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FOREWORD

This report summarizes first activities and results of
Work Package “WP04 — Cost reduction potentials
for nZEB technologies®, part of the Horizon2020 -
CRAVEzero project.

Cost optimal and nearly zero-energy performance
levels are principles initiated by the European Un-
ion’s (EU) Energy Performance of Buildings Di-
rective, which was recast in 2010. These will be
significant drivers in the construction sector in the
next few years because all new buildings in the EU
from 2021 onwards have to be neatly zero energy
buildings (nZEBs); public buildings need to achieve
the standard already by 2019.

While nZEBs realised so far have clearly shown
that the nearly zero-energy target can be achieved
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using existing technologies and practices, most
experts agree that a broad-scale shift towards neatly
zero-enetgy buildings requires significant adjust-
ments to current building market structures. Cost-
effective integration of efficient solution sets and
renewable energy systems are the major challenges.
CRAVEzero focuses on proven and new approach-
es to reduce the costs of nZEBs at all stages of the
life cycle (see Figure 1). The primary goal is to iden-
tify and eliminate the extra costs for nZEBs related
to processes, technologies, building operation and
to promote innovative business models considering
the cost-effectiveness for all stakeholders in the
building’s lifecycle.
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Figure 1: CRAVEzero approach for cost reductions in the lifecycle of nZEBs.
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EXECUTIVE SUMMARY

For realising nZEBs, which are cost-efficient for all
stakeholders  throughout their lifecycles, the
knowledge about possible cost developments of the
most relevant technologies is essential. Further-
more, the identification of currently realised and
promising technology sets for the future can help to
reduce the cost of nZEBs and accelerate the respec-
tive market. The identification of currently realised
and promising future technology sets is based on
the CRAVEzero frontrunner buildings and addi-
tional literature review. The frontrunner buildings
are also integrated into a detailed database of
relevant cost and technical data of the most relevant
technologies, which is developed together mainly
with Work Package WP02 (Life Cycle Costs of
nZEBs). In addition to the frontrunner buildings,
several sources from the participating countries are
integrated into the database, which is the basis for
the calculation of cost reduction potentials de-
scribed in the deliverable at hand.

Besides the formation of a sufficient database, the
identification/ development of a suitable method-
ology for the calculation of the cost reduction po-
tential is part of this deliverable. For the deduction
of cost reduction potentials, there are in principle
two approaches; the top-down learning curve
analysis and the bottom-up analysis. Compared to
the top-down approach more detailed data and
information is needed for the bottom-up analysis.
Therefore, the learning/ experience curve approach
was chosen for the deduction of cost reduction
potentials for all identified technologies, whereas
the bottom-up analysis was only conducted for
three central technologies (PV, solar thermal, elec-
tricity storage). The calculation of cost reduction
potentials with the experience curve approach is
based on market and cost data as well as the detet-
mination of learning rates.

Even though the applied methodologies are wide-
spread and established, it has to be mentioned that
there are several uncertainties, which can influence
the development of costs, especially over a relative-
ly long period until 2050. The calculated market
development can vary due to changing require-
ments or political changes, the actual learning rate

can vary, and global commodity prices can fluctu-

ate, which can also lead to price increases instead of
decreases.

Analysed technologies:

The scope of the deliverable is the analysis of the
major technologies for heating, cooling, ventilation,
energy storage and renewable energy. Furthermore,
several passive approaches and strategies (insulation
of the building envelope, free ventilation and night
cooling as well as shading and use of daylight) to
reduce the energy demand are analysed.
Top-down:

The various technologies analysed have different
cost reduction potentials. The basis for the deduc-
tion of cost reduction potentials are current market
and cost levels as well as market forecasts for each
technology — if available for whole Europe and in
case of limited data available only for Germany.
Established, fossil fuel based technologies (oil and
gas boilers) have the lowest cost reduction poten-
tial until 2050 (only about 1% and 9% respectively).
A major reason is the comparably high CO»-
emissions, which contradict the climate protection
targets of the European Union and will therefore
lose market shares leading to only a small increase
in the cumulative production volume. A slightly
higher market share is predicted for biomass boilers
which are more environmentally friendly as they use
a renewable fuel. Biomass boilers have a cost reduc-
tion potential of approx. 14% until 2050.

Heat pumps are secen as a central heating (and
probably cooling) technology in an energy system
based on fluctuating renewable energies as they are
one important technology for the coupling of the
electricity and heating sector. Therefore, a strong
market increase is expected to result in cost reduc-
tions of more than 20% by 2050.

Ventilation systems (central and decentralised) are
of major importance for energy efficient buildings.
They supply fresh air, reduce ventilation heat losses
when equipped with heat recovery systems and
assure good air quality by removing moisture,
moulds, pollutants and vapours. Especially in
airtight buildings assuring good air quality is almost
impossible without mechanical ventilation. The
market for ventilation systems will most probably
grow in the coming decades leading to cost reduc-
tions of around 46% - 52% by 2050.



Thermal and electrical storages become more
important in an energy system based on fluctuating
renewable energies. Both storage types have sub-
stantial cost reduction potentials of about 29%
(thermal) and 65% (electrical) by 2050.

With increasing indoor comfort requirements and
further global warming, the need for air condition-
ing/ cooling is increasing leading to a strong mat-
ket increase and associated cost reduction potentials
of about 29% by 2050.

PV is an established renewable energy source with a
global market, but still has the potential for optimi-
sation. In all future scenarios with low greenhouse
gas emissions, PV plays a key role in meeting emis-
sion targets and generating the required amount of
renewable electricity. High cost reduction potentials
are expected as fast market development is indis-
pensable until 2050 for the achievement of the
climate and emission targets of the Paris Agree-
ment. The estimated cost reduction potential is
around 49% by 2050. In addition to the established
use on the roof, building-integrated PV (BiPV) is a

promising and growing new field.

Costreductions

Solar thermal systems — even though already wide-
spread — still have cost reduction potentials of 38%
by 2050. Like for PV systems, there is the possibil-
ity to integrate solar thermal systems in the building
envelope (e.g. the facade) and replace elements
leading to overall lower costs for realising nZEBs.
For the building sector, insulation plays an im-
portant role in reducing overall energy demands
especially concerning the heating demand in mod-
erate and cold climate regions. However, for estab-
lished and widespread insulation materials no fur-
ther cost reduction is expected; cost reductions are
only expected for new/ innovative materials and by
improved mounting processes.

Besides insulating a building, there are additional
passive strategies such as night cooling or natu-
ral ventilation, which reduce the end energy de-
mand of a building and become increasingly im-
portant for the realisation of nZEBs. However,
deriving cost reduction potentials is not possible
based on the available data.

The derived cost reduction potentials of the top-

down approach are summarised in Figure 2.
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Figure 2: Cost reduction potentials of major nZEB technologies calenlated with the top-down learning curve approach.



Bottom-up:

With the bottom-up approach, specific cost drivers
were determined for PV, solar thermal and electri-
cal storages.

For PV, cost reductions of up to 57% are estimated
in different studies. Increased efficiency and materi-
al savings are the main possibilities for future cost
reductions.

For solar thermal, the factors identified for possi-
ble cost reductions are the amount of material used,
material changes, simplification of the system, faster
assembly and changes in production methods; effi-
ciency shows no high potential for further optimi-
sation. Until 2030, cost reductions of up to 43% are
described.

For stationary batteries, the bottom-up analysis
show cost reduction potentials of up to 65%. The
main drivers are economy of scale and technologi-

cal improvements such as an increased energy den-
sity, material savings and use of cheaper material.
Environmental pressure and policies on energy-
efficient buildings with lower greenhouse gas emis-
sions are probably the main reasons for the focus
and increase in local renewable energy and energy-
saving technologies powered by electricity instead
of fossil fuels. The building sector plays an im-
portant role in reducing total greenhouse gas emis-
sions and is currently still responsible for 32% of
the world's final energy demand. Today, the energy
supply is mainly based on fossil fuels causing COs-
emissions. Market demand for efficient and renew-
able technologies is a key factor for realising cost
reduction potentials. The EPBD is thus an im-
portant factor in boosting the market for technolo-
gies like solar thermal, heat pumps, thermal insula-
tion, PV and storages.
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1.INTRODUCTION

For realising neatly zero-energy buildings (nZEBs)
stakeholders
throughout the lifecycles the knowledge about the

which are cost-efficient for all
most important technologies and solution sets as
well as possible cost developments of these tech-
nologies is essential. The identification of currently
realised and promising future technology sets is
based on the CRAVEzero frontrunner buildings
and an additional literature review. The frontrunner
buildings are integrated into a detailed database of

1.1. OBJECTIVE

The goal of this report is to derive cost reduction
potentials for the most relevant nZEB technologies.
Therefore, in a first step, a detailed and extensive
data collection was conducted in order to develop a
database with major technological and cost parame-
ters as well as learning rates and past market devel-
opments. Furthermore, a methodology to derive

technology specific cost reduction potentials and

1.2. DATA AVAILABILITY

1.2.1.REQUIRED DATA

In order to evaluate cost reduction potentials and
identify cost-effective technology sets, technical and
economic information was collected in a database.
In the following the technical, economic and mar-
ket parameters collected for each technology is
listed. Additionally, for all technologies technology-
specific data was collected.
Technical parameters:

e Technical lifetime

e Installed power (kW)

e Efficiency
Economic parameters:

e Investment cost

e  Specific investment cost

relevant cost and technical data of the most relevant
technologies developed with the CRAVEzero part-
ners.

The scope of the deliverable is the analysis of the
major technologies for heating, cooling, ventilation,
energy storage and renewable energy. Furthermore,
several passive approaches and strategies (insulation
of the building envelope, free ventilation and night
cooling as well as shading and use of daylight) to
reduce the energy demand are analysed.

identify promising future technologies/ technology
sets was developed. The developed database and
identified technologies/ technology sets are the
basis for (i) develop optimised solutions sets (deliv-
erable D4.2 of CRAVEzero) and (i) the overall
lifecycle cost reduction of new nZEBs (Work Pack-
age WP00).

e Inflation-adjusted cost
e Operation and maintenance cost
e Energy cost

® [earning rate

e  Stage in lifecycle
If available, more detailed investment cost infor-
mation was collected as well.
Market data
The market information (currently installed num-
bers/ capacities) as well as sales/ installation statis-
tics from the past years were derived from different
sources. This data is not part of the techno-
economic database and collected in a separate data
base in WP04.



1.2.2.DATA SOURCES

The data collected in the techno-economic database
was retrieved from different sources. As a starting
point, all relevant information was collected from
the 12 CRAVEzero case studies. Additionally, part-
ners provided data from other projects they con-
ducted. Furthermore, a literature review was carried
out and other national cost databases (like e.g. the
so-called (BKI  Baukosten
Gebiude + Bauelemente + Positionen Neubau
2016, 2016) in Germany) were considered. In the
following, the major sources and the information,

“Baukostenindex”

which was available in them, is described. Further-
more, difficulties in collecting the data, data gaps
and approaches to close these gaps, are described.
Case Studies:

All case study buildings were built between 2009
and 2016 and are used as an office, single- or multi-
family buildings. The case study data (technical and
economic) is the basis to identify the most im-
portant technologies and technology sets. The case
studies provide information about all used technol-
ogies for heating, cooling, ventilation and on-site
renewable energy technologies like solar thermal or
photovoltaic. Additionally, technical and economic
parameters about the building envelope are as-
sessed. The analysis comprises the performance and
cost parameters of each technology.

The most relevant information for benchmarking
and the calculation of cost reduction potentials (i.c.
investment and specific cost, installed capacity,
stage in product lifecycle) is available for most
technologies in the case studies.

Literature review:

Besides the case studies, buildings analysed in the
IEE ZEBRA2020 project (Paoletti and Pascual,
2016), other relevant reports (see below) and exist-
ing (cost) databases are assessed in a detailed litera-
ture review. Thereby, a broad database of relevant
technologies and their techno-economic parameters
is developed. Through a cross-comparison of all
sources, a realistic range of the significant parame-
ters is determined, and the case study buildings can
be benchmarked.

The useful literature mainly consists of reports and
studies about low energy buildings and single tech-
nologies relevant for nZEBs. The major reports are
described in the following,.

Photovoltaik-Preismonitor Deutschland (EuPD
Research, 2016): In the study, a detailed review of
the PV market situation in Germany is provided. It
contains information about the market shares of
different PV technologies (mono- and poly-
crystalline, thin film) for each quarter since 2007,
distribution channels as well as net-purchasing costs
for the different module types and different coun-
tries of origin (Germany, Europe, Japan, China/
Taiwan). Furthermore, the average price develop-
ment since 2010 and the price index since 2006 are
described. Current costs are described for different
power classes of PV-installations.

Mapping and analysis of the current and future
(2020 — 2030) heating/cooling fuel deployment
(fossil/renewables) - Work package 2: Assess-
ment of the technologies for the year 2012 (Fraun-
hofer Institute for Systems and Innovation Re-
search et al., 2016b, 20162): In the study a detailed
analysis of the market status of heating, cooling and
ventilation technologies in buildings in 2012 was
carried out. The study included technical and eco-
nomic data as well as sales information for the most
relevant fossil and renewable HVAC technologies.
The technical data includes the installed capacity
and quantity, imputed and technical lifetime, type of
fuel, efficiency, possible future efficiency improve-
ments, temperature levels as well as minimum and
maximum capacities. The economic data comprises
specific investment, operation and maintenance
costs and the market information the sold units in
2012 and 2013. As not all data was available from
original statistical sources, own assumptions and
calculations from the authors had to be made in
order to fill the data gaps. The technical and eco-
nomic data is provided for different capacity classes
and the installed capacities and quantities also for
different ages of the installed technologies (if avail-
able). The study was carried out in all European
Member States plus Norway, Switzerland and Ice-
land at which the data available in the latter was
lower than for the Member States.

BMVBS-Online-Publikation, Nr. 08/2012 “Et-
mittlung von spezifischen Kosten energiesparender
Bauteil-, Beleuchtungs-, Heizungs- und Klimatech-
nikausfiihrungen bei Nichtwohngebduden fir die

Wirtschaftlichkeitsuntersuchungen  zur  EnEV



20127 (Thiel and Ehtlich, 2012): The study delivers
the basis for the economics calculation associated
with the tightening of the German Energy Saving
Ordinance (EnEV). It mainly comprises cost in-
formation for building envelope insulation, energy
efficient windows, lighting, heating and air condi-
tioning. In the study, cost curves, as well as tables,
are provided. The basis for the cost data is (i) data
from building projects catried out by an engineering
company, (i) data from external partners, (i) in-
formation from manufacturers and (iv) the so-
called “Baukostenindex” BKI (building-cost index).
All price information in the study is provided for
the year 2009. Besides cost information, some
technical parameters like the energy efficiency, U-
and g-values are provided.
BBSR-Online-Publikation, Nr. 06/2014 “Kosten
energierelevanter Bau- und technischer Anlagenteile
bei der energetischen Sanierung von Nichtwohnge-
biuden/Bundesliegenschaften”  (Béttcher  and
Lammers, 2014): The study analysed the costs of
the energetic refurbishment of non-residential and
public buildings. It comprises cost information for
the insulation of different building envelope ele-
ments, windows, boilers, solar thermal, ventilation
systems with heat recovery, heat and hot water
distribution systems, radiant heating and PV. Either
specific cost values or cost functions are provided
based on data from 170 buildings, which were sup-
ported by different funding schemes of the German
government. For all costs, a sensitivity analysis was
carried out in order to better understand and classi-
fy the costs determined in the study.
Klimaneutraler Gebiudebestand 2050 (Burger et
al., 2015): The study deals with possibilities and
different pathways to achieve an almost climate-
neutral building stock in Germany by 2050. The
basis for the analysis is, on the one hand, a detailed
examination of the existing German building stock,
on the other hand, a techno-economic analysis of
relevant technologies. Therefore, a wide range of
proper heating, cooling, ventilation, lighting and
insulation technologies/ materials wetre analysed,
and the major technical (U-value, energy efficien-
cy,...) and cost information (specific investment
costs, operation and maintenance) were derived.

The cost information is provided for the base year
2012. As an optimisation of the whole energy sys-
tem with the REMod-D model developed at
Fraunhofer ISE, the detived cost information was
also used in further energy system analysis studies
with the respective tools, amongst others the study
“What will the energy transformation cost?”.
Besides the costs and technical parameters, also
past market developments of the technologies atre
essential in order to calculate possible future cost
reductions. This data was retrieved from market
reports and statistical sources. The respective
sources are named in the specific technology chap-
ters below.

Critical data/ data gaps:

The data availability is of major importance. For
some technologies, the available data is limited
while some are better explored and studied. Im-

portant data needed is:

e DPast development (cost, efficiency, market
volume, learning factors)
e Cost structures

e Tuture market development.

For heating technologies and renewables, the data
availability is relatively good, especially about the
cost developments and technical parameters. There
are several studies on national and European level
addressing the development of the relevant tech-
nologies. For cooling and ventilation technologies
the data is more limited. Concerning market devel-
opments and increasing production levels on the
national or European level, the data availability is
more limited.

The assessment of passive concepts and technolo-
gles is also more difficult than active technologies.
One difficulty is the quantification of the effects of
passive technologies. Another issue is the data
availability to determine learning factors and market
developments because the usability of passive strat-
egies is highly depending on location parameters
and therefore varying. Furthermore, cost and mar-
ket developments of passive technologies are not
studied in detail compared to active technologies.



2.METHODOLOGY

For the decision, which technology should be in-
stalled at what time in a building’s life cycle, possi-
ble future cost developments of the relevant tech-
nologies can be an important decision criterion.
Therefore, possible future cost reductions are ex-
amined. For the calculation of cost reductions,
there are two main approaches — a top-down meth-

od calculating the cost reduction potentials by ap-
plying technology specific learning rates and a bot-
tom-up method, for which all cost elements of the
technology to identify the main cost drivers and
develop cost reduction strategies for these main
drivers have to be identified and analysed. Both
approaches are described in the following chapters.

2.1. TOP-DOWN LEARNING CURVE ANALYSIS

The top-down methodology is based on learning
rates for each technology to forecast the future cost
development and to derive experience curves. The
methodology assumes that costs decrease with an
increased cumulative production because a higher
experience leads to performance improvements and
thereby cost reductions. Furthermore, economies
of scale result in cost reductions. The determination
of a broad cost database as a starting point for each

technology is essential.

History

The development of the learning curve began by
(Wright, 1936). While analysing the costs of
acroplanes, he found a relationship between costs
and cumulative output. The experience gained by
repeating the production of aeroplanes led to a
significant cost reduction. For every doubling of the
total production a constant percentage of cost re-
duction was achieved (Wright, 1936). In 1962, Ar-
row assumed that the actions itself are responsible
for gaining experience and finding favourable re-
sponses which are leading to cost reductions (Ar-
row, 1962). The Boston Consultancy Group in-
creased the range of a learning curve from a single
company to the overall industrial sector in 1968. To

Equations

Additionally, the experience/ learning rates of each
technology have to be calculated based on past
developments (efficiency development, cumulative
production, etc.). The resulting learning curve quan-
tifies the dynamics of total production costs as a
function of the cumulative production (Kok, 2017).
Learning curves are calculated for each technology
relevant for nearly zero-energy buildings. This in-
cludes heating, cooling, ventilation, passive and

onsite renewable technologies.

differentiate them, they were called experience
curves instead of learning curves (Henderson,
1974).

