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FOREWORD

This report i s uWRD4 CostrddectiobipoteritialsHar nZE&hmnaogids part o
the Horizon2020 CRAVEZzero project.

This reportsummarisesesults of Work Packageexperts agree that a breadle shift towards nearly

6 WP 8 @ost reduction potentials for nZEBhec zereenegy buildings requires significant dejus
nol ogiaskd6 4. 3 O0Adapt i vmentatocurentbuildng inaskkbt struckumasd fog y
buildingforacost f f ect i v e jpapgefr #he maoketdptakelotenergg flexible buildingaeper
the Horizon2020 CRAVEZzero project. tion also adjustments in the energy market design
Cost optimal and nearly zenoergy performance Costeffective integration of efficient solution sets
levels are principles initiated by the European Uand ren@able energy systems arerttagor chd-
ionds (EU) Bae eoff Building® B r fermesma

rective, whichwas recasin 2010. These will be CRAVEzero focuses on proven and new approac
significantdrivers in the construction sector in thees to reduce the costs of nZEBs at all stages of the
next fewyearsdecause all new buildings in the EUlfe-cycle. Therimarygoal is to identify and elim
from 2021 onwards have to be nearly zero energte the extra costs for nZEBs related to processes,
buildings (nZEBs); public buildingsed to achieve techrologies,building operation and to promote
the standard already by 2019. innovative business models considering the cost
While nZEBsrealisedso far have clearly showne f f ect i veness for al | st al
that the nearly zewnergy target can be achievelife-cycle.

using existing technologies and practices, most

Citizen groups/NGOs Estate Agents
Planners
Chambers Real estate funds Construction Companies Facility Managers
Municipalities Investors Tenants/Users
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Saciaty

»

»
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Figurd: CRAVEzero approach for cost reductionsyiriehaf H2EBs.
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EXECUTIVE SUMMARY

Already today buildings can be realised in tihe ndar.In order to quantify the effect of differenthtec
ly-zero and plus energy standard. These buildimgdogy sets on the quantitative KPIs the two case
achieve extremely low energy demands and w u di e s lodaRd inGesaeyasm @d O Mor et t
CO; emissions and can be operated economicalo r dated in Italyare analysed in detdhr-

For this reason, thmotivation in the CRAVEzero thermore, the smart readiness of the buildings as
project is not only based on the energy chasactethey are built / planned is analysed based on a
tics of buildings, but also on their-tifecle costs methodology currently discussed in Europe.

and building operation, which is supporting thé/ith an increasing complexity of the technology
largescale integration of fluctuating renewabkets in buildings, but also of the requirements for
energies in the buildintgalf, but also in higher the operation (support of grid stabilityssite ine-

level electricity gridBor the integration of flugt gration of renewables, increased comfort eequir
aing renewable energies (i) the integration amnts) a robust and reliable operation is essential.
intelligent operation of storages (electric arrd th&he process of continuous commissioning is one
mal) as well as smart operation and managemnegproach to increase the reliability and robustness
strategies are needed. of the planning, construction, commissioning and
In the first part of the deliverable the theoreticaperation of buildings. As these factors are also
background of the interaction between buildingssential for a flexible operation of a building the
and grids and flexibility options (technical, asperprocess of continuous commissioning is aéso d
tional) are described. Furthermore, existing asdribedn this deliverable.

new KPIs to analyse the flexibility of a building #s a major goal of the CRAVEzero project is the
well aghe ability to integrate renewable energiesdast reduction throughout the difgcle of a budt

the building and high&vel grids are introduced.ing, possible cost savings are also assessed. As the

The assessed KPlIs are: building management models are mainly addressing
1 Selfconsumption the operational phase ofbailding, possible cost
f Autarky rate saving in this phase of the lifeycle are the focus

of this deliverable. A detailed assessment of the
investment and lifeycle costs of different tectno
ogy sets are described in the publications of Work
kage WPOQ6.

1 Grid-supportivenessoefficient (GSC)
1 Smart readineswdicator (SRI)
In contrast to the first three K the latter is a
L C
based on a more qualitative approach comparec]D &
the others, which have a more quantitative chara

In the following some mairesults and findingse presented

1 For the integration of renewable energies in buildings as well as a flexible building operation to
support the integration of renewables in higher leveldgfetent storage possibilities (thermal
and electric) are needed in the building

1 The technology concepts for increasing theaesumption as well as the GSC with respect to
electricity prices and the residual load are comparable and optimisingiignonesof the KPIs
also positively influences the others. However, aspects / technologies increasing the autarky rate of
a building are decreasing the other KPIs; one can conclude that an increasing autarky is negative fot
an improved / optimised buildpgrid interaction, especially when the goal is to support the broad
scale integration of renewable energies on national / European level.

1 If technologies for an improved buildgrgd interaction are installed in buildings, it is necessary to
change thewrentoperation mode (focus on heat demand) and proved possibilities to integrate
additonal (external) signals in control strategies

1 For a market uptake of needed technologies, but especially for the broad implementagen of the r
quired control strategi@djustments in the energy markets are essential.
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1. INTRODUCTION

The increasing share of fluctuating renewalie erimprove the quality of buildings and the funckiona
gy generation in the electricity grids requirls tedty of their technical installations are introduced.
nical measures, new market designs and modelktthe second partlifferent options and the riee
balance generation and demémdelectricity on ed technologies to provide flexibility are described
the demand and suppiges As buildings are majorand applied in some of the CRAVEzease study
energy consumein the energy system and etectribuildings. The options are then compared using
ity for heating, domestic hot water and cooling, ésee different approaches/ KPIs, namely:

well as ossite electricity generation from remew -  Selfsufficiency/ autarky rate based on Results
blesis increasing, the integration of building energy of the tool PVopti

systems/ buildings ithe energy system is gaining Analysis of the Grid Support Coefficient GSC
importance. Renewable electricity is generated on developed at Fraunhofer ISE

site, stored in batteries, which could also be used Analysis of the Smart Rawbs of the buit

for balancing the local distribution networks,-heat ings based on the current status of theidefin
pumps and electrical vehicles are new electricaltion of the Smart Readiness Indicator, which
consumers in buildingsith relatively high oe might be introduced otthe European level in
nect ed theewe mang new and already the future.

established technologies, which have to be tnteg&imilarities as well as contradictions of the a
ed in the system and operated in a way stabilizongachesare highlighted.

the electricity grids. In the documen a't hand, the term
In the first part of this document, the theoreticab the qualitative description of technological sets,
backgroundf buildings and their interaction withoperations strategies and characteristics of building
the electricity grid, flexibility options in buildings agid interactions. It does not include the develo
well as KPIs in the field of energy efficiency andent and description of mathematical/ physical
flexibility are described. Furthermore, processesmodels for thereergy flexible building operation.

