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Dear Reader,

The “Euro-Asian Journal of Sustainable Energy Development Policy” is the outcome
of the established cooperation among scientists from Europe, Black Sea, Caspian Sea
and Central Asia.

It is part of a growing cooperation in the frame of PROMITHEASnhet activities. A
network that includes members from the aforementioned areas and remains open to
new participants, while its range of activities includes an Annual Scientific
Conference, scientific awards, workshops, seminars and joint participation in EU
financing research activities.

In addition, the PROMITHEAS network disseminates relevant information through
its newsletter, to more than 26,000 registered recipients from 170 countries.

In this context, we encourage scientific synergies and we invite colleagues to join us
as authors, article-reviewers or even as partners in research projects.

Our continuous effort is the quality upgrade of the journal’s content and to this aim
we welcome your contribution.

The translations of abstracts to Russian language were carried out due to the kind
contribution of Prof. Haji Melikov.

The editor

Prof. Dimitrios Mavrakis
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Hoporoii ynrarens,

“EBpo-A3HaTcKuil KypHajd II0O IOJUTHUKE pa3BUTHS YCTOMYMBOM HHEPreTUKU”
SBJIIETCS Pe3yJIbTaTOM HaJIa)KEHHOTO COTPYIHUYECTBA yueHbIX u3 EBpomnsl, YepHoro
Mmops, Kacnmiickoro mops u LlentpansHoit A3un. OH SBJSIETCA 4acThbIO PACTYIIETO
coTpyaHuuecTBa B pamkax zesrenbHoctr cetd PROMITHEAS; cerb, koTopas
BKITIOYAET B ce0sl YWICHOB M3 BHIIEYNOMSHYTBIX 001acTel 1 ocTaéresi JOCTYIMTHOM Jist
HOBBIX YYacTHHKOB, a TakXKe CIIeKTp e€ MesATeNbHOCTH BKIo4aeT ExxeronHyro
Hayunyro KoHdepenuuto, HayuHble Harpajabl, COBEIIAHHA IO OOMEHY OIIBITOM,
CeMHHaphl 1 COBMECTHOE y4acTHE B HAyYHBIX UCCIeNOBaHUsX, puHaHcupyembix EC.

Kpome Toro, cerp PROMITHEAS pacnpocTpaHseT  COOTBETCTBYIOIIYIO
nHbopMaIio dYepe3 CcBOH HWHMOPMAIMOHHEBINH OrouieTeHb, Oomee dem 26,000
3apEruCTPUPOBAHHBIM nonydaTensM u3 170 crpas.

B cBsa3m ¢ 9THUM, MbI TAKXX€ IMOOUIPAEM HAYyYHOC COTPYAHUYCCTBO H IIpUIJIalIacM
KOJUIET IPUCOCAMHUTLCA K HaM B KaU€CTBE aBTOPOB, pCHCH3CHTOB cTaTeH Ui JaXXeC B
Ka4CCTBC MMAapTHEPOB B UCCICAOBATCIIbLCKUX ITPOCKTAX.

Hamm nmoctosiHHBIS YCWIMA - 9TO IMOBBINICHUE Ka4CCTBa COACPIKAaHHUA XypHalla, U C
3TOM LSO MBI ITPUBETCTBYCM Balll BKJIA/.

IlepeBoapl TE3WCOB HA PYCCKMH A3BIK OBUTM BBIMOJHEHBI NMPH JHOOE3HOW MOMOIIH
npodeccopa ['amku Menukosa.

Penakrop

[Ipod. JIumutproc MaBpakuc
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Aim and scope

The PROMITHEAS scientific journal titled “Euro-Asian Journal of Sustainable Energy
Development Policy” is a semi-annual bilingual (English, Russian) publication addressing
policy issues on energy and climate change, mainly from the Black Sea, Caspian, Central
Asia and S.E. Europe regions. The aim of the publication is to motivate and encourage the
scientific and research human potential of these regions to present their research work in
the aforementioned areas. Thus, it is expected that the regional scientific potential will be
more easily identified and able to be contacted by regional and EU energy policy and
environmental stakeholders. Efforts will be made so as the journal contains articles
produced through joint efforts among researchers from the regions and the PROMITHEAS
network participants.

The scientific journal will also host articles and executive summaries of scientific reports
and studies presented during workshops, organized by the PROMITHEAS Network,
regarding energy and climate policy issues. The contents of each issue will be determined
by the editorial board.

Major articles will cover a comprehensive range of topics such as:
Energy supply and geopolitics;

Strategic energy planning;

Socio-economics of hydrocarbon reserves exploitation;
Energy interconnections;

Regional Energy Market development;

Emerging hydrogen technologies;

Renewables;

Energy efficiency;

Socio-economics of transcontinental energy corridors;
Climate change (Mitigation, Adaptation);

Energy and Climate Change modelling;

Analysis and implementation of climate policy instruments;

RTD policies and socio-economics for new forms of energy.

viii



ean u 3apanus

Hayunsiit xxypnan PROMITHEAS non nasBanueM «Eepo-Azuamckuii jcypuan no
RONUmMUKe PA36UMUA YCIMOUYUEOU IHEPZeMUKU) TIPEICTABIAET cO00H MOIyro10Boil U
IBYS3BIYHON (QHTTMICKUM, pPYCCKHH) MyOJMKanued, KOTopas yAenseT OCHOBHOE
BHUMAaHHE BOIPOCaM MOJMTUKM B OONACTH JHEPIeTHMKM WM W3MEHEHUS KJINMaTa, B
OCHOBHOM 1 perroHoB UepHoro n Kacmmiickoro mopeit, Llearpanpaoit Azum n HOro-
Bocrounoit Espombl. llenms myOnaukanmud - MOTHBHPOBATH M IOOMIPATH HAYYHO-
WCCIIEZIOBATENbCKUI YEIIOBEYECKHI TOTEHIIHAT JSTUX PETHOHOB IMPEJICTaBUTH CBOIO
HCCIIeIOBATENLCKYIO Pa0OTY B BHIIICYITOMSHYTHIX 001acTsx. Takum oOpa3om, oxKumaercs,
YTO pErMOHANBHBIN HAy4YHBI MOTEHIMaN OyJeT Jierde MACHTU(QHUIUPOBATHCS M UMEThH
BO3MOXKHOCTb CBSI3aThCS C PETMOHAIBHBIMH M €BPONEHCKUMH 3JHEPTeTUYECKUMHU
MOJIMTUKAMH M 3aMHTEPECOBAHHBIMH CTOPOHAMH B 00JaCTH OKpyXaromuield cpeasl. bymyt
NPEANPHUHATHl yCUJIMS, YTOOBI JKypHall COIEp)Kal CTaTbH, CO3JAaHHBIE COBMECTHBIMH
YCUIMSIMH HCCIIeoBaTeNnel u3 pernoHoB U ydyacTHUKOB ceth PROMITHEAS.

B nayuHoM XypHane Takxe OyIyT NpeNCTaBIECHbI CTaThbU M HCIIOJHHUTENIbHBIE PE3IOME
HaY4HBIX JOKJIAJ0B U UCCIENOBAHUM, [IPEACTABICHHBIX HA CEMUHApaX, OPraHM30BaHHbIX
cerbio  PROMITHEAS, mo BompocaM 3HEpPreTMKH M KIMMAaTHYECKOW MOJUTHKH.
Copaeprxanue Kaxo0ii mpoOieMbl OyeT ONpeerIeHo pelaKIMOHHOM KOJLIeruei.

OCHOBHBIE CTaTbH OXBATHIBAIOT HIMPOKHUI KPYT BOIPOCOB, TAKUX KaK:
- DHeprocHa0KeHNE U TeOTNOIUTHKA;

- CTpaTernveckoe YHepPreTHIecKoe MIaHUPOBAHKE;

- CoumnanabHO-35KOHOMHYECKast IKCILTyaTallysl 3aacoB yriIeBOJOPOJIOB;
- DHEpPreTUYeCKUE B3aUMOCBS3H;

- Pa3zBuTHE perHoHaIbHOTO SHEPTETHUECKOTO PhIHKA;

- HoBble BosiopoTHBIE TEXHOJIOTHH;

- Bo300OHOBIISIEMEIE;

- DHeproaGpHEeKTUBHOCTS;

- COLIMOAKOHOMHKA TPAHCKOHTHHEHTAJIbHBIX YHEPTeTHYECKUX KOPHIOPOB;
- M3MeHeHne kimuMmara (CMArdeHue MOCHIeICTBHM, alanTalys);

- MOI[CJII/IpOBaHI/Ie OHEPTCTUKU U UBMCHCHU KIIMMATa,

- AHanu3 ¥ BHEIPCHUE MHCTPYMCHTOB KIMMATUYCCKOW MOJUTHKU- TMOJUTUKH HAYYHBIX
TEXHUYECKUX WCCIIEOBAaHUN ¥ COIMAJIhbHOPKOHOMHUYECKHE acCHeKThl HOBBIX (hopm
SHEPTHH.
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Abstract

A secure energy supply is important for Japan, but it is becoming difficult due to increasing energy demand
in emerging countries. This study aims to understand how the energy security performances have evolved
and will improve in the future in Japan by applying three energy security indicators based on the Shannon—
Wiener’s diversity. Overall, energy security performances improved until the early 2010s. However, the
energy security performances declined after 2011 because of the Fukushima nuclear disaster. In the future,
energy security performances will improve under the selected four energy scenarios, compared to the
historical levels. Comparing the four scenarios, energy security performances will be higher for the
scenarios having balanced primary energy structure including nuclear power. Energy security
performances, evaluated by three indictors in this study, are mainly affected by diversity of primary energy
sources. In addition, import factors are also important to determine the performances.
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Energy security performance, energy security indicators, Japan, historical and scenario analysis.

1. Introduction

The self-sufficiency rate of energy (including
nuclear and renewable energy) was 6% in 2013 in
Japan. The country highly depends on fossil fuels —
these accounted for more than 80% of energy supply
before the Fukushima Daiichi nuclear disaster and at
present account for more than 90%. These fossil fuels
are mostly imported and mainly come from the
Middle East, which has high geopolitical risks.
Because energy demands in emerging countries, such
as Chinaand India, are increasing and these countries

will secure their energy supply, it will be more
difficult for Japan to rely on cheap imported fuels in
the near future. Thus, producing its own energy
sources and reducing dependence on imported
energy are essential.

Nuclear power, which is considered semi-
domestic energy, has been one of the energy sources
that can reduce dependence on fossil fuels. However,
the Fukushima nuclear disaster changed the situation,
highlighting the safety issues of using nuclear power.
Thus, only three nuclear power plants are in
commercial operation (as of November 2016).
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As an alternative energy source, renewable
energy will be one of the most important elements in
securing Japan’s national energy supply and solving
other environmental issues, such as climate change
and air pollution. Although multiple national policies
were introduced to diffuse renewable energy after the
oil shocks in the 1970s, renewable energy other than
hydropower accounted for only a small percentage of
total primary energy supply. After the introduction of
the Feed-in Tariff (FIT), launched in 2012, the share
of renewable energy increased more than the
historical trend.

In April 2014, the latest version of the Basic
Energy Plan, which was developed after the
Fukushima nuclear disaster, was endorsed by the
government. The purpose of the plan was to
completely revise the energy strategy of Japan,
particularly reducing dependency on nuclear power,
considering the Fukushima nuclear disaster. The plan
prioritizes energy security, but also considers
economic efficiency and conservation of the
environment, all with a strong focus on safety — so
called 3E+S.