In the past, the learning and experience curve con-
cept was only used for industrial products like cars
(1963), acroplanes (1963) and ships (1945). Later,
the approach was also used for the calculation of
possible cost developments of various energy tech-
nologies (1999). Today, the experience curve is an
established concept for the calculation of (possible)
cost developments about the cumulative produc-
tion levels (Junginger et al., 2008).

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:
Ct =C 1*X t’b

log C: = log Ci-b*log X

(Eq. 1)

(Eq. 2)



PR = 2+
LR =1-PR

With:

e Ci: actual cost level of one unit

e X cumulative production volume at time t
e  b: learning parameter (i.e. experience index)
e  Cq¢ unit cost of production at time t

e DPR: progress ratio

¢ LR:learning rate

The learning rate describes the cost reduction (in
per cent) for each doubling of the cumulative pro-
duction. The learning rate comprises the entire
possible cost improvements (e.g. due to mass pro-
duction, efficiency improvements and improved
construction processes (Karali et al., 2015)).

C1 is the actual cost level of one unit; it is the start-
ing point for the calculation and needs to be deter-
mined together with X1, the actual cumulative pro-
duction volume for each investigated technology.
Furthermore, the learning parameter b must be
calculated out of determined learning rates or pro-

gress ratios from past developments. Then Ct, the

(Eq. 3)

(Eq. 4)

unit cost, is a function of the cumulative production
level Xt. The other parameters are fixed.

As an example for a learning curve Figure 3 shows
the learning curve of ground source heat pumps.
The graph has a double logarithmic scale with the
costs on the y-axis and the cumulative production
volume on the x-axis. In this example, the learning
rate is 9.8% (range between 3.5% and 16.2% as
indicated by the dotted lines) and the progress ratio
consequently 90.2%. Therefore, the actual costs of
1,625 €/kWu, will decrease by 9.8% with each dou-
bling of the cumulative volume.

Coss[¢/kW]  Learning curve ground source heat pump
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Figure 3: Excemplary learning curve with a double logarithmic scale. The 1 olume is given in million [m] units.
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Figure 4: Exemplary learning curve with a single (x-axis) logarithmic scale. The 1 olume is given in million [m] units.

Figure 4 shows the same learning curve with only
one logarithmic axis, the x-axis. It can be seen that
the absolute cost decline is decreasing with each
doubling of the cumulative production volume
because the learning rate is a percentage and not an
absolute number. In other words, the doubling of
cumulative levels has a higher effect in absolute
numbers in the beginning or after the first release
than later when technology is already established
with significant output levels. Furthermore, new
technologies with a low cumulative production
volume usually achieve a doubling of the total pro-
duction volume relatively fast and thereby show fast
cost reductions when brought to the market. In
contrast, established technologies like gas boilers
have relatively stable costs with the same learning
rate because another doubling of the production
volume takes a comparable long time. Moreover, it
is a percentage cost reduction, i.ec. if the costs are
already at a low level the decrease in absolute num-
bers is lower than with higher initial costs.

For the application of the methodology, additional
data to the cost data of each technology is needed,

Market curve

The learning curves quantify the dynamics of pro-
duction costs as a function of the cumulative pro-
duction volume. Also, a market curve describing
the cumulative production as a function of the time,
as shown in Figure 5, is needed. For the relevant
technologies, the market curves are available at the

i.e. the experience/ learning rates of each technolo-
gy have to be calculated based on developments in
the past and the base year (annual production level,
cost levels in the analysed years, technical status).
Thereby, development curves and their learning
rates are derived.

If the learning curve of a new technology, which
can deliver the same service as an established one,
is compared with the costs of standard/ established
technologies the break-even point can be deter-
mined. The gap between the actual costs and the
break-even point is called learning. The volume of
that gap is the learning investments, which are in-
vestments in the time of learning to make a tech-
nology cost-efficient and competitive. It describes
the additional costs for the new alternative technol-
ogy compared to an established standard technolo-
gy providing the same service. The break-even
point will be reached at a specific cumulative pro-
duction level IEA, 2000). Therefore, achieving the
break-even point on a time scale is depending on
the development of the production rates.

Fraunhofer ISE, delivered from project partners or
determined through sources in the literature. The
respective sources are described and named in the
respective technology chapters. Furthermore, dif-
ferent scenatios can be analysed based on different
market curves taking into account political influ-



ences and actions. Important market parameters for

the creation of a market curve are the actual vol-

Volume [m]

ume, the development rate and the market satura-

tion.

Ground source heat pump marketcurve EU
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Figure 5: Market curve for ground sonrce heat pumps; compare chapter 4.1.1. The 1 olume is given in million [m] nnits.

Cost curve

In the last step of the top-down approach, the ex-
perience and market curve is used to calculate and
develop cost development curves, which show
possible future cost developments as a function of
the time.

Figure 6 shows the cost development curve of
ground source heat pumps (details described in
chapter 4.1.1. The costs are decreasing with the
time, but at a specific point, they become relatively
stable. The reason is the increasing cumulative pro-

duction volume. As described above, another dou-

bling of the total production needs more time than
shortly after the commercial launch of new tech-
nology. Consequently, if the market curve is grow-
ing with time to the specific market saturation, the
cost development curve has a logarithmic character
as shown in Figure 6.

For the nZEB-relevant technologies, the curves are
developed mainly based on the described top-down
approach. The bottom-up approach, described in
the following, is applied to several very critical
technologies only.

Cosis [¢/kW]  Cost development ground source heat pump
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Figure 6: Excemplary cost curve of ground source heat pumps; compare chapter 4.1.1.



2.2. BOTTOM-UP ANALYSIS

To determine specific cost drivers and their specific
cost reduction potentials, a bottom-up analysis can
be carried out. In the Bottom-up analysis, all cost
elements (e.g. materials, labour etc.) have to be
determined. For each of them, possible improve-
ments are analysed and quantified including shifts
of manufacturing processes, technological im-
provements, the technology market shares and their
impact on manufacturing costs, materials, utilities,
labour, depreciation, and maintenance (Internation-
al Renewable Energy Agency, 2016, p.37). The
analysis of the major technologies through a Bot-

tom-up method is based on reports of project part-

ners and information in literature as well as punctu-
al in-depth analysis/ interviews. Own detailed Bot-
tom-up analyses are not in the scope of this project.

With the analysis, an overview of the main improv-
able areas is determined. Compared to the top-
down method, the bottom-up approach delivers
more detailed information about specific cost driv-
ers that are influencing the total costs. Furthermore,
their optimisation potentials, as well as their possi-
ble impact on the cost reduction, can be deter-
mined. For this method, more detailed data is need-

ed compared to the top-down approach.



3.RELEVANT NZEB-TECHNOLOGIES

In the following the most important technologies
and approaches for realising nZEBs are described.
In a first step, the state of the art technologies
based on already conducted projects on existing
nZEBs are identified. Furthermore, the installed
technologies in the CRAVEzero case study build-
ings are assessed in order to get a broader overview
of current solutions. The identified currently in-
stalled technologies and applied approached as well
as additional promising technologies and approach-
es for nZEBs are shortly described (functionality,

efficiency, current market status etc.). Based on the
analysis of the single technology level, existing and
promising technology solution sets are identified
and described. In literature and research, nZEBs are
often seen as high-tech buildings. However, build-
ing operators, owners etc. often claim that a build-
ing still has to be operable without the support of
research institutes or other additional experts.
Therefore, a short discussion about high- vs. low-
tech nZEB solutions is conducted.

3.1. STATE OF THE ART NZEB-TECHNOLOGIES

Many technologies needed for nZEBs are already
available, but there is still potential for improve-
ments from the technological perspective as well as
the potential for cost reductions. In order to realise
a nZEB, it is essential to minimise the energy de-
mand for building operation and supply the remain-
ing energy demand to a large extent with renewable
energies onsite. To reduce the energy demand
proper insulation of the building envelope, daylight
usage and use of solar energy in winter, as well as
the minimisation in summer/ warm climate regions,

is essential. For supplying renewable energy onsite
especially PV and solar thermal energy are suitable,
state of the art solutions.

In the project ZEBRA2020 more than 400 nZEBs
(new and renovated) were analysed, and the respec-
tive solution sets were assessed. It was distinguished
between new built and renovated nZEBs, residen-
tial and non-residential buildings as well as three

different climate zones. The results are summarised
in Table 1.



Table 1: Technologies and solutions applied in existing nZIEBs. Summary based on (Paoletti and Pascual, 2016)

Passive Energy

Efficiency solutions

Active Energy Effi-
ciency solutions

NEW NZEBS

Thermal insulation; U-values:

Wall: 0.15 — 0.20 W/(m2K)

Roof: 0.10 — 0.25 W/(m?2K)

Windows: Triple glazing; approx. 0.85 —
1.0 W/(m?K)

Passive cooling solutions: sunshade,
natural ventilation, thermal mass, night
cooling

Mechanical ventilation with heat recov-
ery

Heating: Heat pumps or district heating
Hot water: same system for heating and
hot water in cold climates, otherwise
dedicated hot water generation, which is
also partially depending on solar thermal

If cooling, also heat pump is used

RENOVATED NZEBS

Thermal insulation; U-values:

Wall: 0.10 — 0.20 W/ (m?K)

Roof: 0.10 — 0.20 W/ (m?K)

Windows: Triple glazing; approx. 0.9 —
1.15 W/ (m?K)

Passive cooling solutions: sunshade,
natural ventilation, thermal mass, night
cooling

Mechanical ventilation with heat recov-
ery

Heating: Condensing boiler (often gas)
or district heating; heat pumps only play

minor role compared to new buildings

Hot water: same system for heating and

hot water in cold climates, dedicated hot

water generation not as wide-spread as

Renewable Energy PV, Solar thermal

The technologies and strategies described in (Pao-
letti and Pascual, 20106) are comparable to the tech-
nologies used in the CRAVEzero case study build-
ings described in chapter 3.2. According to (Paoletti
and Pascual, 20106), thermal insulation to reduce the
energy demand for heating and cooling is essential
in/ for nZEBs. Concerning the U-values of extet-
nal walls, there is no significant difference between
newly built and renovated nZEBs; the U-values are
between 0.1 and 0.2 W/(m?K). The U-value of the
roofs is in a similar range of 0.1 to 0.25 W/(m?K)
and in all considered n-ZEBs triple glazing win-
dows are installed. Furthermore, additional passive
solutions especially for minimising the cooling en-
ergy demand are applied, which are mainly sun-
shades, but also night ventilation and cooling in
combination with the activation of the thermal
building mass are used. An active system for reduc-
ing the heat losses and thereby the energy demand
is mechanical ventilation with heat recovery, which
is used in almost all nZEBs.

As district heating systems often have relatively
good primary energy and emission factors and heat

in new nZEBs; partially depending on
solar thermal

If cooling, also heat pump is used

PV, Solar thermal

pumps provide heat with high efficiency (and use
renewable energy sources, i.e. ambient heat) these
heating technologies are the most wide spread in
current nZEBs. However, in renovated nZEBs
condensing (gas) boiler still play an important role,
but they are always combined with solar thermal
collectors, which are used at least for providing
domestic hot water. The hot water is (especially in
residential buildings) usually provided by the same
system as the heat for space heating, and there is
often a solar thermal system in order to provide at
least part of the domestic hot water from renewable
sources. Active cooling solutions are installed in
nZEBs in warm summer climates exclusively, and
the only technology reported in (Paoletti and Pas-
cual, 2016) is heat pumps (reversible heat pumps,
which can provide and cold and heat).

The only renewable technologies described in (Pao-
letti and Pascual, 2016) are PV and solar thermal.
Biomass boilers only play a minor role, and other
renewables in buildings (like, e.g. small wind tur-
bines) are not described.
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3.2. CRAVEZERO CASE-STUDY BUILDINGS

There are 12 CRAVEzero case study buildings
provided by the industry partners of the project.
The buildings are located in Austria, Italy, France,
Sweden and Germany. They represent a wide range
of building types; from single family buildings to
apartment, office and public buildings. All buildings
were built after 2009, and one is still under con-
struction. In the following, the major technologies/
technical solutions are described and compared.
Presented data about the efficiency and heat losses
(Figure 9, Figure 11 and Figure 13) are received
from the PHPP (Passive House Planning Package)
files, which were generated and provided for each
case study.

For realising a nZEB the most important measure
is to minimise the energy demand. Therefore, an
excellent thermal envelope with low U-values and
other passive strategies/ solutions are essential. The
range of the U-values of the different envelope
elements (wall to ambient air, roof, floor, windows)
is shown in Figure 7. For all envelope elements, the
lower U-values are realised in buildings in colder
climates (Sweden, Alpine region) and the higher
values in warm/ hot climate regions (Italy, South-
ern France). The walls (against ambient air) have

W/ (m’K)
2.50

the lowest U-value range (0.09 — 0.15 W/(m?K)).
The lowest U-value was realised at a roof. Windows
show the highest U-value range of 0.73 — 2.4
W/(m2K). It has to be mentioned that almost all
windows have U-values of less than 1.2 W/(m?2K),
indicated by the black line in the figure; there is
only one building with an exceptionally high U-
value of 2.4 W/(m?K).

Other passive strategies like sun shading, night
ventilation, night cooling, optimised use of daylight
and the use of the thermal mass are not used in
many of the case study buildings, at least not in an
automated way in order to minimise the energy
demand. There are several buildings using shading
strategies which minimise solar gains during sum-
mer and increase them during winter (e.g. by plants
at the facade, fixed overhangs and balconies).
Controlled night ventilation to decrease the cooling
energy demand during summer, as well as the use
of the building mass in order to flatten the heating
and cooling demand curves, were only reported for
two of the buildings each; several others allow the
manual window opening, which leads to free venti-
lation.

U-values

2.00

1.00

0.00 .

Wall (ambient) Roof

Floor Windows

Figure 7: U-values of the envelope elements wall (ambient), roof, floor and windows of the CRAV Ezero case study buildings. The black line in the win-
dows-bar indicates the maximum U-value of most buildings; there is only one building with an exceptionally high U-valne of 2.4 W/ (n°K), and all other
buildings have U-values of less than 1.2 W/ (n*K).
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Mechanical ventilation systems are installed in all
buildings. In ten building systems with heat recov-
ery and in two buildings only exhaust air units are
installed (see Figure 8). The electrical efficiency of
the ventilaton in Wh/m?® ranges from 0.2 to

0.7 Wh/m?® with most buildings having an efficien-
cy between 0.4 and 0.5 Wh/m?. The heat recovery
is between 60% and approx. 90% with most build-
ings having a heat recovery efficiency of 75% to
85%.

Ventilation systems

12

10

Balanced PH ventilation

with HR

Exhaust air unit

0

Figure 8: Number of ventilation systems in the CRAV Ezgero case study buildings distinguishing systems with heat recovery (HR) and exhaust air units.
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Figure 9: Efffective heat recovery efficiency and electric efficiency of the ventilation system in the CRAV Ezero Case study buildings.

In six of the buildings (50%) heat is supplied by
heat pumps making heat pumps the dominating
heating technology (see Figure 10). It is closely
followed by district heating (five buildings), which
is usually used when a district heating network is
available. In three buildings, boilers are installed
(two biomass and one gas condensing boiler). In
one case the boiler is the only heat supply system
(biomass), in the other cases, boilers are only used
as back—up/ peak boiler together with (i) a heat

pump or (i) a gas-driven CHP-plant. Solar thermal
is additionally or exclusively used as a heat supply
system mainly for domestic hot water.

In Figure 11 the typical Coefficient of Performance
(COP) indicating the efficiency of heat pumps is
shown for brine/water heat pumps. The COP is
illustrated for different sink temperatures (35°C and
50°C) as well as different temperature differences
between the heat source and sink. It is clearly visi-
ble that it is essential to have a low-temperature

12



heating system in a building and minimise the tem-  thereby minimise the end energy demand of the
perature difference between the source and sink in  building.
order to realise highly efficient heat pumps and

Heating systems

6

5 Heatpump

4 District heating

B Solar thermal

3 B Boiler (gas; pellets)

2

1 —

O _

Figure 10: Heating systems in the CRAV Ezero case study buildings.
cop O, = 35°C @, = 50°C
6.0
5.0
4.0
30 — —
20 — —
1.0 — —
0.0 T T T T T 1
40 35 30 35 50 45
AT [K]
Figure 11: Calenlated COP of brine/ water heat pumps depending on (i) the sink temperature and (ii) the temperature difference AT between sonrce and
sink.

The challenge of using mainly renewable energy for  stalled; in six buildings the storage is only for do-
supplying heat and other energy for a building is  mestic hot water and in four for domestic hot water
that most renewable sources are highly dependent  and heating. The volume ranges from 3001 to
on weather conditions and therefore their energy 6,000 . The heat loss rate in W/K of all storages is
generation is fluctuating. In order to maximise the  around 5 W/K. There is one exceptionally high
use of renewable energies and bridge, the gap be-  heat loss rate of 25 W/K; the reasons for the ex-
tween heat generation and consumption heat stor-  ceptionally high value are not clear but could be due
ages are needed. This is one of the reasons why  to the insulation of the tank A/V-ratio of the stot-
80% of the case studies have thermal storages in-  age or low flow rates.
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Only DHW storage
DHW and heating storage

Figure 12: Occurrence of cases with installed thermal storages in the CRAV Egero case study buildings.
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Figure 13: Volume and heat loss rate of the installed thermal storages in the CRAV Ezero case study buildings.

Especially for buildings in summer hot climate
regions, but also in moderate climates, active cool-
ing is essential to assure good indoor comfort.
However, in most regions active cooling is still only
installed in non-residential buildings. Seven of the
case study buildings do have active cooling, and
three out of these seven do have more than one
system (supply air plus panel cooling). The total
number of installed cooling systems is shown in
Figure 14. The most wide-spread system is the sup-
ply air cooling followed by panel cooling. The ad-
vantage of panel cooling is the higher thermal iner-
tia compared to supply air cooling, which allows

higher supply temperatures and thereby higher
efficiencies of the cold generation or even the direct
usage of the ambient for the cold supply (e.g.
groundwater/ ground).

The installed capacity and energy efficiency ratios
are displayed in Figure 15. These values are not
available for all buildings. The range of the installed
capacity is between 0.5 kW and 1,500 kW and an
efficiency ratio between 1 and 21 with the highest
value in a building with panel and supply air cooling
using mainly ground water for cooling (basically
electricity demand for pumping).
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Cooling

Supply air cooling
Panel cooling

M Recirculation cooling
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Figure 14: Cooling systems in the CRAV Ezero case study buildings.
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Figure 15: Cooling capacity and energy efficiency ratio of several cooling systems installed in the CRAV Ezero case study buildings.