1.1. OBJECTIVE

The aim of the deliverable is the developmentaAdhnex 67 OEnergy Fl exi bl e
description of models and methodologies for (Bossibilities for an improved buildgrid intera-
continuous commission of buildings and (iidbuil tion are described qualitatively and assessed quant
ing-grid interaction with a focus on thae-siteuse tatively using different approaches/ tools and a
of renewable energies. The deliverable thedeby @mparison of the respective results. The carantit
dresses two major challenges of the future, whitke analysis uses the PHR&dels ofcasestudies

are (i) the reduction of the energy use in buildings a starting point. With the tool PVtie self

and avoidance of rainctions in the building consumption andutarkylevel of the base case and
energy sysin and (ii) the integration of fluctuatingseveral other technology sets is assessgdor
renewable energies in the electricity grid byt-adjsach case hourly electricity profiles are generated.
ments in the building operation. The hourly profiles are used in a second step to
The process of continuous commission is describetblyse the grid supportiveness of the building/
based on a detailed literature review as well astemhnology set using a methodolagg indicator
results from projects fosing on fault detection in (Grid Support Coefficient GSC, see chap)er
large and complex building energy systems. developed at Fraunhofer ISE. In addition,ctee

For the integration of renewable energies in tB&udybuildings assessed in detail are rated using a
electricity grid by an adjusted building operation

the definitions and findings from the IEA EBC, http://annex67.org/publications/software/pvopti/



http://annex67.org/publications/software/pvopti/

simplified method for rating the Smart Readinessaally discussed. The aim is to identify diffenent i

Building (Smart Readiness Indicator SRI) basedpications for the building technology sets from the

the poposed Simplified online quidskan @- different approaches resulting from the different
scribed iReynders, 2019) focuses (setfonsumption,grid uppor t i veness
The differences between the approaches and the

respectiveesults are compared, analysed ard crit

1.2. TASKS

In the deliverable at hand, two major taskseas d’he reason for focussing on this task is described
scribed in the proje@roposalare addressed. Theabove in the geral introduction. The theory, KPIs
tasks are briefly introduced in the following. and different (rating) schemes described pnd a
The first task is theestelopment of guidander plied in this deliverable shogldalte facility ma-
continuous commissioningcontinuous comisi ages, ownes and uses to exploit de-
sioning in this context is understood as a procemand/response logics for a higher load matching
throughout the lifeycle of the buildingCritical and a better grid interactiof their buildings and
tasks and aspects of continuous commissioning t@hnical installatioriBhe focus thereby lies on the
described. The focus thereby lies on the reliable amegration of fluctuating renewable electricity ge
energyefficient operation of a building. eration.Such models will be coupled with tethno
The second task, which is also the main focusagy concept including needed hardware comp
the deliverable, is theevtlopment of building nents.

managing modetnd the buildingrid interaction.



2. THEOR ETICAL BACKGROUND

The integration of decentralized electricity pcodu As buildings account for approximately 40% of the
tion from renewable energy souplagsa keyrole  annual energy use worldwidaited Nations Eriv
in a sustainable energy system, mitigating fuel panment Programme, n,dfey are lidy to play a
erty and climate change. In many countries, thignficant role in providing resilieahd efficient
growing share of renewable energy sources (REfration of the future energy system. Hence, they
goes in parallel with the extensive electrificationrmofy deliver significant flexibility services to the
demand, e.g. replacement of traditional cars witherall energgystem by intelligent control of their
electric vehicles or displacement of fossil fuel heanergy load$ioth thermal ancklectric. Therefore,
ing systems, such as gas or oil boilersenéty it is acknowledge that the interactions between
efficient heat pumps. At the same tisreewables buildings and the energy infrastructure in time and
supportthe operation ofow-temperture district scale should be fostered in order to fully benefit
heating grids. These changeboth the demand from the potential of renewables and mitigate CO
and supply side impose new challenges to tihe mamissions on an aggregated levehchieving the
agement of energy systems, such as the variabilignded dearbonization of energy services until
and Imited controllability of energy supply fron2050. Consequently, building design and control
renewables or increasing load variations over tweseyond that of individual buildings.
day (Denholm and Hand, 2011; Morales et allo understand and integrate the potentighwrt
2014) Consequently, managing the energyi-transuildingsin future energy systems, a holigbic
tion following the traditionabtaywould lead to a proach is needed harmonizing building and energy
grid operation closer to its limits, with a possib#ystem engineering but also energy market design
congquent increase of the energy use at pdak pand even occupant interaction.
ods, requiring more complex control problems witWithin IEA EBC Annex 674t was showrthat a
shorter decision times and smaller error margieemmon terminologymethodologyand labdling
(Mosléni and Kumar, 2010) approacldefiningflexibility andsmart readiness
Therefore, flexible energy systems are oétered buildings is currently missing, both at the single
as aressentigbart of the solution. Flexible energybuilding and at the clusters of buildings I@as!
systems overcome the traditional centrapred sen eal., 2017)As building engineers are often not
ductiorroriented approach, whereby the productiofamiliar with all technical aspects of enerdyy ne
follows the demand by igmting decentralized works and vice versa, the use of a set of flexibility
storage and demand respaiR) into the energy indicators that are easy to understand by both pa
market. In this context, strategies to ensure thies should be targetedrhese indicators should
security and reliability of energy supply invol¥acilitate design and operational decisions on both
simultaneous coordinatioof distributed energy building and energy system level, taking 8o a
resourcesenergy storage and flegilsichedulable count the complex interactions between building,
loads connected to distribution netwdiaillieul energy system, occupants and other boundary co
et al., 2016) ditions, e.g. RES availability, weather conditions
(Junker et al., 2018)



2.1. BUILDINGSAND T HEIR INTERACTION WITH GRID S

Buildings interact with surrounding energy system<) a sthe demporal match of the energy dran

by importing and exporting enef@alom et al., f erred to a gri d Wmitheh t
2014) Usuallythe focus is thimteraction with the  following important terms and approaches to-ma
electricity gridWith the increasing usage and-int age and optimise the interaction between energy
gration of fluctuating renewable energy technolgrids and buildings as well as strategies to increase
gies like wind and photovoltaic in buildings artte intelligence of energy systems and buildings are
electricity grids, the interaction betweepaatiéG- degribed. Furthermore, approaches to quantify the
pants (energy consumers and produasrsvell as ability and level to operate buildings in a way, which
prosumerkis gaining importance. In order t@su is helping to stabilize and manage the grids and
port the integration of fluctuating renewables thbereby integrate an increasing share of fluctuating
import and export of buildings should be orientenewables are introduced.

on the current state of the superordinate posicer gDemand Side Management PSM) can be used

by increasing the flexibility of the energy supply artdmanage the load curve of buildings, such as shift
demand of the buildingk (Weil3 et al., 2019a) demand in time (loahifting), reduce the peak in
flexibility is described as the maximum timeaa pothe energy demand (pedikping/load shaving) or

er draw can be postponed or additionally consurmedhporally increase the load when the incentives are
at a specific moment during the day. high or the electricity pricese low (vallefjlling)

In (Vosset al., 2010}he importance of building & seeFigure2. The relevance and possibilities for
grid interaction to realisetzeroenergy buildings the different DSM approaches in several European
(NZEBs) is emphasized. The interaction/ energyountries and Alberta akown inFigure3, which
exchange with a grid infrastructure helps to- ovdlustrates the electric load in 2011 in January (wi
comelimitations of orsite seasonal energy storagéer), April §pring), July @snmer) and October
Grid interaction is defined ifWoss et al., 2010, (autumn).