In transitioning towards a sustainable society,
Japan faces many challenges. The main challenges of
energy policies can be summarized as follows. In the
Basic Energy Plan, no best energy mix is defined. To
establish a sustainable society, the plan indicates that
the share of renewable energy should be increased.
However, no numerical targets exist for renewable
energy. In addition, coal-thermal power is still
considered an important baseload  power.
Furthermore, the position of the government
regarding nuclear power is not clear. As mentioned
above, the plan indicates that nuclear power is an
‘important’ baseload power source and, at the same
time, that dependency on it should be reduced. The
energy structure also closely relates to energy
security. Since Japan imports most energy resources,
energy costs and a stable energy supply may be at
risk if Japan continues to rely on imported fossil fuels.

In July 2015, the Long-term Prospect of Supply
and Demand of Energy, which targets year 2030, was

released. This prospect was developed based on the
aforementioned Basic Energy Plan. According to the
prospect, Japan will increase the share of renewable
energy to 13-14% of primary energy (22-24% of
power generation). In addition, the share of nuclear
power will be increased to 10-11% of primary energy
(20-22% of power generation). Furthermore, drastic
energy saving is expected to reduce energy demand.
However, there are still difficulties to resume nuclear
power plants and to increase renewable energy to
achieve the levels indicated in the prospect.

Many types of research on energy security have
been implemented in literature, reviewing different
countries and regions, different methods, and
different periods. In particular, there is a large
number of studies that focus on Asian countries, but
few for the case of Japan.

Ren and Sovacool (2015), Wu (2014) and, Yao
and Chang (2014) targeted China. Ren and Sovacool
(2015) applied an analytic hierarchy process to
evaluate energy security with respect to low-carbon
energy. Wu (2014) examined China's energy security
strategies by focusing on overseas oil investment,
strategic petroleum reserves, and unconventional gas
development in the 11th and 12th Five-Year
Program. Yao and Chang (2014) also used the 4As
(availability, affordability, acceptability, and
accessibility) approach and evaluated the transition
of energy security performance by areas of rhombus
made by the 4As in the past (1980-2010). Chuang
and Ma (2013) evaluated energy policy in Taiwan
using six energy security indicators of four
dimensions in the past (1990-2010) and also the
future energy policy in terms of energy security using
both a modeling approach and the indicators. Shin et
al. (2013) analyzed energy security in the Korean gas
sector using a model approach (quality function
deployment and system dynamics) from the past to
the future (1998-2015). Martchamadol and Kumar
(2012) evaluated energy security in Thailand from
the past to the future (1986-2030). They applied five-
dimensional (19 indicators in total) indicators, using
statistical data for the historical analysis and a
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scenario approach for the future analysis.
Thangavelu et al. (2015) used an optimization model
for exploring a long-term energy mix for society with
high energy security and low carbon in the future in
Indonesia. Ang et al. (2015a) evaluated historical
energy security (1990-2010) in Singapore using 22
indicators of three dimensions. They also conducted
scenario analysis for the future (until 2035) based on
a business-as-usual projection. Sharifuddin (2014)
evaluated energy security in five Southeast Asian
countries  (Malaysia, Indonesia, Philippines,
Thailand, and Vietnam) using 35 indicators
representing 13 elements grouped into five aspects of
energy security in three periods (2002, 2005, and
2008). Selvakkumaran and Limmeechokchai (2013)
evaluated the future energy security (until 2030) with
respect to oil security, gas security, and sustainability
in three Asian countries (Sri Lanka, Thailand, and
Vietnam) using a model approach. Similarly,
Matsumoto and Andriosopoulos (2016) used a
computable general equilibrium model and an energy
security indicator for evaluating the future energy
security (until 2050) in three East Asian countries
(Japan, China, and Korea) under climate mitigation
scenarios. There is also a special issue on Asian
energy security from Energy Policy (volume 39 issue
11) in 2011. In the special issue, Takase and Suzuki
(2011), using the long-range energy alternatives
planning software system, analyzed future energy
pathways, which have impact on energy security, in
Japan. The authors mainly focus on energy structures
in the future under different nuclear power
development and greenhouse gas emission
abatement.

As shown in the above-mentioned literature, there
are many studies on energy security focusing on
Asian countries. However, the studies targeting
Japan are few, although energy security is an
important issue for Japan as mentioned above.

In terms of methodology for evaluating energy
security, most studies apply some sort of ‘indicators’
to statistical data or results of model or scenario
analysis. However, different definitions, dimensions,

or indexes have been used in each study (see for
example Ang et al. (2015b) for a comprehensive
review of energy security studies), meaning that
there are no consistent definitions or evaluation
methods for energy security performance. When
evaluating energy security performances of
countries, the most important factor is the availability
of energy as it is included in the indicators in most of
the related studies (Ang et al., 2015b). Furthermore,
considering that such indicators are used by
policymakers to establish energy policy in a country,
a simple and comprehensible methodology is
preferable. The Shannon—Wiener index is one of the
most common and simple indicators in energy
security studies and have often been used in the
literature (e.g., Jansen et al., 2004; Grubb et al., 2006;
Ranjan and Hughes, 2014; Victor et al., 2014).

The purpose of this study is to evaluate energy
security performances in Japan from the past to the
future, using comprehensive energy security
indicators. For the past, statistical data are used,
while for the future, energy scenarios are used. Long-
term historical analysis is important to understand
what contributes for improving energy security. In
addition, the scenario analysis for the future can
show how energy mix that is considered under
energy policy or scenarios in Japan can (or cannot)
contribute to improve energy security.

2. Methods
2.1 Energy security indicators

In order to analyze the historical transition of
energy security performances and energy security
performances in the future, three energy security
indicators are used (Jansen et al., 2004; Lehl, 2009).
The proposed indicators enable the analysis of
energy (supply) security in the past and the future
based on historical data or future scenarios. The first
indicator (S1, eq. 1) evaluates the diversity of energy
sources based on the Shannon-Wiener index, which
is an indicator for evaluating primary energy
diversity. Diversity is important for maintaining
energy security, because the probability of
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compensating for the loss of a primary energy source
by other energy sources will increase, thus
preserving energy security. However, concerning the
energy security of countries, it is important to
consider where the energy sources come from. In
general, domestic energy is safe but a procurement
risk exists for imported energy. In addition, similar
to diversity of energy sources, diversity of the origin
of imported energy contributes in improving energy
security. The second indicator (S2, eq. 2) considers
the import dependence of the country on its energy
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sources, as well as its energy imports by origin. In
this indicator, all of the energy exporters are treated
equally. However, energy security will be worse if
energy sources are imported from politically and
economically unstable countries. Thus, the third
indicator (S3, eq. 6) extends the second one by
incorporating a country-risk factor associated with
the country’s energy imports origins. By definition,
the values of three indicators will be S1 > S2 > S3,
and they are not comparable.
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of primary energy imports, pi: the share of

primary energy i, dm;: the share of imports of primary energy i, mj: the share of imports of
primary energy i from country j, rj: the risk indicator for country j, N: the number of primary

energy types, and M: the number of origins of prim

ary energy imports.
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2.2 Historical data

To calculate the three indicators for the past (from
1978 to 2014), we obtained the data from the
following data sources. First, primary energy
production, import, and export in Japan (to calculate
the share of primary energy pi and the share of
imports of primary energy dmi) are from the Energy
Balances of OECD Countries (IEA, 2015b). Since
the types of primary energy are broad and in detail in
this database, they are aggregated into 10 types of
primary energy (i.e., coal, oil, gas, nuclear, hydro,
Photovoltaics (PV), wind, geothermal, biomass, and
other renewable energy). Primary energy imports by
origin (to calculate the share of imports mij) are from
the Coal Information (IEA, 2015a), Qil Information
(IEA, 2015c¢), and Natural Gas Information (IEA,
2015d). Finally, the risk indicator is obtained from
the World Governance Indicators (World Bank,
2015). Since the original data of the World
Governance Indicators range from approximately -
2.5t0 2.51, they are normalized to the scale of 0 to 1.
The smaller the values, the larger the country risks to
secure energy supply.

Among these databases, natural gas imports by
origin and risk indicators do not cover the data before
1992 and 1995, respectively. To cover a sufficient
time span for the analysis, we complemented the
missing data by using the data in the closest existing
year (i.e., 1993 and 1996, respectively).

In Japan, total primary energy demand has largely
increased from 1960 to the present (Fig. 1). After its
peak in early 2000s, the total demand tended to
decline. The large increase in the total primary
energy demand in 1960s is mainly due to increases in
oil demand. However, after the oil shocks in the
1970s, oil demand did not increase, but rather tended
to decrease. Until the early 1980s, coal and oil
occupied the largest part of primary energy demand,
but after that the shares of nuclear and natural gas

! http://info.worldbank.org/governance/wgi/index.aspx#doc-
methodology

increased. Hydropower, which is for power
generation, was used constantly during the observed
periods. The share of other renewable energy sources
has increased recently, although these percentages
are still small compared to traditional energy sources.
After the Fukushima nuclear disaster, the trend has
tremendously changed. Because all nuclear power
plants were shut down and most of them have not
been resumed, the share of nuclear power has been
reduced to almost zero. Although total primary
energy demand is getting smaller in recent years,
such a decline in demand could not compensate for
the shut-down of nuclear power plants. This decrease
in primary energy supply is compensated for by
increases in coal and natural gas. As a result, the
share of fossil fuels rose to more than 90%. Although
the introduction of renewable energy, particularly
PV, has increased after the FIT was implemented in
2012, the share is still very small.

Figure 2 shows how much Japan depends on
foreign energy sources. During the observed period,
almost 100% of oil was imported. Dependence on
imported coal and natural gas was not great from the
1960s to the early-1970s. However, the dependence on
imports is rising over time, increasing to almost 100%
for these two fossil fuels, similar to oil. These trends
show that most of fossil fuels are imported in Japan.

2.3 Scenario analysis

For the scenario analysis for the future, energy
scenarios developed by the Institute of Energy
Economics, Japan (IEEJ; IEEJ, 20153, b) are used.
These scenarios target the year 2030. As described in
Section 1, the Government of Japan released the
Long-term Prospect of Supply and Demand of
Energy. However, to investigate the broad future
possibility, it is suitable to use multiple future
scenarios. Therefore, IEEJ’s energy scenarios are
used in this study.
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Fig. 1. Structure and transition of primary energy demand. “Others” means other renewable energy. Source: IEA, 2015b.
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IEEJ’s energy scenarios were developed using their
econometric model considering future uncertainties.
Four scenarios, hereafter called ES1-4, were
developed particularly focusing on the power
generation mix (renewable energy and nuclear
power). Table 1 shows the overview of the scenarios.
The ES1 scenario assumes to use more renewable
energy and no nuclear power, while the ES4 scenario
uses less renewable energy and more nuclear power.
The ES 2 and 3 scenarios are in between the other
two. Nuclear power plants meeting the regulatory

1990 4
19924
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1996 1
19984
2000 A
2002
2004 4
2006
2008
2010 4
2012 4
2014

IEA, 2015b.

standards will operate for 40 years in the ES2
scenario, while power plants passing the special
inspection extend their operating periods in the ES3
and 4 scenarios. Power generation by renewable
energy will be 2.1 to 4.1 times higher than the current
level. Since it is not possible to fully replace nuclear
power plants, which comprise baseload power, with
renewable energy, the share of thermal power is
higher in the low-nuclear scenario. Consequently,
ES4 shows lower CO, emissions and higher GDP
than the other scenarios. Figure 3 and Table 2 shows
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the primary energy structure under the four
scenarios.