Almost all case study buildings apply renewable
energies, which are mainly PV and solar thermal
(compare Figure 17); there is only one building
without PV or solar thermal. In most buildings,
only one of the two technologies is installed with a
focus on PV (seven buildings with only PV, two
buildings with only solar thermal). Only in two
buildings, both technologies are installed.

The installed capacity per module area varies be-
tween 0.15 and approx. 0.26 kW,/m? reflecting the
different module types (and probably ages) of the
installed PV systems (see Figure 17). Another im-
portant factor for the efficiency of the overall PV
system is the inverter efficiency, which varies be-
tween approx. 90% and 98% in the case studies.
Battery storages are not installed in the case study
buildings.
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Figure 16: On-site renewables in the CRAV Ezero case study buildings.
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Figure 17: Installed capacity per area of the onsite PV -plants and the inverter efficiency in the CRAV Ezero case study buildings.

3.3. MAJOR TECHNOLOGIES

As described above, strategies and technologies to
minimise the (end) energy demand of the building
are essential to realising a nearly zero-energy build-
ing. According to the CRAVEzero case studies and
other sources in the literature (e.g. (Burger et al,
2015; Voss et al., 2005)), excellent thermal insula-
tion and air-tightness of the building are of major
importance. Furthermore, adequate shading, which
allows solar gains during the heating season and
avoids them during the cooling period, is im-

portant. There are several other (passive) strategies
to reduce the end energy demand of the building,
which are — however — not that widespread. Besides
passive approaches, highly efficient conversion
technologies for providing heating, domestic hot
water, cooling, ventilation and other necessary
building services as well as onsite renewable ener-
gles are crucial for nZEBs. The major technologies
and their technical parameters are shortly described
in the following,.
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3.3.1.ACTIVE TECHNOLOGIES

3.3.1.1. HEATING AND HOT-WATER

Heat pump: Heat pumps use natural heat sources
(air, ground, low-temperature water) and transfer
the heat to a higher temperature level, which can be
used for heating purposes. Heat pumps function
according to the principle that the temperature of a
gas increases when it is compressed, and the basis is
a closed cycle with four steps. The used refrigerant
requires a low evaporation temperature to change
its phase at the low ambient/ heat source tempera-
ture. In the second step, a compressor (usually elec-
tric; cycle could also be operated with natural gas,
which is burned) compresses the fluid. In the third
step, the heat is transferred to the heating system
via a heat exchanger/ condenser. In the last step,
the pressure is released again, and the fluid starts
the cycle again (International Energy Agency,
2012).

Heat pumps are categorised according to the heat
source. They can use the energy from the ambient
and exhaust air, the ground or water such as lakes,
ground and waste water. These types are respective-
ly called aerothermal, geothermal and hydrothermal
(Fraunhofer Institute for Systems and Innovation
Research et al., 20164, p. 59).

Heat pumps can play a major role in reducing

greenhouse gas emissions in the building sector.

3.3.1.2. COOLING

Active cooling systems are occasionally required in
moderate climate regions and often used in warm/
hot climate regions. In summer, when the outside
temperature and solar heat gains are responsible for
a substantial temperature increase in the building,
cooling devices like air conditioners cool the air and
building structure in order to achieve good thermal
comfort conditions. To reduce the energy demand

They can be operated with renewable electricity,
ideally generated by onsite PV. In order to be opet-
ated heat pumps
temperature heating systems (radiant panel heating)

efficiently, require  low-
in the building.

District heat: District heating supplies heat using
steam or hot water, which is conveyed by pipelines
to the end consumers. Energy sources include pow-
er plants, industrial processes and geothermal
sources (The Association for Decentralised Energy,
2018). Therefore, no additional heat generation
system is required in the building. Whether a build-
ing can fulfil the nZEB requitements regarding
primary energy consumption is highly depending on
the primary energy factor and thereby on the fuels
and energy sources used for the heat generation in
the district heating network.

Condensing boiler: Condensing boilers run on gas
or oil can be used for space heating and to produce
DHW. In nZEBs, boilers must be highly efficient
in order to keep the amount of primary energy
demand and greenhouse gas emissions low. In or-
der to achieve the nZEB standard, condensing
boilers using fossil fuels have to be combined with
renewable energy sources like solar thermal or PV.

for cooling, passive solutions such as shading, night
cooling and natural ventilation can be used.
Air-conditioning chillers use compressors (centrifu-
gal or reciprocating) to supply chilled water to fan-
coils and fan units placed in the rooms to cool
them (Canada Mortgage and Housing Corporation,
2017).

3.3.1.3. MECHANICAL VENTILATION

The main purpose of ventilation is the exchange of
air to achieve a suitable indoor climate and air quali-
ty. Depending on the amount of breathing and the
production of pollutants, the amount of air ex-
change must be ensured by either mechanical venti-

lation systems or manual ventilation, i.e. window
opening. Mechanical ventilation systems are — in
principle — able to regulate the air quality according
to oxygen- and COz-concentration as well as hu-
midity (Burger et al., 2015).
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Compared to natural ventilation, a mechanical sys-
tem offers the possibility of precise operational
control and is less dependent on external site condi-
tions. However, technical installations (air ducts,
heat/ humidity exchanger, fans etc.), which con-
sume energy, are required. Three different catego-
ries of mechanical ventilation are important:

(i) Pressure-balanced systems in which the
amount of air supplied to and exhausted
from a room are the same.

() Under-pressure system, in which the
amount of supplied air is less than the
amount of exhaust air. As a result, air flows
into a room from adjacent rooms because

of the negative pressure difference.

3.3.1.4. THERMAL STORAGE

Thermal storages are essential in buildings if energy
sources can supply energy, but the demand is shift-
ed in time. The storage time can vary from hours
for short-term storage (solar buffer storage), up to
seasonal storage, which allows shifting the summer
peaks to the winter. The amount of stored energy
depends on the used storage material and storage
volume. Three different categories can be defined:

(@) Sensible heat storages, the change of the
energy content is directly proportional to
the temperature change of the storage ma-
terial.

(i) Latent heat storages can store a high
amount of energy during the phase change
of the storage material

(i) In thermochemical storages, energy is
stored in chemical or physical bonds of the
storage material

The storage material as well as the construction of
latent and thermochemical storages are more ex-
pensive and have not been developed to such an

3.3.1.5. ELECTRICITY STORAGE

Electricity storages store electricity via chemical
reactions. The available systems for buildings can
be categorised in the conventional battery technol-
ogies (lead-acid, Ni-Cd, Li-ion) and flow batteries
(VRB, Zn-Br). The most common types of the two
technologies are (Zakeri and Syri, 2015):

(i) Overpressure systems, in which the sup-
plied air volume is higher than the exhaust
air volume. Air flows through the over-
pressure differential into adjacent rooms.

Also, the system can be central with a large distribu-
tion system or decentralised/ local with several
smaller units (Adamovsky, n.d.).

The central and decentralised ventilation systems
can include heat recovery units. For heat recovery
the possible thermal efficiency (amount of heat
obtained from the exhaust air) is between 50% and
90%,; the annual efficiency (energy needed to heat
supply air covered by heat recovery) is between
60% and 95% (compare (Coolbricks, 2012)).

extent as sensible heat storages. The most im-
portant storage material in building application is
water because of its accessibility, environment-
friendliness and low costs (Hauer et al., 2013).
Thermal energy storages allow the integration of
many renewable energy sources. They balance out-
put energy and power and can allow for consump-
tion to shift in time (decupling of generation and
consumption). Additionally, thermal energy storag-
es enable the capabilities of a building for “peak-
shifting” or “peak-shaving”. The high heating or
cooling peak loads can be reduced during peak
hours or if necessary fully covered by the storage to
reduce the energy demand during peak hours when
energy prices are high.

The integration of thermal storages allows to re-
duce the installed peak power of building compo-
nents, increase of full operation hours or operation
at optimal efficiency and the reduction of the inef-
ficient on/off behaviour of heat and cold genera-
tion (Heier et al., 2015).

(i) Li-lon, Lithium-ion batteries reach an
overall efficiency from 85-—95% with a
self-discharge rate of 0.1 to 0.3% per day
and a lifetime of 1,500 to 4,500 cycles

(i) VRB, Vanadium redox batteries reach an

overall efficiency of 65 to 85% with a low
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self-discharge and a lifetime of 10,000 to
13,000 cycles
Electricity self-

consumption of renewable electricity on-site (pho-

storages allow increasing the
tovoltaic), to reduce the electricity demand increas-
ing the efficiency of a nZEB building. Furthermore,

3.3.2.RENEWABLE ENERGIES

nZEBs are only realisable by using renewable ener-
gy sources onsite. Photovoltaic (PV) modules for
clectricity generation or solar thermal collectors
providing heat are — besides the direct use of bio-
mass, e.g. in stoves — the widest spread renewable

energy sources. They can be installed either on the

3.3.2.1. PHOTOVOLTAIC

PV modules absorb the radiant energy of the sun to
generate electricity based on the photoelectric ef-
fect. Important technical parameters to describe a
PV system are the nominal power in kilowatt peak
(kWp), the energy output and the specific yield
(kWh/kW,). The annual energy production de-
pends on the solar radiation, which depends on the
location. In Germany, solar radiation typically lies in
the range of 900 to 1200 kWh/m?a (Kroll, 2016).

Depending on the type, the efficiency of PV mod-
ules ranges from 14% to 22% (Philipps and

3.3.2.2. SOLAR THERMAL

Solar thermal collectors convert solar radiation into
heat energy. The energy can be used in industrial
processes (if the achieved temperature is sufficiently
high) and in residential and commercial areas for
domestic hot water or space heating. In the building
sector, solar thermal energy can reduce or replace

the demand for energy from fossil fuels.

3.3.2.3. GEOTHERMAL

Geothermal energy can be used to cool and heat a
building. Through a heat pump or a heat exchanger,
this energy can be used as a heat source in winter
and as a heat sink in summer (Eicker et al., 2011).
The characteristics of the location are decisive for
efficient and sensible use of geothermal energy. 1f
the ground temperature is not sufficiently high, heat

electricity storages enable the capability of the
building to shift the electricity demand during peak-
hours with high electricity cost to the off-peak
hours or reduce the peak loads of the building
(Kousksou et al., 2014).

roof or at the fagade (van de Bree et al., 2014). Al-
so, geothermal energy can be used with heat pump
systems or geothermal heat exchangers (Interna-
tional Energy Agency, 2012, p. 190). Further possi-
bilities for renewable energies in buildings are small

wind turbines and the use of biomass.

Warmuth, 2017, p.27). The technical lifetime is
guaranteed by the manufacturers for 20 years, but
usually, the panels function for longer and have a
total lifespan of up to 30 years (Wirth, 2018, p. 38).
PV modules play a key role for nZEBs. The elec-
tricity generated onsite reduces the end energy de-
livery and can be used for heating, cooling, ventila-
tion purposes and other electricity needs of the
building users.

A fluid (liquid or gas) is heated in the absorbers,
and the energy can be used directly for hot water or
heating. The efficiency of solar thermal collectors is
around 60%. The reasons for energy losses are
convection, reflection, radiation, heat conduction
and absorption.

pumps are needed for providing space heating and
hot water. In several areas in BEurope, the ground
temperature is high enough for direct use (with a
heat exchanger) for heating and hot water. (Deep)
Geothermal technologies are usually used in district
heating or cooling systems and not in single build-
ings. Therefore, geothermal is not part of the analy-
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sis of cost reduction potentials of nZEB technolo-

3.3.2.4. OTHERS

Biomass can be used in boilers and stoves for heat
and hot water generation. Biomass boilers function
similar to fossil fuel burning boilers and can pro-
vide high-temperature heat from renewable sources.
Power generation from small wind turbines in-
stalled on or close to a building is currently not
economically viable in most cases. The local rough-
ness of many buildings at different heights, orienta-
tions and positions reduces the wind speed. Also,
the regulations for shading and noise emissions and
safety must be observed and taken into account
making the installation and operation difficult (van
de Bree et al., 2014).

gies in chapter 4.

Biomass boilers are considered in the analysis of
cost reduction potentials of nZEB technologies in
chapter 4 as they are already widespread and they
can easily replace fossil fuel based boilers (can pro-
vide high temperatures) also in existing buildings.
Small wind turbines, on the other hand, will not be
analysed in depth. Currently, it is still a niche mat-
ket, and it is not foreseeable that there will be a fast
and strong market uptake shortly due to the diffi-
culties described above. Therefore, small wind tur-
bines are not considered in the analysis of cost
reduction in chapter 4.

3.3.3.PASSIVE TECHNOLOGIES AND STRATEGIES

Insulation: The building envelope is an important
factor for heating and cooling requirements and
energy losses. In winter, a well-insulated envelope
limits the energy loss and thus reduces the heating
energy demand. In summer, the required energy for
cooling can be reduced. The three most important
parameters are (i) thermal conductivity, (i) accumu-
lated energy consumption for the building’s opera-
tion in the life cycle and (iii) investment costs
(Thamling, 2015). Also, the installation of south-
facing windows (in the northern hemisphere) can
increase solar heat gains and the use of daylight,
which can lead to further energy savings for heating
and lighting (Burger et al, 2015). However, in
summer solar gains must be reduced accordingly by
shading systems/ devices; otherwise, cooling re-
quirements increase. Possibilities include blinds and
installed sun protection as well as summer green
plants on the outside. According to the case studies
and other sources in literature, the U-values for
nZEBs especially in moderate and cold climate
regions have to be low. The walls against ambient
air have a U-value of below 0.2 W/(m?K) (0.09 —
0.15W/(m?K) in the case studies). Roofs have
comparably low U-values of 0.1 to 0.2 W/(m?K), in
some cases even lower. The highest U-values of the
opaque envelope are found on floors with 0.1 to
0.25 W/(m?K). Windows have the highest U-values
of typically 0.73 — 1.2 W/(m?K).

Shading and passive use of solar energy: In
winter and transitional periods, the passive use of
solar energy is desirable for reducing the heat de-
mand. However, during the cooling period, solar
gains have to be minimised either by shading sys-
tems or — as originally done in hot areas of the
wortld — by reducing the number of windows to the
south.

To prevent overheating, sun protection devices
must be installed, such as roof overhangs, balconies
and other overhangs that shade transparent ele-
ments only during the summer months. This posi-
tively influences the cooling load (Burger et al.,
2015). Another approach for realising high solar
gains in winter and low gains in summer is the use
of deciduous plants at the facade. In addition to or
instead of plants and fixed shadings, jalousies and
blinds can be used. These can provide additional
setvices like light reflection/ improved daylight use
or electricity generation (PV-panels as slat), to con-
trol solar gains and minimise cooling energy de-
mands.

Natural ventilation: Through the use of natural
ventilation, differences in pressure and temperature
between the outside air and the intetior of a build-
ing can be used. The opening of windows in the
fagade and the roof by electric motors allow for
natural ventilation. Besides the provision of fresh
air, night ventilation aims to cool down the building
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mass and thereby reduce the cooling energy de-
mand during the day. Therefore it is essential that a
large share of the building mass can be accessed.
For the effectiveness a free air flow in the building
is essential. Compared to mechanical ventilation
systems, natural ventilation and the associated in-
creased air exchange at night can save up to 60%
final energy (Burger et al., 2015). Hence the energy
consumption for ventilation and cooling can be
reduced.

Night cooling: "Passive night cooling" is based on
the displacement of thermal loads, i.e. storage of
heat (internal and solar gains) in the building mass
during the day, and heat dissipation at night. Heat
can be transferred or released through the air if the
outside temperature at night is low. The necessary
air circulation can be achieved either by free con-
vection or by fans. It is important that sufficient
heat can be stored in the building mass, that ther-
mal loads are reduced, and that sufficient thermal
insulation of the building envelope is present (Bur-
ger et al., 2015). Besides air, it is also possible to use
water driven cooling systems to cool down the
building mass during the night with higher efficien-
cy than during the day. However, for this approach
active cooling systems are necessary. The total en-
ergy demand for cooling can be reduced with this
concept of passive night cooling.

Thermal mass: The activation and usage of the
building mass can (i) flatten heating and cooling
demand curves and thereby decrease peak loads and
(ii) store heat during the day, which is a prerequisite
for effective night cooling concepts. The building

3.4. TECHNOLOGY SETS

Technology sets are typical/ promising combina-
tions of different technologies in buildings for the
satisfaction of the energy needs and comfort re-
quirements. In the CRAVEzero case study build-
ings, a few typical combinations could be identified.
However, the case studies show a wide range of
technologies and differing combinations. Therefore,
an additional literature review and an analysis of
other projects conducted by the partners were con-
ducted.

A highly insulated building envelope is the basis for
reducing the overall energy demand in buildings.
Furthermore, automated ventilation systems with

mass — usually a concrete structure in most modern
buildings — has to be freely accessible. Therefore,
suspended ceilings and higher floors should be
avoided especially in areas of high solar irradiation
and gains. The activation and usage of the thermal
mass can be implemented passively or in combina-
tion with active systems making use of the building
mass and its thermal inertia.

One possibility is thermo-active building sys-
tems (TABS), which are established, innovative
systems for surface heating and cooling with signif-
icant economic and ecological potential. These
systems cool or heat the building structure using
tubes as heat exchangers which are integrated into
the building elements in order to condition the
interior climate, either entirely, or as a support sys-
tem. The major advantage is that through the acti-
vation of the building mass and because of the heat
inertia high temperatures for cooling and low tem-
peratures for heating can be used, which increases
the efficiency of cold and heat generation, enables
an ecasier and efficient integration of renewable
heat/ cold and flattens the heating/ cooling de-
mand profile. For effective operation, it is essential
that the activated building elements are not
shielded, e.g. by suspended ceilings; the elements
have to be accessible, which opens the possibility to
store heat from solar and internal gains in the build-
ing structure during the day and cool down the
building with a higher efficiency during the night.
TABS are therefore good heat transfer systems for
night cooling concepts.

heat recovery were installed in almost all studied
buildings and are another essential module for the
realisation of nZEBs.

For the provision of the remaining energy demand,
efficient technologies and renewable energies are
essential. In six case study buildings, heat pumps
are installed, of which four are combined with PV
systems. The combination PV + electric heat pump
offers the possibility to operate the heat pump with
renewable electricity generated onsite. If additional-
ly electrical and thermal storages are installed, the
own-consumption of the electricity generated by
PV can be further increased. An additional boost of
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the own consumption is possible if reversible heat
pumps are installed, which can be used for cooling
in summer when the electricity generation from PV
is highest.

Storage systems are indispensable if fluctuating
renewable energy sources are used. Therefore, solar
thermal systems in the case studies are always com-
bined with thermal storages. Furthermore, solar
thermal systems are usually combined with an addi-
tional heating system as it is difficult to provide the
whole heat demand, especially for large buildings
only with solar thermal. The main reason is that the
heat demand is highest in winter when the solar
radiation is the lowest. In order to use solar sur-
pluses from summer in winter, seasonal heat stor-
ages would be needed, which are difficult/ impos-

3.5. LOW- VS. HIGH-TECH

Low-tech concepts focus on passive approaches to
reduce the final energy demand of buildings by
improving the building’s efficiency by, e.g. better
insulation, free ventilation, night cooling and ade-
quate shading. Furthermore, simple, easy to install
and operate and robust active technologies are used
instead of developing energy concepts based on
complex technologies, which are more difficult to
control and operate as well as difficult to repair and
error-prone. The fundamental of low-tech ap-
proaches is the design of energy concepts/ systems,
which can be easily operated and which do not
need additional/ disproportionate expert know-
how.