Load shifting Load shaving Valley filling

> >
» > »

Moving loads from one time to-a

Cutting load at specifianstance Increasing load at certain instanc
other. . . . .
. . . (and not using later). (whichgeneally is not active).
E.g. washing machine, or if electr . . . . . T
o . o . E.g. turning off electric heating, ar  E.g. turning on electric heating if
heating: heating the building earli : o .
using gas or bio instead. usuallyheated by gas or bio.

or later.
Figur@: Flexiblmechanisms: load shifting, load shaving an(d malteyrdillRG1L7)

DSM is defined fr om a peandsion thet ayailaple ensrgydlexibilityamd sa s
planning andmplementation of those electriciutil cessful implementation of DR programs. Hence,
ty activities designed to influence customer useswaist stat®f-the-art literature is focusingn
electricity in ways that will produce desired changesnonstrating to what extent this can reduae ene
in the uti |(Gelingd $985hm aat gy boat,pskif peak power, increase the use of local
bedivided into two categories like energy efficienognewable electricity production, or achieve stability
(EE) anddemand response (DR)Palensky and in the power grids by utilizing the flexibility of
Dietrich, 2011) The benefit of DR stronglyed buildings.

he

0t



In this context t h egrid-seppamived o0ap e minimum equipment of smart technologies and
tion of buildings is introduced and discussed services. What might be missing, displaced or even
science, e.g. (Klein, 2017)The goal of analysing able to generate resistance:

and quantifying the graipportiveness is to umde _ tpege technologies and services dguara-

Sta”‘?' how and to Wh&b(t(?ntbundlr?gs (?an B _ tee that the building is intelligent in the context
tribute to oefficient I &hedkfobnbihgtRergPnbtworks Qecticlly, S N 2
mtermltte.nt renewable energy mtq the enesyy sy heat and gas) or that it helps to lower the CO

t e rftdein, 2017, A7) The focus is the support emissions of the overall energy system. In the

of the overall upstream energy system, not only .,ntext of a neighlchood or the surrounding

local /vt egionalbpmgoin wise-e WCTHF hofevel, the energy flexibility and

fined by(Klein, 2017)as an operation of variable "smartness” of buildings assentialesources

electrical loads in a way that they conume@r ¢, 1oqycing C@emissions at this level, in line
predominantly in periods with low relative electric with the IEA EBC Annex 67.

ty demand in the system. Thereby, notpaWer _  \eaqired or achieved "smartness” could cause

load needs are considered, but also the ava”ab'“tyadditional costs, which preclude the required

of fluctuating renewable energies. On the other '
hand, a gridupportive generator produces myainl
when the relative electricity demand in the whole
energy system is higllein, 2017)The contrary
behaviour is termegtid-adverse For measuring/ _ ) _
quantifying the grigupportivenesgKlein, 2017) A consortium led by the Flemish Institute for

affordability of housing. And there are fears
that "gridsupportiveness* if it is applied-
would by no means be adequately remunerated
by the utilities.

developed the absolute Grid Support Coefficieft® ¢ hnol ogical Research NV
GSGus and the relative GSC which are int- awarded theontract for the implementatioe-r
duced in chapte.3 spectively the concept of the SRI. If their proposal

One of the key barriers jeopardising the mark§taccepted by the European Commission through
uptake of smart technologies is the lack of clarf@riament and council, the implementation cespe
about the energy benefits. There are few studively the ascertainment will be up to the individual
about the impacts of implementing smart honigates. The prepéin of a possible national spec
devices in buildings, and there is a lack e indication of the SRI as well as the possible &tegr
pendently verified empirical data on savings impdii@§ in the process of energy performance aalcul
(Urban et al., 2016pvaluated with a sharegt a tion can_stlll pe influenced since the preparation
proach. The EPDB Recast 844/2(IBe Europ- Process isn-going

an Parliament and the Council of the EuropeaEE INTEC is involved in the development of the
Union, 2018)introduced theSmart Readiness catulation methodologwhich is based on a lec
Indicator (SRI), in order to raise the awarenessology and services rating system, weighting diffe
amongst building owners and occupants of tle@t services by their functionality level effecting
value behind smart devices and services, givpngdefined impact crite(@eynders, 2019; Verbeke
confidence to the occupants about the actual sat al., 2018)Such effects are pralculated for the
ings of those new enhandadctionalities.lt  smart devices and services availabteeomarket,
therefore measurt®e readiness of the buildilig  but they are not associated either to physical nor to
adaptthe operatiorof buildinggo the needs of the performance quantities. This should be noted and
occuparg and the grid and to improtiee energy kept in background knowledge when new 8RI d
efficiency and overall performance of buildingvelopments are integrated into the work in
(The European Parliament and the Council of tlBRAVEzero to assess the techgal e s 6 d-and bu
European Union, 2018) ngervicesd smartness found

From the view of a building, the logic behind thidémonstration projects to learn from.
EPBD amendment is: It is intelligent only with
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2.2. FLEXIBILITY OPTIONS AND THEORETICAL POTE  N-
TIAL

In general, the potential flexibility is mostly used t@oncerning the quantification of the technioal p
minimize energy cost or procurement cost of puential for flexibility in buildings on international
chasing electricity and heat from the energy nand national level more research is still needed.
works,to increase the share of RES in the distrib There were already sevenajects carried out to
tion networks, oto develop the ability of re@ine  assess potentials in specific building types & indu
matding of consumption and generation to keepy / services sectors. However, an overall guantif
the stability of the grid. So energy flexibility coutzhtion is still missing.
be expressed as power [KW] and/or energy [KWHdr residential buildings in Germabiking and
that can be shiftedincreased or decreas®#dn Hauser (20119alculated a theoretical load shifting
reaction to an external signal (within IEA EB@otential of 1 TWh Kohlhepp and Hagenmeyer
Annex 67 callk 0 Penal ty si gn a(R0d7)calcwatdd the axisting tecbnfta potential of
izing the indoor comfort oversaecifiedime span. building energy systems in residential and non
Consequently, the pivotal challenge in characteresidential buildings in Germany. They leaémli a
ing flexibility is to find a common languageeto dmaximum potential of 20 GWuring the heating
scribe the shape, these energy or power shifts saason and 4 GYduring the cooling season and a
take, also congdng the objectives (activations)thermal shifting potential of 209 GWimainly in
the constraints, the time period (minute, houresidential buildings.
month or year) and the corresponding optintal coThere are several more studies available. However,
trol strategies. For instance, a storage system thair results strongly f#if in their findings and
can shift a certain amount of energy for a leng pralues. In Germany, the maximum shiftable ielectr
riod of time can beonsidered to be more flexiblecal load in buildings is expected to be around
than another system, which can only shift the saB@®&GW, from which about 2% can be econdm
amount of demand for a short period of time. Andally be used in the future (mainly heat pumps and
accordingly, a system shifting a high amount @doling units). Compared to the curseptovided
energy has more flexibility compared to a systéexibility of large power plants (about 80.iMs
shifting a low amount of eggr during the same is a relatively low potential (comp@ensen et al.,
period. 2015). Furthermore, the expected increase of flu
Within a building energy system (BE®)re are tuating renewable electricity generation form wind
several technical flexibility options as shown @md PV requires large flexibility on the copsum
Figure 4. According toKlein (2017)the central tion side; according tblartmann (2013up to
options are: 139GWe. This large demand for flexibility shows
- Batteries: create a time shift between net povtleat

load and demand. (i) All usable flexibility options have to be used in
- Fuel switch: used to alté¥e relaton between order to integrate large amounts of renewable

net power demand and thermal generation by electricity in the energy systand

switching between electric and fossil therm@l) Other / additional technical flexibility options

generators. are needed in the future (e.g. central electricity
- Thermal storage units: used to create time shift storages, thermal storages with poavbeat,
between heat generation and delivery. curtailment of renewables).

