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FOREWORD

This report summarizéisst activities and results of using existing technologies and practices, most
Wor k Pac k agost reduatPrd gbotentials experts agree that a braadle shift towards nearly
fornZEBt echnol ogi es 6, p-a rzéreewefgy bulldings Hexjuiresz signifdnt2 d@djust-
CRAVEzero project. ments tocurrentbuilding market structures. Gost
Cost optimal anahearly zer@nergy performance effective integration of efficient solution sets and
levels are principles initiated by the European Umnewable energy systems arenéjerchallenges.
ionds (EU) Ener gy Per CRAVEzaramfocasesmrf prom and rebw appreach-D i -
rective, whichwas recasin 2010. These will be es to reduce the costs of nZEBs at all stages of the
significandrivers in the construction sector in theife cyclgsed-igurel). Theprimarygoal is to iden-
next fewyearsdecause atlew buildings in the EU tify and eliminate the extra costs for nZEBs related
from 2021 onwardsaveto be nearly zero energyto processes, technologiesilding operation and
buildings (nZEBs)ublic buildings need to achieveo promoteinnovative business models considering
the standard already by 2019. the costeffectiveness for all stakehold#rsthe
While nZEBsrealsed so far have clearly shownb ui | di dlegds | i fecy

that the nearlgercenergy target can be achieved
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Figurd: CRAVEzero approach for cost reductions in the lifecycle of nZEBs.
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EXECUTIVE SUMMARY

For realising nZEBs, which are esi$icient for all ate, which can also lead to price increases instead of
stakeholders throughout their lifecycles, troecreases.
knowledge about possible cost developments of thealysed technologies
most relevant technologies is essential. Furth€he scope of the deliverable is the analysis of the
more, the identification of currently realised amdajor technologies for heating, cooling, ventilation,
promishg technology sets for the future can help ®nergy storage dmenewable energy. Furthermore,
reduce the cost of nZEBs and accelerate the respsmsreral passive approaches and straiagigation
tive market. The identification of currently realisedf the building envelope, free ventilation and night
and promising future technology sets is based @oling as well as shading and use of daytight)
the CRAVEzero frontrunner buildings and addreduce the energy demand are analysed.
tional literture review. The frontrunner buildingsTop-down:
are also integratedto a detailed databaseof The varioustechnologies analysed have different
relevant cost and technical data of the most relevanst reduction potentials. The basis for the deduc-
technologies, which is developed together maitipn of cost reduction potentials are current market
with Work Packag®/P@® (Life Cycle Costs of and cost levels as well as market forecasts for each
nZEBs). In addition tothe frontrunner buildings, technologyd if available for whole Europe and in
several sources from the participating countries aase of liméd data available only for Germany.
integratednto the database, which is the basis fdtstablished, fossil fuel based technoldgieand
the calculation of cost reduction potentials degasboilers) have the lowest cost reduction poten-
scribed in the deliverable at hand. tial until 205Qonlyaboutl% and 9% respectively).
Besides the formation of a sufficicatatbase, the A major reasonis the comparably high @O
identification/ development of a suitablethod- emissions, which contiiat the climate protection
ology for the calculation of the cost reduction potargets of the European Unianmd will herefore
tential is part of this deliverable. For the deductitmse market shares leadingmdy a small increase
of cost reduction potentiakhere are in principle in the cumulative production volunfe slightly
two approaches; thwp-down learning curve higher market share is predicted fomass boilers
analysis and thHmttom-up analysis. Compared towhichare more environmeaily friendly as they use
the topdown approach more detailed data ararenewabliel Biomass boilers haaeost reduc-
information is needed for thmttom-up analysis. tion potentiabf approx. 4% until 2050.
Thereforethe learning/ experience curve approacHeat pumps are seen as a central heating (and
was chosen for the deduction of cost reductigerobably cooling) technology in an energy system
potentials for all identified technologies, wherehased on fluctuating renewable energigeasre
the bottomup analysis was only condwtfor oneimportanttechnology for the coupling of the
three central technologies (PV, solar thermal, elelectricity and heating sector. Therefore, a strong
tricity storage)The calculation of cost reductionmarket increase is expediedesultin cost reduc-
potentialswith the experience curve approach igonsof more than 20% by 2050.
based on market and cost data as well as the défentilation systemgcentral and decentralisat
mination of learing rates. of major importance for energy efficient buildings.
Even though the applied methodologies are widEhey supply fresh air, reduce ventilation heat losses
spread and established, it has to be mentioned tivhen equipped with heat recovery systems and
there are severnahcertaintieswhichcan influence assure good air quality by removing moisture,
the development of cosespeciallpvera relative- moulds, pollutants and vapours. Especially in
ly long period until 2050he calculated marketairtightbuildings assuring good air quality is almost
developmentcan vary due to changing requireimpossible without mechanical ventilation. The
ments or political changes, the actual learning natarket for ventilation systems will most probably
canvary and global commodity prices can fluctugrow in the coming decades ilegtb cost reduc-
tionsof around 46% 52%by 2050.



Thermal and electrical storags become more Solar thermalsystem$ even though already wide-
important in an energy system based on fluctuatsaread still have cost reduction potentials of 38%
renewable energies. Both storage types have $yb2050. Like for PV systems, there is the possibil-
stantial cost reduction potentials of about 29%y to integrate solar thermal systems in the building
(thermal) and 65% (electrical) by 2050. envelope(e.g. the facade) and replace elements
With increasing indoor comfort requirements arldading to overall lower costsrealsingnZEBs.
furtherglobal warmindghe need foair condition-  For the building sectomsulation plays an im-
ing/ cooling is increasing leading to a strong maportant role in reducing overall energy demands
ket increase and associated cost reduction potengalsecially concerning the heating demand in mod-
of about29% by 2050. erate and cold climategions However, for estab-

PV is an established renewable energy source wilisteed and widespread insulation materials no fur-
global market, but still htee potential for optimi- ther cost reduction is expected; cost reductions are
sation. In all future scenarios with low greenhousely expected for new/ innovative materials and by
gas emissions, PV plays a key role in meeting eimigroved mounting processes.

sion targets and generating the required amountBefsides insulating a building, there are cadditi
renewablelectricity. Higltost reduction potentials passive strategiesuch asight cooling or natu-

are expected as fast marketetigpment is indis- ral ventilation, which reduce the end energy de-
pensable until 2050 for the achievement of timeand of a building and become increasingly im-
climate and emission targets of the Paris Agr@ertant for therealsation of nZEBs. However,
ment. The estimated cost reduction potential deriving cost reduction potentials is not possible
around 49% by 2050. In addition to the establishbdsed on thavailable data.

use on the roof, buildidgtegrated PVRiPV) is a The derived cost reduction potentials of the top

promising and growing new field. down approach are summarisegligure2.
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Figur@: Cost reduction potentials of major nZEB technologies caleitataedesithitigectope approach



Bottom-up: cal improvements such asimereased energy den-
With the bottomup approach, specific cost driverssity, material savings and uselafaper material

were determined for PV, solar thermal and electEnvironmental pressure and policies on energy
cal storages. efficient buildings with lower greenhouse gas emis-
For PV, st reductions aip to57%are estimated sions are probably the main reasons for the focus
in different studiesncreased efficiency amdteri- and increase in local renewable erard\energy

al savingare the main possibilities for future costaving technologies powered by electricity instead
reductions. of fossil fuels. The building sector plays an im-
For solar thermal the factors identified for possi-portant role in reducing total greenhouse gas emis-
ble cost reductions are the amount of material ussibns and is currently still responsible for 32% of
material changes, simplification of the system, faster world's final energy demand. Todayetieegy
assembly and changes in production methods; effipply is mainly based on fossil fuels causiag CO
ciency shows nhbigh potential for futher optimi- emissions. Market demand for efficient and renew-
sationUntil 2030cost reductions afp to43%ae  able technologies is a key factor for realising cost
descriked reduction potentials. The EPBD is thus an im-
For stationary batteries the bottomrup analysis portant factor in boosting the market for technolo-
showcost reduction potentsabf up to 65%. The gies like solar thermal, heat pumps, thermal insula-
main drivers are economy of scale and technolagin, PV and storages.
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1. INTRODUCTION

For realisingiearly zer@nergy building®iZEBg  relevant cost and technical data of the most relevant
which are cogfficient for # stakeholders technolgiesdevelopedvith the CRAVEzero part-
throughout thdifecyclesthe knowledge abothe ners

most important technologies and solution sets &ke scope of the deliveraldethe analysis of the

well aspossible cost developments ofsthéech- major technologies for heating, cooling, ventilation,
nologieds essential. The identification of currentlgnergy storage and renewable energy. Furthermore,
realised and promising future technology setssiveral passive approaches and strategies (insulation
based on the CRAVEzero frominer buildings of the building envelope, free ventilation and night
andanadditional literature review. The frontrunnecooling as well as sliag and use of daylight) to
buildings are integratéto a detailed database ofreduce the energy demand artysea

1.1. OBJECTIVE

The goalbof this report is to derive cost reductioridentify promising future technologies/ technology
potentials for the most relevant nZEB technologiesets was developed. The developed database and
Therefore, in dirst step, a detailed and extensiviglentified technologies/ technology sets are the
data collection was conducted in order to developasis for (i) develogptimised solutions sets (deliv-
database with major technological and cost parameble D4.2 of CRAVEzer@nd (ii) the overall

ters as well as learning rates and past market ddifetycle cost reduction of new nZEBs (Work Pack-
opments. Furthermore, a methodology to deriage WPO06).

technology specificost reduction potentials and

1.2. DATA AVAILABILITY
1.2.1.REQUIRED DATA

In order to evaluate cost reduction potentials and § Inflation-adjusted cost

identify coseffective technology sets, technical and ¢ Operation and maintenance cost
economic informatiomwascollected in @atabase

In the following the technical, economic and mar-
ket parameterscollected for each technology is
listed Additionally, ér all technologiggchnology
specific dataas collected.

Technical parameters

 Technical lifetime

Energy cost

i Learning rate

i Stage in lifecycle

If available, more detailed investment cost infor-
mation was collected as well.