High-tech concepts, on the other hand, focus on
active technologies to provide all relevant building
services. They often require intelligent control and
information technology.

Passive technologies and approaches can play a key
role in reducing final energy demand as well as the
overall resource demand for a building. With all
passive technologies and approaches, there are
natural limits. For example, merely increasing the
thickness of insulation cannot achieve a zero energy
loss and eventually, the energy saving achieved by
adding more insulation material is not worth the
money spent and the energy demand for producing
the insulation is higher than the energy savings
achieved. The most significant effect is achieved
with the first centimetre; the heat transfer coeffi-

sible to integrate into buildings in the actual devel-
opment stage. In the case study buildings solar
thermal is mainly combined with district heat or gas
boilers; only in one case, it is combined with a heat
pump. The latter has the advantage that the ground
can be recovered with solar thermal during the
summer and thus avoids overusing the ground due
to heating demands and increase the efficiency of
heat pumps in winter.

Further investigations of possible and promising
technology sets for nearly zero-energy buildings are
examined and analysed in deliverable D4.2 Opti-
mized nZEB-solution sets, which will be finalised
in August 2019. The solution set definition will be
based on techno-economic considerations and op-
timisations.

cient drops in a hyperbolic manner and not linearly.
As a result, every additional centimetre of insulation
is less effective than the previous one. The price of
materials increases linearly, while the energy-saving
decreases hyperbolic as well; at some point the
energy cost savings no longer pay off (Jochum et
al., 2015).

Also, low-tech buildings need active devices supply-
ing the necessary ventilation, cooling and heating.
These devices must operate as efficiently as possi-
ble, consuming only a small amount of energy and
use as many onsite renewables as possible.

The savings through the various devices and pas-
sive technologies are important. However, for ovet-
all efficiency, it is also important that the technolo-
gies are combined in an intelligent and efficient way
within the entire building system to achieve energy
savings (Harvey, 2009).

Many modern buildings currently follow a high-
tech approach: The more modern and intelligent
technology installed the better. On the other hand,
building operators complain about the increasing
complexity, which makes the operation more diffi-
cult and the systems more fault-prone. A suitable
compromise between high and low-tech approaches
providing good comfort with low energy consump-
tion and furthermore allowing better integration of
buildings in the overall energy system has not been
found yet. The discussions will be deepened and
integrated into deliverable D4.2 Optimized nZEB-
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solution sets of this project, as they strongly affect
the possible solution sets. The deliverable will be
finalised in August 2019.

23



4.COST REDUCTION POTENTIALS

In the following, the cost reduction potentials of
the major passive approaches/ technologies, as well
as active technologies for heating, hot water, cool-
ing and ventilation as well as energy storage, are
described. The presented results are mainly based
on the top-down approach described above. Only
for technologies of particular importance more
detailed data based on studies in which detailed
bottom-up analyses were conducted are presented.
These are PV, solar thermal and electricity storage.

For the top-down approach and learning curves,
reliable learning rates are indispensable for the cal-
culation of cost reduction potentials. The learning
rates are based on previous cost developments in
relation to the cumulative production volume. In

4.1. ACTIVE TECHNOLOGIES

A central aspect for realising nZEBs is the
minimisation of the energy demand for condition-
ing and operating a building through insulation and
other passive technologies and strategies. However,
there will always be a remaining energy demand for
building services like heating, cooling, ventilation or

4.1.1.HEATING

4.1.1.1. HEAT PUMPS

Heat pumps can supply buildings with heat by us-
ing electricity (or gas or solar heat) as operating
power and ambient heat. If the electricity is genet-
ated from renewable energies, this technology is
fully renewable and does not cause greenhouse gas
emissions. The investigation focuses on two types
(both electricity driven), aerothermal and ground
source heat pumps; aerothermal heat pumps use the
air as a heat source, ground source heat pumps use
the ground. Site conditions are essential for heat
pumps as they determine which heat sources can be
used.

For heat pumps, the learning rate is based on values
presented in the literature, which are based on

order to reflect the uncertainties of the learning
rates, a learning rate range is considered for each
technology.

Besides, a market forecast is needed. For the cost
developments presented below, current market
volumes, cumulative production levels and market
forecasts from other studies are used. A major
“Electrify
(Sterchele et al., 2018), in which the entire energy

source is the study everything?”
sector in Germany is simulated and the develop-
ment until 2050 is forecast. In this study, the 90%
scenario presented by (Sterchele et al., 2018) is used
as a data basis to forecast market developments.
Developments in the EU are derived from the

mentioned study and additional sources.

lighting. The remaining energy demands must be
provided as efficiently as possible and to large ex-
tents by renewable energy. In the following the cost
reductions of the most important active technolo-
gies for heating, air conditioning/ cooling, ventila-
tion, thermal and electrical storage are described.

historical cost developments. The relevant learning
rates ate listed in Table 2.

The sources show an average learning rate of 9.8%
and a standard deviation of 6.3% percentage points
for heat pumps in the range of 5.0% to 17.0% (cf.
(Burger et al.,, 2015); (Seren Lyng Ebbehoj, 2017);
(Junginger et al., 2008)). For the prediction of the
cost reduction potential the learning rate of 9.8%
with a range between 3.5% and 16.2% is used.

The cumulative volume of heat pumps in the EU
reached almost 32 million (aerothermal: 30.4 mil-
lion, ground source: 1.5 million) by the end of 2016
(EurObserv’ER consortium, 2017).
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Table 2: 1 earning rates for heat pumps

Learning rate — Heat pumps

Study; Source

7.5%
5.0%
17.0%

(Seren Lyng Ebbehoj, 2017)
(Burger et al., 2015)
(Junginger et al., 2006)

Aerothermal heat pumps:

Figure 18 shows the learning curve for aerothermal
heat pumps, based on the determined learning rate
of 9.8% and the cumulative volume of 30.4 million
in 2016 in the EU 28.

To forecast the market development of aerothermal
heat pumps, the 90% scenario of "Electrify every-
thing?" (Sterchele et al., 2018) was used. The cumu-

Costs [€/kWth]

lative installed heat pumps in the EU will grow
from 30.4 million in 2016 to around 295 million air
heat pumps in 2050. This means nearly a 10-fold
increase in the cumulative production showing the
expected growing importance of heat pumps. In the
best case, the electricity for operating the heat
pump is generated 100% from renewable energy
sources latest in 2050.

Learning curve aerothermal heat pump

1 10 100

1,000 10,000 100,000

Volume [m]

Figure 18: Logarithmic learning curve of aerothermal heat pumps; own illustration based on the CRAV Ezgero database.

The cost development curve for aerothermal heat
pumps is shown in Figure 19. The result illustrates
the specific cost development between 2016 and
2050. The cost level for 2016 was
1,190 €/kW. The learning curve approach envis-

around

ages a reduction of the costs to roughly 845 €/kWy,

by 2050, with a range of about 666 €/kWy to
1,055 €/kW. This cotresponds to a cost reduction
of approx. 29% until 2050 with a range of 11% to
44%. The curve shows an almost linear decline of
1% per year.
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Costs [€/kWth]
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Cost development aerothermal heat pumps
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Figure 19: Cost development of aerothermal heat pumps; own illustration based on the CRAV Ezero database.

Ground source heat pumps:

For geothermal heat pumps, the same approach as
for aerothermal heat pumps was used. The current
cumulative volume in the EU-28 is relatively low at
around 1.5 million. The learning curve is based on
the same learning factors as for aerothermal heat
pumps (9.8%; ranging from 3.5% to 16.2%). The
specific costs for ground source heat pumps were
around 1,620 €/kWy, in2016. Figure 20 shows the
resulting learning curve.

Like for aerothermal heat pumps, the market devel-
opment forecast for ground source heat pumps is
based on the 90% scenario described in (Sterchele

Costs [€/kWth]

et al.,, 2018). Accordingly, the cumulative volume
will grow from approx. 1.5 to 7.4 million units be-
tween 2016 and 2050.

The number of installed ground source heat pumps
will significantly increase in the coming years. The
absolute growth has a peak of 18.7% in 2016 and
1% in 2050. Ground source heat
pumps can be used only if the site characteristics

decreases to

are suitable. In most cases, it is easier to install an
aerothermal system. A comparison of the market
curves for ground source and aerothermal heat
pumps shows that aerothermal heat pumps will play

a more significant role.

Learning curve ground source heat pump

100 1,000

10,000

Volume [m]

Figure 20: Logarithmic learning curve of ground sonrce heat pumps; own illustration based on the CRAVEzero database.
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The cost development curve for ground source heat
pumps is shown in Figure 21. It shows the specific
cost development from 2016 to 2050. The specific
cost in 2016 was around 1,620 €/kW,. Until 2050 a
decrease of approx. 21% to around 1,280 €/kWy, is

expected. The cost reduction potential is between
8% and 34% until 2050. The average annual decline
is 0.7%, with a maximum of 2.5% in 2017 and a
minimum of 0.14% in 2050.

Costs [€/kWih] Cost development ground source heat pump
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Figure 21: Cost development of ground source heat pumps; own illustration based on the CRAV Ezero database.

4.1.1.1. GAS BOILER

Gas boilers are currently the most important heat-
ing technology in Europe with a share of 40% in
the heating technology stock (Fraunhofer Institute
for Systems and Innovation Research et al., 2016a).
The learning rate for gas boilers was determined by
literature research. Table 3 shows the determined
learning factors based on past learning curves for
gas boilers. The range is 6.3% to 14.1%, with a
mean of 10.3% and a standard deviation of 3.9%
(percentage points). The range used for the learning
rate was thus 6.4% to 14.2%.

The approx.
88,336,000 gas boilers in the EU, corresponding to
a capacity of around 1,460 GWy, in 2015, was used
as the basis for calculating the learning curve of gas

current cumulative volume of

boilers (Fraunhofer Institute for Systems and Inno-
vation Research et al., 2016a). The average specific
cost for the boiler was 166 €/kWy, in 2016. From

these necessary parameters and the determined
learning rate, the learning curve was calculated, as
shown in Figure 22.

The market development is based on the 90% sce-
nario described in (Sterchele et al., 2018). The cu-
mulative market volume is expected to reach
around 2,653 GWu by 2050. During the period
under consideration, the volume thus increases by
70%. Gas boilers already have a strong market
presence with a comparably high number of
installing and produced heating systems in the EU.
As a result, the costs are already comparably low.
The cumulative volume is rising slowly because the
base level is high.

Gas boilers emit greenhouse gases. This is one of
the reasons why the technology will become less
important in the future, whereas younger renewable
technologies will become increasingly important.
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Table 3: Learning rates gas boiler

Learning rate — Gas boiler Study; Source

6.3% (Weiss et al., 2008, p. 42)
14.1% (Weiss et al., 2008, p. 42)
10.5% (Junginger et al., 2008, p. 122)

Costs [€/kWth] Learning curve gas boiler
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Figure 22: Logarithmic learning curve of gas boilers; own illustration based on the CRAV Ezero database.

The cost development curve shown in Figure 23 is  the cost reduction is between 5% and 11%, which
based on the learning and market curves of gas  corresponds to costs between 145 €/kWy and
boilers in the EU. The curve illustrates the cost 157 €/kW.

reduction potential of gas boilers until 2050.

The costs decrease from 166 €/kWya in 2016 to

151 €/kWy, in 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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Figure 23: Cost development of gas boilers; own illustration based on the CRAV Ezero database.
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4.1.1.2. OIL BOILER

Oil boilers are similar to gas boilers but burn a dif-
ferent fuel. The technology currently accounts for
9% of the heating technology stock in the EU
(Fraunhofer Institute for Systems and Innovation
Research et al., 2016a).

No relevant or noteworthy studies or information
were found in the literature regarding the learning
rate for oil boilers. Therefore, the learning rate of

gas boilers was used to estimate the cost develop-

ment. The determined learning rate for oil boilers in
this study is 10.3% with a range of 6.4% to 14.2%.
The actual cumulative volume of oil boilers in the
EU-28 at the end of 2015 was around 301 GWu
with 18,198,000 boilers. The average specific costs
were at 116 €/kWu (Fraunhofer Institute for Sys-
tems and Innovation Research et al., 2016a). The
resulting learning curve is shown in Figure 24.

Costs [€/1Wth] Learning curve oil boiler
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Figure 24: Logarithmic learning curve of oil boilers; own illustration based on the CRAV Ezero database.

Based on the results of the 90% scenario described
in (Sterchele et al., 2018), the cumulative volume
will be approx. 327 GWy, in 2050. This corresponds
to an increase of roughly 9%. Compared to other
technologies, this is low. Oil boilers have the small-
est change in cumulative volume until 2050 among
all technologies examined. Some studies already
calculate future scenarios without new oil boilers,
and the installed oil boilers by 2050 will be reduced
to almost zero, as they are responsible for high CO»
emissions (Henning and Palzer, 2013).

From the learning curve and market development,

the cost development curve was calculated as

shown in Figure 25. In the graph, the specific costs
appear constant over the period under considera-
tion; the costs only decrease slightly from
116 €/kWu to 115 €/kWa. This corresponds to a
cost reduction of only 1.3% in 34 years (range be-
tween 0.8% and 1.9%).

The calculation shows that the cost reduction po-
tential for oil boilers is shallow. Both fossil fuel
based technologies examined (oil and gas boilers)
will compete with alternatives that show higher cost
reduction potentials and therefore lose competi-

tiveness in the future.
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Figure 25: Cost development of vil boilers; own illustration based on the CRAVEzero database.

4.1.1.3. BIOMASS BOILER

Biomass resources such as wood chips, pellets or
other biofuels can be burned in boilers to generate
heat for space heating and domestic hot water.
Biomass boilers and stoves are currently the most
widespread renewable heating technology. Biomass
boilers can replace oil and gas boilers. Due to lim-
ited data availability, the calculation and investiga-
tion focused on Germany. There were not enough
data to analyse the entire European market.

The learning rate for biomass boilers was detet-
mined by (Junginger et al., 2006), who present a

Costs [€/kWth]

learning rate of 13%. As no range for the learning
rate was available in literature the same range as for
oil and gas boilers (plus/minus 3.9%) was used.
The resulting learning rate was between 9.1% and
16.9%.

In Germany, the cumulative volume of biomass
boilers in 2016 was around 24 GW4y,, with average
specific costs of 254 €/kWy, (Sterchele et al., 2018).
These costs were nearly twice as high as the costs
of gas or oil boilers. The derived learning curve is
shown in Figure 26.

Learning curve biomass boiler
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Figure 26: Logarithmic learning curve of biomass boilers; own illustration based on the CRAV Ezero database.
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To estimate the market development of biomass
boilers in Germany, data from the 90% scenario
described in (Sterchele et al., 2018) was used. The
volume will increase from 24 GWg in 2016 to
around 50 GWu in 2050, which corresponds to a
growth of approx. 109%. This increase is higher
than that of oil and gas boilers but relatively small
compared to other renewable technologies in the
same period.

A reason for the lower growth compared to other
renewable technologies is that biomass such as
pellets or wood chips is limited and therefore there
are price uncertainties. The energy costs can rise
with increasing demand, whereas the supply re-
mains unchanged.

Costs [€/kWth]

With the derived learning rate and market devel-
opment, the cost development curve for biomass
boilers in Germany was calculated, which is shown
in Figure 27. The specific costs decrease from
254 €/kWy, in 2016 to 219 €/kWy in 2050. This
corresponds to a cost reduction of approx. 14%
and an average annual reduction of around 0.4%.
The range of the cost reduction is between 9.6%
and 17.8%.

The advantage of biomass boilers, compared to gas
and oil boilers, is that the fuel is renewable and can
often be obtained from waste materials. Advantages
of biomass boilers compared with solar thermal
energy are their independence from weather and
the possibility to supply high temperatures on de-
mand.

Cost development biomass boiler
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Figure 27: Cost development of biomass boilers; own illustration based on the CRAV Egero database.

4.1.2.AIR CONDITIONING

Air conditioners are required in buildings during
warm weather when solar heat gains or outside
temperatures cause a substantial increase in the
temperature within the building. Air conditioners
cool the air down for better comfort. Especially in
warm climates, they are necessary to achieve a
pleasant room comfort.

Only a few sources are available in which learning
rates and developments of air conditioners are de-
scribed. Shah et al. (Shah et al, 2013) and
(Junginger et al., 2008) developed learning rates in
the range of 8% to 22% with an average of 13.5%
(see Table 4).
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Table 4: Learning rates for air conditioner

Learning rate — Air conditioner

Study; Source

8%-22%
12%

(Shah et al., 2013)
(Junginger et al., 2008)

The cumulative volume of air conditioners was
approx. 56 million in 2016 in the EU-28 (see
(Huang et al., 2018)). In the study, market data for
forecasting the market development of air condi-
tioners in the EU is provided as well.

The specific costs, determined through literature
research and by analysing the case studies, were on

average 210 €/kW in 2016. The detived learning
curve is illustrated in Figure 28.

Based on (Huang et al., 2018) the market volume
will increase from approx. 56 million units in 2016
to around 286 million in 2050. This increase more
than quintuples the cumulative volume. The cost
reduction potential is thus at least 25% (see below).

Costs [£/kW] Learning curve air conditioner
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Figure 28: Logarithmic learning curve of air conditioners; own illustration based on the CRAV Ezero database.

The interest in air conditioning systems will grow
tremendously. (Pezzutto et al, 2017) identified
plausible and probable reasons for this growing
demand for air-conditioners in Europe:

(i) Growing popularity for better comfort.

(i) Rising demand for cooling due to global
warming.

(iii) New buildings are often constructed with a
large glass surface, which increases the so-
lar heat gain and consequently the cooling
requirements.

The derived cost development curve is illustrated in
Figure 29. Air conditioners have a significant cost
reduction potential of around 29% between 2016
and 2050. The costs are expected to drop from
211 €/kW in 2016 to 150 €/kW in 2050. The annu-
al cost reduction potential ranges between 1.4% and
1.0%. The variation in the learning rate leads to a
range of the cost reduction potential between ap-

prox. 18% and 44%, corresponding to a cost level
between 117 €/kW and 173 €/kW in 2050.

32



Costs [€/kW]

Cost development air conditioner

2016 2020 2024 2028 2032

Year

2036 2040 2044 2048

Figure 29: Cost development of air conditioners; own illustration based on the CRAV Ezero database.

4.1.3.VENTILATION

To supply buildings with sufficient fresh air, assure
good indoor air quality and to effectively remove
moisture, pollutants and vapours, a mechanical
ventilation system can be installed in buildings.
Also, a heat exchanger can/ should be installed to
recover heat from the exhaust air and thereby re-
duce the heating energy demand. The tighter the
building envelope is, the more critical it is to assure
the air exchange between in- and outside either by
manual or automatic ventilation.