- Thermal building mass: used for thermat sto
age by modifgg heat delivery trajectory i@to
zone, respectively heat emission system.
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2.3. KPIS TO MEASURE ENERGY PE RFORMANCE

In the Clean Energy Packdagenched by thelt torsis proposedPernetti et al., 201 0As such, the

ropean Commission in November 2016 the needktltbenables quantification and prediction of the building
for Energy Flexibility in buildingsunderlinedAs  Energy Flexibility supporting decisions at both building an
described ifPernetti et al. (201D)jstribution Sy- aggregated level during design and operation. In defining
tem Operators (DSO) are challenged to activejyantitative and -datzen or simulatiased approach

take part in and exploit flexibility on a local level {that couldlso beagedn simulations), IEA EBG- A

order to use the existingid more efficiently by nex 67 acknowledges that Energy Flexibility is not only the
proposed changes of the Electricity Markiet Dresult of the available technologies in a building but depel
rective (EMD).Moreover, the establishment of asignificantly on the way these technolodies.are used
flexibility marketis expectedln (Pernetti et al., controllédand their interactionathurrounding energy
2017)i t i s Buddings are bxpdcteddo beetwmrk, the occupants and other boundary conditions, si
0smart 6 and comforndswellbas in éeldcad clintate €Remetti et al., 2017,7%).

flexibility market, which is underlined by the latestheogeserhl methodological approach is based on
amendment of the Energy Performance of Builditite Ditegtiesponse function that characterizes a
(EPBD) 2017. Nevertheless, the currently discudseitiBiganier a sacalled penalty sign@unker et

Readiness Indicator (SRI) differs from the IEAILEBTL8)representing a variable boundary ieond

Annex 67 approach. The study on SRI is definingtiamgtigoe@lectricity cost, €€dntent of tle energy)

for calculating affordal@ffiarmhtlySRI1, mainly ratingdriving the control of a flexible building configur

different smart services integraiiechins tion. The amount ahe consumednergy that can

There are several indicators in literature for iquartie shiftedfrom the operation with a control tho

fying energy flexibility, dieg with the following aware of the penalty sigm@aid the energy ce

three main levels: economic level, thermal, lev&imed from the building with the flexibjesration

grid control level, and therasbeen a lack of a (i.e. controlled considering the penalty signad-repr

unique and comparable quantification of energgnt the amount of flexibility that can be offered by
flexibility in buildings. the building.

By thelEA EBC Annex 67 a physical dasad

simulatiorbased approach with quantitative iaeic



Going more in detail, tifegure5 reports the step § o (Time): The time it takes from the start of the

response function, describing the flexibleaviour response to the maximum response.

of a building, in terms of:

1 7 (Time): Delay from the penalty increase (gr
decrease) to initial response of the building.

s (Time): timdnterval of the consumption
reductiorfollowing a penalty

A (Energy): The amount of energy demand

. . : LT
1 A (Power): Maximum change in the building saving during the response

response and it represents the maximura flex
bility that a building can offer. 1 B (Energy): The total amount of increased

energy consumption due to the rebound effect.
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Figuré&: Description of the expected response of an energy flexible building exposed to a step i(Resasttiint@@nalflgignal, source

For the analysis described in the following chapters, four KPIs/ approaches for describing theienergy flex
bility of a building are applied. These are:

- Self-consumption rate

- Autarky rate

- Grid Support Coefficient (GSC)

- Anindicator based on the current development statusSrhtmt Readiness Indicator (SRI)

TheKPIs / approaches are described in detail in chapter


https://www.codecogs.com/eqnedit.php?latex=/tau %0
https://www.codecogs.com/eqnedit.php?latex=/Delta%0
https://www.codecogs.com/eqnedit.php?latex=/alpha%0
https://www.codecogs.com/eqnedit.php?latex=/beta%0

3. TECHNOLOGY CONCEPTS

The relevant technologies and technology sets for the energy flexibility of buildings can be derived from
Figure4. It shows the importance of renewalriergy generation -gite, storage technologies (electrical

and thermal) as well as heating and cooling technologies, which link the electricity with the thermal sector in
the energy system as a whole, but also within single buildings (e.g. Ghitnpidatthe following, the

most relevant technologies are described based on Delive(#tilbldr ¥t al., 201.8Furthermore, pro-

ising technology sets providing different options for the energy flexibility in buildings are described briefly.

Renewable energy Generation: Electricity storage/ batteries:

The onsite generation of renewable electricity, &ationary batteries are increasingly impor&nt, e
well as the setfonsumption and feéd patterns of pecially in combination with fluctuating renewable
these installations, have high relevance for the gadbkctricity generation -gite. In (Kohler et al.,
supportiveness of a building. The primary source2f#18)the focus of the analysis was on lithium
renewable electricity -gite is PV. Another,ob  based batteries as they appear to be the most i
comprehensive source are small wind turbines, paytant technology for eddtrical storages in kil

on rooftops. ings in the near futuf@aiyou Research, 2Q14h)

In (Kohler et al., 2018)e major economic pana 2016 the average cost ofbhtteries was approx.
eters of PVIéarning rates, investment costs,ipos8 6 0 0 (Ké&hMrhet al., 201.8Yntil 2050 a cost

ble cost savings) are descriBdhas a consider decrease of 48 to 78% (average 64) to approx.

ble cost reduction potential. (Kohler et &, 2018) 3000 / k Wh i s  gBepning and @alzer,] n
a decrease by about%9from 1,370 / k W& 2015)an electrical efficiency of stationary batteries
approx. 700 / k \(6100 / k Wé 8100 / k;W in buildings of up to 9% is expected.

41% to-56%) is expected. At the interface between electrical and thermal
In (Burger et al.,, 201®Mree main &hnological energy, the scalled fuel switch if @&ssential
fields are distinguished: silicon PV,-fiim and sibility to react to e.g. grid signals and provide flex
new technologies (W, organic PV). Currently, bility to the electricity grid. Of major importance
available silicon PModules achieve efficiency ofare technologies which connect these typesref ene
13% to 18% and an increase to up to%6s &- gy (mainly hegtumps and CHP), but also techno
pected (compar@iirger et al., 20}5)Thinfilm  ogies which allow switching off attical loads
technologies have slightly lower efficienci#st(6 (heatpump) or electricity generators (CHP) when
13%) but might achieve efficiencies of up t8625 needed while assuring the supply of the needed
in the future. The highest possible efficiency tisermal energy (boilers).