3. Results and discussion

3.1 Historical trend of energy security performances

Figure 4 shows historical trends of energy
security performances evaluated by three indicators.
In the early stage of the analysis (from 1978 to early
1980s), all of the three indicators have increased.
This is due to a decrease in the share of oil, and an
increase in the share of natural gas and nuclear power
in the primary energy structure (see also Fig. 1). This
trend is brought about by the oil shocks. After the

first oil shock in 1973, the government released
administrative guidelines to reduce use of oil and
electricity. Furthermore, Japan established several
policies to secure stable energy supply, such as
reduction of dependence on oil and diversification of
energy sources by introducing non-fossil fuels, stable
supply of oil, energy savings, and research and
development of new types of energy. However, the
trends are different by indicator after that. The S1
indicator has continuously increased until the early
2010s, while the S2 and S3 indicators (in which
energy imports and country risks were taken into
account) generally continued to be flat, or become
even slightly worse, in the same period.

Table 1. Overview of the IEEJ’s energy scenarios.

ES1 ES2 ES3 ES4

Renewable energy (%)

Thermal (%)

Power generation mix Nuclear (%)

Power generation (PWh)

35 30 25 20
65 55 50 50

0 15 25 30
1.1 1.2 1.2 1.2

Econom Power generation costs (JPY/kWh) 21.0 19.0 16.4 14.8
y Real GDP (trillion JPY) 684 690 693 694
Energy Self-sufficiency ratio (%) 19 25 28 28

Environment 2005 level)

CO; emissions (percent change from

-20 -24 -26 -26

500

Source: IEEJ, 2015a,b
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Fig. 3. Primary energy structure under the IEEJ’s energy scenarios. Source: IEEJ, 20153, b.
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Table 2 Share of each energy source in primary energy under the IEEJ’s energy scenarios.

ES1 ES2 ES3 ES4
Coal 22.4% 22.0% 21.2% 20.0%
oil 34.1% 33.5% 33.1% 33.2%
Gas 25.1% 20.3% 18.8% 20.0%
Nuclear 0.0% 7.8% 13.0% 15.7%
Hydro 7.2% 6.9% 6.4% 5.5%
PV 5.8% 4.8% 4.0% 2.8%
Wind 2.8% 2.1% 1.4% 0.8%
Geothermal 2.2% 2.1% 1.9% 1.6%
Biomass 0.5% 0.5% 0.4% 0.3%

Source: IEEJ, 2015a,b
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Fig. 4. Historical energy security performances in Japan.

2014



Euro - Asian Journal of sustainable energy development policy

MIHLHIEBHHIHHIBBY

Sl

mESL

?
%
g
%

S2 S3

Fig. 5. Future energy security performances under the IEEJ’s scenarios.

The S1 indicator purely measures diversity of
primary energy. During the corresponding period,
the share of oil continuously decreased, while the
share of natural gas and nuclear power continuously
increased. In addition, the share of renewable energy
slightly increased. These effects, in total, increased
the diversity of the primary energy sources. In the
case of the S2 and S3 indicators, the dependence on
imports cause the indicators to be flat from the 1980s
to the 2000s. As shown in Fig. 2, the import of natural
gas sharply increased until 1980 and slowly but
continuously increased after that. The import of coal
also increased from 1978 to the present. Such
increases in imports offset the increases in value by
diversifying energy sources. For the country risk
indicator, because same values are used until 1996,
country risk affects the energy security indicator only
when the share of import by origin changes. If more
fossil fuels are imported from higher-risk countries,
the energy security performance declines. From
1996, the situation is also similar to that of before
1996 since the country risk indicator does not change
greatly. In the case of coal, imports from Australia
and Indonesia increased from the mid-1990s to
2000s, while those from Canada and the US
decreased. Australia, Canada, and the US are
countries with lower risk, while Indonesia is a
country with high risk. With regard to oil, imports

from Saudi Arabia, which is a higher-risk country,
increased, while small decreases were observed in
some countries in the same period. For natural gas,
imports from Australia, Qatar, and Russia increased,
while those from Brunei and Indonesia decreased.
Australia is a country with lower risk as indicated
above, while Brunei and Qatar are in the middle, and
Indonesia and Russia are countries with higher risk.
Comparison between the S2 and S3 indicators
suggests that import is a more influential factor in
determining the performances than the country risk
factor.

Finally, after 2010, all three indicators declined
tremendously due to the shutdown of nuclear power
plants after the Fukushima nuclear disaster. During
this period, the decrease in the use of nuclear power
was compensated for by fossil fuels, particularly
natural gas. This change caused a reduction in the
diversity of the primary energy structure.

The above results suggest that the diversity of
energy structure is the primary factor in determining
the performances of energy security. In addition,
imports (total imports and diversity of the origin of
imports) are also an important factor. Since the
country risk indicator does not seem to affect the
performance in this study, it might be due to the fact
that the risk indicator changes only slightly over
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time. Therefore, if an incident, such as a war or a civil
war, largely changes the situation of a country, it can
affect the energy security performance.

3.2 Comparison of scenarios

In analyzing the scenarios, primary energy
sources in the original references were aggregated
into the sources treated in the historical analysis,
although the scenarios do not include the “others”
(other renewable energy). Because the share of
“others” is very small, this difference does not affect
the comparison between the historical and scenario
analysis. Note that since only primary energy
structure is available from the references, historical
data are applied for energy imports and country risk
indicators.

When calculating the S2 indicator for the
scenarios, we assume that fossil fuel production in
the latest year is kept in the future (to calculate the
coefficient c¢2i). This means that fossil fuel
production does not change in 2030 from the current
level (production of the 10-year average is used) and
the fossil fuel demand that cannot be fulfilled by the
production is imported. Similar to the S2 indicator,
this assumption on the coefficient (c3i) is also
considered for calculating the S3 indicator.

Figure 5 shows the results under the IEEJ’s
energy scenarios. Since the same assumption is
applied for imports and country risk indicators for all
the scenarios, the differences by scenario are similar
for each indicator. The results suggest that ES2 and
ES3 scenarios show the highest energy security
performances (the second scenario is slightly higher
than the third one for the S1 indicator, while the third
one is slightly higher than the second one for the
other two indicators), while the ES1 is the lowest. As
Table 1 and Fig. 3 showed, the ES1 is the extreme
scenario, which uses no nuclear power at all. It means
that the primary energy structure is biased towards
fossil fuels, although the share of renewable energy
is larger than in the other scenarios. The ES2 and ES3
have more balanced primary energy structures,
particularly for important energy sources (energy
sources with larger shares), compared to the other
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two. The ES4 also looks to have balanced energy
structure, but the large share of nuclear power
reduces the share of renewable energy that consists
of several energy types. Consequently, the ES2 and
ES3 scenarios have more diversified primary energy
structures than the ES4. Observing the S2 and S3
indicators, because import and country risk factors
affect evaluation against fossil fuels, the scenarios
with higher shares of fossil fuels tend to be more
greatly affected.

Comparing the above results with the historical
analysis shows that the values in the four scenarios
are higher than those in the historical analysis for all
the indicators, meaning that the energy security
performances are expected to improve in the future
under the given energy scenarios. For the three
scenarios using nuclear power (ES2-4), use of
nuclear power as well as increase in renewable
energy contributes to improving energy security
performances. Comparing the primary energy
structure in this scenario (Fig. 3) with the historical
one (Fig. 1) shows that the decrease in nuclear power
is compensated for by greater use of renewable
energies. In addition, although the total share of fossil
fuels remains almost the same, the structure is more
balanced by using more natural gas and less oil.

4. Conclusion

Because Japan is poor in energy sources and
because its energy situation will be severer in the
future, securing its energy supply will be a more
significant issue. In this paper, we first evaluated
transition in the  historical energy security
performances and then analyzed energy security in
the future under four energy scenarios.

From the historical analysis, it was shown that
energy security performances evaluated by three
energy security indicators improved over time,
although the indicators S2 and S3 were almost flat
from the late 1980s to the early 2010s. However,
energy security performances declined from 2011
due to the Fukushima nuclear disaster. This means
that diversity of primary energy sources, including
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nuclear power, is important for keeping high energy
security performances. From the scenario analysis,
energy security will improve under the future
scenarios considered in this study. It is suggested that
energy balances mentioned above and also energy
saving can improve the energy security performances
of Japan compared to the historical situation.

To further improve energy security, additional
measures can be considered. First, an increase in the
share of renewable energy is necessary to balance
primary energy structure. This will also decrease
dependence on imported fossil fuels. However, if the
share of unstable renewable energy increases too
much, power system stability will be affected.
Therefore, increases of stable renewable sources
(e.g., medium- and small-hydro, biomass, and
geothermal power) are expected. In addition,
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Abstract

As the share of intermittent renewable energy generation rises within the German grid, solutions
are required to deal with temporary overproduction of electricity as well as shortfalls. Other
changes to energy infrastructure and balancing and ancillary service requirements are expected,
due to a changing composition of generating capacity. Pumped hydropower storage systems are
natural partners of wind and solar power, using excess power to pump water uphill into storage
basins and releasing it at times of low renewables output or peak demand. This is a well-proven,
reliable technology, which has traditionally always played a role in providing balancing and
ancillary services. However, suitable sites are limited in most countries and where they exist,
opposition towards new plants is often high, due to the disruption to landscape and bio-habitats.
There are recent developments in battery storage technology, which may be better suited to a
largely decentralised energy system. Utility scale batteries using Lithium Ion technology are now
emerging.

These could potentially be integrated into the existing built environment, sparing virgin landscape.
Nevertheless, battery stores cause also environmental impacts, albeit in different impact categories
(e.g. use of scarce natural resources). This paper outlines consequences of increasing renewables
on the grid as contextual information, taking Germany as an example. Based on a scientific study
for a provider of pumped hydropower storage, the paper clarifies initially the role of pumped
hydropower storage and utility scale batteries. It compares their respective technical potentials and
limitations in providing certain services. In addition, the paper explores environmental impacts of
both technologies over their respective life cycles, drawing on Life-Cycle-Assessment-data.

Keywords

Pumped hydropower, utility scale batteries, balancing and ancillary services.
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1. Introduction

In the wake of the Fukushima disaster the German
federal government decided on an accelerated energy
transition, entailing a shut-down of all nuclear power
stations by 2022 at the latest and generating at least
80% of power from renewables by 2050 (Decision of
German Cabinet, 2011). Conventional power stations
currently cover most of the balancing service
requirements of the Transmission Systems Operators
(TSOs) involved. However, with their share in the
electricity market diminishing, they will no longer be
available to cover these requirements to the current
degree. At the same time, the need for balancing in
the widest sense will increase due to the intermittent
nature of much of the prospective 80% renewables
making up the energy mix, i.e. wind and solar energy.
(Volker et al., 2013, p. 91).