Automatic ventilation systems can be divided into
two types, decentralised and centralised ventilation
systems. The decentralised systems operate with
separate, unconnected fans and air ducts in differ-
ent rooms. Central systems comprise single, coher-
ent systems for whole buildings. In between these
systems, there are central ventilation systems for
single apartments.

The learning rates for different ventilation systems
have not been studied in detail yet. (Pehnt et al.,
2015) determined an overall learning rate of 14%
for ventilation systems, which was used in this
study. Furthermore, a range between 10% and 18%
is assumed to enable a realistic range of possible
developments. Due to the limited availability of
data, the analysis focused on the German market.
For the calculation, the different cumulative vol-
umes of decentralised and centralised ventilation
systems were determined for 2016. In 2012; the

cumulative volume of central ventilation systems
amounted to approx. 356,000 and 344,000 for de-
centralised systems in Germany (Schiller et al.,
2014) (Pehnt et al, 2015). In the market data and
calculation, a decentralised system consists of five
individual decentralised devices (Max, 2017). To-
gether with previous market developments de-
scribed in (Maurer, 2018), the cumulative volume of
decentralised ventilation in 2016 was calculated at
0.43 million and for centralised systems at 0.55
million. The specific costs derived from literature
and internal sources were 87 €/m? for decentralised
and 130 €/m? for centralised ventilation systems
(related to living area). The resulting two learning
curves are shown in Figure 30.

To forecast the market development until 2050 the
trend from 2012 to 2016 was interpolated until
2020. After 2020, the new nZEB and Energy Effi-
ciency Ordinance assumes that in every new build-
ing and every renovation new mechanical ventila-
tion systems will be installed. In (Biirger et al.,
2015) refurbishment and new construction rates are
described and used in this study. The new construc-
tion rate for residential buildings is between 0.85%
and 0.21% and for non-residential buildings a con-
stant rate of 1.35% is assumed. The refurbishment
rate was 1.2% by 2020 and assumed to be 2.1%
after that (Birger et al., 2015). Together with the
number of existing buildings a possible market
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development for mechanical ventilation systems

Costs [€/m7]

was calculated.

Learning curve ventilation systems
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Figure 30: Logarithmic learning curve of central and decentralised ventilation systems; own illustration based on the CRAV Ezero database.

The volume for decentralised ventilation systems is
expected to increase from 0.43 million in 2016 to
12.86 million in 2050. For centralised ventilation
systems, the increase is from 0.55 million to 8.94
million in 2050. This illustrates that the importance
of ventilation systems in the future increases. In
energy efficient buildings, mechanical ventilation
systems will be widespread.

The learning curve and the market development

were used to predict the cost development of the

Costs [€/m7]

two ventilation types. The calculated cost develop-
ment in the German market is shown in Figure 31.
Both types have significant cost reduction potential
of roughly 52% for decentralised and 46% for cen-
tralised systems. Costs are expected to fall from
87€/m? to 41€/m?> and from 130€/m? to
71 €/m? The expected cost reduction is between
40% and 62% (33 €/m? to 52 €/m?) for decentral-
ised and between 35% and 55% (59 €/m? to
85 €/m?) for centralised systems.

Cost development ventilation systems
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Figure 31: Cost development of central and decentralised ventilation systems; own illustration based on the CRAV Ezero database.
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4.1.4.THERMAL STORAGE

Thermal storages can store thermal energy and
thereby separate petriods of heat generation and
consumption. They are of major importance for
technologies, which are depending on fluctuating
renewable energy sources like solar thermal.

No data is available in the literature about the learn-
ing rate of thermal storages. However, the technol-
ogy is well established (TU-Wien, 2008). For the
analysis of the scope of this study, the learning rate
was set at 8.0% with a range of 4.0% to 12.0%. This
rate lies in the range of oil and gas boilers, which
are also established technologies. Due to data avail-
ability, the calculation focuses on Germany.

Costs [€/1]

The cumulative volume in Germany was 1,050
million litres in 2016 and will increase to 18,940
million litres in 2050 based on (Sterchele et al.,
2018). Together with the determined cost level of
3.5€/1, the learning curve of thermal storages is
calculated. Figure 32 shows the resulting learning
curve.

A major reason for the steady increase is the rising
share of renewables in the heating sector as well as
the increasing coupling of the electricity and heat
sector, which is only possible with additional stot-
ing possibilities.

Learning curve thermal storage
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Fignre 32: Logarithmic learning curve of thermal storages; own illustration based on the CRAV Ezero database.

The cost development curve is shown in Figure 33.
Thermal storages have a cost reduction potential of
around 29% between 2016 and 2050 with a range

of 15.7% to 41.4%. The specific costs are likely to
decrease from 3.5 €/1 to 2.5 €/1. The annual reduc-
tion is between 0.5% and 2.2%.
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Figure 33: Cost development of thermal storages; own illustration based on the CRAV Ezero database.

4.1.5.ELECTRICITY STORAGE

Stationary battery systems are becoming increasing-
ly important, especially in combination with decen-
tralised, fluctuating renewable electricity generation
from PV and wind. As wind energy and photovol-
taic systems are likely to be expanded in the future
(Bundesministerium fir Wirtschaft und Energie,
2018), more electrical storage devices will also be
required. The data availability is limited; therefore,

4-1 l5l1 [ TOP'DOWN

Few studies on lithium storage systems and past
developments and learning rates have been pub-
lished. Table 5 presents the vatious learning rates
for stationary lithium-based batteries. The learning
rates range from 9.5% to 22.0% with an average of
15.8% and a standard deviation of 5.8 percentage
points.

Table 5: Learning rates stationary batteries

this investigation focused on Germany rather than
the entite EU. For stationary batteries, this study
focused on lithium-based storages, as they appear
to be the most important technology for electrical
storages in buildings in the near future (Taiyou
Research, 2014). They are already used in electric
cars and stationary PV-storage systems available
today.

According to (Sterchele et al., 2018) batteries with a
capacity of 0.3 GWh were installed in Germany in
2016. The cost obtained from the literature review
is 863 €/kWh in 2016. The resulting learning curve
is shown in Figure 34.

Learning rate — Stationary batteries

Study; Source

19.0% (Cutty, 2017)

12.5% (Schmidt et al., 2017)

22.0% (Matteson and Williams, 2015)
9.5% (IEA, 2013)
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Figure 34: Logarithmic learning curve of electricity storages (Li-lon batteries); own illustration based on the CRAV Ezero database.

To calculate a possible specific cost development
the possible market development described in
(Sterchele et al., 2018) is used. The cumulative vol-
ume will accordingly grow from 0.3 GWh in 2016
to 22.4 GWh in 2050. Based on the described pa-
rameters, the cost development was calculated and
is illustrated in Figure 35.

Stationary batteries have a substantial cost reduc-
tion potential of around 64.4% until 2050, which is
the highest of all analysed technologies. The specif-
ic costs fall from 863 €/kWh to 298 €/kWh. The
average annual cost reduction is 3.1% with higher

annual reductions at the beginning of the period

Costs [€/kWh]

under consideration. The range of the cost in 2050
is between 193 €/kWh and 449 €/kWh, corre-
sponding to a cost reduction between 47.9% and
77.7%.

The use in buildings will become financially attrac-
tive, especially in combination with a PV system. At
least in Germany costs of electricity generated by an
own PV system are often lower than the costs of
electricity obtained from the grid. Furthermore, the
purchasing costs are higher than the feed-in tariff
for PV. Own consumption can be substantially
increased by installing a stationary battery.

Cost development stationary batteties
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Figure 35: Cost development of electricity storages (Li-Ion batteries); own illustration based on the CRAV Ezero database.
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4-1 l5l2l BOTTOM'UP

Due to the expected increasing importance of stor-
age systems and especially electricity storages in an
energy system mainly based on renewable energies a
detailed bottom-up analysis based on literature was
carried out. The described results refer to lithium-
based stationary batteries.

There are three major cost components (cell, power
electronics and periphery; see (International Re-
newable Energy Agency, 2017a)). Depending on

Cost share

the size, these components have different contribu-
tions to the total costs. Figure 36 shows the cost
components and their share in the total cost de-
pending on the storage sizes. The cells represent the
highest share of the total costs with up to approx.
45% in small applications in residential buildings.
The share decreases with an increase in storage size.
In large storage systems, the cost share for power
electronics and periphery increase.

residential multifamily

B periphery

Ccommunity large-scale

power electronics cell

Figure 36: Cost component distribution of lithinm-based energy storages; own illustration based on (International Renewable Energy Agency, 2017a)

In recent years, the costs for lithium batteries fell
significantly. According to (International Renewable
Energy Agency, 2017a) the costs of home storage
(lithium-ion) systems fell from 2,515€/kWh in
2014 to 1,070 €/kWh in 2016. In the study, the cost
structure and possible improvements of lithium-ion
batteries for achieving cost savings were analysed
with a bottom-up approach.

Increasing the production capacity is one factor for
reducing costs due to economies of scale. Another
possibility is a technological improvement like, e.g.
increasing the energy density, which decreases the
specific material demand for the same storage ca-
pacity. In the past, improvements in energy density
have been significant in reducing costs. Two main
possibilities are the use of high voltage electrolytes
and silicon anodes. Replacing materials with cheap-
er ones and reducing the amount of material also

has a significant influence on the costs (Interna-
tional Renewable Energy Agency, 2017a).

Table 6 shows possible developments and im-
provements to lithium-ion batteries that could lead
to further cost reductions. An essential factor for
the cost reductions is expected to be a better cath-
ode technology (International Renewable Energy
Agency, 2017a).

In (International Renewable Energy Agency, 2017a)
all cost components of lithium-iron-phosphate
(LFP) batteries were analysed in detail. Figure 37
shows a possible cost pathway from 2016 to 2030:
The cathode, materials and labour costs each have
considerable potential for cost reductions. Overall
fewer and cheaper materials can be used for the
battery, production processes can be optimised to
reduce the time to build a storage and thus the spe-

cific labour costs (International Renewable Energy
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Agency, 2017a). In the example, the costs are ex-
pected to decrease by 65% from 600 USD/kWh to
210 USD/kWh  (approx. 570  €x016/kWh to
200 €2016/kWh with the exchange rate of 1.0525
€/USD on 30t December 2016 based on (finan-
zen.net GmbH, 2018)). With the top-down analysis
a cost reduction potential of approx. 65% is pre-
dicted until 2050, which is comparable to the bot-
tom-up analysis of LFP batteries until 2030. The
reasons for the different time periods cannot be

explained by the different studies and approaches.
However, as the cost reduction potentials described
in (International Renewable Energy Agency, 2017a)
are highly dependent on intensive research and
development activities, the effects of these activities
are associated with a high uncertainty concerning
the time of achievement. Some of the cost reduc-
tion potentials might therefore not be realised until
2030.

Table 6: Possible improvements/ developments of lithinm-ion technology; Source: (International 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 higher  Yes. Higher energy
batteries energy density density
High-voltage elec-  All Li-ion technologies No Yes. Through higher ~ Yes. Higher energy
trolytes energy density density
Silicon anode All Li-ion technologies No Yes. Through higher ~ Yes. Higher energy
energy density density
Lithium sulphur New technology Yes Yes if Yes. Higher energy
batteries - density and use of
commercialised . .
cheap active material
Lithium-air New technology Yes Yes if Yes. Higher energy
. density and use of
commercialised . .
cheap active material
Durable lithium Lithium manganese No No. But decreases Yes. Better calendric
manganese oxide oxide/ nickel- lifecycle cost of lifetime
manganese-cobalt service
[2016 USD/kWh]
o . |
—
o -
300§ e _ e
D00 &
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0

Total 2016  Anode Cathode Electrolyte Separator

Other Labor Overhead Profit Rest
materials margin

Total 2030

Figure 37: Battery cost reduction potentials; own illustration based on (International Renewable Energy Agency, 2017a)
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4.2. RENEWABLE ENERGIES

As described above, providing the remaining energy
demand of buildings as efficient as possible and to
large extents by renewable energies is essential for
realising nZEBs. In the following, the cost reduc-
tion potentials of the most important renewable

4.2.1.PHOTOVOLTAIC

energy technologies are described. These are mainly
PV and solar thermal. Other renewable technolo-
gies are not widespread and usually not used in/ on
buildings.

PV is the major technology to generate renewable electricity at or on buildings and it is seen as one of the

major renewable technologies for achieving the climate targets in Europe and the world.

4-2-1 I1 u TOP'DOWN

For PV numerous studies analysing past develop-
ments, learning curves and rates are available.

Table 7 shows the different learning rates deter-
mined for PV based on historical data found in the
literature. For PV a learning rate of 10% to 26%

Table 7: 1earning rates for PV presented in different studies.

with an average of 19.9% and a deviation of £3.8
percentage points is described in the literature
(range: 16.2% to 23.7%), which is used in this re-
port.

Learning rate - Photovoltaic

Study; Source

17.0%

10.0%-12.0%; average 11.0%
20.0%

20.0%

24.0% modules

18.0%0-22.0%; average 20.0%
20.0%
21.0%-26.0%; average 23.5%
23.0%
22.5%
19.8%-22.6%; average 20.9%

(Kersten and Beyer, 2011)

(Strupeit and Neij, 2017)

(Umweltbundesamt, 2009)

(Jiger-Waldau, 2017)

(Fraunhofer Institute for Solar Energy Systems, 2018,
p- 10)

(International Renewable Energy Agency, 2017b)
(IEA, 2000)

(Mauleén, 2016)

(Rubin et al., 2015)

(I'TRPV, 2017)

(Fraunhofer Institute for Solar Energy Systems, 2015)

(EurObserv’ER consortium, 2017) is the basis to
determine the cumulative production volume of
PV. By the end of 2016, 100.8 GW, were installed
in the EU-28 (EurObserv’ER consortium, 2017).
Figure 38 shows the result of the calculation of the
learning curve. Based on the calculations, a reduc-
tion of the costs to approx. 100 €/kW, with a cu-
mulative volume of over 200,000 GW,, is possible.
Compared to the current level the cumulative pro-

duction would need to increase 2,000-fold.

For estimating the development of the cumulative
production level until 2050, the results of the 90%
scenario of (Sterchele et al., 2018) are taken as the
basis. In the study, the development of PV in Ger-
many until 2050 is described, which is used to cal-
culate the development in the EU (assumption: the
German PV shate in the EU will remain the same).
The calculation forecasts a cumulative volume of
around 800 GW,, by 2050, which corresponds to an
eight-fold in 34 years.
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Figure 38: Logarithmic learning cnrve of P1; own illustration based on the CRAV Ezero database.

The learning curve together with the volume devel-
opment of PV is used to derive possible cost devel-
opments and cost reduction potentials. Figure 39
shows the resulting cost development.

PV has a considerable cost reduction potential.
From 2016 to 2050 the costs can decrease by about

Costs [€/kWp]

49% from about 1,370 €/kW, to approx.
700 €/kW, with a range of 610€/kW, to
810 €/kW,, (-41% to -56%). The annual cost reduc-
tion is between 1.0%/a and 2.3%/a.

Cost development PV
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Figure 39: Cost development of PV'; own illustration based on the CRAV Ezero database.

4.2.1.2. BOTTOM-UP

In (International Renewable Energy Agency, 2016)
solar and wind energy are analysed in detail with a
bottom-up approach to determine the relevant
components and factors for possible cost reduc-
tions. Furthermore, (Fondation Nicolas Hulot,

2015) analysed PV cost developments with a bot-
tom-up approach.

Cost reduction potentials of 57% in 10 years with a
range of 43% to 65% were the result of the calcula-
tion in (International Renewable Energy Agency,
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2016). The costs for PV systems could fall from
1.8 USD/W in 2015 to 0.8 USD/W in 2025. The
highest cost reduction potential accounting for
around 70% of the total potential is associated with
the so-called balance of system (BoS) costs. Mod-
ules are following with about 25% and inverters
with the remaining 5%.

In (Fondation Nicolas Hulot, 2015) a cost reduc-
tion potential of 20% to 40% until 2025 and 50%
until 2050 is described. The calculated potentials are
mainly based on efficiency improvements, less ma-
terial usage and installation and production automa-
tion (Fondation Nicolas Hulot, 2015). The result is
in the same range as the cost reduction calculated
with the top-down approach described above.
Balance of System (BoS)

BoS costs comprise all other costs except inverters
and modules. Figure 40 shows the various cost
components and the corresponding reduction po-
tential until 2025; BoS hardware, installation and
so-called soft costs all play an important role. Con-
cerning hardware costs, major reductions are ex-
pected from increased module efficiencies and as-
sociated advances in cabling. About three-quarters
of the actual cable length depend on the area of the
PV-array, which can be reduced by efficiency im-
provements of the module (International Renewa-
ble Energy Agency, 2016). Another possibility is to
increase the maximum voltage from 1,000 V to
1,500 V. This would lead to a reduction in currents
and thus to a reduction in the cable diameters lead-
ing to material and cost savings.

Racking and mounting costs vary in the markets. In
some markets, mounting is oversized, mainly due to
inappropriate safety factors. Missing regulations or
standards can reinforce this. Therefore there is

optimisation potential with improved installation
foundations  (International Renewable Energy
Agency, 2016). Network connection, monitoring
and control as well as security costs have the
highest potential to reduce the costs of BoS hard-
ware. The cost reduction can be achieved by, e.g.
prefabrication of transformers and voltage switch-
gear.

Besides hardware, also the installation itself has
several cost reduction potentials. The highest po-
tential is associated with the mechanical installation
process. The mechanical installation comprises the
construction of a mounting system, solar modules
and inverters as well as grid connection compo-
nents. Also, civil engineering, foundations and cable
trenches in outdoor facilities, as well as the loading
and transport of components or equipment for
mechanical installation, are included. The costs of
mechanical installations can be reduced by the well-
structured organisation, planning, logistics and the
experience of the working staff. Installation costs
can also be reduced by optimising the hardware
used, reducing the working and installation time.
For example, screws in mounting systems can be
replaced by click and insertion solutions. Also,
more automatic and configurable stacking machines
and even more efficient assembly tools for installers
can be implemented.

Approximately 6% of the cost reduction potential
of BoS costs is based on optimisations of efficiency
and material usage (International Renewable Energy
Agency, 2016). Another important reduction factor
is the soft costs. Continuing pressure on margins
and improvements in system design reduces the
associated costs, which are responsible for around

one-third of BoS cost-cutting potential.
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Figure 40: Balance of System (BoS) PV cost reductions by source; own illustration based on (International Renewable Energy Agency, 2016).
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Module costs

Another relevant cost component of PV systems is
the PV module itself. It is expected that the module
costs will fall by approx. one third to 0.3 -
0.4 USD/W by 2025 (International Renewable
Energy Agency, 2016). Higher module efficiency is
responsible for reduced/decreasing costs while less
material is needed for the same capacity. The effi-
ciency is expected to increase from 16% to 19.5%
for multicrystalline and from 17% to 21.5% for
monocrystalline modules (International Renewable
Energy Agency, 2016).

In (Fondation Nicolas Hulot, 2015) an improve-
ment of the module efficiency from currently, 15-
20% to 20-25% in the next 5-10 years is expected.
Also, experts estimate an efficiency of more than
30% after 2030 and between 40% and 50% by 2050
for multi-junction cells (Fondation Nicolas Hulot,
2015). This increase would lead to considerable cost
reductions.