expectedor 1l -V-concentrating PV modules withHeat-pumps:

an efficiency of up to 46. However, the latter is Heatpumps (combined with thermal storage) are
most likely not applicable on/ at buildings. seen as the most essential heating technologies in
Besides the installation on rtmbs, building future enegy systems based on fluctuating ranew
integrated PV as well PMbllectors gainni- ble electricity (compare, gBirger et al., 2015;
portance. They (i) can aate more areas for the Henning and Palzer, 2015)he leading techmsl
on-site energy generation from renewables and digs, which also have the highest importantieef
allow more efficient usage of the solar irradiatidouildinggrid interaction, are electricity drivero-aer
An additional advantage of buildingggrated PV thermal and groursburce hegitumps; gadriven

is that the modules can replace other buildirey enand other hegiumps are not considered in the
lope elements, which caadeto overall cost\wa scope of this deliverable. Aerothermal heat pumps
ings. have slightly lower investment costs than ground
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source hegtumps, but they also have lower- eff (at least not in resdtial buildings) in central and
ciencies (COP of 2.9 to 4.3 compared to 3.1 to Hi@rthern Europe. According (Kohler et al., 2018)

for ground source heptimps; seéBurger et al., the costs for aiconditioners are likely fall from

2015). In (Kohler et al., 2018)cost decrease fromcurrently 216/ kW t o bet wéié k WL20 ¢
currentl vy w 1o heBvBen 666 kawd According toBurger et al., 20160Ps of 2 to >4
1,0550 / kn\W 2050 is expected for aerothermatan be achieved (with desirable boundaryi-cond
heatpumps. In the same period the costs faions and goodambient heat sinks also higher
ground source heat pumps are expected to decréa®®s are possible).

from 1,620 / knWto between 1,080 and Thermal storage:

1,4960 /| knW For the flexible operation of CHP units or heat
Combined Heat and Power (CHP): pumps thermal storages are essential. Buffag-stora
There are several technolagidsch can generate es are already established in buildings and therefore
electricity and heat simultanglgu They range only slight cost decreases from(3/51 to appr ¢
from small Stirling engines, migas turbines or 2.50 / | ar e ¢ihee et tale @018Jnn

fuel cells with an electrical power of just a few kVidrder to provide flexibility, the storage volume per
to large power plants up to 800 MiBurger et al., kWi instaled in buildings might increase.

2015) The most widespread CHH#ehnologies in Building mass:

buildings are small gdidven cogeneration units. Besides standard thermal storages, the thermal mass
According to(Burger et al., 201%nits with an of buildings can be activated with adequate heat
electrical power of 1 to kUV cost between 3,200 and cold emission systems like concrete core cond
and 9, 30 Genetiallyk the specific costgioning (CCC) and thermally activated building
sharply decrease with the installed electrical povegstemsI(ABS). The activation of the thermal mass
The overall efficiency ranges from¥8@ 90%. In  of buildings can provide flexibility of the heat or

a mainly electrical energy systednbaiildings with cold generation and supply of several houns- Ho

a low heating energy demand, the electricalrefficiever, both systems are mainly relevant for new co
cy is increasingly important compared to the thestructions. General/ Average cost information is
mal efficiency of a CHP unit. Especially fuel celbt availableAlso, efficiency is highly dependent
CHPs have high electrical efficiencies of up % 650n operation modes and site conditions. Therefore,
(compargBurger et al., 2013lowever, the ma no explicit values are presented here.

ket is just starting to develop in Europe, anethefTechnology sets:

fore the investment costs are still comparably higin order to provide flexibility on different levels in
Boilers: a buildingbds energy systeil
The most important boilers in Europe gas bdi  wellas electricity generating and using technologies,
ers, which have a share of appro40the hela  are needed. For the heat supply in buildings, heat
ing technology stoderaunhofer Institute for Sy pumps or CHP units in combination with a boiler
tems and Innovation Research et al., 2@#&3 (fuel switch) and thermal storages are suitable sets
boilers areraestablished technology and therefor@nd the activation of the thermal mass in new co

it is not expected that the costs of currently apprastrudions increases the flexibility potential of a
1700 / knWill show a strong decrease in the f building (comparé&lein, 2017) Combining heat

ture. Also the thermal efficiency will most likely npumps with CHRunits could also provide &dd
further decrease from currently approx.%695 tional flexibility as a shift from electricity corsum
(based on caiific value). tion to generation (and vigersa) would be pass
Air-conditioners: ble. For additional flexibility, especially in combin
Most airconditioners use electricity from runningion with the generation of electricity from fluetua
compressors to provide cold for@nditioning in ing renewable energy sources (i.e. PV), dmmaint
buildings. The technology is of major importance fion of batteries, which are operated independently
southern European countries and not widesprerdm the thermal load, is necesgidhgin, 2017)
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4. METH ODOL OGY

The applied methodology is illustrate&igure6.  on-site electricity generation by PV and CHP. Fu
The analysis of the energy/ electricity flexibility dfiermore, DSM and battery storages can baleonsi
buildings builds upon the PHRBRPreadsheetsed ered.

veloped early in the proje€he spreadsheetsopr The PHPP files provided by the jeat partners
vide detailed information about instalechnab-  are the base cases for each building. Sevexal vari
gies in the CRAVEzeasestudybuildings as well tions are calculated. Thereby, the effects on self
as heating, domestic hot water, cooling, ventilatioonsumption and autarky rates of different flexibi
and lighting energy demand (useful and end eneityyoptions are assessed

different energy carriers). 1 Electricity storage/ battery

For the generation of hourly load electricity loagl Fyelswitch,

profiles,tk t ool OoOPVopti 6 d eqv ?He%ﬁl@t&ragés” connection

with the 1 EA EBC Annepedafled hkyii€ had Been pribrihdatdr fhe
Bui | dBased sntsimple input data, which cafy, case study buildngs oBrussels located in

be taken from the PHPP spreadsheets, howrly pgq thern Germangnd oMoretti More located in

files based othe Swiss Standar8IA 2024(SIA  horthem taly The variants for which the self
2024:2015, 20Esp generated and used for @naly.ongmption rate, autarky rate and the GSC are
ing the seltonsumption rate and autarky rate of Qnalysed in theasestudyd B r u saseeslinsad

building. It considersonventioal heating systems, rised inTable2, for thecasestudyMore inTable3.
major energy demands (heating, domestic &ot w

ter, cooling, ventilation, appliances, lighting) and

ABase case )
ABuilding data
Alnstalled technologies
P H P P AEnergy demands for different variants )
AUse info from PHPP (technologies, energy demands) )
Aintegration of el. storage
{ Agenerate el. load profiles
PVO ptl Aselfconsumption and autarky rate )
~
AUse Profiles of PVopti
GSC AcCalculate GSGfor all variants
J
)
AEstimation of SRI using approach based on current discussions about simptiitedi&fin method
SRI ]

Figuré: lllustration of applied methodology to analyse energy flexgbititinterddiictaing
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For the analysis describedhia following chapters, PV and wind in the electricity mix can be used as
four KPIs/ approaches for describing the energgference valueshe reference values for thelana
flexibility of a building are applied. These are:  yses below are the stock price of electricity (EEX)

- Selfconsumption rate and the residual load (Residual).
- Autarky rate For calculating the G&ka timeresolved electric
- Grid Support Coefficient (GSC) ty consumption profile is weighted with a time

- Anindicator based on the current developmergsolved reference quantity. It isaghvcalculated
status of theSmart Readiness Indicator for at least twime steps/ a time period and never
(SRI) for an instant of time. Usually, the consideread per