Pumped hydropower storage systems complement
wind and solar power well. They use excess power to
pump water uphill into storage basins and release it at
times of low renewables output or peak demand.
Where suitable sites are available, locals often oppose
new plants fiercely, due to the disruption to landscape
and bio-habitats.

At the same time, battery technologies are
developing at a fast pace. Utility-scale batteries have
recently emerged, now able to provide a range of
balancing services. These can be sited on brownfield
sites, thus not impacting on the local landscape to the
same degree. However, they have particular
requirements as to the materials they are made from,
how they can be operated and how they are
decommissioned at their end of life. Hence the
question arises, how the two storage technologies
compare, if considering important environmental
impacts over the entire life-cycle.

2. Research Question and Methodology
The three questions to be addressed in this paper are:

e Can utility scale batteries provide an

adequate substitute for pumped hydropower
storage?

e QGiven their different technical
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characteristics, how do they have to be sized
to be comparable?

e  Which
important

better, if
impacts

technology performs
environmental are

considered over the entire life cycle?

As point of departure, the paper examines the need for
storage in the energy system of the evolving German
energy transition.

In the second step, both technologies have to be
matched as closely as possible in terms of their ability
to provide balancing and ancillary services. This
requires an analysis based on a literature review.

As a third step of analysis environmental impacts
over the whole life cycle are calculated using a
simplified Life Cycle Assessment (LCA) based on the
ecoinvent database version 3 (Werner et al., 2016),
but also incorporating real-life data as and where
available.

3. The German Energy Landscape and its
Balancing Requirements

A share of 32,5% of renewable electricity could be
achieved within the German electricity mix in 2015.
At times of peak renewable electricity output, such as
a sunny day around mid-day, over 80% of energy
demand can be met by renewables, while at times of
low irradiation and low wind there can be next to none
(Agora Energiewende, 2016). The influx of high
levels of solar energy in particular into the grid have
led to a drop in energy wholesale prices, even leading
to negative prices, when total energy supply surpasses
demand. Due to this drop in prices and an ill-
functioning EU-ETS (Agora Energiewende, 2016),
other conventional energy technologies, namely
flexible gas turbines can no longer compete, even
though they would complement renewables well, due
to their ability to modulate (Beck et al., 2013). The
only fuels able to compete are CO,-intensive coal and
lignite. This has led to an altogether unsatisfactory
development of CO; factors rising between 2011 and
2013 to 622g CO»/kWh (Icha, 2015), though this is
now expected to level off. Furthermore, due to the
inflexibility of lignite power stations and intermittent
renewables, excess electricity has to be exported into
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neighbouring grids, such as that of the Netherlands,
where gas-generation is now also being displaced, as
a result of the low, even negative prices for excess
electricity (Agora Energiewende, 2016b; Miiller,
2013).

There are therefore many reasons for finding a
lower carbon solution for balancing out fluctuations
in supply as well as demand, such as storage
technologies. Indeed, the market for balancing and
ancillary services is expected to change, with
conventional  generating  capacity  gradually
diminishing and increasing renewables imposing
strains on energy infrastructure (Deutsche Energie-
Agentur, 2014). Storage technologies are playing an
increasing role in providing these services, in
particular pumped hydropower storage and large
scale batteries. Other storage technologies are being
researched intensively (Taylor, 2009; Luo et al.,
2015), with high hopes for example placed on
compressed air storage, even though this technology

is still at pilot stage (Volker et al., 2013).

4. Technologies and Data to be Compared

Two electricity storage options shall be compared —
a pumped hydropower store and a large scale lithium-
ion store. The pumped hydropower store will provide
1 GW of power and a capacity of 9,6 GWH. The sizing
of the battery has to be comparable — see section
“Definition of Functional Unit and Time Frame*.

Pumped hydropower storage has been in use since
the early 20th century. It is a technically well
understood, well proven and reliable technology that
can be built at large scale, often having several GWh
of storage capacity. Total word wide capacity is
estimated at 127 GW (7 GW in Germany; Volker et
al., 2013), making it the largest scale technology for
electricity storage. It can provide large amounts of
balancing energy services (Moseley, 2015). Pumped
hydropower storage stores mechanical energy and is
being used for load balancing within electric power
systems. Energy is being stored in the form of the
gravitational energy potential of water, which is
pumped from a reservoir at lower level to another
reservoir at higher altitude, when there is abundant
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and or cheap energy in the system. At times of high
electricity demand, the stored water is released
through turbines which produce electric power. Some
losses occur in the pumping process making the plant
a net consumer of energy (Moseley, 2015; Lowry,
2017).

With emerging battery needs for a vast range of
applications, including electric mobility, research and
development of battery development is currently a
dynamic, swiftly evolving field (Wang, 2015). With
efficiencies of over 90% (e.g. Hiremath et al., 2015;
Korthauer, 2013), low memory effect and slow aging
charging cycles (Stenzel et al., 2015), lithium-ion
batteries are the technology of choice for large scale
stationary applications (Korthauer, 2013; Younicos
AG, 2016). The particular type of Lithium-Ion
technology considered here are Lithium-Manganese
batteries. Utility-scale batteries have only emerged
recently. They consist of a large number of battery
units on racks filling large halls (Koj et al., 2014).
Large scale battery stores are operated similarly to
pumped hydropower energy storage, storing energy at
times of high availability and feeding it back into the
grid at times of high demand (Sterner et al., 2015a).

The WEMAG utility-scale battery in the city of
Schwerin is currently Germany’s largest utility-scale
battery with a capacity of 5 MW and able to store 5
MWh. It went online in September 2014,

It mainly provides short term balancing energy
and has been subject to a number of studies (Koj et
al., 2015; Koj et al., 2014; Stenzel et al., 2015).

With the use of utility-scale batteries being an
emerging field, developments can only partially be
anticipated. The assumptions of this study would
therefore have to be reconsidered, as and when
battery technology evolves.

5. Ability to Provide Balancing and Ancillary
Services

In order to compare pumped hydropower stores
and utility scale battery storage, it has to be
established in how far their technical properties allow
for them to be employed in comparable applications.
Hence this section explores the role and capacity of
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the two storage technologies with regard to their
suitability for providing balancing and ancillary
services.

A study of the German Energy Agency (DENA)
on balancing and ancillary services was used as a
basis for defining the relevant fields of application
(Deutsche Energie-Agentur, 2014). Balancing and
ancillary services include frequency control, voltage
control as well as emergency and restoration services
in the case of blackouts or total system break-down.

Based on the German grid development plan of
2013 (also known as “NEP; (Bundesnetzagentur,
2013), the study assumes a scenario with tripled
renewable energy capacity compared to 2013, an
increase in gas generating capacity, a completed
nuclear energy phase-out and a much reduced share
of large scale conventional power stations in the mix.
The study comes to the conclusion that, regardless of
when such a scenario may happen, it would result in
an increased need for decentralised energy generators
and energy stores to provide for short falls in
balancing energy left by reduced capacity and
reduced running hours of large conventional power
stations. The increasing level of geographic disparity
between power generation and consumption poses
strains on the extra-high voltage transmission
network leading to increasing requirements for
reactive power at that level. With limitations on
expanding network capacities in line with growing
renewable capacity, the need for redispatch services
will also increase. The role of pumped hydropower
stations as a possible solution is emphasized
(Deutsche Energie-Agentur, 2014).

Mainly but not exclusively based on (Beck et al.,
2013; Sterner et al. 2015a; Ulbig, 2015; Hoflich et al.,
2010) an assessment has been made of the ability of
the two types of energy storage to provide the various
balancing and ancillary services. The definitions
between different kinds of balancing services differ
between countries, in particular with regards to the
time band covered by different levels of balancing (E-
BRIDGE CONSULTING and TAEW, 2016). In
Germany there is a distinction between instantaneous
frequency response, frequency containment reserve
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(up to 30 s), frequency restoration reserve (FRR,
active in 30s, lasts up to 5 min), replacement reserves
(RR, active in 5 min) and longer term operating
reserves. Beck et al. (2013) state that both batteries
and pumped hydropower storage are able to provide
the different types of balancing services. They find
that pumped hydropower storage is better suited than
batteries to frequency response. This is contrasted by
Sterner et al. (2015a), who point out the ability of
batteries to respond within milliseconds. Beck et al
(2013) and Deutsche Energie-Agentur (2014) see
batteries as preferable to pumped hydropower storage
for frequency containment reserve, whereas pumped
hydropower is certainly suitable as well (Hoflich et
al., 2010). Both batteries and pumped hydropower
storage can provide frequency restoration and
replacement reserves, but there is agreement that the
pumped hydropower storage is the better option
(Beck et al., 2013; Hoflich et al., 2010). Sterner et al.
(2015a), and Hoflich et al. (2010) point out that the
issue for batteries is their economic viability.
Batteries are not suited to balancing longer periods of
low wind and sun or even interseasonal balancing and
opinions as to the suitability of pumped hydro-power
storage are divided. Generally, power-to-gas or
power-to-X is referred to for longer term balancing
2014; 2015b).
However, due to their typically high energy-to-power
ratio (E2P) pumped hydropower stores contribute to

(Agora Energiewende, Sterner

longterm balancing, providing power for several
days, if fully charged. For example the 9,6 GWh store
considered here could supply the electricity demand
of 50 000 homes for 20 days (based on figures
supplied by a German operator of pumped
hydropower stations and Lang et al., 2015). It should
be remembered in this context that batteries
commonly have an E2P of 1:1 (Kriiger et al., 2015),
(Wandelt et al., 2015). This is partly due to the fact
that the suitability of Lithium lon batteries for longer
term storage is constraint by the fact that they self-
discharge over time (about 2-3% per months;
Electropedia, 2016). It is also partly due to their cost.
All in all the sizing of utility scale batteries is based
on economic considerations to provide maximum use
and hence maximum return through their application
in short term balancing service markets.
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A further difference lies in the two technologies’
suitability for peak-shaving, which, similar to load
levelling, reduces peak demand in order to avoid the
need for additional capacity to supply peaks (Corson
et al., 2014). Energy storage generally provides fast
response and emission-free operation. It is hence well
suited for this application. Batteries however are
constraint by their particular technical properties. A
battery has a set cycle life, after which it needs
replacing. A cycle equates to one round of charging
and discharging to the full storage capacity, but could
be made up of many part cycles. Charging or
depleting batteries to maximum capacity strains the
battery. Part-cycles are preferable and prolong its
lifespan (Arcus, 2016). Hence peak-shaving with
frequent larger cycles would be damaging to battery-
life (Kohler et al., 2010). Battery arrays should also
be over-dimensioned in order to allow for operation
in the low state of charge zone (TEC-Institut, 2012).

Reactive power is another service provided to date
primarily by conventional power stations. Deutsche
Energie-Agentur (2014) identified the need to
develop and adapt grid connection rules and
technologies, especially for larger decentralised
generators to provide reactive power. Both storage
technologies are able to provide it, too. Furthermore,
they are able to provide the following voltage control
services: fault-ride-through, voltage management,
phase shifting mode and general voltage stabilisation
(Hoflich et al., 2010; Sterner et al. 2015a; Agricola,
2015). Equally, emergency and restauration services
such as black-start capability and decoupling of
supply and demand can be provided by both
technologies (Hoflich et al., 2010; Sterner et al.
2015a), A summary of this analysis has been
compiled in Table 1.