Figure 41 shows the various cost reduction poten-
tials determined by (International Renewable Ener-
gy Agency, 2016). The main potentials result from
improvements of the polysilicon production and
cell to module chain steps. Other cost reduction
potentials are based on optimised polysilicon to
wafer and wafer to cell manufacturing. Improved
polysilicon production contributes 29-34% to the
total cost reduction potential of PV modules. The
total costs of producing polysilicon could be halved
by 2025 (International Renewable Energy Agency,
2016).

Another option for improvement is the polysilicon
to wafer manufacturing process, which accounts for
11-12% of the overall cost reduction potential.
Optimization of sawing processes can reduce the

wire diamond and sawing pitch need and thereby
reduce cutting losses and support silicon recovery
(International Renewable Energy Agency, 2016).
The other two factors are cell to module (28-35%)
and wafer to cell (25-26%) manufacturing. The
main reasons for the cost reduction in both cases
are lower material usage in the production process
and higher efficiencies of modern cell architectures.
Especially optimisations in the production process
of crystalline modules can reduce the consumption
of cost-intensive silver. It is currently one of the
most critical and expensive materials in PV modules
(International Renewable Energy Agency, 2016).
Polysilicon and wafers have the highest influence
on the cost composition of PV modules, as they
account for over 60% of the total costs. Reducing
the silicon thickness is a major approach to reduce
the material costs. Currently, the thickness is
around 150-180 um but can be reduced to 120 um
(monocrystalline) and 150 um (polycrystalline) in
the next ten years. It is assumed that a further re-
duction to below 100 um in the future is possible
(Fondation Nicolas Hulot, 2015).

The cost reduction potential of PV modules lies
primarily in material costs, which could fall by 35%
until 2025. The main approaches are improving cell
efficiency, optimising production processes and
economies of scale. However, the high importance
of material costs is also a drawback, as PV modules
are highly dependent on material costs and interna-
tional raw material markets can fluctuate tremen-
dously. A global increase in raw material prices
would, therefore, have a substantial impact on PV
module costs. The summarised cost reduction po-
tential of mono- and multi crystalline modules is
shown in Figure 41.
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Figure 41: Module cost reduction potential of mono- and multicrystalline modules; own illustration based on (International Renewable Energy Agency,
2016).

Inverter costs

For PV systems, inverters are of significant im-
portance and contribute to possible cost reductions.
However, inverters only contribute about 5% to the
overall reduction potential of PV until 2025.

The global increased production levels and interest
in PV were responsible for significant cost reduc-
tions of inverters. The two main drivers for future
improvements are (i) technological progress and (ii)
economy of scale. Possible trends are hardware

4.2.2.SOLAR THERMAL

For heating and especially domestic hot water, solar
thermal is another widespread renewable energy

technology. Site and weather conditions are an

4-2-2- 1 u To P' DOWN

For solar thermal collectors and systems, many
studies have been conducted, and there is sufficient
information available about learning rates based on

Table 8: Learning rates for solar thermal systems

changes for increasing the PV module isolation
which reduces the number of transformers and
medium voltage cells needed.

In (Fondation Nicolas Hulot, 2015) two important
factors for reducing the costs of inverters were
identified: (i) an increase in voltage from 1,000 to
1,500 leads to a decline in the number of inverters
and shorter cables and (ii) an expected increase of
service lifetime of the inverters from 10 to 15 years.

important factor in solar thermal. The available
solar radiation is an essential factor in the evalua-

tion and comparison of costs, e.g. with a gas boiler.

previous cost developments, as a function of the

cumulative volume. The relevant studies are listed

in Table 8.

Learning rate — Solar thermal

Study; Source

23%
10%
12%
10%

(Stryi-Hipp et al., 2012)
(Hoefnagels et al., 2011)
(Hoefnagels et al., 2011)
(Junginger et al., 2008)

The learning rates for solar thermal systems atre in
the range of 10% to 23% with an average of 13.8%
and a standard deviation of 6.2 percentage points

(for the following analysis a learning rate of 13.8%
with a range from 7.6% to 20.0% is used).
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The cumulative volume in 2016 was around 50.5
million m? of solar thermal collectors in the EU28
and the total capacity 35.3 MWy, (EurObserv’ER
consortium, 2017). Figure 38 shows the calculated
learning curve for solar thermal systems.

The cumulated production volume for the EU
from 2016 to 2050 is based on (Sterchele et al.,

Costs [€/m?]

2018). The calculation forecasts a cumulative vol-
ume of around 320 GWu by 2050. Overall, solar
thermal energy will strongly increase in the coming
decades and will become a more significant player
in the energy sector.

Learning curve solar thermal

10 100

1,000 10,000

100,000

Volume [GWth]

Figure 42: Logarithmic learning curve of solar thermal collectors; own illustration based on the CRAV Ezero database.

The calculated cost development curve is shown in
Figure 43. The cost reduction potential of solar
thermal energy is about 38% until 2050; from
842 €/m? to 526 €/m% The average reduction is

Costs [€/m7]

about 1.4% per year. The forecasted range of costs
is between 415 €/m? and 657 €/m?, which equals
cost reductions of between 22% and 51%.

Cost development solar thermal

2016 2020 2024 2028 2032

2036 2040 2044 2048

Year

Figure 43: Cost development of solar thermal collectors; own illustration based on the CRAV Ezero database.
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4.2.2.2. BOTTOM-UP

In Figure 44 the different cost components of solar
thermal systems are shown. The collectors are re-
sponsible for around one-third of the total costs
followed by the pipe and planning costs. Conse-
quently, reducing the costs of these components

Planning

14%

will have the highest influence on the overall costs.
The collectors together with the substructure and
the piping account for more than 50% of the total
costs.

Other o
ipework ollectors
s 32%
Regulation
4%
Storage at
heat exchar
11%
Substructure
Other collectors
pipework 1%
15% ector
collectors assembly
4% 6%

Figure 44: Cost structure solar thermal (Technomar GmbH et al., 2012)

In (Technomar GmbH et al., 2012) possible tech-
nological improvements of solar thermal to achieve
cost reductions were analysed in detail. The main
results are:
e Less silver and aluminium usage can reduce
the material costs for pipes by up to 65%
e Simplification of the system technology to
reduce connection costs
e Increase the efficiency of system technolo-
gy (heat exchanger; storage)
e  Cheaper materials
e Rationalisation of production
The efficiency of solar thermal collectors is consid-
ered to be largely exhausted with around 50% and
no major improvements are expected (Technomar
GmbH et al, 2012). Most possible measures to
improve efficiency would increase the production
costs more than the savings from efficiency im-

provements (Technomar GmbH et al, 2012).
Therefore, no major cost savings from efficiency
improvements can be expected.

The use of materials can significantly reduce costs.
The material can be reduced by minimising the
thickness of absorber pipes. It is expected that the
thickness reduction and consequently the material
use of aluminium and copper can reduce the mate-
rial costs by about 65% (Technomar GmbH et al.,
2012). Furthermore, the thickness of the cover
(usually glass) can be reduced by up to 30%. Less
glass also reduces the weight of the absorbers,
which makes the entire substructure simpler and
lighter.

Besides the reduction of material, the change to
alternative materials is also possible. Currently, the
absorber is usually made of aluminium and copper,
which are comparably expensive. The switch to
plastic-based solar collectors can be a solution for
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further cost reductions in the mid and long-term
(Technomar GmbH et al,, 2012). Since 90% of the
costs for solar thermal collectors are attributable to
materials and only 10% to personnel costs, the
rationalisation potential of production is low. Nev-
ertheless, modern production lines can reduce the
working time for one collector from 60 minutes to
18 minutes (Technomar GmbH et al., 2012).

In addition, to optimise and adjust the single com-
ponents, intelligent control of the overall system
can increase the overall efficiency. It includes and
respects user behaviour, weather forecasts and fu-
ture price fluctuations of additional energy sources
(Technomar GmbH et al., 2012).

The planning of the system also accounts for a
significant amount of the total costs (14%). To
reduce them, the design and previous calculation
methods must be generalised to reduce the time
needed to plan an individual system. Planners need
to use fast and easy predictions to estimate the cost
structure and energy predictions of a specific solar
thermal system fast and easy.

All in all, between 2010 and 2030 a cost reduction
potential of 43% 1is estimated at (Technomar
GmbH et al., 2012). The top-down calculation pre-
dicted a much lower cost reduction potential of
only around 17% until 2030 and of 38% up to
2050.

4.3. PASSIVE TECHNOLOGIES AND STRATEGIES

Passive technologies can have a positive influence
by reducing the energy requirements of buildings
without energy-consuming conversion technolo-

gies. The building envelope can reduce energy loss

4.3.1.BUILDING ENVELOPE

The insulation of the building envelope reduces
heat losses in winter and protects the interior from
overheating in summer; it thereby reduces the over-
all energy requirements of the building. There are
different insulation materials. Table 9 shows the
cost level and range of various insulation materials
for the year 2016. Average costs range from
0.81 €/m**cm  for
0.08 €/m**cm for foam glass. According to (Hen-

cellulose  insulation  to
ning and Palzer, 2015) insulation materials are re-
garded as standard technologies without further
cost reduction potentials. There are only a few new
materials like, e.g. vacuum insulated panels (VIP),
which currently only play a minor role.

and strategies such as night cooling, or natural ven-
tilation can reduce energy requirements for cooling
and ventilation. The major approaches are de-
scribed in the following.

Furthermore, due to incidents in recent years new
materials, which are not flammable, are currently
under investigation. However, cost and market
information are not yet available, and therefore
these relatively new technologies are not further
investigated. Costs are highly dependent on raw
material costs and fluctuate. Only the installation
and production process has some optimisation
possibilities. Prefabrication of the insulation and
whole fagade elements is one way to reduce labour
costs. To determine such individual cost reduction
potentials, a detailed bottom-up analysis would be

necessary.
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Table 9: Costs of different insulation materials 2016 (ATP sustain GmbH, 2018)

Location Material Costs
Min Max Av
€/m?»*cm | €/m*>*cm | €/m**cm

Wall Foam glass 5.61 6.93 6.08
Wood fibre 4.20 5.69 4.93

XPS 1.65 7.25 3.91

Mineral wool 1.77 2.88 2.06

Cotton 1.73 1.98 1.91

Tamb’s wool 2.83 3.88 3.21

Flax insulation 2.06 3.23 2.54

Hemp insulation 1.67 1.79 1.71

Cellulose blow-in 0.66 0.90 0.81

Roof XPS 2.79 3.80 3.28
Mineral wool 1.72 3.75 2.46

Corkboard 1.84 2.86 2.33

Wood fibre 1.87 6.28 2.92

Base plate | Foam glass 4.74 6.20 5.53
XPS 2.04 3.18 2.50

For predicting the current status and cumulative
volume of the insulation market, the current build-
ing stock was analysed in depth. The analysis is
based on (Dengler and Schicktanz, 2012), (Diefen-
bach et al., 2010) and (Institut Wohnen und Um-
welt GmbH, 2012-2016). The data refer to the pre-
vious insulation installations, the current buildings
and their total insulation area as well as their avera-
ge insulation thickness and the current thickness for
new buildings and renovations. Based on the avail-
able data, the current cumulative insulation volume
in Germany is determined with approx. 434 million
m?>. Renovation and new construction rates were
used to forecast possible market developments in
Germany. According to (Birger et al., 2015) the
new construction rate for residential buildings be-

tween 2015 and 2050 is between 0.85% and 0.21%
and for non-residential buildings constant at 1.35%.
The refurbishment rate is 1.2% by 2020 and 2.1%
after that (Birger et al., 2015). In different studies
about the development of the German energy sys-
tem and — as a part of it — the German building
stock refurbishment rates of up to almost 4%/a are
expected. To estimate the market development, the
highest estimated or necessary refurbishment is
regarded as the maximum and “business as usual”
as the minimum.

The calculated market curves are shown in Figure
45. The volume of insulation will increase from 434
million m? in 2016 to 1,948 million m?® (min.) and
2,577 million m?* (max.) in 2050.
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Figure 45: Cumulative volume development of insulation material; own illustration based on the CRAV Ezero database.

4.3.2.FREE VENTILATION

In contrast to mechanical ventilation with large
ventilation systems, free ventilation uses pressure
and temperature differences between the in- and
outside of building as well as between different
zones inside the building for the air change/ venti-
lation. Through the controlled opening of windows
and openings in the roof with electric motors air
circulation and change is realised without additional
fans. According to (Zentralverband Elektrotechnik-
und Elektroindustrie e.V., 2013) up to 60% of the
end energy for ventilation and air conditioning
could be saved compared to conventional ventila-
tion and air conditioning systems in moderate cli-
mates. The main reasons are the omission of fans
and the increased air change during the night,
which cools the building (see chapter 0), which is
equivalent to 30 to 60 kWh/(m?a) depending on the
heating demand, building type and air conditioning
system. In (Eicker and Schulze, 2012) a primary

4.3.3.NIGHT COOLING

The concept of passive and night cooling is based
on the thermal load shifting which means that
thermal loads/ gains (solar and internal) are stored
in the building mass during the day and released

energy saving potential in non-residential buildings
between 8 and 50 kWh/(m?a) depending on climate
conditions and usage of the building is described.

In principle, there are three different concepts for
free ventilation, which are (i) one-sided window
opening, (ii) vertical transverse flow system of ven-
tilation and (iii) chimney/ natural draft ventilation
(compare (Eicker and Schulze, 2012)).

The described possible savings show a wide varia-
tion/ range and the possible savings are highly de-
pending on the building design, the location and the
building’s neighbourhood. Furthermore, there is no
information about associated costs (planning, con-
struction) in order to realise free ventilation con-
cepts available. Therefore it is impossible to draw
general conclusions or provide generally applicable
cost (saving) information for free ventilation. The
real costs and possible energy and monetary savings
must be assessed for each building individually.

during the night when the ambient temperature is
lower, which allows more efficient cooling. In most
concepts the heat is conveyed via the air. However,
night cooling concepts can also be realised in com-
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bination with thermo-active building systems
(TABS), in which the ceiling is equipped with capil-
lary tubes. Through the tubes usually, water is circu-
lating and thereby conditions (in winter heating, in
summer cooling) the concrete. Through an in-
creased flow rate (and possibly lower supply tem-
peratures) during the night the advantage of low
ambient temperatures can be used as well. The
needed higher air change rate during the night can
either be realised by ventilators/ mechanical venti-

lation system or via free convection. A pre-requisite

4.3.4.DAYLIGHT

According to (Bundesministerium fiir Wirtschaft
und Technologie, 2013) the share of lighting in the
electricity consumption and also the total electricity
consumption for lighting in Germany decreased
since 1996. The main reason is the increased effi-
ciency of light sources, control gears and reflection
materials in light bulbs etc. In (Wietschel et al.,
2010) it is assumed that the electricity consumption
for lighting in buildings can be reduced by about
50% until 2050 (in (licht.de - Férdergemeinschaft
Gutes Licht, 2008) an even higher reduction poten-
tial of up to 82% is described). Besides higher effi-
ciencies of the lighting technologies, the increased/
improved use of daylight is a major reason for the
reduction. Furthermore, it is essential to combine
daylight strategies with shading systems as currently
the use of solar shading to avoid overheating in
summer leads to the need for artificial light inside
buildings even though sufficient daylight is availa-
ble.

4.3.5.SHADING

Shading systems are mainly not nZEB specific but
needed in buildings anyway. Therefore, specific cost
reduction potentials are not described in this study.
However, the different approaches are described
due to the importance of adequate shading for the
reduction of heat gains in summer and optimisation
in winter.

In order to avoid overheating in summer, shading is
required to limit the cooling energy demand. This is
even more important with the increasing window

area, especially in non-residential buildings. On the

for night/ free cooling is the minimisation of heat
loads (which is required for the realisation of
nZEBs anyway) by insulation, shading, efficient
equipment in the building and the possibility to
store heat in the building mass. For the latter, the
building mass has to be accessible for air (no sus-
pended ceilings or elevated floors). As for free ven-
tilation, the local climate conditions and the neigh-
bourhood also have a strong influence on the pos-
sibilities and effectiveness of free cooling concepts.

For an increased usage of the available daylight, the
right dimensioning of windows and sufficient dis-
tances between buildings are essential. Also the
sunlight distribution in rooms can be improved
with optical systems (reflecting surfaces). One op-
tion is sun protection systems/ jalousies which
deflect the direct irradiance to the ceiling (which
should be coloured light/ white) reducing the direct
irradiation close to the window and increasing the
available sunlight in the interior of the room
(Jakobiak, 2005)). In order to avoid dirt on the
reflecting surfaces, they should be placed between
window panes. Through the reduction/ avoidance
of direct irradiation, the solar gains are also re-
duced, which reduces cooling loads in summer.

In order to reach areas of the building, in which no
windows are/ can be installed, light redirecting
systems like, e.g. light tubes can be used. These
systems “collect” the light outside the building,
which is then conducted to the interior (Jakobiak,
2005).

one hand, the increased window area increases the
solar gains in winter and thereby reduces the heat-
ing demand; on the other hand the higher solar
gains increase the cooling demand. Therefore, shad-
ing systems which allow high gains in winter and
low gains in summer are needed for windows with
east, south and west orientation in the northern
hemisphere.

Generally, there are two types of shading systems:
(i) flexible/ controllable or (i) fixed/ stationaty
ones. Flexible systems are e.g. jalousie or systems
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directly linked with the glazing, which can change
the properties depending on the solar irradiation.
Examples are electrochromic or gas chromic win-
dows.
In between flexible and fixed shading systems are
structured windows, which reflect or deflect the
light depending on the irradiance angle. In princi-
ple, the following functionalities can be achieved
with structured windows and facade elements
(Wagner et al., 2013):

e Direction-selective shading with diffuse

light aperture

e Diffuse light guiding

e  Sunlight guiding

e Light transport

e Light diffusion
Beside technical options facade, greening and plants
can also provide (flexible) shading during summer.
The plants can either be planted in the ground,

integrated into the wall/ fagade or any combination

of the two. If plants, which lose their leaves during
winter are used, solar gains are avoided in summer
and enabled during winter (Pfoser, 2014). Decidu-
ous plants can supplement other mechanical shad-
ing systems. In principle, plants can be used in
combination with all kinds of facades (Pfoser,
2014). Some plants/ planting systems achieve re-
duction ratios of 0.62 to 0.3, which are comparable
to jalousie, and absorb 40 to 80% of the irradiation.
Using plants offers several additional services/
advantages like air filtering, humidification (evapo-
ration) and thereby cooling, which is supportive for
night cooling and night/ free ventilation. The ef-
fects can reduce the outside surface temperature of
a facade by 2 — 10 K (compare (Pfoser, 2014)).
Fixed/ stationary shading systems are mainly bal-
conies, roof overlaps and cantilevers in the facade.
They have the highest effects at south-oriented
facades (Voss et al., 2005).
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5.DISCUSSION

The calculation of cost reduction potentials accord-
ing to the experience curve approach is based on
market and cost data as well as the determination of
learning rates. The presented results apply to the
European and for some technologies only to the
German market. The learning rates were deter-
mined according to separate studies focusing exclu-
sively on the development of the various technolo-
gies to date. With the learning rates, possible cost
developments of relevant nZEB technologies were
calculated. However, uncertainties can still influ-
ence the development of costs. The calculated mar-
ket development may vary due to changing re-
quirements or political changes, the actual learning
rate may vary, and global commodity prices can
fluctuate, which can also lead to price increases
instead of decreases.