The definition and calculation smifisumption od is either one day or one year with hourly or

rate and the autarky rate are based on the dnethguarterhourly steps. If for example the EEXcele

ology applied in the tool PVopti, which is based dnicity price is taken as referencentjiya for ele-

the Swiss building certification standard Minergidfcity consumers a Gg&value of 0.9 means that

and can be used for the praaff the respective electricity is consumed at%0of the mean EEX

rates within the framework of Minergie®. price on weighted average, which is desirabte (co

The sel-consumption rateis based on the hourly pare(Klein et al., 2016))

electricity demand and generation (if applicabkg shown irFigure?, the operation of a building/

calculated with the tool PVopti. Based on &ie rthe building energy system can be either grid

sults, the hourly buildirggid interaction is @al- supportive (desirable) or gadverse (nen
lated andsummaisedl on a monthly and annualdesirable).

level. The annual selinsumption rate is theau The value GSgis used for comparing the GSC of

tient of electrical setbnsumption (calculated for differenttechnical installations, different reference

each hour and summed up for a whole year) avalues, climate conditions etc. The attaineds&GSC
the annual osite electricity generation. is related on a scale-200 to 100 representing the

Like the seltorsumption rate, thautarky rateis  worst (lower potential boundary) and best (upper

based on the hourly electricity demand andagenguotential boundary) achievable GSi@ a given

tion (if applicable) calculated with the tool PVoptsystemA positive value thereby is egigpportive,

It is calculated as the quotient of the - self negative one grédiverse and a value close to 0 is

consumption and the overall electricity demand wéutral.

the building and preged in %. The upper and lower potential boundaries #&re ca

With the methodology of the-salledGrid Syp- culated by analysing the total electricity copsum

port Coefficient (GSC)absolute and relative cantion and the required full load operation hodirs o

be calculated (G&& GSGe). A detailed despri  the technical systems for each day of a year. Load

tion of the methodology developed at Fraunhofshifting for the calculation of the boundaries is only

ISE can be found i(Klein et al., 2017; Klein, 2017;possible within one day. The upper potential

Klein et al.,, 2016b) The GSC 0 &weboundaty gupperPB) therebyl i® the achieved GSC

tricity consumption profile with a reference quantwhen the technical systems are operated during the

ty (Klein et al., 2016b) hourswith the most favourable external signal of a

The reference value must express the electriciyy, the lower potential boundary (lowerPB) is

availability in the public grid. AccordingKi®in et attained by operating the system in the hours with

al., 2016h)the stock price of electricity, residuathe least favourable external signal during one day.
load, cumulative energy consumption or share of
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Figurd@: Grid supportive, grid adverse and grid neutral operation with respect to EEX price {&llein,eX#nple da; source

In addition to the quantitative approach describ&the aim of the SRI is to make the added value of
above, a more qualitative approach will be applisthartness in buildings more concrete/ tangible for
and the results will be compared to the quantitativeilding owners, users, and service providers (see
results. (Verbeke et al., 201.8)

In Europe, é&mart Readiness Indicator (SRI)s  The concept of the proposed methodology is based
currertly developed, and a first version of theiealcon smart ready services for the following domains
lation methodology is available. In this project,(¥erbeke et al., 2018)

simplified rating reducing the rated/ assessed sg Heating

vices is used. f Cooling

The background, methodology and detaileat caﬁ
logue of services in buildings to be considered
the SRI are described (Werbeke et al., 2019;
Verbeke et al., 2018he SRI should generally help
to leverage the application of smart, ereffigyent
technologies in buildings across Europe mnd fl On-site renewable energy generation

crease investments in building renovation. It % Demandside management

expected that a broad uptake of smart technolodfes Electric vehicle charging

leads to significant energy saving in aeflestive q Monitoring and control

way and simultaneously help to improve indo@verall, the service catalogue presented irxAnne
comfort (comparéVerbeke et al., 2019; Verbeke &if (Verbeke et al., 201&)mprises more than 100

al., 2019) Additionally, the availability of stna services, which are rated according to defined fun
technologies is seen as an essential part of a futigigality levels.

energy system with a high share of fluctuating Current discussions were focussing on streamlining
newable electricity generation, which requires cthe methodology by reducing the domains and
trollable loads in each consumption sector of thenices to be assessed and thereby making the SRI
energy system including the building sector. Teagsier to apply and use (comgReynders, 2039)
development of the SRI is defined in the last reBased on the results presenin (Reynders, 2019)
sion of the EPBD, which requires the developmegahd the detailed catalogue and methodolegy d
of a scheme to rate the smart readiness of buildings.

Domestic hot water

1 Controlled ventilation
Lighting

Dynamic building envelope
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scription in(Verbeke et al2018) a simplified ta  while cooling @lys a more significant role in seut
ing of the smart readiness of the CRAVEzero Casen European countries. For each domain, tweigh
studies was developed and tefttbeke et al., ings are defined representing the impaatnangy
2019) It comprises 26 services in the domatis  savingflexibility for the grid and stanadertonwe

ing domestic hot watelingontrolled ventildiigiR  iencehealth and vbelingmaintenance and fault-predi
ing dynaraenvelqméectriciglectric vehicle chamdingtion, detection and diagsosil asiser information
monitoring and cordmol published in the file (Verbeke et al., 201&urthermore, the listerh-

0 s r i 2-c serviceatalogue simplified pacts have differing importance for the smartness/
me t h o dVITOINY x2@19) energy flexibility of a building. For the analysis
The SRI isexemplarily derived for the two caseavithin this déverable the most considerable &igni
study buildings mentioned above. The importanm&ance is attributed ftexibility for the grid and storage
of the different domains slightly differs between thiellowed byenergy saviaggd maintenance and fault
two case studies as for example heating and lighdetgectioAll other impacts are attributed the same
are more important in central/ northern Europdand lowest) importance.
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Tabld: Smart ready services to be applied in plannednséetipifield $RSQUT@ NV, 2019)

Domain Theme Smart ready service
Heating Heat controt demand side Heat emission control
Heating Control heat production facilitie Heat generator control (for consbt
tion and district heating)
Heating Control heat production facilitie Storage and shifting of thermal enel
Heating Reporting Report information regarding HEA
ING system performance
Domestic hot water Control DHW production fad¢il Control of DHW storagecharging
ties (with direct electric heating or intégi
ed electric heat pump)
Domestic hot water Flexibility DHW productior Control of DHW storage charging
facilities
Domestic hot water Information to occupants Report information regarding dasy
tic hotwater performance
Cooling Cooling controt demand side  Cooling emission control
Cooling Control cooling production f&ci Generator control for cooling
ities
Cooling Control heat production facilitie Storage and shifting of thermal enel
Cooling Reporting Report information regarding cooli
system performance
Controlled ventilation Air flow control Air flow control al the room level
Controlled ventilation Feedback / Reporting Reporting information regarding IAC
Lighting Artificial lightingcontrol Occupancy control for indoor lightin

Dynamic building envelope Window control
Dynamic building envelope Feedback / Reporting

Electricity Storage
Electricity Electricity Loads
Electricity Renewables
Electricity Storage