In summary it can be said that suitability for both
storage technologies is similar enough to allow for a
comparison. It must be remembered, however, that
they differ in the extent to which they can provide the
services. Batteries are particularly well suited to fast

2 Due to the standardization of LCA the use of other
software leads to identical results if the same data is
considered.
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response short term balancing requirements (Agora
Energiewende, 2014). Larger storage capacities for
longer term services are not currently common
(Wandelt et al., 2015). Pumped hydropower energy
stores on the other hand tend to hold large volumes,
have far higher E2P ratios and thus are able to provide
longer term services, even bridging prolonged periods
of low renewable energy output at times of low sun
and at low wind.

It is these longer term services that are expected to
be in greater demand as the share of renewable
electricity grows (Volker et al., 2013, p. 91). There
are also differences in their preferred running modes.
On the one hand, modern batteries will last longer if
charging and discharging is done incrementally,
avoiding maximum charge and depletion. On the
other hand, if pumped hydropower power is running
on part-load its efficiency is being compromised.
However, any storage technology will have to weigh
up their technically preferred running mode against
grid requirements and related economic impacts.
Thus a trade-off has to be made between maximum
operating ours and optimum operational loads.

6. Life Cycle Assessment

Having established that the two technologies have
comparable functionality in principle, their global
life-cycle impacts will be examined. A simplified Life
Cycle Assessment (LCA) has been undertaken using
the Umberto NXT software, which accesses the
database ecoinvent (Wernet et al., 2016). Umberto
NXT universal has been chosen due to its flexibility
concerning the modelling and modification of life
cycle systems in conjunction with using common LCI
databases such as ecoinvent or GaBi?.

An LCA calculates environmental and human
health impacts that result from inputs into the
necessary processes (materials, energy) and outputs
(emissions, waste...) over the whole life cycle of a
product, including manufacturing with upstream
processes, operation and disposal at end of life. The
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LCA-Method used complies with ISO14040 and Demand” (Goedkoop et al., 2013; Hischier et al.,

ISO14044 (ISO 14040, 2009-11). The impact 2010).

categories have been selected based on the following - Both technologies require large amounts of

considerations: minerals and metals in their production and

- The technologies concerned consume a construction, as reflected in the indicators
substantial amount of electricity in their “Cumulated Exergy Demand of Minerals and
operation, as reflected in the indicators “Global Metals” (Bosch, Hellweg, Huijbregts, &
Warming Potential” and “Cumulated Energy Frischknecht, 2006).

Table 1. Suitability for Balancing and Ancillary Services (based on Beck et al., 2013, p. 112; Sterner et al., 2015a; Ulbig,
2015; Hoflich et al., 2010).

Pumped hydro-  Utility-scale
electric Storage  battery

Frequency Control

Frequency response reserve ++ +(+)
Frequency containment reserve (up to 30 s) + ++
Frequency restoration reserve (FRR) (active in 30s, up to 5 min) ++ +
Replacement reserves (RR) (active in 5 min) 4 &
Bridging of periods of low sun and wind + -
Interseasonal balancing +) -
Loads that can be turned on +
Loads that can be turned off 4 4
High/ low frequency response (within 10s, increase/ reduction in  + +
active power)

Load balancing at transmission system level A -(+)
Voltage Control (keeping voltage in the allowable band, limiting voltage break-down in case of short
circuiting)

Provision of reactive power ++ +
Reactive power services + +
Voltage dependant redispatch 4H=F 4
Fault-ride-through - +
Voltage management + +
Phase shifting mode + +
General voltage stabilisation 4 +
Emergency and Restoration (in emergency, blackout and restoration states)

Black-start capability 4 4
Decoupling of supply and demand ++ +

key: + + very well suitable, + well suitable, (+) only conditionally suitable, - not suitable
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- Pumped hydropower stores constitute
substantial interventions into the landscape,
as reflected in the indicator ‘“Natural Land

Transformation” (Goedkoop et al., 2013).

- The indicators “Eutrophication Potential”
and “Human Toxicity (carcinogenic)” have
been added in order to reflect impacts on
human, animal and plant life (Goedkoop et
al., 2013).

The definitions of the impact categories will not be
given in detail here — the references given for each
should be consulted for further information.

7. Definition of Functional Unit and Time
Frame

In order to compare the impact of the two options,
they have to be sized in a way that allows for
comparable functionality in order to define the so-
called “functional unit” (quantified performance of a
product system for use as a reference unit as defined
by ISO 14040).

Bearing in mind the aforementioned differences in
typical energy-to-power ratios, the question arises
how to size the two technologies with their different
technical characteristics and also slightly different
ways in operating and deployment. There are a
number of approaches to comparability:

- If both systems are to deliver the same amount
of power (MW), both are able to serve short
term balancing service requirements. However,
longer term balancing service provision would
have to be excluded from the comparison, as
the battery’s lower E2P will only allow it to
operate for minutes up to a few hours.

- If both systems are designed with the same
storage capacity (MWh), both can provide the
same amount of work, thus allowing for longer
term balancing service provision. However,
this is not in line with typical sizing of battery
storage. A battery store with such a high
storage capacity would, according to common
E2P rules, have a much higher capacity than
the pumped hydropower storage, hence would
be able to provide short-term balancing
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services to a far greater extend than assumed
for the pumped hydropower storage.

- If sizing the battery so as to generate merely the
same annual output (MWh/a) as the pumped
hydropower store, the number of annual full
charging cycles for the battery is a decisive
parameter. A charging cycle would be taken to
be equivalent to the useful storage capacity.
The required annual output would thus be
divided by typical cycles performed by
batteries in a balance energy setting (e.g.
according to Stenzel et al., 2015). The result
would be the dimension of useful storage
capacity of the battery. This would result in a
smaller size battery than the previous option.
Longer balancing services will however have
to be excluded from the comparison in this case
as well.

Choosing the capacity (MWh) of the battery as
determining factor takes into account the pumped
hydropower store’s ability to deliver long-term
balancing services. As it is these longer term services
which will see an increase in demand, this option will
be pursued. Consequently, the functional unit for the
comparison will be defined as the provision of 9,6
GWh stored energy, that is able to provide the
balancing services defined in Table 1.

Therefore the 5 MWh WEMAG-Battery-store in
Schwerin has to be scaled up initially by a factor of
1,920 to meet the requirements of 9,6 GWh. It is
assumed that the battery may lose 20% of its storage
capacity within 20 years (e.g. Wolfs, 2010) due to
aging and degradation processes (reflecting its 20-
year warrantee Struck & Broichmann, 2015, p. 6).

It therefore has to be over-dimensioned by 10%,
over-producing in the beginning by 10% and under-
producing towards the end of life time by 10%, also
bearing in mind that the individual battery cells would
be replaced gradually, as and when necessary.

Hence in order to provide comparable output on
average over the course of its life span, the scaling
factor is 2,133. It is unlikely that a utility scale battery
2,133 times the size of the installation in Schwerin
would be installed in a single location. More likely it
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would be spread over a number of locations, each
installation of comparable size to the original
installation in Schwerin. This allows for the scaling
up of a suitable building using the same factor as for
battery components. Nevertheless, the battery option
will be referred to in the singular in the following.

The life-span of pumped hydropower storage
ranges in literature from 50-150 years (Bauer et. al,
2007; VISPIRON, 2015). A life-span of 80 years was
chosen which is also the time frame over which the
two technologies were compared. There is no long-
term evidence yet for life spans of utility scale
batteries, as this is a recent and continuously evolving
technology. However, a life span of 20 years can be
found in literature, e.g. (Hiremath et al., 2015) and is
in line with the warranty for the WEMAG-Battery in
Schwerin. Hence replacement of the battery units
every 20 years has been assumed.

8. System Boundaries

Table 2 shows the components that are included
for each technology, reflecting data-availability.
Items in brackets will only be accounted for in the
LCA up to the point of grid connection.

9. Life Cycle Stages

A cradle to grave analysis will be undertaken. It
accounts for impacts in upstream processes resulting
from raw material extraction, production and all
energy requirements throughout the life cycle. Hence
the following aspects will be considered:

- Productions  stage: = Manufacturing and
construction including extraction and all
processing of raw materials, transportation
processes, construction processes, all energy and
water requirements, resulting emissions, wastes

and waste disposal.

- Use stage: Operation including management,
maintenance and replacement measures, in
particular replacement of battery units,
difference between stored and generated energy
due to efficiency losses and internal electricity
requirements, assuming current German
electricity mix with current direct emissions and
upstream processes of power stations, other
generating technologies and infrastructure; for
the pumped hydropower storage: lubricating oil
consumption and Methane developing in
reservoirs (Bauer et al., 2007; Treyer, 2015).

Table 2. System boundaries.

Utility-Scale Battery

Pumped Hydropower Storage

battery cells and case
industrial hall

Storage medium
Built structures

[(building services (heating, cooling

ventilation)]
racks und trays

Technical components: inverter
cabling [partial]

reservoir and water

tunnel penstock,

subterranean turbine hall

services for turbine hall

surge tank,

[services for turbine hall: lighting,
ventilation etc. ]

pump turbine,
cabling

battery management system [partial] [management system]

[switchgear]

Point of hand-over to grid [transformers]

[switchgear]

[transformers]

Our basic assumptions
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Table 3. Data and Assumptions.

Pumped Hydropower Storage

Utility-Scale Battery

Storage capacity
Power rating
Efficiency

Total losses per
MWH generated

Life span

Maintenance and
replacement cycles

9,6 GWh

1 GW

74,96 %

0,350 MWh/MW hgenerated

80 years

continuous use of lubricating oil
major overhaul of pumps, turbines and
generators every 25 years

9,6 GWh

9,6 GW (E2P = 1:1)
72,5 %

0,379 MWh/MWhgeneratea

20 years (= current best practice)

Replacement of battery units every 20
years (no replacements cycles assumed for
the building)

Electricity 1,855 GWh/a (based on an existing | 1,855 GWh/a
generated per year | installation)

Full cycles per year | n/a 194
Deterioration of | n/a 20 % in 20 years

performance

steel: 43,6 Mt
concrete: 2966 Mt
copper: 0,5 Mt

Main raw materials

Direct use of land 98 ha

Type of land use greenfield site

Other Data

invent data for hydro-power

Electricity mix

LCA methodology)

electricity use for building services,
control and management systems,
methane generation in basins as per eco-

ecoinvent — data for factory building
ecoinvent-Data for lithium-manganese
battery

400 m? (estimated) x scaling factor

ecoinvent-option for ,unspecified land*,
which assumes 40% greenfield and 60%
brownfield

electricity use for building services,
control and management systems,
Energy density of 114 Wh/kg,

Low self-discharge rate

current German electricity mix used over the whole life cycle (in line with common

- End-of Life phase:
disposal including dismantling, separation,
processing and recycling, treatment and safe

Decommissioning and

disposal of hazardous wastes, final disposal of

non-recyclables, related transportation

processes, energy consumption and emissions.

10. Input Data Including Critical Data

For the pumped hydropower store data could be
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obtained from a pumped hydro-power operator in
aggregated form. This data is being complemented by
data from ecoinvent and from literature. Technical
and operating characteristics will be based on real-life
data from the operator.

For the utility-scale battery data is being used from
the WEMAG-store in Schwerin, as found in literature
(Stenzel et al., 2015; Younicos AG, 2016). Data is
being checked against ecoinvent data for Lithium—
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Manganese batteries. Quantities in particular stem
from ecoinvent. The actual efficiency including all
operational losses is based on the utility scale battery
in Schwerin.