Market data

The market information (currently installed num-

T Installed power (kW) bers/ capacities) as well as sales/ installation statis-

I Efficiency tics from the past years were derived from different
Economic parameters sources. Thigata is not part of the techno

1 Investment cost economiadatabasand collecteth aseparatelata

1 Specific investment cost base in WP04



1.2.2.DATA SOURCES

The data collected in the tecksamnomidatabase Photovoltaik-Preismonitor Deutschland(EuPD

was retrieved from different sow.cAs a starting Research, 2016h the study, a detailed review of
point, all relevant information was collected frorthe PV market situation @eermany is providedt.

the 12 CRAVEzero case studies. Additionally, pacbntains information about the market shares of
ners provided data from other projects they codifferent PV technologies (menand poly
ducted. Furthermore, a literature review was carrgggstalline, thin film) for each quarter since 2007,
out and other national casatabaseflike e.g. the distribution channels as well asmgthasing costs
socal |l ed 0 B a u(BKI s Baekodten dfar xhé different module types adifferent coun-
Gebaude + Bauelemente + Positionen Neubares of origin (Germany, Europe, Japan, China/
2016, 2016n Germanyywere consideredn the Taiwan). Furthermore, tteverageprice develop-
following, the major sources and the informatioment since 2010 and the price index since 2006 are
whichwas available in them, is described. FurthelescribedCurrent costs are described for different
more, difficulties in collecting the data, data gapswer classes of Histallations.

and approaches to close these gaps, are describddapping and analysis of the current and future
Case Studies: (20200 2030) heating/cooling fuel deployment

All case studyuildings were built between 20097ossil/renewables) - Work package 2: Assess-
and 2016 and are useaasffice, singleor multi- ment of the technologies for the year Z6t2un-
family buildings. The case study data (technical &wofler Institute for Systems and Innovation Re-
economic) is the basis to identify the most ingearch et al., 2016b, 201Bajhe study a detailed
portant technologies and technology sets. The camalysis of the market status of heating, cooling and
studies provide information about all used technetentilation teamologies in buildings in 2012 was
ogies for heating, cooling, ventilation anditen carried out. The study included technical and eco-
renewable energy technologies like solar thermahomic data as well as sales information for the most
photovoltaic. Additionally, technical @awbnomic relevant fossil and renewable HVAC technologies.
parameters about the building envelope are ake technical data includes the installed capacity
sessed. The analysis comprises the performanceatiquantity, impuieand technical lifetime, type of
cost parameters of each technology. fuel, efficiency, possible future efficiency improve-
The most relevanbformation for benchmarking ments, temperature levels as well as minimum and
and the calculation of cost reduction potentials (irraximum capacities. The economic data comprises
investment and specific cost, installed capac#pecific investmentoperation and maintenance
stage in product lifecycle) is available for maxists and the market infioation the sold units in
technologies in the case studies. 2012 and 2012s not all data was available from
Literature review: original statistical sources, own assumptions and
Besides the caswidies, buildings analysed in thealculations from the authors had to be made in
IEE ZEBRAZ2020 project (Paoletti and Pascual,order to fill the data gaps. The technical and eco-
2016) other relevant reporfsee belowand exist- nomic data is provided for diffett capacity classes
ing €ost) databases are assessed in a detailed lémch-the installed capacities and quantities also for
ture review. Thereby, a broad database of relevdifferent ages of the installed technologies (if avail-
technologies and their techemnomic parameters able). The study was carried out in all European
is developed. Through a crossnparison of all Member States plus Norway, Switzerland and Ice-
sources, a realistic range of the significant parataed at whichthe data availabiae the latter was
ters § determinedand the case study binlgs can lower than for the Member States.

be benchmarked. BMVBS-Online-Publikation, Nr. 08/201206 Er -
The useful literature mainly consists of reports angttlung von spezifischen Kosten energiesparender
studies about low energy buildings and single teBlauteH, BeleuchtungsHeizungsund Klimatech-
nologies relevant foZEBs. The major reports are nikausfihrungen bei Nichtwohngeb&uden fir die
described in the following. Wirtschaftlichkeitsitersuchungen  zur  EnEV



2 0 1(Zhéel and Ehrlich, 2012)he study delivers The cost information is provided for the base year
the basis for the economics calculation associa28d2.As an optimisation of the whole energy sys-
with the tightaing of the German Energy Savingem with the REModD model developed at
Ordinance (EnEV). It mainly comprises cost irFraunhofer ISE, the derived cost informatias
formation for building envelope insulation, energso used in further energy system analysis studies
efficient windows, lighting, heating and air condkith the respective tools, amongst others the study
tioning. In the study, cost curvas well as tables 0 What will the energy tran
are provided. The bador the cost datia (i) data Besides the costs and technmalameters, also
from building projectsarried oubyan engineering past market developments of the technologies are
company, (i) data from external partners, (iii) iessential in order to calculate possible future cost
formation from manufacturers and (iv) the saeductions. This data was retrieved from market
call ed oO0Baukost ecostinddx. xrépor8 Kahd ¢tatistidall sburgdde respective

All price information inthe studyis provided for sources are hamed in the specific tdogpahap-

the year 2009. Besides cost informatsame ters below.

technical parameters like the energy efficiency, Qitical data/ data gaps:

and gvalues are provided. The data availability is of major importance. For
BBSR-Online-Publikation, Nr. 06/201406 K o s t some technologieshe available data is limited
energierelevanter Baund technischer Anlagenteilewhile some are better explored and studied. Im-
bei der energetischen Sanierung von Nichtwohngertant data needed is:
bauden/Bundesl(Bdﬁ@e&namﬂhaftsné -
Lammers, 2014Yhe stug analysed the costs of T Past development (cost, efficiency, etark
the energetic refurbishment of mresidential and volume learning factors)

public buildings. It comprises cost information for T Cost structures

the insulation of different building envelope ele- T Future market development.

ments, windowdjoilers, solar thermal, ventilationFor heating technologies amhewableghe data
systems with heat recovery, heat and hot waigilability is relatively good, especially about the
distribution systems, radiant heating andERNer  cost developments and technical param@teas:
specific cost values or cost functions are providgﬂ; several studies on natiara European level
based on data from 170 buildings, which were Syidressing the development of the relevant tech-
ported by differerfunding schemes of the GermamologiesFor cooling and ventilation technologies
government. For all costs, a sensitivity analysis y@Sdata is more limite@oncerning market devel-
carried out in order to better understand and CIaSﬁiJTnents andncreasing)roduction levels othe

fy the costs determined in the study. national or European level, the davailability is
Klimaneutraler Gebdudebestand 208Burger et more limited.

al., 2015)The study deals with possibilities an_cil_h - d technol
different pathways to achieve an almost climate € assessment Gagsive concepts and technolo-

neutral building stock in Germany by 208 giesis also more difficult than active technologies
basisfor the analysis,isn the one hand detded One difficultyis the quantification of the effects of

examination of the existing German building stoc‘?(?sﬁ'vsl, techr(;ologle§. ,IAnother f|ssuehe dgta K
on the other handh techneeconomic analysis of availability to determine learning factors and market

relevant technologies. Therefore, a wide rangedgf/ elopmﬁnthsl be:jcausedj[he usatl)lllty _Of passive strat-
proper heating, cooling, ventilation, lighting an§9'€s 1S Nighly depending on ocation parameters

insulation technologies/ materialere analysed ind (;[henlefore varylnfg. Furt.hermoLe, (I:os.t and mar-
and the major technical kalue, energy efficien- et developments of passive technologies are not

cy, é) and <cost i nfor mse{upi?doirh det:i\ilsccgngaé’eld f0; agtive iteﬁr\';'oéogi‘?sme n

costs, operation and maintenaneeje derived.



2. METHODOLOGY

For the decision, which technology should be ind calculating the cost reduction potentials by ap-
stalled at what ti me iplyingdechhalogylspecif@mmibgratds anfdoat- cy c | e
ble future cost developments of the relevant tedem-up method, for which all cost elements of the
nologies can & an important decisiocriteron.  technology to identify the main cost drivers and
Therefore, possible future cost reductions are @evelop cost reduction strategies for these main
amined. For the calculation of cost reductiondrivers have to be identified and analysed. Both
there are two main approacBestopdown meth- approaches are described in tHevidhg chapters.

2.1. TOP-DOWN LEARNING CUR VE ANALYSIS

The topdown methodology is based on learningdditionally, the experience/ learning rates of each
rates for each technology to forecast the future ctsthnology have to be calculated basegash
development and to derive experience curves. Tdevelopments (efficiency development, cumulative
methodologyassumethat costs decrease with arproduction, etc.). The resultingrteéng curve quan-
increased cumulative productioecauser higher tifies the dynamics of total production costs as a
experience leads to performance improvements duadction of the cumulative productifitok, 2017)
thereby cost reductions. Furthermore, economiesarning curves are calculated for each technology
of scale result in cost reductions. The determinati@ievant for nearly zeemergy buildings. This in-

of a bioad costlatabasas a starting point for eachcludes heating, cooling, ventilation, passive and
technology is essential onsite renewable technologies

History

The development of the learning curvgabeby differentiate them, they were called experience
(Wright, 1936) While analysing the costs ofcurves instead of learning curygsenderson,
aergplanes he bund arelatiorship between costs 1974)

and Ctl_JmUI?h“Ve Olg[putt_. Th‘aeéexTenench gtamed IRythe past, the learning and experience curve con-
repeating the production @erglanesied 10 a cept was only used for industrial products like cars

significant cost reduction. For every doubling of tlﬁ%g) aerplanes(1963) and ships (1945). Later
total production a constant percentage of cost e ’ ’

. ) , the approach was also used for the calculation of
duction was achievédright, 1936)In 1962, Ar-

: . ssible costavelopments of various energy tech-
row assumed that the actions itself are responsﬁ)i?ogies (1999). Today, the experience curve is an

for galnlngh(.axhperler}cedqnd tfmdmgt’ fa:j/ourable '&tablished concept for the calculation of (possible)
sponses which are leading to cost redudihams cost developmentaboutthe cumulative produc-

row, 1962) The Boston Cn:sgltancy Group 'n'_tion levelJunginger et al., 2008)
creased the range of a learning curve from a single
company to the overall industrial seictdr968 To

Equations

The learning curve is a function of the costs depending on the cumulative production volume. The general
equations for a learning curve are the following:

0o= 01*Qx® (Eq. 1)

log 05 = log 61-b*log (Eq. 2)



PR =2 (Eq. 3)
LR = 1-PR (Eq. 4)
With:

Cu: actual cost level of one unit

Xi: cumulative production volume at time t
b: learningparameter (i.e. experience index)
C:: unit cost of production at time t

PR: progress ratio

LR: learning rate

= =4 =4 —a -8 -

The learning rate describes the cost reduction (init cost, is a function of the cumulative production
per cent for each doubling of the cumulative protevel Xt. Thether parameters are fixed.

duction. The leaing rate comprises the entireAs an example for a learning cufigure3 shows
possible cost improvements (dige tomass pro- the learning curve afround sourcéeat pumps.
duction, efficiency improvements and improvetihe graph has a double logarithmic scale with the
construction processg@é&arali et al., 201)5) costs on the-gxis and the cumulative production
C1 is the actual cost level of one unit; it is thte starolume on the -axis. In this exampléhe learning

ing point for the calculation and needs to be deteate is9.8% (range between 3.5% and 16.2% as
mined together with X1, tleetualcumulative pro- indicated by the dotted linesid the progress ratio
duction volume for ach investigatetéchnology. consequentl90.2%. Therefore, the actual costs of
Furthermore, the learning parameter b must G625 O h killecrease 8% with each dou-
calculated out of determined learning rates or ptading of the cumulative wwhe.

gress ratis frompastdevelopmentslhen Ct, the

Coss[¢/kW]  Learning curve ground source heat pump

1 10 100 1000 10000

Volume [m]

Figur&: Exemplafgarning curve with a double logarithingid/etatee is given in million [m] units.



Costs[¢/kW]  earning curve ground source heat pump

1 10 100 1000 10000

Volume [m]

Figurd: Exemplary learning wittva singleais)ogarithmic séahe. Volume is given in million [m] units.