Electric vehicle charging EV Charging presence&capac
Electric vehicle charging EV Charging Grid
Electric vehicle charging EV Charging connectivity

Monitoring and control TBSinteraction control
Monitoring and control Smart Grid Integration
Monitoring and control Feedback / Reporting

Window solar shading control
Reporting information regardingr{
formance

Storage of localbenerated energy
Electricity Monitoring Systems
Reporting information regarding en
gy generation

Reporting  information  regardi
stored electricity

Number of charging spaces

EV Charging Grid balancing

EV charging information and cocne
tivity

Interaction between TBS and/
BACS

Smart Grid Integration

Central reporting of TBS performar
and energy use
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5. RESULTS

5.1. SCENARIOS OF OPTIMAL
TERACTION

NZEB 6 ENERGY GRID | N-

In the following, several KPIs described above drased on the current discussions about a simplified

analysed for the twease study ui | di ngs
and OMorett.i Mor eo ., 37F
variants are analysed according to:

1. Seltconsumption and autarky rate

2. Grid-supportiveness (GSC)

3. Smartreadiness (SRI); only B&sese

The selHconsumption and autarkate are obtained
from the tool PVopti. Additional resudtf the tool
are hourly load and generation curves, which
the basis fore analysis of the giddpportiveness
according to the GSC deveddpat Fraunhofer
ISE. For both asestudies the smartadiness is

S&Hating.s s el s 6

0he mairdréverse for they buildibguid ihtetactiony s
are onsite electricity generation, electricity storages,
the possibility for a fuslvitch and thermal stgra
es.The sizeg presence of all technologies except
thermal storages (focus is the electrical part) are
varied for identiéd promising technologgets/
settings to increase the-gite renewable electricity
gemeration and use as well assyyigbortive budl-

ing operationlf a heat pump is installed in the
variants, it is always considered to be @ow@ice
heat pump.

analysed based on interviews and a rating scheme

5.1.1. CASE STUDIES

CASE1 :

K

PPy L

Figur®: lllustraon of thase stutrussels";(c) Kéhler & Me
GmbH & Co KG

e

0 Br us s e | dKbhlePeavieikzerdPankcargRes.)
General information

Owner: Owner’s Association
Architect: Alex Stern/Gerold Kohler
Energy concept: Contracting model for the-q
ter energy supply (DHW, heatiagdelectricity)
for all buildings with a local gas boiler and-a
system
Location: Eggenstein (Germany)
Year of construction: 2014
Net floor area: 11092m

technologies
High level of thermal insulation
Best quality he#ridges optimization and
airtidht envelope
Decentralized ventilation system with heat
covery (2 systesfapartmeny

== =g ==

Thecase studig a multfamily home, witfour floors,tendwellings, within a quarter of six buildings, each
with four floors and overall 66 dwellings. This building consuntésless than national standarels r
quirements. The envelope is highly insulated and airtight. Decentralised ventilatiohwsykiemach

dwelling) with heat recovery have been installed.

plied by a gafred heatand poweplant (CHP)and

Dédtihdnand electric energy of all dwelirem.p-
a PV system on each building. Moreover, the social
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andeconomicsustainabilithasbeen taken into account by the project. On the one hand, onararthe
objectives in developing this midtnily house was to create a type of building which can meet different
demands. On the other hand, the designers focused on #bkectiseness of the construction to guara

tee affordable costs of the dwellifide analysed variants are sumethiisl able2.

Table: Analysed variants in PVopti @aseatstudgrussélsPH refete passive house

Variant Envelope Heating Cooling PV El. Storage
1 as built / Reference 38.9 kWp no

2 as built HeatPump no 38.9 kWp no

3 as built HeatPump no 19.3 kWp no

4 as built HeatPump no 57.8 kWp no

5 PH HeatPump no 38.9 kWp no

6 PH HeatPump no 19.3 kWp no

7 PH HeatPump no 57.8 kWp no

8 as built District Heat no 38.9 kWp no

9 as built District Heat no 19.3 kWp no

10 as built District Heat no 57.8 kWp no

11 PH District Heat no 38.9 kWp no

12 PH District Heat no 19.3 kWp no

13 PH District Heat no 57.8 kWp no

14 as built HeatPump no 38.9 kWp 100 kWh
15 as built HeatPump no 19.3 kWp 100 kWh
16 as built HeatPump no 57.8 kKWp 100 kWh
17 PH HeatPump no 38.9 kWp 100 kWh
18 PH HeatPump no 19.3 kWp 100 kWh
19 PH HeatPump no 57.8 kWp 100 kWh
20 as built District Heat no 38.9 kWp 100 kWh
21 as built District Heat no 19.3 kWp 100 kWh
22 as built District Heat no 57.8 kWp 100 kWh
23 PH District Heat no 38.9 kWp 100 kWh
24 PH District Heat no 19.3 kWp 100 kWh
25 PH District Heat no 57.8 kWp 100 kWh
26 as built HeatPump no 38.9 kWp 270 kwh
27 as built HeatPump no 19.3 kWp 270 kWh
28 as built HeatPump no 57.8 kWp 270 kwh
29 PH HeatPump no 38.9 kWp 270 kWh
30 PH HeatPump no 19.3 kWp 270 kWh
31 PH HeatPump no 57.8 kWp 270 kWh
32 as built District Heat no 38.9 kWp 270 kwh
33 as built District Heat no 19.3 kWp 270 kWh
34 as built District Heat no 57.8 kWp 270 kWh
35 PH District Heat no 38.9 kWp 270 kWh
36 PH District Heat no 19.3 kWp 270 kwh
37 PH District Heat no 57.8 kWp 270 kWh
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CASE2 : 0 Mdorettd(More-Res.)

General information
1 Owner: GroppiTacchinardi
Architect: Valentina Moretti
1 Energy concept: Heptimp and conden
ing boiler, solar heating panel
1 Location: Lodi (Italy)
1 Year of construction: 2014
71 Net floor area: 1282n
Key technologies
1 Precast component

. 1 Compact model home

Figur®: lllustration of thee studyMo r et t i Mor e ¢ ¢ Central core

=

1 Flexible and modular
Groppi/ 0 Mo r e représentd orre efdhe typologieprefabricatedinglefamilyhouse produced by
Moretti. The envelope and all the equipment have been designed with the aim to achieve higt performan
es. The thermal equipment consists of amadér helapump, distribution through a floor heating system,
balanced ventilation with heat recovery, elegstens automatioin summer, a natural chimney activates
air circulation inside the house, thus ensuring natural ventilation. In additstaltation of speciat-s
lective and low emissivity glassesures low cooling deman@he analysed variants are sunsathiin
Table3.
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Tabl&: Analysed variants in PVoptidasshedp Mo Meré; PH refers to passive house and HP refemfp Heat

