.2.

Indicator 7:  Investment cost/usablefloor surface[€/m?): investment cost includes the amount due
for design, construction (labour and materials) as well as for the building site management of the build-

ing, normalised according to the surface as defined for Indicator 1.

Indicator 8:  Operation cost/usablefloor surface[€/m?: operation includes energy and maintenance
cost during the life cycle normalised as for Indicator 1.

Indicator 9:  Final energy consumptionkWh: energy consumption of final energy for heating, cooling,
ventilation, domestic hot water production, lighting and appliances for each energy cartier during the life

cycle

Indicator 10: Primary energy consumptionkWh]: predicted or measured yeatly primary energy con-
sumption for heating, cooling, ventilation, domestic hot water production, lighting and appliances cal-

culated as:
00 B 0'®@O,
Where: EF; [kWh] is the final energy associated with one specific fuel or energy catrrier, and Fpp [ is
the conversion factor from final to primary energy

Indicator 11: Electricity energy demand[kWh]: final energy demand for lighting and the supply of
building appliances

Indicator 12: Renewable energy shargs]: the amount of the energy consumption for each contribution
(i.e. heating, cooling, ventilation, domestic hot water production and electrical consumption for lighting

and appliances covered by renewable energy sources integrated into the building (i.e. photovoltaic sys-

tem, solar thermal panels and wind energy sources)

Indicator 13: PV _annual electricity yield[kWh/veat]: annual electricity produced by the photovoltaic
plant integrated into the building




Indicator 14: Annual CO, emissions[tons CO;/veat]: yearly CO2 emissions due to the energy con-
sumed. The amount is evaluated through the following equation:

COzyear B OO0 j,where

10 tepresents the energy consumption divided according to the energy fuel and cartier
170 j stands for the national conversion factor for each energy fuel and carrier.

Indicator 15: Life-cycle CO, emissions|[tons COo|: total CO2 emissions due to energy consumption
during the life cycle of the building evaluated as the sum of the annual CO2 emission calculated as for

Indicator 6

Indicator 16: Yearly energydemandfor heating[kWh: yearly energy demand of final energy (predicted
or calculated) for heating

Indicator 17: Yearly energy demand for coolingkWh: yeatly energy demand of final energy (predicted
or calculated) for cooling

Indicator 18: Yearly energy demand for hot water productiorjkWhj: yeatly energy demand for the
production of the domestic hot water

Indicator 19: Energy demandfor ventilation [kWh]: final energy demand for ventilation

Indicator 20: Yearlyrenewable energygeneration[kWh]: annual energy produced by the renewable
energy sources integrated into the building

Indicator 21: Specific heating demandkWh/m?]: yeatly final energy demand for heating normalised
according to the net heated surface (neglecting the surface of external walls and internal partition as well

as the unheated spaces)

Indicator 22: Specific cooling energy consumptionkWh/m?): yeatly final energy demand for cooling
normalised as for Indicator 19

Indicator 23: Specific hot water energy consumptiofkWh/m?|: yeatly final energy demand for pro-
ducing domestic hot water normalised as for Indicator 19

Indicator 24: Specific electricity energy demangkWh/m?: yeatly final energy demand for lightingand
the supply of building appliances normalised according to the net usable surface

Indicator 25: LC Maintenance cost/usable floor surface[€/m?]: maintenance cost during the life cycle
normalised according to the net usable surface

Indicator 26: Maintenance cost/investment cost(-]: the ratio between maintenance cost duting the life

cycle and investment cost.

Indicator 27: LCC/renewable energy installed capacity€ /Kwh]: #/e ratio between LCC and the ex-
pected energy production from the renewable energy sources installed on the building during the life

cycle

Indicator 28: Operation cost/PV energy production[€/kWh]: the ratio between the operation cost
(energy consumption and maintenance cost) and the expected energy production from the photovoltaic

plant installed



3.IMPLEMENTATION OF THE KPIS IN THE NZEB
SPREADSHEET

The selected KPIs have been implemented within task 2.2 for the evaluation of the cost and performances
of the CRAVEzero case studies.

In particular, the indicators have been combined in the CRAVEzero spreadsheet in both numerical and
graphical form including a comprehensive description of the life cycle cost of nZEB normalised for an EU-
wide comparison of the results.

Figure 1 shows the first page of the CRAVEzero spreadsheet, including an overview section of the main
features of the case study and the KPIs related to investment costs and energy consumption. In particular, it
reports the investment cost with the breakdown and a special focus on design and construction, and a detailed
analysis of labour and material cost for each building and HVAC element with the impact on the investment.
Finally, there is a section dedicated to the energy performance of the nZEB, including specific energy demand,
consumption CO2 emission and production from renewable energy sources.

The second page of the CRAVEzero spreadsheet (Figure 2) focus on life-cycle cost KPIs, with a general
overview of the cost during the life span (40 years), a distribution according to the phase with a special focus
on the maintenance and a detailed breakdown of the specific costs for each unit surface during all the phases
of the life cycle.