Figure4 shows the same learning curve with onlye.the experience/ learning rates of each technolo-
one logariimic axis, the-axis. Itcan be seethat gy have to be calculategsed on developments in
the absolute cost ded is decreasing with eachthe past and the base year (annual production level,
doubling of the cumulative production volumeost levels in the analysed years, technical status).
becauséhe learning rate is a percentage and not @hereby, development curves and their learning
absolute number. In other words, the doubling ohtesarederived.

cumulative levels has a higher effect in absollitehe learning curve of @ew technology, which
numbers in the beginning or after the first releasan delier the same serviaean establishedne,

than later when technology is already establislidomparedvith the costs of standard/ established
with signficant output levels. Furthermore, newechnologies the breaken pointcan be deter-
technologies with a low cumulative productiomined The gap between the actual costs and the
volume usually achieve a doubling of the total ptareakeven point is called learning. The volume of
duction volume relatively fast and thereby show félsat gap is théearning investment&hich are in-

cost reductions when brought to the market. Imestments in the time of learning to makech-
contrast, establigheechnologies like gas boilersiology cosefficient and competitive. It describes
have relatively stable costs with the same learnimg additional costs for the new alternative technol-
rate because another doubling of the productiogy compared to an established standard technolo-
volume takes a comparable long time. Moreovergyt providing the samservice. The breadven

is a percentage cost reduction, i.e. if the costs poant will be reached at a specific cumulative pro-
already at a low kehthe decreasa absolutewum-  duction leve(IEA, 2000) Therefore, achieving the
bers is lower than with higher initial costs breakeven point on a time scale is depending on
For the application dhe methodology, additional the development of the production rates

datato the cost data of each technology is needed,

Market curve

The learning curves quantify the dynamics of prbraunhofer ISE, delived from project partners or
duction costs as a function of the cumulative prdetermined through sources in the literatTine.
duction volumeAlsg a market curve describingrespective sources are described and named in the
the cumulative production as a function of the timeespective technology chaptérarthermore, if

as shown irFigure5, is needed. For the relevantferent scenarios can be asmmlybased on different
technologieghe market curves are available at threarket curves taking into account political influ-



ences and actiorlmportant market parameters forume, the development rate and the market satura-
the creation of a market curve are the actual vobn.

Volume [m] -~ Ground source heat pump marketcurve EU

2016 2020 2024 2028 2032 2036 2040 2044 2048

Year
Figuré&: Market curvedoound soureat pumps; compare £iapldre Volume is given in million [m] units.

Cost curve

In the last step of the tafpwn approachthe ex- bling of the total production neschore time than
perience and market curve is used to calculate ahdrtly after the commercial launch of new tech-
develop ost development curves, which showology Consequently, if the market curve is grow-
possible future cost developnseas a function of ing with time to the specific market saturation, the
the time. cost development curt@sa logarithnd charater
Figure 6 showsthe cost development curvaef as showiin Figures.

ground sourcéheat pumpg(details described in For thenZEB-relevant technologies, the curaes
chapter4.1.1 The costs are decreasing with thdeveloped mainly based on the describedawp
time but at a specific poirthey become relatively approach.The bottomup approach, described in
stable. The reason is the increasing cumulative ghe following, is applietb several very critical
duction volume. As describadove another dou- technologies only.

Cosis [¢/kW]  Cost development ground source heat pump
L B0 e

LB00 S

2016 2020 2024 2028 2032 2036 2040 2044 2048

Year

Figuré: Exemplary cost afiryeund sohezet pumps; compare £iapter



2.2. BOTTOM -UP ANALYSIS

To determine specific cost drivers and their specffiers andnformation inliterature as well as punctu-
cost reduction potentialspattom-up analysis can al indepth analysis/ interview@wn detailedBot-
be carried out. In thBottomup analysis, all cost tom-up analyses ammt in the scope of this project.

Sletmen'ts ée'g' materr]lali,trllaloemﬁig:av'e to be With the analysis, an overview of the main improv-
etermined. or each of thepossible improve- able areas is determined. Compaoethe top

ments are analysed and quantified including Sh%%/vn method, theébottom-up approach delivers
of manUf?Cttuhrm? Eroclzesses, I;[e::hﬂologln'ald t'more detailethformation about specific cost driv-
provements, the technology market shares an %‘?'srthat are influencing the total costs. Furthermore,

impact on manufacturing costs, materials, Ut“iti?ﬁeiroptimmtion potentialsas well as their possi-
labour, depreciation, and maintenghternation- ble impact on the cost reductioran bedeter-

al Renewable Energy Agency, 2018/)p.The mined. For this methothore detailed data is need-

analysis of the.major technologies th_rou&mta ed compared to the tajpwnapproach
tom-up method is based on repoofsproject part-



3.RELEVANT NZEB -TECHNOLOGIES

In the following the most important technologiesfficiency, current market status etcge@an the
and approaches for realisinigEBs are described. analysi®f the single technology level, existing and
In a first stepthe state of the art technologiespromising technology solution sets are identified
based on already conducted projects on existangd described. In literature and reseafd#Bs are
nZEBs are identified. Furthermore, the installedften seen as higach buildings. However, build-
technologies in the CRAVEzero case study buiidg operators, owners etc. often cldiat a build-
ings are assessed in order to get adiroadrview ing still has to be operable without the support of
of current solutionsThe identified currently in- research institutes or other additional experts.
stalled technologies and applied approached as Wedirefore, a short discussion about-highlow

as additional promising technologies and approatdchnZEB solutionds conducted.

es fornZEBs are shortly described (functionality,

3.1. STATE OF THE ART NZEB -TECHNOLOGIES

Many technologies needed FAEBs are already is essential. For supplying renewable energy onsite
availablebut there is still potential for improve-especially PV and solar thermal energy are suitable,
ments from the technological perspective as wellstete of the art solutions.

the potential for cost reductions. In ordergalse  In the project ZEBRA2020 more than 4(XEBs
anZEB, it is esential tominimkie the energy de- (hew and renovated) were analyaadl the respec-
mand for building operation and supply the remaitive solution sets were asseds@ds distinguished

ing energy demand to a laggeen with renewable between new built and renovattEBs, residen-
energies onsiteTo reducethe energy demand tial and nofresidential buildingas well as three
properinsulation of the building envelope, dayligidifferent climate zoneghe results are summarised
usage and use of solar energy in wexewell as in Tablel.

theminimisationin summer/ warm climate regions



Tablel: Technologiegsolutions applied in exigily. Summary basé@@amietti and Pascual, 2016)

NEW NZEB S RENOVATED NZEB S
Passive Energ Thermal insulation;-Adalues: Thermal insulain; U-values:
Efficiency solutions Wall: 0.1% 0.20 W/(m2K) Wall: 0.0 6 0.20 W/(m2K)
Roof: 0.1® 0.25 W/(m2K) Roof: 0.1® 020W/(m2K)
Windows: Triple glazing; approx. @& Windows: Triple glazing; appr@&x990
1.0W/(m2K) 115W/(m2K)

Passive cooling solutions: sunsh Passive cooling solutions: sunsh
natural ventilation, thermal mass, n natural ventilation, thermal mass, n

cooling cooling
Active Energy Effi- Mechanical verdtion with heat recon Mechanical ventilation with heat rec
ciency solutions  ery ery

Heating: Heat pumps or district hegtii Heating: Condensing boiler (often ¢
Hot water:same system for heating ¢ or district heatigy heat pumps only plz
hot water in cold climates, otherw minor role compared to new buildings
dedicated hot water generation, whic Hot water:;same system for heating ¢
also paialy depending on solar therrr hot water in cold climates, dedicated
If cooling, also heat pumpuised watergeneratiomot as widepread a:

in newnZEBs; parialy depending o1

solar thermal

If cooling, also heat pump is used

Renewable Energy PV, Solar thermal PV, Solar thermal

The technologies and strategies describ@hoy pumps provide heat with high efficiency (and use
letti and Pascual, 208 comparable to the tech-renewable energy sources,amgbient heat) these
nologies used in the CRAVEzerse study build- heating technologies ate tmost wide spread in
ings described in chap8®2 According tqPaoletti current nZEBs. However, in renovatenZEBs

and Pascual, 201@)ermal isulation to reduce the condensing (gas) boiler still play an important role,
energy demand for heating and cooling is essertigl they are always combined with solar thermal
in/ for nZEBs. Concerning thé&J-values of exter- collectors, whictare usedat least for providing
nal walls, there is mignificandifference between domestic hot watefhe hot water isegpecially in
newy built and renovatealZEBs; theU-values are residential buildings) usually provided by the same
beween 0.1 and 0V¥/(m2K). The Uvalue of the system as the heat for space heaimd) there is
roofs is in a sin@t range of 0.1 to 0.25 WiRK) often a solar thermal system in order to provide at
and in all consideredZtBs triple glazing win- least part of the domestic hot wditem renewable
dows are installed. Furthermore, additional passseeirces Active cooling solutionsreainstalled in
solutions especially forinimising the cooling en- nZEBs in warm summer climatesclusivelyand

ergy demand are applied, which arimlyngun- the only technologsepored in(Paoletti and Pas-
shades, but also night ventilation and cooling d¢nal, 2016j)s heat pums (reversible heat pumps,
combination with the activation of thlkeermal which can provide and cold and heat).

building mass are used. An active system for redlice only renewable technologies describ@hon

ing the heat losses and thereby the energy demlatitl and Pascual, 206 PV and solar thermal.

is mechanical ventilation with heat recovery, whiBlomass boilers only play a minor,ratel other

is used in almost allEBs. renewables in buildings (Jikeg. small wind tur-
As district heating systems often have relativéiyes) are not described.

good primary energy and emission factors and heat
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3.2. CRAVEZERO CASE -STUDY BUILDINGS

There arel2 CRAVEzero case study buildingthe lowestU-value range (0.G® 0.15W/(mz2K)).
provided by the industry partners of the projecthe lowestU-value wasealsedat a roof Windows

The buildings are located in Austria, Italy, Franahow the highestU-valuerange of 0.738 2.4
Sweden and Germany. They represent a wide raWgém2K). It has to be mentiodethat almost all

of building types; from single family buildings taindows have Walesof less han 1.2 W/(mz2K)
apartment, officena public buildigs All buildings indicated by thdlack line in thdigure there is
were built after 200@nd one is still under con-only one building with an exceptionally High
struction.In the following, the major technologies/valueof 2.4 W/(m?2K).

technical solutions are described and compar@dher passive strategies like sun shading, night
Presented data about the efficiency and heat losasgtilation, night coolingptimised use of daylight
(Figure 9, Figurell and Figure13 are received and the use of the thermal mass are not used in
from the PHPPRassive House Planning Padkagmany of the case study buildings, at least not in an
files, which were generated and provided for eaalitomated way in order tninimise the energy
case study. demand. There are several buildings using shading
For realising aZEB the most important measurestrategies whichminimie solar gains dung sum-

is to minimee the energy demand. Therefa®, mer and increase them during winter (e.g. by plants
excellenthermal envelope with lowvalus and at the facade, fixed overhangs and balconies).
other passive strategies/ solutions are ess&htal Controllednight ventilation to decrease the cooling
range of theU-valus of the different envelope energy demand during sumnaex well as the use
elements (wall to ambient air, roof, floor, windowsj the building mass in order to flatten the hegati

is shown irFigure?7. For all envelope elements, thend cooling demand curyegreonly reportd for

lower U-values arerealsed in buildings in colder two of the buildings each; several others allow the
climates (Sweden, Alpine region) and the higmeanual window opening, which leads to free venti-
values in warm/ hot climate regionslylt&outh- Ilation.

ern France). Thealls (against ambient air) have

W/ (m’K) U ‘Value S
2.50

2.00

1.00

0.00 ) T T T 1
Wall (ambient) Roof Floor Windows
Figur&: U-values of the envetopetel@all (ambient), roof, floor and windows of the CRAVEzero case study buildings. The black line in
dowbar indicates the maxiuatuef most buildings; there is only one building with an eieegdtieridlly Mgtm2Kand all ber
buildings h&lwalug of less than 1.2 W/(m2K).
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Mechanical ventilation systems are installed inGa#Wh/m3 with most buildings having an efficien-
buildings. In ten building systems with heat recosy between 0.4 and 0.5 Wh/m3. Tieat recovery
ery andn two buildings only exhaust air units ares between 60% and approx. 90% with most build-
installed (seEigure8). The electrical efficiency of ings having a heat recovery efficiency of 75% to
the ventilation in Wh/m? ranges from 0.2 t085%.