Variant Envelope Heating Cooling PV El. Storage
1 as built / Reference no no

2 as built HeatPump Compr. cooling no no

3 as built HeatPump Compr. cooling 2.8 kWp no

4 as built HeatPump Compr. cooling 5.5 kWp no

5 PH HeatPump Compr. cooling no no

6 PH HeatPump Compr. cooling 2.8 kWp no

7 PH HeatPump Compr. cooling 5.5 kWp no

8 as built HP + Boiler Compr.cooling no no

9 as built HP + Boiler Compr. cooling 2.8 kWp no

10 as built HP + Boiler Compr. cooling 5.5 kWp no

11 PH HP + Boiler Compr. cooling no no

12 PH HP + Boiler Compr. cooling 2.8 kWp no

13 PH HP + Boiler Compr. cooling 5.5 kWp no

14 asbuilt HeatPump Compr. cooling no 10 kWh
15 as built HeatPump Compr. cooling 2.8 kWp 10 kWh
16 as built HeatPump Compr. cooling 5.5 kWp 10 kWh
17 PH HeatPump Compr. cooling no 10 kWh
18 PH HeatPump Compr. cooling 2.8 kWp 10 kWh
19 PH HeatPump Compr. cooling 5.5 kWp 10 kWh
20 as built HP + Boiler Compr. cooling no 10 kWh
21 as built HP + Boiler Compr. cooling 2.8 kWp 10 kWh
22 as built HP + Boiler Compr. cooling 5.5 kWp 10 kWh
23 PH HP + Boiler Compr. cooling no 10 kWh
24 PH HP + Boiler Compr. cooling 2.8 kWp 10 kWh
25 PH HP + Boiler Compr. cooling 5.5 kWp 10 kWh
26 as built HeatPump Compr. cooling no 20 kWh
27 as built HeatPump Compr. cooling 2.8 kWp 20 kWh
28 as built HeatPump Compr. cooling 5.5 kWp 20 kWh
29 PH HeatPump Compr.cooling no 20 kWh
30 PH HeatPump Compr. cooling 2.8 kWp 20 kWh
31 PH HeatPump Compr. cooling 5.5 kWp 20 kWh
32 as built HP + Boiler Compr. cooling no 20 kWh
33 as built HP + Boiler Compr. cooling 2.8 kWp 20 kWh
34 as built HP + Boiler Compr.cooling 5.5 kWp 20 kwWh
35 PH HP + Boiler Compr. cooling no 20 kWh
36 PH HP + Boiler Compr. cooling 2.8 kWp 20 kWh
37 PH HP + Boiler Compr. cooling 5.5 kWp 20 kWh
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5.1.2. SELF -CONSUMPTION AND AUTARKY RATE

For the analysis of the sefinsumption of osite renewable electricity generatimautarky rate ard

the key factors/ technologies influencing these factors, 36 variants, as Wwafleasagevere analysed

with the tool PVopti in the tmoasestudyb ui | di ngs O0Br uss el ddse aagetlect® Mor et
the building as it is built/ planned basedhe PHPFiles developeéarlier in the CRAVEzero

Brussels: of around 7@%6, which aly differ in the envelope
Already in théase casa PV system is planned.quality the selfonsumption rate is even slightly
Therefore, all variants havegsite renewable ele higher in the variant with the worse buildingeenv
tricity generationThe analysed variants ame d lope (variants 16 and 19).

scribed iMmable2. The highest setfonsumption rate is obtained in
The sdf-consumption and feedn rate of the the variants with a small BYstem and a battery.
electricity generated -site (only PV) othe &- In these variantthe whole electricity can beneo
sessed varianis illustrated ifrigure10. The sef  sumed ofsite even without a hgaimp.

consumptia rate varies between%9and 1006. The autarky rate ranges from 14% to 77.2%6

The lowest rate is achieved in Variant 10, which lzas is illustrated iRigurell Variants 34 and 37

a large P\system, but no electricity storage and theve he highest ratd8oth have a large Bystem
heating is provided by the district heating systeamd large battery storage and no-pap. The
Generallyit can be said that the sefinsumption only difference is the building envelope, which does
rate isthe lowest in the variants with a large P\hot influence the garky rateThe main drivers for
system, no electricity storage and without a heatigh autarky rate are the size of the battery storage
pump for the headupply. The mentioned factorsas well as the size of the-8étem. The presence
(presence and size of electricity storage, lacge aéa heat pump only comiesthe third place. The
tricity consumers (heatimp) and the size of thereason is that the hgaimp consumes the most
PV-system) are key drivers for the self electricity duringvinter when the PV generation is
consumption rate. The building envelope only pladgsv. The lowest autarky rate is obtained in variant
a minor role in this building as the electricityrgen&, which has a heatimp, but no battery and only a
ated during winter is more or less consumed amall PVsystem.

site. In some variants with a-selfisumption rate
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Figurd 1 Autarky rate and share of purchased electricity of the Gfsthresssl stafighits &; ®venlustration based on resilisdb
with PVopti
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Figurd2 Carpet plot showing the electricity purda htatsreaoehg loaru tt h e
Light colours indicate a low purchase, red indicates a high purchase; own illustration based on results obtained with PVopti

Moretti More most variants which only differ in the envelope
In the base caseo PV system is plannédin- quality he seHconsumgon rate isslightly higher
stalled. Therefore, all varianterehthe P\system in the variargt with the worse building ehope
was Cc onsh udielnteld/) do aos show a The highest setfionsumption rate is obtained in
seltconsumption and have an autarky @f. 0Che the variants with a small Bystem and &rge
analysed variants are describ@chlie3. batery.

The selfconsumption and feedn rate of the Theautarky rateof the variants with a Paystem
electricity generated-site (only PV) oéllvariants ranges froml94 % to 696 % and is illustrated in
areillustrated inFigurel3 The seltonsumption Figureld Variant 37 hethe highest rat@he four
rateof the variants with a P&stem installedar-  variants with the highest rate (37, 25, 31, 19) all
ies betweer20% and92%. The lowest rate is have a highlgfficient envelope (PH). The variants
achieved in Variant3 which has a large PV with a heatingystem as it is built (Hgaimp +
system, but no electricitpmge and the heating isboiler) thereby have a higher autarky rate than the
provided bythe heatpump system in combination variants with only a hgaimp installed. In the
with gas boiler (as builtjowever, as the boiler variants with similar settings concerning the-env
only provides a small share of the needed heat &quk, heating stem and P\system the size of the
highest heat demand occutsensolar irradiation battery isd of coursed the driving factorln this

is low the difference in theelfconsumption rate case studyhe size of the P®ystem is the most
between the case with hpamp + boiler and the important driver for the autarkgte; the eight viar
case, in which only a heaimp is installed (variant ants with the highest rate all have a large PV
7), is negligibleGenerallyit can be said that the system. This paratee seems to be even more
seltconsumption rate is the lowest in the varianisiportant than the size of the battery. The lowest
with no electricity stoge anda large PAsystemin  autarkyrates in buildings with PV aabtained in

the case studihose twdactors are the key driversvarians without abattery and only a small PV
for the selconsumption rate. The building env system.

lope only plays a minor role in this buildind n
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Figurd3 Relation of-selisumption andrfeddhe assessed variantas# tag@ly o r e t; bwrllusttationebased on retailtedb
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Figurd4 Autarky rate and share of purchased electricigd ofattientssdédahse studlyMo r e t; bwn illddoation based on results
dxained with PVopti

Figurd5 Carpet plot showing the electricity purchase from the grid of variant 37 (highest autarkyt cateeof theicasdsiudye 0 t h
year. Light colours indicate a low purchase, red indicates a high purchase; own illustration besptl on results obtained with P
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