Top-down:

The various technologies analysed have different
cost reduction potentials. The basis for the deduc-
tion of cost reduction potentials are current market
and cost levels as well as market forecasts for every
single technology — if available for whole Europe
and in case of limited data available only for Ger-
many.

As expected established, fossil fuel based technolo-
gies like oil and gas boilers have the lowest cost
reduction potential (until 2050 only 1.3% and 8.9%
respectively). There are several reasons for that. A
major issue is the comparably high CO;-emissions,
which contradict the climate protection targets of
the European Union. The future market for oil and
gas boilers is relatively small (lowest for oil boilers)
and there will probably be no investments to im-
prove the technology.

Biomass boilers were considered more promising
because they are more environmentally friendly
than oil and gas boilers as they use a renewable
resource. However, according to the calculations,
biomass boilers only have slightly better cost reduc-
tion potentials than oil and gas boilers (approx.
13.7% until 2050). One reason is the fact that the
technology is already established and the potential
for optimisation is limited.

Heat pump technologies have a cost reduction
potential of more than 20% by 2050. Heat pumps

could become crucial in the future especially in
energy systems with a high share of fluctuating
renewable electricity generation, which requires a
strong coupling of the electricity and heat sector
with adequate conversion and storage technologies.
Investments and research in heat pumps can lead to
technological improvements, such as an increase in
the Coefficient of Performance (COP), which is
one option for further cost reductions. Furthet-
more, reversible heat pumps can also be used as a
cooling device, which can become more important
in the future with further global warming. Air con-
ditioning systems are not necessary in this case to
cool the building.

Ventilation systems are of major importance for
energy efficient buildings. They supply fresh air,
reduce ventilation heat losses when equipped with
heat recovery systems and assure good air quality by
removing moisture, moulds, pollutants and va-
pours. Especially in airtight buildings assuring good
air quality is almost impossible without mechanical
ventilation. The market for ventilation systems will
most probably grow in the coming decades which
will lead to high cost reductions. The expected po-
tential for centralised systems is around 46% by
2050, and for decentralised systems at 52% by
2050. In new buildings, both — central and decen-
tralised ventilation systems — can be installed.
Thermal and electrical storages ate likely to become
more important in an energy system based on fluc-
tuating renewable energies. Both storage types also
have substantial cost reduction potentials of about
29% (thermal) and 65% (electrical) by 2050. Cut-
rently, it is discussed that worn out batteries of cars
could have a second life in buildings, which could
lead to lower cumulative production levels and
thereby lower cost reduction potentials. However,
the effect cannot be quantified yet.

With increasing indoor comfort requirements and
further global warming, the need for air condition-
ing/ cooling is increasing leading to a strong market
increase and associated cost reduction potentials of
about 29% by 2050. Another reason for the grow-
ing demand for cooling devices is the current/
modern building design with large window areas

which increase solar heat gains
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PV is an established renewable energy source with a
global market, but still has the potential for optimi-
sation. In all future scenarios with low greenhouse
gas emissions, PV plays a key role in meeting emis-
sion targets and generating the required amount of
renewable electricity. High cost reduction potentials
are expected as fast market development is indis-
pensable until 2050 for the achievement of the
climate and emission targets of the Paris Agree-
ment. The estimated cost reduction potential is
around 49% by 2050. In addition to the established
use on the roof, building-integrated PV (BiPV) is a
promising and growing new field. In general, the
aim is to replace conventional building materials,
e.g. in facades, in order to generate renewable elec-
tricity on site and at the same time replace materials
without losing their function, instead of installing a
PV system also. The advantages are (i) new installa-
tion options, (ii) new design options for architects
and (iii) the possibility to replace parts of the insula-
tion/facade, which can reduce the overall cost of
nZEBs.

Solar thermal collectors are one possibility to re-
duce COz-emissions in nZEBs. Solar thermal sys-
tems — even though already widespread — still have
cost reduction potentials of 38% by 2050. Like for
PV systems, there is the possibility to integrate solar
thermal systems in the building envelope (e.g. the
facade) and replace elements leading to overall low-
er costs for realising nZEBs. However, there are
additional challenges especially concerning the hy-
draulic integration.

Insulation materials have a broad cost range be-
tween the different suitable materials. For the build-
ing sector, insulation plays an important role in
reducing overall energy demands especially con-
cerning the heating demand in moderate and cold
climate regions. According to data used for calculat-
ing the current market situation and possible future
developments, the average insulation thickness in
2016 was 10 cm, while new buildings currently have
around 20 cm of insulation.

Besides insulating a building, there are additional
passive strategies such as night cooling or natural
ventilation, which reduce the end energy demand of
a building and become increasingly important for
the realisation of nZEBs. The calculation of cost
reduction potentials with the experience curve
method was not possible due to a lack of data and

the difficult/ impossible quantification of costs,
markets and monetary benefits of passive strategies.
Bottom-up:

Using the bottom-up approach, specific cost drivers
were determined for PV, solar thermal and electri-
cal storages. In the studies analysed, cost reductions
of around 20%-57% by 2025, and 50% by 2050
were estimated for PV. Increased efficiency and
reduced use of material are the main possibilities
for future cost reductions. An increase in voltage,
technological progress and economies of scale are
important for cheaper inverters. BoS costs can be
reduced by improved efficiency, voltage increase,
prefabrication and optimising construction steps.
Efficiency has already been improved, but further
optimisation needs research and investment. In
single-junction solar cells, the maximum physical
efficiency is about 33% due to the Shockley—
Queisser limit (Rihle, 2016). To improve the effi-
ciency, multi-junction modules must be used.

For solar thermal, the factors identified for possible
cost reductions are the amount of material used,
material changes, simplification of the system, faster
assembly and changes in production methods; effi-
ciency shows no great potential for further optimi-
sation. Using the bottom-up method, cost reduc-
tion potentials of 43% were determined for 2010 to
2030, whereas the top-down approach indicated a
cost reduction potential of only 17% until 2030.
Reasons for this difference may be the database
used and the state of research in 2012 versus
2017/2018. The results of the top-down approach
are based on more up-to-date data whereas the
bottom-up method identified more detailed infor-
mation concerning possible optimisations. The use
of materials plays an essential role in reducing the
costs of solar thermal energy. The use of solar
thermal energy is an interesting option for energy-
efficient buildings. PV for electricity and solar
thermal energy for heat generation will become
cheaper and more attractive and can in some cases
be provided jointly. Photovoltaic thermal hybrid
solar collectors (PVT) can use solar radiation to
generate electrical and thermal energy.

The top-down approaches showed cost reduction
potentials of about 65% by 2050 for stationary
batteries; the bottom-up analysis showed the same
cost reduction potential of 65% by 2030. The main
drivers are economy of scale and technological
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improvements such as an increased energy density
and lower and cheaper material use. The results of
both calculations clearly show how important stor-
age solutions are for the future energy system with
increasingly fluctuating energy generation. The
cathode is the most significant contribution to pos-
sible cost reduction.

Environmental pressure and policies on energy-
efficient buildings with lower greenhouse gas emis-
sions are probably the main reasons for the focus
and increase in local renewable energy and energy-
saving technologies powered by electricity instead
of fossil fuels. The building sector plays an im-

portant role in reducing total greenhouse gas emis-
sions and is currently still responsible for 32% of
the world's final energy demand. Today, the energy
supply is mainly based on fossil fuels causing CO»-
emissions. Market demand for efficient and renew-
able technologies is a key factor in realising cost
reduction potentials; investment and research to
reduce costs can be expected for technologies that
are requested. The EPBD is thus an important
factor in boosting the market for technologies like
solar thermal, heat pumps, thermal insulation, PV

and storages.

5.1. SENSITIVITY OF RESULTS

In order to include uncertainties in the forecast, all
calculations were carried out with a learning rate
range and not with a fixed parameter. Table 10
shows the calculated cost reduction ranges for the
various technologies until 2030 and 2050. The more
precisely the learning rate and its scope are devel-
oped through past developments; the more accurate
are the resulting cost reduction potentials. The oth-
er important factor is the market development; the
experience curve approach assumes that the learn-
ing effects result from higher production levels and
thus growing experience. Market data is therefore
also an important factor in estimating cost reduc-
tion potentials with this method.

To determine which of these two parameters has a
higher influence on the cost reduction potential, an
exemplary sensitivity calculation was performed for
PV. Figure 46 shows the results of the sensitivity
analysis. On the x-axis, the variation in learning rate

and resulting cumulative volume in 2050 varies

between minus and plus 20%, while all other pa-
rameters are stable. The y-axis illustrates the result-
ing cost reduction potential for PV. 48.6% is the
calculated cost reduction potential for PV by 2050
by the top-down approach. The curve shows that a
20% increase of the learning rate would result in a
cost reduction potential of 55.9% instead of 48.6%,
while a 20% increase of the calculated volume of
PV by 2050 only leads to a cost reduction potential
of 51.5%. This clearly shows that the calculation of
the cost reduction potential of PV is more depend-
ent on the learning rate than on the market devel-
opment.

The effect of each parameter on the overall cost
reduction highly depends on the status of the spe-
cific technology (market volume, technological
improvement possibilities...); a general conclusion
that the learning rate has a higher influence on the

cost reduction potential cannot be drawn.
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Table 10: Ranges of cost reduction potential in 2030 and 2050

Technology Potential range until 2030 Potential range until 2050
PV 20.0% - 29.0% 41.0% - 55.5%
Solar thermal 9.1% - 23.9% 22.0% - 50.8%
Gas boiler: 4.1% - 9.2% 4.9% - 11.1%
Oil boiler 0.3% - 0.7% 0.8% - 1.9%
Biomass boiler 7.2% - 13.4% 9.6% - 17.8%
Aerothermal HP 4.8% - 21.6% 11.0% - 43.9%
Ground source HP 5.9% - 25.8% 7.9% - 33.4%
Thermal storage 9.5% - 26.9% 15.7% - 41.4%
Electrical storage 34.9% - 62.7% 47.9% - 77.7%
Air conditioner 9.3% - 25.2% 17.8% - 44.3%
Decentralised ventilation 30.3% - 49.3% 40.4% - 62.2%
Centralised Ventilation 24.4% - 41.0% 34.6% - 55.1%

Effect on costs

60%

Sensitive analysis PV

10% 15% 20%

Cumulative volume

Learning rate

Figure 46: Sensitivity calenlation of cost reduction potential PV by 2050 own illustration
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6.CONCLUSION

The major goal of this deliverable was to identify
cost reduction potentials for nZEB-relevant tech-
nologies. The following technologies have been
identified as most important for nZEBs:

e Renewables: PV and solar thermal systems

e  Heating: heat pumps

e Air conditioning

e Central and decentralised ventilation with

heat recovery

e Thermal and electrical storage

e Insulation and other passive strategies
In order to calculate possible cost reductions, a
suitable methodology for calculating cost reduction
potentials based on past market developments and
the current status of a specific technology (efficien-
cy, costs) was identified and applied. A top-down
experience curve method based on learning rates
for each technology and a bottom-up method were
used to identify specific cost drivers and their re-
spective cost reduction potentials. The central as-
sumption of the top-down approach is that the
costs decrease in relation to the increased cumula-
tive production due to learning effects. More expe-
rience through the market development leads to
cost reductions through technological improve-
ments and economies of scale. In the bottom-up
method, only PV systems, solar thermal systems
and stationary lithium batteries were analysed as
they are seen as technologies of major importance.
To develop experience curves for the various tech-
nologies the current cost and cumulative volume
levels, the market development as well as learning
rates based on past developments were determined.
A cost database with all data was developed. The
focus of the analyses was the EU. However, for
several technologies, the availability of data was
limited, and the analysis was therefore limited to
Germany.
This calculated cost reduction potentials until 2050
vary from approx. 1% to 65%. Stationary batteries
have the highest potential with 65%, followed by
decentralised ventilation, PV, centralised ventilation
with 52%, 49%, 46% and 38% respectively. Oil and
gas boilers have the lowest potential of less than
10%.

The results show that most optimisations can be
achieved in storage systems and renewable and
energy-saving technologies such as PV and ventila-
tion with heat recovery. The generation and storage
of electricity and heat from renewable energies
provide technological combinations in buildings
with considerable cost reduction potential. They
can increase the self-sufficiency of buildings and
reduce their carbon footprint. To achieve the cli-
mate targets and meet future building regulations,
non-renewable primary energy has to be reduced.
The derived cost reduction potentials comprise
several uncertainties. Many changes may occur in
the period up to 2050. Policy changes can influence
both specific technologies and the building sector
in general by changing the targets or promoting and
subsidising specific technologies etc. Also, subtle
changes can affect all technologies and energy sup-
ply sectors.

An important aspect of energy-efficient buildings is
the reduction of energy demand through better
insulation and passive strategies. In all case studies,
thermal insulation to reduce heating demands was a
central measure to achieve the nZEB standard.
Also, passive methods like increasing solar gains in
winter to reduce the heating energy demand and
minimising the gains in summer are promising (and
necessaty) to realise cost-optimal nZEBs. In sum-
mer, also passive cooling and ventilation strategies
can lower the energy demand for air conditioning
or ventilation. In nZEBs, low energy demand
achieved through insulation and passive strategies is
essential in order to be able to provide the remain-
ing energy demand for the building operation (heat-
ing, cooling, ventilation, domestic hot water, and
lighting) with onsite renewable energy.

The bottom-up analysis identified specific potential
cost reduction drivers for PV, solar thermal and
electrical storages. The most promising factors for
PV are efficiency optimisations and lower material
input for the modules. The costs of solar thermal
systems can be reduced mainly by using less materi-
al and switching to cheaper materials. Also, simpli-
fication of or changes in production methods and
faster assembly could lead to cost savings. Cost

reductions for electrical storages can be achieved
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through economies of scale and technological im-
provements such as an increased energy density and
the reduced and more cost-effective use of materi-
als.

Several technologies and promising technology sets
for nZEBs were identified through analysis of the
various case study buildings of the CRAVEzero
project and further literature review. A highly insu-
lated building envelope forms the basis for nZEBs.
In the next step optimised (energetic, costs) tech-
nology solution sets for nZEBs will be developed
based on the results presented in the deliverable at
hand. A central part of the solution sets will be low-
tech, passive strategies.

The described data and methodology are a good
basis for the upcoming tasks in the CRAVEzero
project and give essential hints on how to realise
(and especially with which technologies) neatly
zero-energy buildings in the future. However, there
are several uncertainties and difficulties associated
with the methodology and the collected data. The
uncertainties mainly concern the future (market)
development and political framework, which can
change tremendously in several decades. On the
other hand, deriving quantitative data for the analy-
sis of the financial and enetgetic effects of passive
strategies is difficult and will be a major challenge

for the development of cost-optimal solution sets.

57



7.REFERENCES

Adamovsky, D., n.d. Building ventilation systems.
http:/ /tzb.fsv.cvut.cz/files/vyuka/125bes1/prednasky/125bes1-02.pdf. Accessed 12 March 2018.

Arrow, K.J., 1962. The Economic Implications of Learning by Doing: The review of Economic Studies,
Stanford.

ATP sustain GmbH, 2018. Cost data. Mail, Freiburg.

2016. BKI Baukosten Gebiude + Bauelemente + Positionen Neubau 2016: Fachbuch - Statistische
Kostenkennwerte fiir Gebdude + Bauelemente + Positionen - Neubau (Teil 1+2+3).
Baukosteninformationszentrum Deutscher Architektenkammern GmbH, Stuttgart.

Bottcher, O., Lammers, J., 2014. Kosten energierelevanter Bau- und technischer Anlagenteile bei der
energetischen Sanierung von Nichtwohngebiuden/ Bundesliegenschaften: BBSR-Online-Publikation,
Nr. 06/2014. BMVBS-Online-Publikation Nt. 06/2014, Bonn, 106 pp.
http://www.itbnet.de/daten/baufo/20148036283/Endbericht_DL._ONO062014.pdf. Accessed 16 July
2018.

Bundesministerium fiir Wirtschaft und Energie, 2018. Informationsportal Erneuerbare Energien.
https://www.etneuerbare-energien.de/ EE /Navigation/DE /Technologien/technologien.html.
Accessed 20 June 2018.

Birger, V., Hesse, T, Palzer, A., Kéhler, B., Herkel, S., Engelmann, P., 2015. Klimaneutraler
Gebiudebestand 2050. Oko-Institut e.V., Institut fiir angewandte Okologie; Fraunhofer Institut fiir
Solare Energiesysteme, 291 pp.
https://www.umweltbundesamt.de/sites/default/files/medien /378 /publikationen/climate_change_06
_2016_klimaneutraler_gebaeudebestand_2050.pdf. Accessed 7 March 2018.

Canada Mortgage and Housing Corporation, 2017. Heating and Cooling System Tune-Ups for Multi-Unit
Residential Buildings. https://www.cmhe-schl.ge.ca/en/inpr/su/hirimu/upload/murb-tuneups-
heating-cooling-systems.pdf. Accessed 12 March 2018.

Coolbricks, 2012. Ventilation system.
http:/ /www.coolbricks.eu/fileadmin/Redaktion/Dokumente/Publications/24-
7_ventilation_system.pdf. Accessed 12 March 2018.

Curry, C., 2017. Lithium-ion battery costs & market.
https://data.bloomberglp.com/bnef/sites/14/2017/07/BNEF-Lithium-ion-battery-costs-and-
market.pdf. Accessed 8 May 2018.

Dengler, J., Schicktanz, M., 2012. Abfrageergebnisse aus der Datenbasis Gebdudebestand, Freiburg.

Diefenbach, N., Cischinsky, H., Rodenfels, M., Clausnitzer, K.-D., 2010. Datenbasis Gebdudebestand:
Datenerhebung zur energetischen Qualitit und zu den Modernisierungstrends im deutschen
Wohngebiudebestand, Darmstadt, 180 pp. Accessed 9 August 2017.

2018. Dollarkurs: Euro - Dollar. https:/ /www.finanzen.net/devisen/dollarkurs /historisch. Accessed 30
August 2018.

Eicker, U., Pesch, R., Thumm, F., Dalibard, A., 2011. Geothermal energy use for heating and cooling of a
low energy building. https://suw.biblos.pk.edu.pl/downloadResource&mId=212617. Accessed 26 April
2018.

Eicker, U., Schulze, T., 2012. Kontrollierte natirliche Luftung fiir energieeffiziente Gebdude, Stuttgart.

EuPD Research, 2016. Photovoltaik-Preismonitor Deutschland: German PV ModulePriceMonitor© 2016.
https:/ /www.solarwirtschaft.de/fileadmin/user_upload/BSW_Preismonitor_Q1_2016.pdf. Accessed
22 March 2018.