Ventilation systems
12

10

8 Balanced PH ventilation
with HR

6 Exhaust air unit

0
Figur®&: Number of viatibn systems in the CRAVEzero case study buildingsysisting with heat recovery (HR) and exhaust air units.

el. efficiency

[Wh/m?] 10

heat recovery

100%
90% 0.9
80% — —— ——— 08
% S — — & 7
0% — —r — — 06
0% - — X 05
40% _'_._'_ 3 8 20 _'_._ o4
30% — —=-— g ————————— & 03
|
20% & — — — — & — — — —— o
0% 4 — — — —  ——+F = 2 = o1
Oq”b ) T T T T T T T T T T T 1 0.0

Effevtive heat recovery efficiency % M Electric efficiency Wh/m?

Figur®: Effectiveeat recovery efficiency and electric efficiency of the ventilation system in the CRAVEzero Case study buildi

In six of the buildings (50%) heat is supplied pump or (ii) a gadriven CHPplant. Solar thermal
heat pumps making heat pumps the dominatirgyadditionallyor exclusivelysed as a heat supply
heating technology (s&&ure 10). It is closely system mainly for domestic hot water.

followed by district laing (five buildings), which In Figurellthe typical Coefficient of Performance
is usually used when a district heating network(@OP) indicating the efficiency of heat pumps is
available. In three buildings, boilers are installgibwn for brine/wateheat pumpsThe COP is
(two biomass and one gas condensing boiler).illastrated for different sink temperatures (35°C and
one case the boiler is the only heat supply syste®C) as well as different temperature differences
(biomass), in the otheasesboilers are only used betweerthe heat source and sink. It is clearly visi-
as badlup/ peak boiler togethewith (i) a heat ble that it is essential to have a-tewperature

12



heating system in a building amdimise the tem- therebyminimise the end energy demand of the
perature difference betwethie source and sink in building.
orde to realse highly efficient heat pumps and

Heating systems

Heatpump

District heating

4 S
W Solar thermal
3 B Boiler (gas; pellets)
2 — 1
1 — 1
O _
FigurdQ Heating systems in the CRAVEzero case study buildings.
cop O, = 35°C O, = 50°C
6.0
5.0
4.0
30 — —
20 — —
1.0 — —
0.0 ) T T T T 1
40 35 30 55 50 45
AT [K]
Figurdl Calculat€iOP of bri ne/ water heat pumps depending ond (i)
sink.

The challenge of using mainly renewable energydtalled; in six buildings the storage is only for do-
supplying heat and othameegy for a building is mestic hot water and fiour for domestic hot water
that most renewabbource are highly dependent and heatingThe volumeranges from300! to

on weather conditions and therefordrtie@ergy 6,000. The heat loss rate in W/K of all storages is
generations fluctuating. In orddo maximse the around5 W/K. There is one exceptionally high
use of renewable energies and britigegap be- heat loss rate of 25 W/K; the reasons for the ex-
tween heat generation and consignpteat stor- ceptionally high value are not clear but could be due
ages are needed. §lé one of the reasons whyto theinsulation of the tank A/Aratio of thestor-

8% of the case studies have thermal storagesageor low flow rates.
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Storage

6
5
Only DHW storage
4
DHW and heating storage
3
2
1
0

Figurd2 Occurrence of casestailtthermal storages in the CRAVEzero case study buildings.

Heat loss rate
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10
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Volume [1]

DHW DHW+heating

Figurd3 Volume and heat loss ratestbtiesl thermal storages in the CRAVEzero case study buildings.

Especially for buildings in summer hot climateigher supply temperatures and thereby higher
regions, but also in moderate climates, active caficiencies of the cold generation or even the direct
ing is essentido assure good indoor comfort usage of the ambient for the cold supply (e.g.
However, irmost regions active cooling is still onlgroundwatérground).

installed in nomesidential buildings. Seven of thdhe installed capaciand energy efficiency ratios
case study buildings do have active coaimd) are displayed iRigure15 These values are not
three out of these seven do have more than orevailable for all buildings. The range of the installed
system (supply air plus panel cooling). The totalpacity is between 0.5 kW a0 kW and an
number of instéed cooling systems is shown irefficiency ratio between 1 and 21 whinhighest
Figurel4 The most widspread system is the supwvalue in a building with panel and supply air cooling
ply air cooling followed by panel cooling. The adsing mainly ground water for cooling (basically
vantage of panel cooling is thehbigthermal iner- electricity demand for pumping)

tia compared to supply air cooling, which allows

14



Cooling

6
5 —m—— Supply air cooling
Panel cooling
4
M Recirculation cooling
3
2

. I

Figurd4 Cooling systiartise CRAVEzero case study buildings.

capacity [kW] Energy eff.
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Cooling capacity ~ MEnergy efficiency ratio

Figurd5 Cooling capacity and energy efficiency ratio of several cooling systems installed in the CRAVEzero case study bui

Almost all case study buildings apply renewallee installed capacity per module asgdes be-
energies, whichre mainly PV and solar thermaltween 0.15 and approx. 0.26,k%¥ reflecting the
(compareFigure 17); there is only one building different module types (and probably ages) of the
without PV or solar #rmal.In most buildings installed PV systems (d8gurel?). Anotherim-
only one of the two technologies is installed withpartant fictor for the efficiency of the overall PV
focus on PV (seven buildings with only PV, twsystem is the inverter efficiency, which varies be-
buildings with only solar thermal). Only in twdween approx. 90% and 98% in the case studies.
buildingsboth technologies are installed. Battery storages are not installed in the case study
buildings.
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On-site renewables

8

6 Only PV

5 Only Solar thermal

4 — B PV and Solar thermal

3 B Onsite wind
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Figurd6 Onsite renewables in the CRAVEzero case study buildings.
kWp/m? efficiency
0.30 100%
0.25 —— 97%
0.20 — 94%,
015 — — 91%
0.10 — —  88%
005 — — 85%
0.00 . . T T T T T . - 82%
1 2 3 4 5 6 7 8 9
Capacity per area kWp/m? Inverter efficiency %

Figurd7 Installed capacity per area of thepgasited?d the inverter efficiency in the CRAVEzero case study buildings.

3.3. MAJOR TECHNOLOGIES

As described above, strategies and technologiepddant. There are several other (passive) strategies
minimie the (end) energy demand of the building reduce the end energy demand of the building,
areessential toealsing a nearly zerenergy build- whichared howeve® not thatwidespreadBesides

ing. According to the CRAVEzero case studies apdssive approaches,ghty efficient conversion
other sarces inthe literature(e.g.(Blrger et al., technologies for providing heating, domestic hot
2015; Voss et al., 200%xcellenthermal insula- water, cooling, ventilation and other necessary
tion and aitightness of the buildireyeof major building services as well as onsite renewable ener-
importance. Furthermore, adequate shading, whgihs are crucial foZEBs. The major technologies
allows solagains during the heating season arahd their technical parameters shortly described
avoids them during the cooling period, is imn the following.

16



3.3.1.ACTIVE TECHNOLOGIES

3.3.1.1. HEATING AND HOT -WATER

Heat pump: Heat pumps use natureatsources They can be operated with renewable electricity,
(air, ground, low-temperature wafeand transfer ideally generated by onsite PV. In order to be oper-
theheat to a higher temperature level, which candted efficiently, heat pump require low

used forheating purposes. Heat pumps functiotemperature haag systemgradiant panel heating)
according to the principle that the temperature ofirathe building.

gas increases when it is pogasedand the basis  District heat: District heating supplies hegming

a closedyclewith four steps. Thasedrefrigerant steam or hot water, which is conveyed by pipelines
requires a low evaporation temperatorehange to the end consumers. Energy sources include pow-
its phase at the low ambient/ heat source tempeea- plants, industrial processes and geothermal
ture In the second step, a compre¢ssually elec- sourcegThe Association for Decentralised Energy,
tric; cycle could also be operated with natural ga818) Therefore, no additional heat generation
which is burnedyompresses the fluid. In the thirdsystem is required in theilding.Whethera build-

step, theheatis transferred tdhe heating system ing can fulfil thenZEB requirementsegarding

via a heat exchanfeondenser In the last step, primary energy consumption is highly depending on
the pressurés released agasnd the fluid starts the primary energy factor and thereby on the fuels
the cycle agair(internatonal Enegy Agency, and energy sources used for the heat generation in
2012. the district heating network.

Heat pumps are categorised according to the h€andensing boiler:Condensing boilers run on gas
source. They can use the energy framambient or oil can be used for space heating and to produce
and exhausdir, the ground or water such as lakeBHW. In nZEBs, boilers must be highly efficient
groundand wastevater. These types are respectives order to keep the amount of primary energy
ly called aerothermal, geothermdllaydrothermal demand and greenhouse gas emissions low. In or-
(Fraunhofer Institute for Systems and Innovatiotler to achievehé nZEB standard, condensing
Research et al., 201669. boilers using fossil fuels have to be combined with
Heat pumps can play raajor role in reducing renewable energy sources like solar thermal or PV.
greenhouse gas emissions in the building sector.

3.3.1.2. COOLING

Active cooling systenagseoccasionallyequired in for cooling, passive solutions such as shading, night
modera¢ climate regiorandoften usedn warm/  cooling and natural ventilation can be used.

hot climate regiondn summer, when the outsideAir-conditioning chillers use compressors (centrifu-
temperature and solar heat gains are responsiblegfdror re@rocating) to supply chilled water to-fan

a substantial temperature increase in the buildiogils and fan units placed in the rooms to cool
cooling devices like air caimtierscool the aiand them(Canada Mortgage and Housing Corporation,
buildng structure in order to achiey@od thermal 2017)

comfort conditions To reduce the energy demand

3.3.1.3. MECHANICAL VENTILATI ON

The main purpose of ventilation is the exchangelafion systems or manual ventilation, i.e. window
air to achieve a suitable indoor climate and air quafiening Mechanical ventilation systems diia

ty. Depending on the amount of breathing and thgincipled able to regulate the air quality according
production of pollutants, the amount of air exto oxygen and CQ-concentration as well as hu-
change must be ensured by either mechanical vantdity (Burger et al., 2015)

17



Compared to natural ventilation, a mechanical sys- (iii) Overpressure systems, in which the sup-

tem offers the sibility of precise operational plied air volume is higher than the exhaust
control and is less dependent on external site condi- air volume. Air flows through the over-
tions. However, technical installations (air ducts, pressure differential into adjacent rooms.

heat/ humidity exchanger, fans etc.), which coAdsq the system carlzentral with a large distribu-
sume energy, are required. Three different catefjon system or decentralised/ local with several
ries of mechanical véation are important: smaller unitfAdamovsky, n.d.)