Upstream processes and their impacts, such as for
example those relating to the construction of power
stations, which provide the electricity for the use
stage of the two storage options, are based on
ecoinvent-data.

Based on the available data and previously
discussed considerations the following input data is to
be used for the Life-Cycle Assessment (Table 3).

11. Environmental Impacts

In Fig. 1 the impacts of both technologies are
juxtaposed (utility scale battery = 100%). The
different colours indicate shares of the different life-
cycle stages in the over-all impacts.

For the pumped hydropower store impacts of the
end-of-life stage are barely visible. For the utility
scale battery, impacts of the end-of-life stage are
discernible and impacts from the production stage are
larger. This is largely due to the replacement cycles
for the battery units every 20 years, which is shown
in Fig. 1 (black and white hatched).

Impacts of the operational stage (“‘use stage”)
generally dominate those of the production stage in
all categories except cumulated exergy demand.
Especially the categories, GWP, eutrophication and
impacts on human health show only a small
contribution of the production stage to over-all
impacts. The use stage is largely made up of the
impacts of operational energy losses, i.e. the
difference of stored energy and released energy.
These losses depend on efficiency losses and internal
energy demands of the installations. The impacts of
this lost energy in turn depend on the impacts of the
current German energy mix, its direct emissions from
combustion plants and upstream processes (i.e.
impacts from constructing power stations and
renewables installations and infrastructure).

The comparison shows that the impacts resulting
from the use stage are of similar order of magnitude
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for both options in most categories, which in turn has
an equalizing effect on over-all results. This however
does not apply to the categories Cumulated Exergy
Demand Metals and Cumulated Exergy Demand
Minerals. This impact in the use stage is
comparatively small. The reason for this is that
impacts of the use stage are mainly due to energy
generation, as previously explained. Metals and
minerals do not play a major role in energy generation
(except for impacts in in upstream chains, i.e. the
production stage of power plants within the electricity
mix). The category natural land transformation is the
only category in which impacts of the pumped
hydropower store exceed those of the utility scale
battery slightly, based on the assumptions stated
previously. The short lines on the bars for natural land
transformation indicate how much of these impacts
relate to the direct land use of the technologies and
how much relates to transformation in upstream
processes.

Since impacts from electricity losses in the use
stage of both technologies outweighs in most
categories those in other stages by far and is similar
for both technologies, an analysis was undertaken that
excludes these (see Fig. 2). The remaining operational
impacts result from construction, battery unit
replacements, end-of-life and for the pumped
hydropower store lubricating oil and methane

development in the reservoirs.

The remaining impacts show higher impacts for
the utility scale battery in all categories except natural
land transformation, even though direct land-use does
not differ much. This is a result of the different types
of land assumed for the sites — the pumped
hydropower store would be built entirely on
greenfield land, while utility scale batteries are more
likely to be sited on brownfield sites, such as
industrial areas and wastelands. Though in some
cases they may be sited near large renewables
installations such as wind farms or PV-farms on
greenfield land.
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12. Discussion of Results

Pumped hydropower stores and utility scale
batteries are only conditionally comparable. They can
in principle provide the same range of balancing
services. However, due to their respective technical
characteristics and economic considerations they are
deployed differently in practice. Pumped hydropower
stores are designed to serve longer term balancing
requirements, provide large volumes of energy and
can operate at extra-high voltage transmission level.
They are also able to bridge periods of low renewable
energy output to a certain extend. Utility scale
batteries are particularly well suited to short term
incremental services and would be part of
decentralised generation, usually connected to the
distribution system and, due to their different E2P
ratios, providing much lower volumes of energy. In

so far both technologies can complement each other.

The pumped hydropower store shows lower
environmental impacts than the utility scale battery in
almost all impact categories, the exception being
“natural land transformation”.

Environmental impacts during the use stage
dominate the overall result. These depend on the
impacts of electricity, which is not fed back due to
efficiency losses and internal energy requirements.
This means that the system efficiency and internal
energy requirement of the examined technologies are
crucial for the overall result, as they define electricity
‘lost’ in the 80 year use stage.

High efficiencies of 90-98 % (e.g. Korthauer,
2013) can be found for lithium-ion batteries as
opposed to only around 75-80 % for pumped
hydropower storage (Beck et al., 2013; Hoflich et al.,
2010). However, losses for inverters, management
system and transformers have to be added, leading to
an overall-efficiency of 80-88 % for batteries
(VISPIRON, 2015). Furthermore, the utility scale
battery has very specific requirements regarding its
optimal operational conditions. It requires heating,
cooling and ventilation (Santhanagopalan et al., 2014,
p. 67). The pumped hydro-electric store requires
energy for ventilation and lighting in the underground
turbine hall. It furthermore consumes energy for its
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back-up generator and a number of ancillary services.
For both technologies sub-optimal operation at times
in response to balancing-requirements have to be
assumed. Real-life figures for losses resulting from
efficiency losses and internal energy demand have
been used and are similar for both technologies. This
leads to similar impacts in the use stage for both
technologies, which in turn equalise the over-all
results of the two technologies. If actual losses of one
of the technologies were to change considerably, be it
due to technical developments or optimised
deployment, this could sway the over-all result in
favour of one technology or the other.

Another important parameter to consider is the
electricity mix to be used in the LCA-models. It can
be treated as a given that the electricity mix will
substantially change over the course of the next 80
years, as there are EU-targets and national targets in
place, largely relating to emissions reduction leading
up to 2050. In an extreme scenario all electricity
would come from zero-emission sources and all
generating technologies would be produced from
recycled materials using zero-emission production
energy. In this case emissions arising in the use stage
would be negligible. Consequently, the overall result
would be similar to that shown in the variation
“without efficiency losses and internal energy
demand” (Fig. 2). Consequently the equalising effect
of the use stage would no longer be there and the
percentage of difference between the options over the
whole life cycle would no longer be just a few
percentage points but be largely amplified. For
example, it would be more than ten times larger for
the utility scale battery in the category ‘“cumulated
energy demand” and around 100 times larger in the
category cumulated exergy demand for metals.

However, the energy generation technologies for
this extreme scenario do not yet exist. Even current
zero-emission electricity generation technologies
carry many uncertainties regarding their upstream
processes. Modelling these would be an extensive
LCA-exercise in itself. Therefore, the current German
electricity mix with its currently high emissions and
its upstream processes has been assumed for the
whole life cycle (as in Fig. 1). This approach is in line
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with common LCA-conventions.

Whereas the starting point for this study was a
specific case study, the only site specific data used
where the quantities of materials for the pumped
storage (which are rough ball-park figures, as the
project has not entered yet specification stage). The
methodology of LCA provides aggregated results for
global, non-site specific impacts. Within the
constraints of the simplifications made (reliance on
ecoinvent data - see table 2), the results can be seen
as a general, non-site specific comparison of the two
technologies.

13.  Summary and Conclusions

Pumped hydropower storage and utility scale
batteries can provide largely similar balancing and
ancillary services, but are only conditionally
comparable and are not interchangeable, one for the
other.

The pumped hydropower store is typically
designed to provide longer term services, including
the bridging of longer periods of low sun and
simultaneously low wind. The batteries are

particularly well suited to short term incremental
balancing. Both take part in the short term balancing
markets. The demand for balancing and ancillary
services is expected to increase.

The utility scale battery has been sized to have the
same storage capacity as the pumped hydropower
store in order to match it as closely as possible to the
pumped hydropower store in terms of the ability to
provide the full range of balancing and ancillary
services. The implication that, due to different E2P
ratio, it could then provide short-term balancing
services exceeding those of the pumped hydropower
store was neglected for this study.

A simplified LCA has been calculated in order to
assess global impacts along the entire life-cycle,
calculating the following impacts: Global Warming
Potential, Cumulated Exergy Demand Minerals and
Metals, Natural Land Transformation,
Eutrophication, Human Health (carcinogenic).

The analysis shows lower impacts for the pumped
hydropower store in all impact categories except
transformation of natural land.
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HaJle)KHAsl TEXHOJIOTHS, KOTOpas TPaAMIMOHHO BCErJa HMrpaja pojib B oOecleueHHH OaJaHCUpOBaHUS U
BCIIOMOTaTeNbHBIX ycayr. OnHaKo B OOJBIIMHCTBE CTPAH OIPAaHMYCHO YHCIIO MOAXOAALIMX yYacTKOB, U TaM,
Il OHH CYLIECTBYIOT, HAOJIOJAeTCs CHJIbHBIM MNPOTECT NPOTHB HOBBIX 3aBOAOB H3-3a pa3pyLICHHS
JaHAagTOB U Cpeabl OOMTaHUS pacTeHHH. B mocienHee BpeMsl pa3BUBAIOTCS TEXHOJIOTUH aKKyMYJSTOPOB,
KOTOpbIE JIy4lle MOAXOAAT Al JELEHTPAIN30BAHHOM CHUCTEMbl SHEpProcHabkeHus. B HacTosiee Bpems
HOSIBIIIOTCS AKKYMYJISITOPBI Ul KOMMYHAJIBHBIX IPEANPUATHI, HCIOIB3YIOIIHE JINTHIH-NOHHYIO TEXHOJIOTHIO.
OHH MOTYT OBITh TOTCHIMAJIBHO HHTETPHPOBAHBI B CYNIECTBYIOIIYIO MOCTPOCHHYIO CpEay, DKOHOMHBIH
NEpPBOHAYAIBHBIA Nel3axK. TeM He MeHee, aKKyMYJIITOPbI TaKyK€ BBI3bIBAIOT BO3JEHCTBHE HA OKPYKAIOLIYIO
Cpedy, XOTd U B Pa3HBIX KaTeTOpUAX BO3AEUCTBHS (HAIpUMEp, MCIOJb30BaHNE OTPaHUYEHHBIX MPUPOIHBIX
pecypcoB). B 3To# craTbe M3nararoTcsi MOCIEACTBUS YBEIUUCHUS! BO3OOHOBIISIEMBIX HCTOYHUKOB DHEPTHH B
CEeTKE B KaUeCTBE KOHTEKCTHOM MH(POPMAaLUH, B3SB B KauecTBe pumepa [ epmanuto.
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OCHOBBIBASICh HA HAYYHOM HCCICIOBAHHM TS MOCTABIIHMKA THAPOAKKYMYJIHPYIOMICH JJIEKTPOCTAHIINH, B
CTaThe CHayaja H3JIaraercsi poJib THUAPOAKKYMYJIHUPYIOUIEH OSJICKTPOCTAHIIMUM M aKKyMYJSITOPOB JUIs
KOMMYHAJIBHBIX MpeAnpustuii. CTaThsi CpaBHUBAET UX COOTBETCTBYIONIME TEXHHUUECKHE BO3MOXKHOCTH W
OTpPaHUYCHHS B MPEIOCTABICHHH OMPEACICHHBIX yciyr. KpoMe TOro, B MOKYMEHTE pacCMaTpUBAIOTCS
9KOJIOTHYECKHE BO3JICUCTBHS 00EUX TEXHOJIOTHIA Ha UX COOTBETCTBYIOIUE )KU3HEHHBIC ITUKIIBI, OCHOBAHHBIC
Ha JJAHHBIX MO OICHKE KU3HEHHOTO ITHKJIA.