DEMO CASE 9 - SOLALLEN - SKANSKA LIFE-CYCLE COSTS

- - LIFE-CYCLE COST (40 YEARS) COST DISTRIBUTION
Architect: Skanska Teknik

* Design

Encrgy concept: Net ZIB

Costruction

Net energy consumed

» Mamtenance

Location: Vixj) (Sweden)

Year of construction: 2013
Net floor area: 1778 m?
Primary Energy Demand: 109 kWh/ (m)

Key technologies: Well insulated and air tight, Balanced ventilation with heat
recovery, Ground source heat pump, Photovoltic panels
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Figure 1: Investment KPIs. Figure 2: Life-cycle cost KPIs.



3.1. RELEVANT BENCHMARKS FROM THE CASE STUDIES

One of the backbones of WP2 is the analysis of the exemplary nZEB case studies aimed at identifying a set
of relevant benchmarks for nZEB performances and cost during the life cycle as a reference for the activities
within the project. Thanks to the normalisation approach as described within D2.2 “Spreadsheet with LCCs”,
that considers the national specificities in terms of market and environmental issues, it is possible to adopt
the average values calculated for the case studies, as reference benchmarks for new nZEBs (Figure 3).

It is important to point out that, although the results are referred to a limited number of case studies (i.e. 12),
the detail of the data describing each nZEB and the relevance of the methodology applied allowed to reach a
good level of reliability.

Vila Gard

Green Home Nanterre

Figure 3: Overview of the CRAV Egero case studies

In the following, the main benchmarks identified for the CRAVEzero nZEB are reported.
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Energy demand for DHW [KWh/m?2]

Energy demand for DHW
Average value 13@8NVh/m 2

Energy demand for heating

3.1.2. PERFORMANCE BENCHMARKS

Energy demand for heating
Average value 18.8 kWh/m
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Thermal transmittance of the opaque envelopr Thermal transmittance of the glazing systems
Average value 0.18 W/(#K) Averagevalue 0.99 W/(n? K)

Average U-Value Glazing systems

Average U-Value Opaque envelope
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4.CONCLUSIONS

The definition of suitable KPIs strongly depends on the purposes of the analysis. Within CRAVEzero, a set
of exemplary case studies was evaluated and compared according to life cycle cost and performance, in order

to provide a general overview of the nZEBs across Europe.

Table 3: Most relevant benchmark results of the CRAV Egerocase studies

CASE KPI RESULTS
STUDIES
5 Lo, = £8 By By BEE BE_ 3.3 Zas .2 X
¢ 558 fp 55 28 gP sEg gEs vEf EQE oF P
a OG*= EE sc i 8] nge 4§38 L§ o <-UW g >
€/m?2  €/m? €/m? €/m? €/m?  €/m*> kWh/ kWh/ kWh/ kgCO2 W/(m W/(m
m? m? m? /m? 2K) 2K)
Green- - 105198 105198 74855 -749.87 28,51 6.45 5.80 185.89 2213 0.12 0.83
home

Les Hélia- 91.11 115859 124971 69141 35537 4388 2256 18.88 12.00 11.60 0.22 1.51
des

Residence 16138 829 101437 58013 41740 2878 1277 34.16 10.52 22.00 0.17 0.97
Alizari

Nh Tirol 52.10 99492 104702 62506 268.88 - 1213 19.03 - 16.42 0.15 0.73
Parkcarré 23042 69711 2753 43960 14273 5333 2327 14.82 25.94 10.59 0.27 0.85
More 201.14 277167 297282 207385 44421  38.69  19.49 1213 - 29.34 0.20 1.20
Isola nel - 224989 224989 137061  644.71 - 30.03 23.53 2.88 46.00 0.25 1.18
verde a

isolanel - 27263 207263 129211 665.05 - 3045 23.34 232 4591 0.28 1.20
verde b

Solallén 125.74 106284 118858 384.15 216.51 56.80 18.38 6.26 444 27.49 0.07 0.92
Vila Gard 142.35 129163 143398 77442 95.22 71.38 15.64 1.35 34,01 25.37 0.07 0.87
Aspern 131.82 8476 97658 49795 17822 3944  16.78 7.15 14.55 13.32 0.10 0.92
L+R. 39313 221574 260886 128376 499.64 - 17.42 0.20 - 83.78 0.21 0.75

Schertler




The KPI selection has been carried out through a survey on the relevant stakeholders within the consortium,
who rated the relevance of each pre-defined indicator. Accordingly, the selection of the most relevant
indicators has been carried out, as a reference for the activities within the projectand for providinginteresting
benchmarks on the nZEB features, performances and cost across Europe.

The consistency of the resultsis increased by the level of detail of the data and information used for evaluating
the benchmarks and, although the number of case studies is quite small, the benchmarks as calculated within
the project are relevant indicators for analysing the nZEB building stock across Europe.

Table 3 summarises the KPI results as repoerted in Section 3.



S5.APPENDIX - DETAILED CASE STUDY
RESULTS

Annex 1 summarises all the indicators and relevant values calculated for the CRAVEzero case studies. The
values are normalised according the approach described in D2.2 “Spreadsheet with LCCs”.
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