(i) Pressurdalanced systems in which th&he central and decesitsed ventilation systems
amount of air supplied to and exhaustedan include heat recovery units. For heat recovery
from a room are the same. the possible thermal efficiency (amount of heat

(i) Underpressure system, in which theobtained from the exhaust air) is between 50% and
amount of supplied air is less than th80%; the annual efficiency (energy needed to heat
amount of exhaust air. As a result, air flovsipply air covered by heataeery) is between
into aroom from adjacent rooms becaus&0% and 95% (compdakeoolbricls, 2012)
of the negative pressure difference.

3.3.1.4. THERMAL STORAGE

Thermal storages are essential in buildings if enafent as sensible heat storages. The most im-

sources can supply energy, but the demand is sipifirtant storage material in building application is

ed in time. The storage time can vary from hourster becausef its accessibility, environment

for shortterm storage (solar buffer storage), up tériendinessand low costfHauer et al., 2013)

seasonal storage, which allows shifting the summkermal energy storages allow the integration of

peaks to the winter. The amount of stored enermany renewable energy sourtegybalance out-

dependson the used storage material and storagat energy and power and can allow for consump-

volume. Three different categories can be definedion to shift in time (decupling of generation and
() Sensible heat stmes, the change of theconsumption)Additionally, thermal energy storag-

energy content is directly proportional tes enablethe ap i | i ti es of -a buil
the temperature change of the storage ma-h i f t i n gHh aovri n@@we akT he hi gh
terial. cooling peak loads can be reduced during peak

(i) Latent heat storages can store a hidiours or if necessary fully covered by the storage to
amount of energy during the phase changeduce the energy demand during peak hours when
of the storage material energy prices are high.

(iii) In thermochemical storages, energy The integration of thermal storages allows to re-
stored in chemical or physical bonds of th@uce the installed peak power of building compo-
storage material nents, increase of full operation hours or operation

The storage materia well as the construction ofat optimal efficiency and the reduction of the inef-
latent and thermochemical storages are more figient on/off behaviour of heat and cold genera-
pensive andhavenot been developed to such artion (Heier et al., 2015)

3.3.1.5. ELECTRICITY STORAGE

Electricity storages store electricity via chemical (i) Li-lon, Lithiumion batteries reach an
reactions. The available systems for buildings can overall efficiency from &B95% with a

be categorised in the convenal battery technol- seltdischarge rate of @d0.3% per day
ogies (leadcid, NiCd, Ltion) and flow batteries and a lifetime of 1,500 to 4,500 cycles

(VRB, ZnBr). The most common types of the two (i) VRB, Vanadium redox batteriesmach an
technologies afgakeri and Syri, 2015) overall efficiency of @6 85% with a low
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seltdischarge and a lifetime of 10,000 telectricity storages enable the capability of the
13,000 cycles building to shift the electricity demand during-peak
Electricity storages allow inciegsthe sel hours with high electricity cost tbe offpeak
consumption of renewabliedricityon-site (pho- hours or reduce the peak loads of the building
tovoltaic), to reduce the electricity demand incre@isousksou et al., 2014)
ing the efficiency &@nZEB building. Furthermore,

3.3.2.RENEWABLE ENERGIES

NZEBs are only realisable by usgmewable ener- roof or at the fagad@an de Bree et al., 2014}

gy sources onsite. Photovolt@#/) modules for so, geothermal energy can be used with heat pump
electricitygeneration or solar thermal collectorsystems or geothermal heat exchar(gyaerna-
providing heaared besides the direct use of biotional Energy Agency, 2012190) Further possi-
masse.g. in stoved the widestspread renewable bilities for renewable energies in buitding small
energy sourcesheycan be installegitheron the  wind turbines and the use of biomass.

3.3.2.1. PHOTOVOLTAIC

PV modules absorb the radiant energy of the sunWgarmuth, 2017, @7) The technical lifetime is
generate electricity based on the photoelectric gfiaranteed by the manufacturers for 20 years, but
fect. Importanttechnicalparameterso describe a usually, the panels function for longer and have a
PV system are the nominal power in kilowatt pea#tal lifespan of up to 30 yeéféirth, 2018, [B38)

(kWp), the energy output and the specific yieléV modules play a key role ftfEBs. The elec-
(kWh/kW,). The annual energy production detricity generated onsite reduces the end energy de-
pends on the solar radiation, which depends on thety andcan be used for heating, dog)ventila-
location. In Germangolar radiation typically lies intion purposes andther electricity needs of the
the range of 900 to 1200 kWh/n{Raoll, 2016. building users

Depending on the type, the efficiencyP@fmod-

ules ranges from 14% to 22@Rhilipps and

3.3.2.2. SOLAR THERMAL

Solar thermal collectors convert solar radiation indofluid (liquid or gas)s heated in the absorhers
heat energy. Thenergycan beused in industrial and the energy can be used directly for hot water or
processeff the achieved temperature is sufficientlyeating. The efficiency of solar thermal collectors is
high) and in residential and commercial areas faround 60%. The reasons for energyesoase
domestic hot water or space heatmthe building convection, reflection, radiation, heat conduction
sector, solar thermal energy can reduce or repland absorption.

the demand foenergy from fossil fuels.

3.3.2.3. GEOTHERMAL

Geothermal energy can be used to cool and hegtumps are needddr providing space heating and
building. Through a heat pump or a heat exchandest water. In several areas in Euyope ground

this energy cabe used as a heat source in wintéemperature is high enough for direct use (with a
and as a heat sink in sumitigicker et al., 2011) heat exchanger) for heating and hot wédeep)

The characteristics of the location are decisive fd8eothermatechnologies are usually used in district
efficient and sensible use of geothermal erergyheating or coolingystems and not in single build-
the ground temperature is not sufficiently high, heags.Thereforegeothermal is not part of the analy-
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sis of cost reduction potentialsndfEB technolo- gies in chaptet.

3.3.2.4. OTHERS

Biomasgan be used in boilers and stdeehieat Biomass boilers are considered in the analysis of
and hot wategeneratin. Biomass boilers function cost reduction potentials bZEB technologies in
similar to fossil fuel burning boilers and can prahapter4 as they are alreadydespreadnd they

vide hightemperature heat froranewable sources can easily replace fossil fuel based boilers (can pro-
Power generation from smalind turbines in- vide high temperatures) also in existing buildings.
stalled on or close to a buildiisgcurrently not Small wind turbinesn the other hanavill not be
economically viable most cased he local rough- aralysed in depth. Currently, it is still a niche mar-
ness of many buildings at different heights, orienkat and it is not foreseeable that there will be a fast
tions and positions reduces the wincedpg&lso, and strong market uptakkortlydue to the diffi-

the regulations for shading and noise emissions aatties described above. Therefore, small wind tur-
safety must be observadd taken into account bines are not considered in the analysis of cost
making the installation and operation diffiidhh  reduction in chapte

de Bree et al., 2014)

3.3.3.PASSIVE TECHNOLOGIES AND STRATEGIES

Insulation: The building envelope is an importanShading and passive use of solar energin

factor for heating and cooling requirements amdnter and transitional periods, the passive use of
energy losses. In winter, a Avellulated envelope solar energy is desirable for reducing the heat de-
limits the energy loss and thus reduces the heatimand. However, during the cooling perimlar
energy demand. In summer, the required energydains have to bminimised either by shading sys-
cooling can beeduced. The three most importantems ord as originally done in hot areas of the
parameters are (i) thermal conductivity, (ii) accumuerld 8 by reducing the number of windows to the
lated energg onsumpti on for tsbuth. bui |l dingbds oper a-

tion in the life cycle and (iii) investment cost§o preventoverheating, sun protection devices
(Thamling, 2015AIs0, the installation of south must be installed, such as roof overhangs, balconies
facing windows (in the northern hemisphere) camd other overhanghat shade transparent ele-
increase solar heat gains and the use of dayligtents only during the summer months. This posi-
which can lead to further ege savings for heating tively influences the cooling loé8iirger et al.,

and lighting(Burger et al.,, 2015However, in 2015) Another approach for realising high solar
summer solar gains must be reduced accordinghghins in winter and low gains in summer is the use
shading systems/ devices; othemiseling re- of deciduous plas at the facade. In addition to or
guirements increase. Possibilities include blinds amstead of plants and fixed shadings, jalousies and
installed sun ptection as well as summer greehlindscan be used. Thesan provide additional
plants on the outside. According to the case studsesvices like light reflection/ improved daylight use
and other sources in literature, thealues for or electricity generation (énels as slat), to con-
nZEBs especially in moderate and cold climatel solar gins andminimse cooling energy de-
regions have to be low. The walls against ambigrdnds.

air have aJ-valueof bdow 0.2 W/(m2K) (0.09 Natural ventilation: Through the use of natural
0.15W/(m2K) in the case studies). Roofs haveentilation, differences in pressure and temperature
comparably low-value of 0.1 to 0.2 W/(m2K), in between the outside air and the interior of a build-
some cases even lower. The highestius of the ing can be used. The opening of windows in the
opague envelope are fouod floors with 0.1 to fagcade and theoof by electric motors allofer

0.25 W/(m2K). Windows have the highdsralus  natural ventilation. Besides the provision of fresh
of typically 0.78 1.2 W/(m2K). air, night ventilation aims to cool down the building
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mass and thereby reduce the cooling energy o&ss usually a concrete structure in most modern
mand during the day. Therefore it is essential thdiudldingsd has to be freely accessible. Therefore,
large share of ¢hbuilding mass can be accessesuspended ceilings and higher floors should be
For the effectiveness a free air flow in the buildimyoided especially in arebigh ®lar irradiation

is essential. Compared to mechanical ventilat@amd gains. The activation and usage of the thermal
systems, natural ventilation and the associatednmass can be implemented passively or in combina-
creased air exchange at night can save up to @@ with active systems making use of the building
final energyBlrger et al., 2013jence the energy mass and its thermal inertia.

consumption for ventilation and cooling can b®ne possibilityis thermo-active building sys-
reduced. tems (TABS), which are established, innovative
Night cooling: "Passive night cooling” is based osystems for surface heating and cooling with signif-
the displacement of thermal loads, i.eagtoof icant economic and ecological potential. These
heat (internal and solar gains) in the building magstems cool or heat the building structure using
during the day, and heat dissipation at night. Heéalbes as heat exchangers which are integrated into
can be transferred or released through the air if the building element® order to condition the
outside temperature at night is low. The necessiatgrior climate, eithentirely, or as a support sys-

air circulation can be achieved eithefree con- tem. The major advantage is that through the acti-
vection or by fans. It is important that sufficientation of the building mass and because of the heat
heat can be stored in the building mass, that thimertia high temperatures for cooling and low tem-
mal loads are reduced, and that sufficient therrpakatures for heating cha used, which increases
insulation of the building envelope is pref@imt- the efficiency of cold and heat generation, enables
ger et al., 2B). Besides aqiit is also possible to usean easier and efficient integration of renewable
water driven cooling systems to cool down theat/ cold and flattens the heating/ cooling de-
building mass durirtge night with higher efficien- mand profile. For effective operatidris essential

cy than during the day. However, for this approathat the activated buildinglements are not
active cooling systems are necessary. The totalshieldede.g. by suspended ceilings; the elements
ergy demantbr cooling can be reduced with thishave to be accessible, which opens the possibility to
concept of passive night cooling. store heat from solar and internal gains in the build-
Thermal mass: The activation and usage of theng structure during the day and cool down the
building mass can (i) flatten heating and coolibgilding with a higher efficiendyring the night.
demand curves and thereby decrease peak loadsTARBS are therefore good heat transfer systems for
(i) store heat during the day, which prerequisite night cooling concepts.