Kniouesvle cnoea: ruApOAKKYMYIHPYIOIIAS JJIEKTPOCTAHLMS, AKKYMYJSTOPBI UII KOMMYHAJIbHBIX
NPEANPHUATHH, OaTaHCUPOBAHUE U BCIIOMOTATENILHBIE YCIYTH.
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Public perception of energy system transformation in Germany

D. SCHUMANN
Forschungszentrum Jiillich GmbH

Institute of Energy and Climate Research — Systems Analysis and Technology Evaluation (IEK-STE), 52425
Jiilich, Germany

Abstract

Energy system transformation, also called energy transition, means fundamental structural changes
in energy systems. The main objectives of the energy transition in Germany, known as the
“Energiewende”, are to decarbonize the energy supply by switching to renewable sources and to
reduce energy demand by using energy more and more efficiently. This requires, for example,
changes in the energy mix, the application of new energy technologies or changes in citizens’
demand behaviour. However, such transformation strategies, even if they are technically and
economically feasible, may become politically unfeasible if they are not accepted by the public.
Therefore, the reliable assessment of public perception is essential for the successful management of
transforming the energy system.

The aim of the paper is to explain and illustrate how a tool termed technology monitoring is used in
order to assess public perception of the transformation of Germany’s energy system. After describing
the research questions examined by technology monitoring as well as the elements and methods of
the tool, two examples are used to illustrate how technology monitoring can contribute to the
assessment of public perception of energy system transformation: CO, capture and storage (CCS) and
the extraction of shale gas.

For this purpose, the public perception of CCS and shale gas extraction in Germany is first compared
along the indicators of self-reported awareness, factual knowledge, risk perceptions, benefit
perceptions and general attitudes by applying descriptive statistical analyses.

The results of the descriptive statistical analyses show differences over time in the self-reported
awareness about CCS and shale gas. The level of knowledge about both technologies increased over
time with regard to some aspects, while it remained stable with regard to others. At the same time,
misconceptions about CCS and shale gas extraction among the public exist and persist over time.

The descriptive statistical analyses also revealed that the societal risks of CO; storage, CO, transport
and shale gas are deemed higher than the personal risks and that the societal benefits are perceived to
be higher than the personal benefits. The general attitude of the German public is considerably more
negative towards shale gas than towards CO- pipelines, CO; storage and CCS. Furthermore, CO;
onshore storage is assessed more negatively than CO; offshore storage, CO> pipelines or CCS.

Four linear regressions were performed in order to identify the determinants of attitudes towards CO
pipelines, CO; onshore storage, CO; offshore storage and the extraction of shale gas. The results
show that the most important direct determinants of general attitudes towards CO; pipelines, CO-
onshore storage, CO- offshore storage and the extraction of shale gas are the perceptions of personal
and societal risks.
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In summary, by using the examples of CCS
and shale gas extraction the present study
shows that technology = monitoring
contributes to the assessment of public
perception of energy system by providing
information which can be valuable in order to
assess the societal feasibility of future energy
systems and delivering information which
can facilitate the management of the energy

transition.
Keywords
Public perception, energy  system
transformation, ~ Germany,  technology

monitoring, CO; capture and storage, shale
gas extraction.

1. Introduction

Energy system transformation, also called energy
transition®, means fundamental structural changes in
energy systems, which have occurred in the past and
still occur worldwide (World Energy Council, 2014).
However, energy transitions differ in terms of
motivation, objectives, drivers and governance
[ibid.]. The main objectives of the energy transition
in Germany, known as the “Energiewende”, are to
decarbonize the energy supply by switching to
renewable sources and to reduce energy demand by
using energy more and more efficiently (Federal
Ministry of Economics and Technology (BMWi),
2015). In this way, Germany aims to make a

8 The terms “energy system transformation” and

“energy transition” are used synonymously in this
paper.

4 The goals and measures of the energy transition in
Germany are described in detail in the German
government’s Energy Concept and the 10-point energy
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significant contribution towards combating climate
change.*

The transformation of the existing energy system
in Germany into a more sustainable system requires
long-term fundamental changes, which include
changes in the energy mix, the application of new
energy technologies and possibly the exploitation of
new energy sources, but also changes in citizens’
demand behaviour. However, such transformation
strategies, even if they are technically and
economically feasible, may become politically
unfeasible, if they are not accepted by the public.
Therefore, the reliable assessment of public
perception is essential for the successful management
of transforming the energy system.

The aim of this paper is to explain and illustrate
how a tool termed technology monitoring is used in
order to assess public perception of Germany’s
energy system transformation. First, the research
guestions and the aim of technology monitoring will
be described as well as the elements and methods of
the tool. Subsequently, by using the examples of CO;
capture and storage (CCS) and the extraction of shale
gas it will be shown how technology monitoring can
be used for the assessment of public perception. This
will include a comparison of the public perception of
CCS and shale gas extraction in Germany along the
indicators of self-reported awareness, factual
knowledge, risk perceptions, benefit perceptions and
general attitudes by applying descriptive statistical
analyses. Furthermore, the determinants of attitudes
towards CO;, pipelines, CO, onshore storage, CO;
offshore storage and the extraction of shale gas will
be identified by applying regression analysis.
Against this background, the contributions of
technology monitoring for the assessment of public
perception of energy system transformation in

agenda (Federal Ministry of Economics and
Technology (BMWi), 2014, Federal Ministry of
Economics and Technology (BMWi) and Federal
Ministry for the Environment; Nature Conservation
and Nuclear Safety (BMU), 2010).
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general as well as possible contributions to energy
scenarios in particular will be explained.

Prior to the present article, results of applying
technology monitoring were presented by the author
at the 8™ International Freiberg Conference on IGCC
& XtL Technologies in 2016 in Cologne®> and
published in a working paper.° However, the
presentation for the 8" International Freiberg
Conference and the working paper include results
regarding the public perception of the usage of coal
and coal phase-out in Germany and do not contain
any results regarding the public perception of CCS or
shale gas. Thus, they deal with subjects which are
totally different from the subject of the present paper.
The method used in the presentation and the working
paper is similar to the method explained in the
present article. This is due to the fact, that technology
monitoring is a tool which can be used in order to
investigate public perception of energy system
transformation in Germany including different
aspects such as public perception of CCS, shale gas,
the usage of coal or coal phase-out. One advantage of
applying technology monitoring is, among others,
that it makes it easy to compare the public perception
of CCS, shale gas or coal phase-out. However,
whereas the presentation for the 8" International
Freiberg Conference and the working paper focus on
the public perception of the usage of coal and coal
phase-out, the present paper deals with the public
perception of CCS and shale gas.

The first results of a comparison of CCS and shale
gas in Germany were presented by the author at the
IEA GHG 5™ Social Research Network Meeting in
2016 in Cambridge, UK.” This event was an internal
meeting of the social research network, in which only
a small number of network members participated. In
the present paper the results of a comparison of CCS

5 Cf. http://tu-
freiberg.de/sites/default/files/media/professur-fuer-

energieverfahrenstechnik-und-thermische-
rueckstandsbehandlung-
16460/publikationen/2016 22-4.pdf

6 http://www.fz-
juelich.de/SharedDocs/Downloads/IEK/IEK-

35

and shale gas in Germany are explained in detail and
placed in the context of examining the question of
how technology monitoring can be used in order to
assess public perception of the transformation of
Germany’s energy system. This was not previously
described in an article and has not yet been published.

2. Technology monitoring

Technology monitoring is part of the integrated
assessment of energy systems which is the main
focus of the interdisciplinary work of the Systems
Analysis and Technology Evaluation group at the
Institute of Energy and Climate Research of
Forschungszentrum  Jiillich. = The  integrated
assessment of the transformation of energy systems
includes a technical, economic, environmental and
social assessment. The social assessment of energy
system transformation comprises the organization
and implementation of stakeholder dialogues, the
investigation of mentalities and patterns of behaviour
related to energy consumption, life cycle
sustainability =~ assessment  and technology
monitoring. Technology monitoring is the main
approach for assessing public perception of energy
systems transformation and will be described in more
detail in the following sections.

2.1. Research questions and aim of technology
monitoring

In order to assess the public perception of the
energy transition in  Germany, technology
monitoring investigates three general research
questions: (1) What is the status quo? (2) What
dynamics does it have? and (3) What are the
determinants?

Investigating the first question includes assessing
how aware the general public is of the energy

STE/DE/Publikationen/preprints/2016/preprint_12
2016.pdf?__blob=publicationFile
7 Cf.
http://www.ieaghg.org/docs/General_Docs/5th_ SRN/D.
SchumannSEC.pdf
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http://www.fz-juelich.de/SharedDocs/Downloads/IEK/IEK-STE/DE/Publikationen/preprints/2016/preprint_12_2016.pdf?__blob=publicationFile
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transition and what knowledge and attitudes the
public has. Examining the second question consists
in measuring how public awareness, knowledge and
attitudes develop and change over time. Exploring
the third question means revealing the relevant
factors which determine public perceptions and
general attitudes.

Thus, the aim of technology monitoring is to
contribute to the assessment of public perception of
the transformation of Germany’s energy system by
surveying the awareness, knowledge and attitudes
among the German public regarding technologies,
instruments and impacts of the energy transition.

2.2. Methods of technology monitoring

The core element of technology monitoring is a
representative survey of the public in order to
measure the perception of the transformation of the
energy system in Germany. The survey has been
carried out annually since 2011/12 (= IEK-STE Panel
Survey). The population of the IEK-STE Panel
Survey are all German citizens over the age of 18
with a landline connection (cf. Table 1). Participants
in the survey were recruited using multi-stage
systematic random sampling. For the selection of the
respondents, the last birthday selection method is
used, i.e. the person above the age of 18 in the
household who celebrated their birthday most
recently will be interviewed.

Every year (= panel wave) at least 1000
interviews are undertaken. The distributions of socio-
demographic characteristics in the sample are
compared with the data of the Microcensus, which is
a representative household survey carried out by the
German Federal Statistical Office.

Every wave of the panel survey comprises
questions which are asked every year (= core
questions; e.g. questions regarding attitudes towards
energy sources) as well as questions on specific
topics of current interest (e.g. questions regarding
attitudes towards CCS, shale gas or expansion of the
electricity grid), which vary every year or which are
repeated at greater time intervals (e.g. every two
years).

Further essential elements of technology
monitoring are specific representative surveys of the
German public performed only once in order to
investigate research questions related to research
projects focusing on specific energy technologies;
e.g. CO; storage, energy storage, vehicle to grid
(Daamen et al., 2011, Diitschke et al., 2014,
Diitschke et al., 2015, Pietzner et al., 2011, Pietzner
et al., 2014, Schumann et al., 2014, ter Mors et al.,
2013) or other aspects of the transformation of the
energy system, e.g. energy consumption or energy
security.

Table 1. Parameters of the IEK-STE Panel Survey.

Parameter

Specification

Population

All German citizens above the age of 18 with a landline
connection

Sampling procedure

Multi-stage systematic random selection from existing
landline numbers in Germany

Selection of the respondent

Last-birthday selection: person above the age of 18 in the
household who most recently celebrated their birthday

Sample size

At least 1000 persons

Criteria for the representativeness of the sample

= Gender

= Age

=  Professional qualification
= Income

= Household size

Database for verifying the representativeness of the sample

Data of the Federal Statistical Office (Microcensus)

Survey method

Computer-assisted telephone interviews (CATI)

Source: authors’ own
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In the IEK-STE Panel Survey, three main
indicators are used to assess the public perception of
energy  system transformation:  self-reported
awareness, factual knowledge and attitudes of the
citizens. The data are analysed with methods of
descriptive statistics (frequencies, means, standard
deviations, and correlations), inductive statistics
(regressions, hypothesis tests) as well as with more
complex multivariate methods of analysis (e.g.
structural equation modelling).