EurObserv’ER consortium, 2017. THE STATE OF RENEWABLE ENERGIES IN EUROPE:
EDITION 17th 2017 EurObserv’ER Report, Patis, 146 pp. https://www.curobserv-
er.org/ category/all-annual-overview-barometers/. Accessed 9 March 2018.

58



Fondation Nicolas Hulot, 2015. Photovoltaic Solar Power: 25% of the world’s electricity low-carbon in
20501, 60 pp. http://www.fondation-nature-
homme.org/sites/default/files/151112_ela5_photovoltaic_solar_power.pdf. Accessed 26 July 2018.

Fraunhofer Institute for Solar Energy Systems, 2015. Current and Future Cost of Photovoltaics, 82 pp.
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies / AgoraEnergiew
ende_Current_and_Future_Cost_of_PV_Feb2015_web.pdf. Accessed 18 April 2018.

Fraunhofer Institute for Solar Energy Systems, 2018. Photovoltaics Report, Freiburg, 45 pp.
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies /Photovoltaics-
Report.pdf. Accessed 15 March 2018.

Fraunhofer Institute for Systems and Innovation Reseatrch, Fraunhofer Institute for Solar Energy Systems,
Institute for Resoutce Efficiency and Energy Strategies GmbH, Observ'ER, TU Wien - Energy
Economics Group, TEP Energy GmbH, 2016a. Mapping and analyses of the current and future (2020 -
2030) heating/cooling fuel deployment (fossil/renewables): Work package 2: Assessment of the
technologies for the year 2012, 215 pp. Accessed 7 March 2018.

Fraunhofer Institute for Systems and Innovation Research, Fraunhofer Institute for Solar Energy Systems,
Institute for Resource Efficiency and Energy Strategies GmbH, Observ'ER, TU Wien - Energy
Economics Group, TEP Energy GmbH, 2016b. Mapping and analyses of the current and future (2020 -
2030) heating/cooling fuel deployment (fossil/renewables): Data annex: Heating and cooling
technologies in buildings - processed data.
https://ec.europa.cu/energy/sites/ener/files/documents/tender_on_hc.zip.

Harvey, L.D.D., 2009. Reducing energy use in the buildings sector: Measures, costs, and examples.
https://www.researchgate.net/publication/228617760_Reducing Energy_Use_in_the_Buildings_Secto
r_Measures_Costs_and_Examples. Accessed 24 April 2018.

Hauer, A., Hiebler, S., Reuss, M., 2013. Wirmespeicher, 5th ed. Fraunhofer IRB Verlag, Stuttgart.

Heier, J., Bales, C., Martin, V., 2015. Combining thermal energy storage with buildings — a review.
Renewable and Sustainable Energy Reviews 42, 1305-1325. 10.1016/j.rser.2014.11.031.

Henderson, B.D., 1974. The experience curve reviewed.: III - Why does it work., 128th ed.

Henning, H.-M., Palzer, A., 2013. Energiesystem Deutschland 2050, Freiburg, 46 pp.
https:/ /www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies / Fraunhofer-
ISE_Energiesystem-Deutschland-2050.pdf. Accessed 15 August 2018.

Henning, H.-M., Palzer, A., 2015. Was kostet die Energiewende? — Wege zur Transformation des deutschen
Energiesystems bis 2050: Die modellbasierte Studie untersucht sektor- und energietridgeriibergreifend
die System- und Kostenentwicklung einer klimaschutzkompatiblen Transformation des deutschen
Energiesystems., Freiburg, 90 pp.
https:/ /www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies / Fraunhofet-
ISE-Studie-Was-kostet-die-Energiewende.pdf. Accessed 24 April 2018.

Hoefnagels, R., Junginger, M., Panzer, C., Resch, G., Liecbmann, L., 2011. Long Term Potentials and Costs
of RES: Part I: Potentials, Diffusion and Technological learning. http://www.reshaping-res-
policy.eu/downloads/D10_Long-term-potentials-and-cost-of-RES.pdf. Accessed 22 March 2018.

Huang, B., Viegand, J., Hansen, P.M.S., Riviere, P., Dittmann, F., 2018. Review of Regulation 206/2012 and
626/2011 Air conditioners and comfort fans: Task 2 report. Viegand Maagoe and ARMINES, 62 pp.
https:/ /www.eco-airconditioners.eu/download. Accessed 22 March 2018.

IEA, 2000. Experience Curves for Energy Technology Policy. OECD Publishing, 133 pp.

IEA, 2013. GLOBAL EV OUTLOOXK, 41 pp.
https:/ /www.iea.org/publications/ freepublications/publication/GlobalEVOutlook_2013.pdf.
Accessed 9 May 2018.

Institut Wohnen und Umwelt GmbH, 2012-2016. TABULA Webtool. http://webtool.building-
typology.eu/#bm. Accessed 28 April 2017.

International Energy Agency, 2012. Energy Technology Perspectives 2012. OECD Publishing, 690 pp.

59



International Renewable Energy Agency, 2016. The Power to Change: Solar and Wind Cost Reduction
Potential to 2025 ISBN: 978-92-95111-97-4, Bonn, 112 pp.
http:/ /www.itena.org/publications/2016/Jun/The-Power-to-Change-Solar-and-Wind-Cost-Reduction-
Potential-to-2025. Accessed 20 February 2018.

International Renewable Energy Agency, 2017a. Electricity Storage and Renewables: Costs and Markets to
2030, 132 pp.
http://www.climateactionprogramme.otg/images/uploads/documents/IRENA_Electricity_Storage_C
osts_2017.pdf. Accessed 4 July 2018.

International Renewable Energy Agency, 2017b. IRENA Cost and Competitive Indicators: Rooftop solar
PV, Abu Dhabi, 120 pp. https://www.itena.org/-
/media/Files/IRENA/Agency/Publication/2017/Dec/IRENA_Cost_Indicators_PV_2017.pdf.
Accessed 15 March 2018.

ITRPV, 2017. International Technology Roadmap for Photovoltaic ITRPV): 2016 Results, 60 pp.
http://www.itrpv.net/.cm4all/mediadb/ITRPV%20Eighth%20Edition%202017.pdf. Accessed 23
March 2018.

Jager-Waldau, A., 2017. PV Status Report 2017, Luxembourg, 90 pp.
http://publications.jrc.ec.europa.eu/repository/bitstream/JRC108105/kjna28817enn.pdf. Accessed 15
March 2018.

Jakobiak, R., 2005. Tageslichtnutzung in Gebduden. Themeninfo I/05.

Jochum, P., Lempik, J., Kulka, M., Blachut, T., Wolff, J., Wallstab, T., Mellwig, P., Ochsen, A. von, Pehnt,
M., Fehr, J., Fortuniak, A., 2015. Ddmmbarkeit des deutschen Gebiudebestands, 161 pp.
https://wdvs.enbausa.de/wp-
content/uploads/2015/09/Beuth_ifeu_Daemmbarkeit_des_deutschen_Gebaeudebestands_2015.pdf.
Accessed 19 April 2018.

Junginger, M., Lako, P., Lensink, S., van Sark, W., Weiss, M., 2008. Technological learning in the energy
sector. https://www.ecn.nl/docs/library/report/2008/e08034.pdf. Accessed 2 March 2018.

Junginger, M., Visser, E. de, Hjort-Gregersen, K., Koornneef, J., Raven, R., Faaij, A., Turkenburg, W., 2000.
Technological learning in bioenergy systems 18, 19 pp.
https:/ /www.researchgate.net/publication/4947561_Technological_change_in_bioenergy_systems.
Accessed 2 March 2018.

Karali, N., Park, W.Y., McNeil, M.A., 2015. Using learning curves on energy-efficient technologies to
estimate future energy savings and emission reduction potentials in the U.S. iron and steel industry.
https://eacilbl.gov/sites/all/files /1bnl-184179.pdf. Accessed 21 February 2018.

Kersten, F., Beyer, C., 2011. PV-Learning Curves: Past and Future Drivers of Cost Reduction.
https:/ /www.researchgate.net/profile/Christian_Breyer/publication/272677499_Kersten2011_poster_
PV_learning cutves_Past_and_future_drivers_of_cost_reduction_6CV163_26thPVSEC_final/links/54
eb2e810cf27a6de1175207.pdf. Accessed 6 March 2018.

Kok, R., 2017. Tendering strategy for the sustainable social housing industry.
http:/ /www.pioneering.nl/SiteFiles/1/files /Thesis%20Ruud%20Kok%20juli%202017.pdf. Accessed
12 March 2018.

Kousksou, T., Bruel, P., Jamil, A., El Rhafiki, T., Zeraouli, Y., 2014. Energy storage: Applications and
challenges. Solar Energy Materials and Solar Cells 120, 59-80. 10.1016/j.solmat.2013.08.015.

Kroll, G., 2016. Photovoltaik - Ertrige und Projekte.
http:/ /www.tecpart.de/images/tecpart/intern/p_fachgruppen/Photovoltaik.pdf. Accessed 26 April
2018.

2008. licht.wissen 01: Die Beleuchtung mit kiinstlichem Licht, Frankfurt/Main.

Matteson, S., Williams, E., 2015. Learning dependent subsidies for lithium-ion electric vehicle batteries.
Technological Forecasting and Social Change 92, 322-331. 10.1016/j.techfore.2014.12.007.

60



Mauleoén, 1., 2016. Photovoltaic learning rate estimation: Issues and implications, Spain, 18 pp.
https://ac.els-cdn.com/S1364032116303008/1-s2.0-S1364032116303008-main.pdf?_tid=0£36a953-
cdal-49c2-b6£fc-12a2700bd9753&acdnat=1521798719_0606bd6252a8c3a7a31fc4cde18930e17. Accessed
23 March 2018.

Maurer, K., 2018. Warum die Wohnraumliftung bei der Planung oft unter den Tisch fillt, 8 pp.

Max, B., 2017. Wachstumsmarkt Wohnraumluftung. http://www.eza-
allgacu.de/fileadmin/user_data/eza/Dokumente/eza_-Partner/internes_forum_eza_-
pattnertag/2017_3_LTM_Entwicklung Wohnraumlueftung.pdf. Accessed 17 July 2018.

2013. Mehr Energieeffizienz durch natirliche Luftung, Frankfurt/Main.

Paoletti, G., Pascual, R., 2016. ZEBRA2020: NEARLY ZERO-ENERGY BUILDING STRATEGY 2020:
Neatly Zero-Energy Building (nZEB) technology solutions, cost assessment and performance, 88 pp.
Accessed 4 April 2018.

Pehnt, M., Mellwig, P., Duscha, M., Ochsen, A. von, Boermans, T., Bettgenhiuser, K., Offermann, M.,
Hermelink, A., Diefenbach, N., Enseling, A., Artz, M., 2015. Weiterentwicklung des bestehenden
Instrumentariums fiir den Klimaschutz im Gebdudebereich: AP 1: Klimaneutraler Gebaudebestand
2050 und Transformationspfad, Heidelberg, Darmstadt, Kéln, Bielefeld, 93 pp.
https://www.ifeu.de/wp-content/uploads/Sanierungsfahrplan-AP-1-final.pdf. Accessed 26 April 2018.

Pezzutto, S., Felice, M. de, Fazeli, R., Kranzl, L., Zambotti, S., 2017. Status Quo of the Air-Conditioning
Market in Europe: Assessment of the Building Stock. www.mdpi.com/1996-1073/10/9/1253/pdf.
Accessed 12 March 2018.

Pfoser, N., 2014. Gebiude, Begriinung und Energie unter dem Aspekt unterschiedlicher
Begriinungstechniken — Fassadenbegriinung, 12 April 2014, Freiburg.

Philipps, S., Warmuth, W., 2017. Photovoltaics Report, Freiburg, 44 pp. Accessed 6 March 2018.

Rubin, E.S.; Azevedo, .M.L., Jaramillo, P., Yeh, S., 2015. A review of learning rates for electricity supply
technologies.
https://www.cmu.edu/epp/iecm/rubin/PDF%20files/2015/Rubin_et_al_Areviewoflearningrates_En
ergyPolicy2015.pdf. Accessed 23 March 2018.

Rihle, S., 2016. Tabulated values of the Shockley—Queisser limit for single junction solar cells. Solar Energy
130, 139-147. 10.1016/j.solener.2016.02.015.

Schiller, H., Mai, R., Hindel, C., 2014. Chancen der Energetischen Inspektion fiir Gesetzgeber,
Anlagenbetreiber und die Branche, Stuttgart, 260 pp.
https://www.itbnet.de/daten/rswb/14019025698.pdf. Accessed 11 July 2018.

Schmidt, O., Hawkes, A., Gambhir, A., Staffell, I., 2017. The future cost of electrical energy storage based
on experience rates.
https:/ /spiral.imperial.ac.uk/bitstream/10044/1/50848,/10/20170620_FINAL_ExpCurves_Main.pdf.
Accessed 8 May 2018.

Shah, N., Phadke, A., Waide, P., 2013. Cooling the Planet: Opportunities for Deployment of Superefficient
Room Air Conditioners, 123 pp.
http://superefficient.org/ Activities /Technical%20Analysis/ ~ /media/Files / SEAD%20Technical%020 A
nalysis%20Reports/SEAD%20Room%20AC%20Analysis/Final Y%e20SEAD%20R0om%20AC%20Rep
ort.pdf. Accessed 24 April 2018.

Seren Lyng Ebbehoj, 2017. Technology Data for Individual Heating Plants and Energy Transport: August
2016.
https://ens.dk/sites/ens.dk/files/ Analyser/technology_data_catalogue_for_individual_heating plants_
october_2017.pdf. Accessed 15 March 2018.

Sterchele, P., Palzer, A., Henning, H.-M., 2018. Electrify everything?: Exploring the Role of Electric Sector
in a nearly CO2-Neutral National Energy System, IEEE power & energy magazine, 11 pp.

Strupeit, L., Neij, L., 2017. Cost dynamics in the deployment of photovoltaics: Insights from the German
market for building-sited systems. The International Institute for Industrial Environmental Economics;

61



Lund University. https://ac.els-cdn.com/S1364032116308371/1-s2.0-S1364032116308371-
main.pdf?_tid=dbadbb77-4e03-481a-a75a-
2ffd6cb98cc5&acdnat=1520336700_3eef2c4d5293126b9d0324815933d217. Accessed 6 March 2018.

Stryi-Hipp, G., Weiss, W., Mugnier, D., Dias, P., 2012. Strategic Research Priorities for Solar Thermal
Technology, Brussels, 35 pp. http://www.thc-
platform.org/fileadmin/Publications/Solar_thermal_SRP.pdf. Accessed 6 March 2018.

Taiyou Research, 2014. Global Market for Lithium-Ion Batteries - Forecast, Trends & Opportunities, 2014-
2020. https:/ /www.marketresearch.com/product/sample-8323376.pdf. Accessed 25 June 2018.

Technomar GmbH, Institut fiir Thermodynamik und Wirmetechnik ITW, co2online gGmbH, 2012.
Fahrplan Solarwirme: Strategie und MaBnahmen der Solarwirme-Branche fiir ein beschleunigtes
Marktwachstum bis 2030, 236 pp.
https:/ /www.solarwirtschaft.de/fileadmin/media/pdf/120854_bsw_studie_st.pdf. Accessed 3 July
2018.

Thamling, N., 2015. Hintergrundpapier zur Energieeffizienzstrategie Gebdude - Erstellt im Rahmen der
Wissenschaftlichen Begleitforschung zur ESG, Berlin, Heidelberg, Darmstadt, 131 pp.
https://www.prognos.com/uploads/tx_atwpubdb/20151220_Prognos_Hintergrundpapier_ EES.pdf.
Accessed 6 April 2018.

The Association for Decentralised Energy, 2018. What is District Heating?
https://www.theade.co.uk/tesources/what-is-district-heating. Accessed 20 February 2018.

Thiel, D., Ehtlich, M., 2012. BMVBS-Online-Publikation, Nr. 08/2012: Ermittlung von spezifischen
Kosten energiesparender Bauteil-, Beleuchtungs-, Heizungs- und Klimatechnikausfithrungen bei
Nichtwohngebéduden fiir die Wirtschaftlichkeitsuntersuchungen zur EnEV 2012. BMVBS-Online-
Publikation Nr. 08/2012, 98 pp. https://www.energickompetenz-
bw.de/fileadmin/user_upload/energiemanagement/Wissensportal/ Ausbildungen/energieauditor_1624
7_kommunal/16-Kostenkennwerte-Technik.pdf. Accessed 16 July 2018.

TU-Wien, E.E.G., 2008. Energiesysteme der Zukunft: Szenarien der gesamtwirtschaftlichen Marktchancen
verschiedener Technologielinien im Energiebereich, Wien, 245 pp.
http:/ /www.ceg.tuwien.ac.at/eeg.tuwien.ac.at_pages/research/downloads/PR_85_Endbericht_810707.
pdf. Accessed 26 June 2018.

Umweltbundesamt, 2009. Climate Change 18/2009: Role and Potential of Renewable Energy and Energy
Efficiency for Global Energy Supply, 344 pp.
https:/ /www.ecofys.com/files/files/report_role_potential renewable_energy_efficiency_global_energy
_supply.pdf. Accessed 7 March 2018.

van de Bree, A., Manteuffel, B. von, Ramaeckers, L., Offermann, M., 2014. Role of Building Automation
related to Renewable Energy in nZEB’s, Utrecht, Netherlands, 47 pp.
https:/ /www.ecofys.com/files/files/ ecofys-2014-role-of-building-automation-in-neatly-zero-energy-
buildings.pdf. Accessed 26 April 2018.

Voss, K., Lohnert, G., Herkel, S., Wagner, A., Wambsganf3, M., 2005. Birogebiude mit Zukunft, 1st ed.
TUV-Verlag GmbH, Cologne.

Wagner, A., Herkel, S., Kohne, W., 2013. Energieeffiziente Fenster und Verglasungen, 4th ed. Fraunhofer
IRB Verlag, Stuttgart.

Weiss, M., Junginger, M., Patel, M.K., 2008. Learning energy efficiency - Experience curves for household
appliances and space heating, cooling, and lighting technologies, Utrecht, 223 pp.
https://dspace.library.uu.nl/bitstream/handle/1874/32937/NWS-E-2008-112.pdf?.1. Accessed 23
April 2018.

Wietschel et al., 2010. Energietechnologien 2050 — Schwerpunkte fiir Forschung und Entwicklung:
Technologienbericht, Stuttgart.

62



Wirth, H., 2018. Aktuelle Fakten zur Photovoltaik in Deutschland, Freiburg, 88 pp.
https:/ /www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/ studies /aktuelle-fakten-
zur-photovoltaik-in-deutschland.pdf. Accessed 17 April 2018.

Wright, T.P., 1936. Factors affecting the costs of airplanes, 3rd ed.

2013. Zahlen und Fakten Energiedaten — Nationale und Internationale Entwicklung, Berlin.

Zakeri, B., Syri, S., 2015. Electrical energy storage systems: A comparative life cycle cost analysis. Renewable
and Sustainable Energy Reviews 42, 569-596. 10.1016/j.rser.2014.10.011.

63