for effective night cooling concepts. The building

3.4. TECHNOLOGY SETS

Technolog sets ardypical/ promisingcombina- heat recoveryere installed in almost all stddie
tions of different technoldgsin buildirgsfor the  buildingsand are anothe¥ssentiainodule for the
satisfaction of the energy needs and comfort mealisation ofiZEBs.

guirementsin the CRAVEzeracase study build- For the provision of the remaining energy demand
ings a few typical combinations could be identifie@fficient technologies and renewable energies are
However, the case studies show a wide rangees$ential. In six case stinyldings heat pumps
technologies and differing combinatidinerefore, are installed, of which four are combined with PV
an additional literature review and an analysissgbtems. The combination PV + electric heat pump
other projects conducted by the partners were carffers the possibility to operate the heat pump with
ducted. renewable electricity generated onsite. If additional-
A highly insulated building envelapéhe basis for ly electrical and thermal rstges are installed, the
reducing the overall energy demand in buildingsvn-consumption ofthe electricity generated by
Furthermore automated ventilation systemith PV can be further increas@a additional boost of
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the own consumption is possible if reversible hesble to integratmto buildingsin the actual devel-
pumps are installed, which can be used for coolmgment stageln the case study buildings solar
in summer when the electsidgiteneration from PV thermal is mainly combined witistrict heat or gas

is highest. boilers; only in one cageis combined with a heat
Storage systems are indispensable if fluctuaggnp. The latter has the advantage that the ground
renewable energy sources are used. Therefore, salarbe recovered with solar thermal during the
thermal systems in the case studies are always cumimerand thus avoids overusing the ground due
bined with thermal storages. Furthermore, solar heating demands and increaseetheiency of
thermal systems are Uguaombined with an addi- heat pumps in winter.

tional heating system as it is difficult to provide thaurther investigations of possible and promising
whole heat demanéspecially for large buildingstechnology sets for nearly zergergy buildings are
only with solar thermal. The main reason is that tagamined and analysed in deliverable D4.2 Opti-
heat demand is highest in winter when the solaizednZEB-solution sets, which will be finalised
radiation is the lowedt order to use solar sur-in August 2019The ®lution set definition will be
pluses from summer in winter, seasonal heat stoased on techreconomic considerations and op-
ages would be needed, which are difficult/ impotmisations.

3.5. LOW-VS. HIGH -TECH

Low-tech concepticus onpassiveapproaches to cient drops in a hyperbolic manner and not linearly.
reduce the final energy demand of mgkliby As a result, every additional centimetre of insulation
improving the building’sfficiency bye.g. better is less effective than the previous ®he.price of
insulation free ventilationnight cooling and ade- materials increaseseklimly, while the energgving
guate shadingrurthermore, simple, easy to installecreases hyperbols well; at some point the
and operate and robust active technologies are useergy cost savings no longer payJaoithum et
instead of developing energy conceptsdbase al., 2015)

complex technologies, which are more difficult t#lso low-tech buildings needtave devices supply-
control and operate as well as difficult to repair aimd) the necessary ventilation, cooling and heating.
errorprone. The fundamental of letech ap- These devices must operate as efficiently sis pos
proaches is the design of energy concepts/ systebis, consuming only a small amount of energy and
which can be easily operated and which do nate as many onsite renewables as possible

need additional/ disproportionate expert know The savings through the various devices and pas-
how. sive technologies are important. However, for over-
Hightech concepison the other handocus on all efficiencyit is also important that the technolo-
active technologies to provide all relevant buildigies are combined anintelligent and efficiemay
services. They often require intelligent coatrdl within the entire building system to achieve energy
information technology savinggHarvey, 2009)

Passive technologies and apprescan play a key Many modern buildings currently follow a -high
role in reducing final energy demasdvell as the tech approach: The more modern and intelligent
overall resource demand for a buildWith all technology installed the better. On the other hand,
passive technologieend approacheshere are building operators compiaabout the increasing
natural limits. For example, merely increasing tt@mplexity, which makes the operation more diffi-
thickness of insulation cannot ach&exero energy cult and the systems more fgutine A suitable

loss and eventualiyhe energy saviraghieved by compromise between high and-teeh approaches
adding more insulation material is not worth theroviding good comfort with low energy consump-
money sperdnd the energy demand for producingon and furthermore allomg better inegration of

the insulation is higher than the energy savirgsldings in the overall energy system has not been
achieved The most significaneffect is achieved found yet. The discussions will be deepened and
with the first centimetre; the heat transfer coeffintegratednto deliverable D2.OptimizednZEB-
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solution sets of this project, thgy strongly affect
the possible solution sets. The deliveralil be
finalised in August 2019.
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4.COST REDUCTION POTENTIALS

In the following, the cost reduction potentials abrder to reflect the uncertainties of the learning
the major passive approaches/ technolaggesell rates, a learning rate range is considered for each
as active technologies for heating, hot water, cagiehnoloy.

ing and ventilation as well as energy stoaage Besidesa market forecast needed. For the cost
describedThe presented results are mainly basddvelopments presented below, current market
on the topdown approach ded#lwed above. Only volumes, cumulative production levels and market
for technologiesof particular importance more forecastsfrom other studiesare usedA major
detailed data based on studies in which detaigmirce is e study O EIl ectr i fy ever
bottom-up analyses were conducted are presentésterchele et al., 201i8) whichthe entire energy
These are PV, solar thermal and electricity storageector in Germanig simulated and the develop-
For the topdown approach and learning curvesnent until 2050 is forecasbt this study the 90%
reliablelearning rates are indispensable for the catenarigpresentedby (Sterchele et al.,IR)is used
culaton of cost reduction potentials. The learnings a data basis forecastmarket developments.
rates are based on previous cost developmentevelopments in the EU are derived from the
relation to the cumulative production volume. Imentioned studgnd additional sources.

4.1. ACTIVE TECHNOLOGIES

A central aspect for realisimiZEBs is the lighting. The remaining energy demands must be
minimisation of the energy demand for conditionprovided afficienty as possible and to large ex-
ing and operating a buildithgoughinsulation and tents by renewable energy. In the following the cost
other passive technologies and strategies. Howeraxtuctiors of the most important active technolo-
there will always be a remaining energy demandd@s for hating, air conditioning/ cooling, ventila-
building srvices like heating, cooling, ventilation dion, thermal and electrical storage are described.

4.1.1.HEATING

41.1.1. HEAT PUMPS

Heat pump can supply buildings with heat by udhistori@l costdevelopmest The relevant learning

ing electricity(or gasor solar heatas operating rates are listed frable2

powerand ambient heat. If the electricity is geneFfhe sources show an average learning rate of 9.8%
ated from renewable energies, this technddogyand a standard deviation of% Bercentage points
fully renewabland does not caugeeenhouse gas for heat pumps in the range of 5.0% to%7«f.
emissions. The investigation focuses on two ty@dirger et al., 201%pgren Lyng Ebbehgj, 2017)
(both electricity drivenperothermal andround (Junginger et al., 200&or the prediction of the
sourceneat pumpsaerothermdieat pumpsise the cost reduction potentitthe learning rate of 9.8%

air asa heat sourgground source heat pumps usevith arangebetweer8.5% and 16.29% used

the ground. Siteonditionsare essentiafor heat The cumulative volume of heat pumps in the EU
pumpsas they determine which heat sources canreached almost 32 milligaerothermal: 30.4 mil-
used lion, ground source: 1.5 millidy)the end of 2016

For heat pumgp, the learning rate is basedralues ( Eur Obser v ER .consorti um,
presentedin the literature which are basedn
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Table: Learning rates for heat pumps

Learning rated Heat pumps Study; Source

7.5% (Seren Lyng Ebbehgj, 2017)
5.0% (Burger et al., 2015)
17.0% (Junginger et al., 2006)
Aerothermal heat pumps: lative installed heat pumps in g will grow

Figurel8shows the learning curve for aerothermé&iom 30.4 million in 201® around 295 millio air

heat pumps, based on the determined learning faéat pumpsn 2050 This means nearly a-fb@

of 9.8% and the cumulative volume of 30.4 millidncrease in theumulative productioshowing the

in 2016 in the EU 28 expected growirighportance of heat pumps. In the
To forecast the market dey@inent of aerothermal best case, the electricity for operating the heat
heat pumps, the 90% scenario of "Electrify eveggump is generated 100% from renewable energy
thing?"(Sterchele et al., 2048)s used. Thmumu- sourcegatest in 2050

Costs [¢/kWih] L earning curve aerothermal heat pump

1 10 100 1,000 10,000 100,000

Volume [m]

Figurd8 Logarithmic learning curve of aerothermal heat pumps; own illustration basddtabhabe CRAVEzero

The cost development curve for aerothermal hdat 2050, with a range of about 666 k,Wb
pumps is shown iRigurel9 The result illustrates 1,0550 / kn\Whis corresponds to a cost reduction
the specific cost development between 2016 asfdapprox. 29% until 2050 with a ran§d 196 to
2050. The cost levelor 2016 was around 44%. The curve shows an almost linear decline of
1,1900 / knWrhe learning curve approach envist% per year.

ages a reduction of the costs to roughly845¢, W

25



Costs [¢/kWih]  Cost development aerothermal heat pumps
T

2016 2020 2024 2028 2032 2036 2040 2044 2048

Year

Figurd9 Cost development of aerothermal heat pumps; own illustration basedaiatihee CRAVEzero

Ground source heat pumps: et al.,, 2018)Accordinglythe cumulative volume
For geothermal heat pumps, the same approachwdkgrow from approx. 1.5 @4 million unitbe-

for aerothermal heat pumps was used. The curreméen 2016 and 2050

cumulative volume in the E28 is relatively low at The numberof installed ground source heat pumps
around 1.5 million. The learning curve is based will significantly increase in the coming y&aes.

the same learning factors as for aerothermal habsolute growthas apeakof 18.7% in 201@nd
pumps (9.8%; ranging from 3.5% to 16.2%). Thiecreases to 1% 2050. Ground source heat
specific costs for ground source heat pumps wenegmps can be used only if the site characteristics
around 1,620 / kn\WM2016.Figure20 shows the are suitable. In most casess easier to install an
resulting learning curve. aerothermal system. A comparison of the market
Like foraerothermal heat pumps, the market devedrves for ground source and aerothermal heat
opment forecast for ground source heat pumpspgamps Bows thaterothermal heat pumps will play
based on the 90% scenatescribed irffSterchele amore significanole.

Costs[¢/kWh]  Learning curve ground source heat pump

1 10 100 1,000 10,000

Volume [m]

Figur@Q Logarithmic learning curve of ground source heat pumps; own illustration badathbashe CRAVEzero
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The cost development curve for ground source heafpected. Theost reduction potentié@ beween
pumps is shown iRigure2l It shows the specific 8% and 3% until 2050. The average annual decline
cost development from 2016 to 20B@e specific is 0.7%, with a maximum of 2.5% in 201d an
costin 2016 vasaround 1,620 / knWntil 2050a  minimum of 0.14% in 2050.

decreasef approx21% to around 1,280/ knW

Costs [€/kWih] Cost development ground source heat pump
1, B LA B LS N, i Bk

2016 2020 2024 2028 2032 2036 2040 2044 2048

Year
Figur@1 Cost development of ground source heat pumps; own illustration basddtababe CRAVEzero
4.1.1.1. GAS BOILER

Gas boilers are currently the most important he#tese necessaryparameters and the detered

ing technology in Europe with a share of 40% Iearning rate, the learning curve was calculated, as
the heating technology stg&kaunhofer Institute shown inFigure22

for Systems and Innovation Research et al., 2016E)e market development is based on the 90% sce-
The learning rate for gas boilers was determinedriayio described ifGterchele et al., 2018he cu-
literature resach.Table3 shows the determined mulative market volume is expected to reach
learning factorbased on past learning curves foaround 2,653 GWhby 2050. During the period
gas boiletsThe range is 6.3% to 14.1%, with ander consideration, the volume thus incrdases
mean of 10.3% and a standardadiewi of 3.9% 70%. Gas boilers already have a strong market
(percentage points). The range used for the learningsence with a comphly high number of
rate was thus.4% to 14.2%. instaling and produced heating systems in the EU.
The current cumulative volume of approxAs a result, the costs are alreamyiparablyow.
88,336,000 gas boilers in the EU, correspondingTioe cumulative volume is rising slowly because the
a capacity of around 1,46W;, in 2015, was used base level is high.

as the basis for calculating the learning curve of Ga&s boilers emit greenhouse galds.is one of
boilers(Fraunhofer Institute for Systems and Inncthe reasonsvhy thetechnology will become less
vation Research et al., 2016ag average specificimportantin the futurewhereas younger renewable
costfor the boilerwa s 1 6%in 2D16kAmM technologies will become increasingly important
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Table3: Learning rates gas boiler

Learning rated Gas boiler Study; Source

6.3% (Weiss et al., 2008 4R2)
14.1% (Weiss et al., 2008412)
10.%6 (Junginger et al., 2008192)

Costs [€/kWth] Learning curve gas boiler
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Figur@2 Logarithmic learning curve of gas boilers; own illustration based dattiea€RAVEzero

The cost development curve showkigure23is the cost reduction is between 5% and 11%, which
based on the learning and market curves of gasresponds to costs between @45 k,Vnd
boilers in the EU. The curve illustrates the co$670 / knW

reduction potential of gas boilers until 2050.

The costs decrease from 166 k,Wh 2016 ©

1510 / kaWA 2050. This corresponds to a total

cost reduction of 8% over 34 years. The range for

Costs [€/kWth] Cost development gas boiler
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Year

Figur@3 Cost development of gas boilers; own illustration based oddteb@$AVEzero
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4.1.1.2. OILBOILER

Oil boilers are similar to gas boilers but burn a difient. The determined learning rate for oil boilers in
ferent fuel. The technology currently accounts fthis study is 10.3% with a range of 631%4t2%.

9% of the heating technology stock in the EUhe actual cumulative volume of oil boilers in the
(Fraunhofer Institute for Systems and InnovatioBU-28 at the end of 2015 was around 301 «GW
Research et al., 2016a) with 18,198,000 boilers. The average specific costs
No relevant or noteworthy studies or infdiora  were at 116 / k,\(Fraunhofer Institute for Sys-
were found in the literature regarding the learnitgms and Innovation Research et al., 20TGe)

rate for oil boilers. Therefore, the learning rate ofsultingdarning curve is shownHRigure24

gas boilers was used to estimate the cost develop-

Costs [€/1Wth] Learning curve oil boiler
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Figur@4 Logarithmic learning curve of oil boilers; own illustration based odatad&RAVEzero

Based on the results of the 90% scenario descrisadwn inFigure25. In the graph, the specific costs
in (Sterchele et al., 2018)e cumulative volume appear constant over the period under considera-
will be approx. 32BWi, in 2050. This correspondstion; the costs only decrease slightly from
to an increase of roughly 9%. Compared to oth&t60 / k.6 1150 / k.VWhis corresponds to a
technologies, this is low. QOil boilers have the smalbst reduction of only 1.3% in 34 years (range be-
est change in cumulative volume until 2050 amamgeen 0.8% and 1.9%).

all technologies examinedin® studies already The calculation shows that the cost reduction po-
calculate future scenarios without new oil boiletential for oil boilers ishalow. Both fossil fuel
and the installed oil boilers by 2050 will be redudealsed technologies examined (oil and gas boilers)
to almost zero, as they are responsible for high G@ll compete with alternatives that show higher cost
emissiongHenning andPalzer, 2013) reduction potentials and thereforeelaesmpeti-
From the learning curve and market developmetiveness in the future.

the cost development curve was calculated as

29



Costs [€/LWth] Cost development oil boiler
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Figur@5 Cost development of oil boilers; own illustration based ondhlRAVEZzero

4.1.1.3. BIOMASS BOILER

Biomass resources such as wood chips, pelletdearning rate of 13%. As no range for the learning
other biofuels can be burned in boilergdnerate rate was available in literature the same range as for
heat for space heating and domestic hot wateil. and gas boilers (plus/minus 3.9%) was used.
Biomass boilers and stoves are currently the moke resulting learning rates between 9.1% and
widespread renewable heating technology. BiomE&£%.

boilers can replace oil and gas boilers. Due to lim-Germany, the cumulative volume of biomass
ited data availability, the calculation and igaest boilers in 2016 was around@#/,, with average

tion focused on Germany. There were not enougpecific costs of 284/ kn\(Bterchele et al., 2018)
data to analyse the entire European market. These costs were nearly twice as high as the costs
The learning rate for biomass boilers was detef-gas or oil boilers. The derived learning curve is
mined by(Junginger et al., 2008ho presena shown inFigure26

Costs [€/kWeh]  [earning curve biomass boiler
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Volume [GWth]

Figur@6 Logarithmic learning curve of biomass boilers; own illustration baseddatetteess€RAVEzero
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To estimate the markedevelopmenbf biomass With the derivedlearningrate and marketevel-
boilers in Germany, data from the 90% scenawpment the cost development curve for biomass
described irf{Sterchele et al., 2018sused. The boilers in Germany was calculatedichis shown
volume will increasefrom 24 GWy, in 2016 to in Figure 27. The specific costs decrease from
around50GW, in 2050, which corresponds to @540 / k.\wi 2016 to 218 / k,\vi 2050. This
growth of approx.1%. This increase is highercorresponds to a cost reduction apfprox. 14%
than that of oil and g&boilersbut relatively small and an average annual reduction of around 0.4%.
compared to other renewable technologies in tiibe range of thecost reductions between 9.6%
same period. and 17.8%.
A reason for the lower growth compared to othdérhe advantage of biomass boilers, compared to gas
renewable technologies that biomass such as and oil boilers, is that the fuel is renewable and can
pellets or wood chigs limitedand therefore there often be obtained from wastaterialsAdvantage
are price uncexinties The energy costanrise of biomass boilersompared withsolar thermal
with increasing demand, whereas the supply eeergyare their independence from weatfzed
mains unhanged. the possibility to supply high temperatures on de-
mand.

Costs [€/kWih] Cost development biomass boiler
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Figur@7. Cost development of biderasswn illustration based on the CRéat&tzase

4.1.2.AIR CONDITIONING

Air conditioners are required in buildings durin@nly a few sourcesareavailable invhich learning
warm weather when solar heat gains or outsidées and developments of airditioners are de-
temperatures cause a substantial increase insitribed Shah et al(Shah et al., 2013nd
temperature within the building. Air conditioner§lunginger et al., 20@kveloped learning rates in
cool the air down for better comfort. Especially ithe range of 8% to 22% with an average of 13.5%
warm climates, they are necessary to achievésegTabled).

pleasant room comfort.
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Tablek Learning rafesir conditioner

Learning rated Air conditioner Study; Source

8%-22% (Shah et al., 2013)
12% (Junginger et al., 2008)

The cumulative volume of air conditioners wasrerage 20 / k i 2016 The derived learning
approx. 56 million in 2016 in the EQ8 (see curve is illustrated Figure28

(Huang et al., 2038In the study market data for Based or{Huang et al., 201&)e marketvolume
forecasting the market development of air condull increase from approd million unitsin 2016
tioners in the EUk provided as well. to around 28 million in 2050. This increase more
The specific costs, determined through literatuttean quintuples the cumulative volume. The cost
research and by analysing the case studiesnweneduction potential is thus at least 258é below)

Costs [€/kW] Learning curve air conditioner
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Figur@8 Logarithmic learning curve of air conditioners; own illustration based dstaba<eRAVEzero

The interest in air conditioning systems will grohhederivedcost development cuneilustrate in
tremendously (Pezzutto et al., 2017)entified Figure29 Air conditioners have a significant cost
plausible and probableasens for this growing reduction potential of around 29% between 2016

demand for aiconditioners in Europe: and 2050. The costs are expected to drop from
(i) Growing populantfor better comfort 210/ kW i n 5@00 1kew tion 12050.
(i) Rising demand for cooling due to globadl cost reduction pentialrangedetweerl.4% and
warming. 1.0%.The variation in the learning régads to a

(iif) New buildings areftenconstructed with a range of thecost reduction potential betwespr
large glass surface, which increases the pmx. 18% and 44%, corresponding to a cost level

lar heat gain and consequently the coolilgtween 114/ kW addk W7i3n 2050.

requirements.
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Costs [€/kW] Cost development air conditioner
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Figur@9 Cost development of air conditioners; own illustration based aathbaSBAVEzero

4.1.3.VENTILATION

To supply buildings with sufficient freshadsure cumulative volume of central ventilation systems

good indoor air qualitgnd to effectively remove amounted tapprox. 356,000and 34400for de-

moisture, pollutantsnd vapours, amechanical centralised systems in GermdBghiller et al.,
ventilation system can be installed in building014)(Pehnt et al., 2019n the market data and

Also, a heat exchanger £ahould be installed to calculation, a decentralised system consists of five
recover heat from the exhaust air and thereby medividual decentralisecgwvices(Max, 2017)To-

duce the heating energy demdru tighter the gether with previous market developmess

building envelope is, the maréicalit is to assure scribed ifMaurer, 2018)he cumulative volume of

the air exchange betweenand outside either by decentralised ventilation in 2016 was calculated at
manual or automatic ventilation. 0.43 milbn and for centralised systems at 0.55
Automatic ventilation systeroan bedivided into million. The specific costs derived from liteea

two types, decentralised and centralised ventilatomd internal sourcesw&®i1 / mj f or decent
systems. The decentralised systems operate waiti 13@ / mj for centralised v
separate, unconnected fans and air ducts in diffgelated tdliving area). Theesultingtwo learning

ent rooms. Central systems comprise single, coteervesareshown inFigure3Q.

ent systesifor whole building In between these To forecast thenarket development until 20th@
systemsthere arecentral ventilation systems fortrend fom 2012 to 2016 was interpolatewtil

single apartments. 2020. After 2020, the nexZEB and Energy Effi-
The learning ratder different vetilation systems ciency Ordinance assumes that in every new build-
have not been studied in detail {)@ehnt € al., ing and every renovation nevechanicaventila-

2015)determined an overall learning rate of 14%on systemm will be installedn (Blrger et al.,
for ventilation systems, which was used in tH2915)efurbishment and new constructiates are
study.Furthermore, aange between 10% and 18%lescribed and used in this stitenew construc-
is assumetb enable a realisttange of possible tion ratefor residential buildings between 0.85%
developmentsDue to the limited availability ofand 0.21%and for noAresidential buildings con-

data, the analysis focused on the German marketstant rate of 1.359% assumedrhe refurbishment
For the calculation, the different cumulative volate was 1.2% by 2020 aasbumed to b2.1%

umes of decentralised and centralised ventilatefter that(Burger et al., 2015)ogether with the
systems were determined for 2016. In 2012, thember of existing buildings possible market
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development for mechanical ventilation systemsscalculated.

Costs [€/m’] Learning curve ventilation systems
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Figur&Q Logarithmic learning curve of central and decentralised ventilation systems; own illustraticshabetseseon the CRAVEzero

The volume for decentralised ventilation systemshig ventilation types. The calculated cost develop-
expected to increase from 0.43 million in 2016 mentin the German markéet shown irFigure31

12.86 million in 2050. For centralised ventilatiddoth types have significant cost reduction potential
systems, the increase is from 0.55 million to 8@&4roughly 52% for decentralised and 46% for cen-
million in 2050Thisillustrates that the importancetralised systems. Costs are expected to fall from

of ventilation systems in the future increases. &70 / mj d mjdaland Of/frmgm t1030
energy efficient buildings, mechanical vemtila 710 / mj . The expedstbetweenc o st
systems will be widespread. 40% and 62%330 / mj ( /omfps)®central-

The learning curve and the mardlevelopment ised and between 35% and 5%880 / mj t o
were used to predict the cost development of tB8G/ mj ) f or centralised sys

Costs [€/m’] Cost development ventilation systems
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Figur&81 Cost development of central and decentralised ventilation systems; own illustratiordbteiealsen the CRAVEzero

34



4.1.4.THERMAL STORAGE

Thermal storages can stdhermal energynd The cumulative volume in Germany was 01,05
therebyseparate periods of heat generatimh amillion litres in 201&nd will increase to 18,940
consumption.They are of major importance formillion litres in 2050 based d¢8terchele et al.,
technologies, which are depending on fluctuatid018) Together with the determined cost level of
renewable energy sources like solar thermal. 350/ 1, the |l earning curve
No data is availabletimeliterature about the learn- calculatedFigure 32 shows the resultinigarning

ing rateof thermal storages. However, the technoturve.

ogy is wi establishedTU-Wien, 2008)For the A major reason for theteadyincrease is the rising
analysi®f the scope of this studye learning rate share of renewables in the heating sector as well as
was set at 8.0% with a range of 4.0% to 12.0%. Tihis increasing coupling of the electricity and heat
rate lies in the range of and gas boilers, which sector, which is only possible with additional stor-
are also established technologies. Due to data awaglpossibilities.

ability, the calculation focuses on Germany.

Costs [€/1] Learning curve thermal storage

10 100 1,000 10,000 100,000 1,000,000 10,000,000
Volume [m*]]

Figur82 Logarithmic learning curve of thermal storages; own illustration basediatatizs€RAVEZzero

The cost development cutigeshown in Figure33.  of 15.7% to 41.4%. The specific costs are likely to
Thermal storagdmvea cost reduction potential of decrease from 36/ | 6 b1l 2 .nbahreduca n
around 29% between 2016 and 2050 with a rarniga is between 0.5% a@d2%.
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Costs [¢/1] Cost development thermal storage
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Figur@3: Cost development of thermal storages; own illustration based dat#e&RAVEzero

4.1.5.ELECTRICITY STORAGE

Stationarypattery systems are becoming increasirtgis investigation focused on Germany rather than
ly important especially in combination with decerthe entire EU. For stationary batteries, this study
tralised, fluctuating renewable electricity generatfonused on lithiudbased storages, as they appear
from PV and windAs wind energy and photovol-to be the most impoma technology for electrical
taic systems are likely to be expanded in the futaterages in buildings in the near fut{iraiyou
(Bundesministerium fur Wirtschaft und Energi®esearch, 2014hey arealready used ielectric
2018) more electrical mge devices will also becars and stationary Rtbrage systems available
required. The data availability is limited; therefoteday.

4.15.1. TOP-DOWN

Few studies on lithium storage systems and pAstording taSterchele et al., 20b8teries with a
developments ankbarningrates have been pub-capacity of 0.8Wh were installed in Germany in
lished.Table5 presents the various learning rate2016. The cost obtained from the literature review

for stationary lithiurbased batterieShe learning is863/ kWh i n 2016. The resu
rates range from 9.5% to 22.0% with an averagesofhown inFigure34.

15.8% and a standard deviation ofpgi@entage

points.

Tablé: Learning rates stationary batteries

Learning rated Stationary batteries Study; Source

19.0% (Curry, 2017)

12.5% (Schmidt et al., 2017)
22.0% (Matteson and Wams, 2015)
9.5% (IEA, 2013)
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Costs [€/KWh] Learning curve stationary batteries
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Figur&4 Logarithmic learning curve of electricitylstobagesiéls); own illustration based on the CR#a¥Ezero

To calculate a possible specific cost developmantier consideratiohe range of the cast2050

the possiblemarket developmentlescribed in is between 198/ k Wh aim/dk Wh4,9 corr e
(Sterchele et al., 2018usedThecumulativevol-  sponding to a cost reductibeetweend7.9%and
umewill accordingly grow fro®.3GWh in 2016 77.7%.

to 22.4GWh in 2050. Based on the described parhe use in buildings will become financially attrac-
rameters, the cost development was calculated ane, especially in combination with a PYéepy#it
isillustrated irFigure35, least in Germargostsof electricitygenerated by an
Stationary batteridsavea sipstantial cost reduc- own PV system are often lowkan thecosts of

tion potential of around 64.4% until 20BBich is electricity obtained from the grieurthermore, the

the highest of all analysed technologiessgdwf- purchasing costs are higher than the-ifesariff

ic costs fall from 868/ k Wh 6 b k & .8 for P Own consumption can be substdigtia
average annual cost reduci®B.1%with higher increased by installing a stationary battery

annual reductionat the beginningf the period

Costs [€/kWh  Cost development stationary batteries
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Figur@5 Cost development of electricity $tordgéte(ieis); own illustration based on the CREZEro0
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4.15.2. BOTTOM -UP

Due to the expected increasing importanstoof the size, thcomponents have different contribu-
age systems and especially electricity storages itioan to the total costfigure36 showsthe cost
energy system mainly based on renewable energoesrgponents and theghare in thdotal costde-
detailedbottom-up analysis based on literature wgsending on thetorage sizes. Thells represent the
carried outThe described resultsaeto lithium  highest share of the total costs with up to approx.
based stationary batteries. 45% in small applications in residential buildings.
There are three major cost components (cell, poviidre share decreases with an increase in storage size
electronics angberiphery;see (International Re- In large storage systerttsee costshare for power
newable Energy Agency, 2017Ragpending on electronics and periphémgrease.

Cost share

residential multifamily Ccommunity large-scale

B periphery power electronics cell

Figur@6 Cost component distribution dfdgbdienergy storages; own illustrationelbasgdrah Renewable Energy Agency, 2017a)

In recent years, the costs for lithium battéeles has asignificantinfluence on the cos{#nterna-
significantlyAccording tqInternaional Renewable tional Renewable Energy Agency, 2017a)

Energy Agency, 2017he costs of home storageTable 6 shows possible developments and im-
(lithiumrion) systems fell from 2,505/ k Wh provementdo lithium-ion batterieghat could lead
2014 t0 1,070 / k Wh ilmtheZtOditite cost to further cost reductions. An essential factor for
structure and possible improvements of lithamm the cost reductions is expected to be a better cath-
batteres for achieing cost savingsvere analysed ode technologyInternational Renewable Emger

with abottom-up approach. Agency, 201Ja

Increasing the production capacity is one factor for (International Renewable Energy Agency, 2017a)
reducing costs due to econesof scaleAnother all cost components of lithidnen-phosphate
possibilityis atechnological improvemelilkte, e.g. (LFP) batteriesvere analysed in detd&iigure 37
increasindghe energy densityhichdecreasethe shows a possible cost pathway from 2016 to 2030:
specificmaterialdemandfor the samestorageca- The cathode, materials and labour czestbhave
pacity. In the past, improvements in energy densitnsiderable potential for cost redusctigdverall

have been significant in reducing costs. Two mé&é&wer and cheaper materials can be used for the
possibilities are the use of high voltage electrolybesiery, production processes canopgmised to

and silicon anodes. Replacing materials with chaagluce the time to build a storage and thus the spe-
er onesand reducing the amount of matei@do cific labour costéinternational Renewable Energy
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Agency, 2017an the example, the costs are exexplainedy the different studies and approaches.
pected to decreabyg 65%from 600USD/kWh to  However, as the cost reduction potentials described
210USD/kWh  (approx. 5 7 0 20dklivh to  in (International Renewable Energy Agency, 2017a)
200001dkWh with the exchange rate of 1.052%re highly dependent on intensive research and
0/ USD toDecendb@r 2016 based @iman- development activities, the effects of these activities
zen.net GmbH, 2018)ith thetop-downanalysis are associated with a high uncertainty concerning
a cost reduction potential approx.65%is pre- the time of achievement. Some of the cost reduc-
dicteduntil 2050,which is comparabte the bot-  tion potentials might therefore notrealsed until
tomup analysiof LFP bateriesuntil 2030 The 2030.

reasons for the differetime period cannot be

Tablé: Possililaprovents/ developments of lithiLtechnology; S@ntemational Renewable Energy Agency, 2017a)

Research and Applies to sub Technology Reduces produc- Increases per-
development technology shift tion cost formance
avenue
Solid-state Li-ion  All Li-ion technologies No Yes. Through highe Yes. Higher energy
batteries energy density density
High -voltage elec-  All Li-ion technologies No Yes. Through highe Yes. Higher energy
trolytes energy density density
Silicon anode All Li-ion technologies No Yes. Through highe Yes. Higher energy
energy density density
Lithium sulphur New technology Yes Yes if Yes. Higher energy
batteries density and use of

mmerciali . .
commercialised cheap active materi

Lithium -air New technology Yes Yes if Yes. Higher energy
density and use of

CRlE cheap active materi

Durable lithium Lithium manganese No No. But decreases Yes. Better calendri
manganese oxide oxide/ nickel lifecycle cost of lifetime
manganeseobalt service

Figur&@7: Battery cost reduction potentials; own illustréitnb@rbasedadiRenewable Energy Agency, 2017a)
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