In the following, the examples of CO, capture and
storage (CCS) and the extraction of shale gas will be
used in order to illustrate how technology monitoring
can contribute to the assessment of public perception
of the energy transition.

3. Assessment of public perception of CCS
and shale gas in Germany

CO; capture and storage (CCS) is perceived
worldwide and in the European Union (EU) as a key
technology for mitigating greenhouse gas (GHG)
emissions (European Commission, 2013, IEA,
2015). Since CCS can be applied for reducing CO:
emissions  from  fossil-fuel-based  electricity
generation it could be used as a strategy for
transforming the German energy system into a more
sustainable system. Therefore, the analysis of the
perception of CCS among the German public is
relevant for assessing the public’s perception of the
transformation of the energy system.

The extraction of shale gas is seen as a strategy
for enhancing energy security (IEA, 2012) and could
play an important role in transforming the German
energy system into a system that employs less oil and
is less dependent on oil imports. Thus, the evaluation
of the public perception of shale gas extraction in
Germany is important for assessing the perception of
the energy transition among the public.

8

https://www.tib.eu/suchen/download/?tx_tibsearch searc
h%5Bdocid%5D=TIBKAT%3A835363600&cHash=Dbfea
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In order to assess the perception of CCS and shale
gas among the German public, the self-reported
awareness, knowledge and attitudes of the citizens
were surveyed for the first time in 2011/12 in the first
wave of the IEK-STE Panel Survey and for the
second time in 2015 in the fourth panel wave.
Furthermore, the public perception of CO, offshore
storage, CO; onshore storage and CO- pipelines was
surveyed in more detail in three representative
surveys (a nationwide survey and two regional
surveys) of the German public, which were carried
out in 2013 within the framework of a project called
“CCS Chances” (Diitschke et al., 2015).8 In this
paper, the data of the two panel waves as well as the
data of the national “CCS Chances Survey” were
used to compare the public perception of CCS and
shale gas in Germany along the indicators of self-
reported awareness, factual knowledge, risk
perceptions, benefit perceptions and general attitudes
by applying descriptive statistical analyses.
Additionally, linear regression analyses were
performed in order to identify the factors that
determine general attitudes towards CO, pipelines,
CO; onshore storage, CO, offshore storage and the
extraction of shale gas.

3.1. Self-reported awareness about CCS, shale gas
and fracking over time

Awareness is an indispensable prerequisite for
forming or having an attitude towards a person,
object or issue. In our surveys, the respondents
reported their awareness about CCS, shale gas and
fracking by answering the question of whether they
had heard about the topics by choosing between the
different predefined answers “no, never heard of it”,
“yes, heard of it, but know nothing or just a little bit
about it” or “yes, heard of it and know quite a bit or
a lot about it”. Accordingly, the results on public
awareness in this paper are results concerning “self-
reported awareness”.

90dc8a82276cf056479593a0fb61#download-mark
(webpage in German).
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Fig. 1. Self-reported awareness about CCS, shale gas and fracking over time.

Data sources: IEK-STE Panel Survey 2011/12 (n=1000), 2013 (n=1034), 2014 (n=1006), 2015 (n=1000). Question: “Have you heard about the following
topics?”’
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Fig. 2. Factual knowledge about CCS.

Only respondents who had heard about CCS. Data sources: IEK-STE Panel Survey 2011/12 (n=569), 2015 (n=492). Question: “Which of the following
environmental concerns can CCS reduce?”
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The results of our descriptive statistical analyses
illustrate that self-reported awareness about CCS
decreased in 2013 compared to 2011/12 (cf. Figure
1). In 2011/12, 43.1 % of the German public had
never heard about CCS, in 2013 in contrast 51.2 %
answered that they had never heard of CCS. The
proportion of respondents who answered that they
heard quite a bit about CCS decreased from 15.2 %
t0 9.4 %.

Since 2013 the self-reported awareness about
CCS has mainly remained stable, with around 51 %
of respondents who had never heard of CCS.

The proportion of respondents who answered that
they heard a little bit about CCS amounted to 40% to
42% and the share of respondents who answered that
they had heard quite a bit about CCS decreased from
9 % to 8 %.

In contrast, the self-reported awareness about
shale gas and fracking increased continuously over
time. In 2011/12, 75 % of the German public had
never heard of shale gas, in 2015 in contrast 61.6 %
had never heard of it. The proportion of respondents
who answered that they had heard quite a bit about
shale gas increased from 5.1 % to 9.5 %.

The self-reported awareness about fracking
increased considerably more over time than the self-
reported awareness about shale gas: in 2011/12,
80.9% of the German public had never heard of
fracking, whereas in 2015 only 38.0 % had never
heard of it. The share of respondents who answered
that they had heard quite a bit about fracking
increased from 4.2 % to 20.1 %. Figure 1 also shows
that self-reported awareness about fracking
particularly increased from 2014 to 2015.

The differences in self-reported awareness about
CCS, shale gas and fracking reflect the different
status of public debate and media coverage regarding
these topics in the last few years. Whereas the
development of CCS in Germany has slowed down

9 http://www.shale-gas-information-
platform.org/areas/the-debate/shale-gas-in-germany-
the-current-status.html.
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and is suspended at present (cf. Fischer, 2014), the
regulation of shale gas extraction in Germany and
Europe has been intensively discussed and has been
accompanied by several extensive media reports.®

3.2. Factual knowledge about CCS and shale gas
extraction

Knowledge of an object or issue can be measured
on a subjective level or on a factual level, cf.
(European Commission, 2008). The factual
knowledge about CCS among the German public was
measured in our panel survey by asking the question
“Which of the following environmental concerns can
CCS reduce?” and then presenting the following
environmental concerns: toxic waste, 0zone
depletion, CO; emissions, acid rain, smog and water
pollution (cf. Figure 2). The question was posed only
to respondents who had heard of CCS (cf. Section
3.1).

The results of this question indicate that the level
of factual knowledge about CCS among the German
public has increased over time with regard to some
aspects, whereas it has remained stable with regard
to others (cf. Figure 2). The share of respondents who
knew that CCS does not reduce toxic waste increased
by 4.5 percentage points and the share of respondents
who knew that CCS does not reduce water pollution
increased by 7 percentage points in 2015, compared
to 2011/12. The share of respondents who correctly
stated that CCS does not reduce acid rain increased
from 24.6 % to 26.9 %. On the other hand, the
proportion of respondents who knew that CCS can
reduce CO. emissions was around 63 % in both
years.

However, the results also show that
misconceptions about CCS exist and persist over
time. In 2011/12, 62.9 % and in 2015 57.1 % of the
respondents incorrectly thought that CCS can reduce
ozone depletion. Furthermore, in both years more
than half of the respondents incorrectly thought that


http://www.shale-gas-information-platform.org/areas/the-debate/shale-gas-in-germany-the-current-status.html
http://www.shale-gas-information-platform.org/areas/the-debate/shale-gas-in-germany-the-current-status.html
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Fig. 3. Factual knowledge about shale gas extraction.

Only respondents who had heard about shale gas. Data sources: IEK-STE Panel Survey 2011/12 (n=250), 2015 (n=384). Question: “Please tell me to the best of
your knowledge whether each statement is true or false.”
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CCS can reduce smog.

In order to find out the factual knowledge of
German citizens about shale gas extraction, the
respondents in our surveys who had heard about
shale gas were presented with the five statements
shown in Figure 3 and then asked whether these
statements were true or false. The results show that,
similar to CCS, the level of knowledge about shale
case extraction has increased over time, but only with
regard to some aspects.

The share of respondents who knew that during
the extraction of shale gas large amounts of water,
sand and chemicals are used, increased by 9
percentage points in 2015, compared to 2011/12. The
proportion of respondents who knew that the
permeability of shale is very low so that it has to be
fractured in order to produce cracks from which the
shale gas can escape rose by 7.5 percentage points.
On the other hand, the share of respondents who
knew that shale gas occurs in pores of shale remained
stable over time.

Furthermore, with regard to shale gas extraction
misconceptions also exist which persist over time.
For example, the proportion of respondents who
incorrectly thought that shale is porous and
permeable so that the shale gas can be extracted
without any great technical assistance when the shale
is drilled was 22.8 % in 2011/12 and 21.6 % in 2015.

Additionally, the proportions of respondents who
did not know whether shale gas occurs in pores of
shale or whether the extraction of shale gas is carried
out along with oil extraction increased over time.

3.3. Risk perceptions of CO pipelines, CO>
onshore storage, CO. offshore storage and the
extraction of shale gas

Previous studies on the acceptance of risks and
technologies verified that the acceptance of
technologies by the general public is greatly
influenced by the intuitive perception of risks, as well
as by the perception of benefits and trust (e.g.
L'Orange Seigo et al., 2014, Siegrist, 2000, Siegrist
etal., 2007). In our studies, we generally differentiate
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between the perception of personal risk, which means
how hazardous respondents think an energy
technology would be for them and their families and
the perception of societal risk, which means how
hazardous respondents think an energy technology
would be for society in general (Schumann, 2015;
Schumann et al., 2014). The risk perceptions are
specified on a seven-level Likert scale, ranging from
1 (= very low) to 7 (= very high).

However, in our “CCS Chances Survey”, we
collected data on the perceptions of the personal and
societal risk of CO, transport via pipeline, CO;
onshore storage and CO- offshore storage and not of
CCS in general. This was due to the research focus of
the project “CCS Chances”, which was the
investigation of the perception of CO offshore
storage among the German public in comparison to
the perception of CO; onshore storage and CO;
transport via pipeline. Thus, in this paper we
compared the risk perceptions of CO; pipelines, CO;
onshore storage, CO, offshore storage and the
extraction of shale gas (cf. Table 2).

With regard to the assessment of personal and
societal risks of CO; transport via pipeline, CO,
onshore storage, CO, offshore storage and the
extraction of shale gas, a comparison of the means
shows that the personal and societal risks of CO;
onshore storage and shale gas are perceived as higher
than the personal and societal risks of CO- pipelines
and CO; offshore storage. However, in all cases the
societal risks are deemed higher than the personal
risks.

3.4. Benefit perceptions of CCS and the extraction of
shale gas

With regard to the assessment of benefits, we also
differentiate between the perception of the personal
benefit and the perception of the societal benefit
(Schumann, 2015). Benefit perceptions are also
specified on a seven-level Likert scale, ranging from
1 (= very low) to 7 (= very high).

Due to the limited number of questions which we
can pose in our surveys, it was not possible to include
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questions on the perceptions of personal and societal
benefit of CO; pipelines, CO, onshore storage and
CO; offshore storage, but only questions on the
perceptions of personal and societal benefit of CCS
(cf. Table 3).

Concerning the assessment of the benefits of CCS
and shale gas, a comparison of means shows that the
personal and societal benefits of shale gas are
considered to be markedly lower than the personal
and societal benefit of CCS. However, in both cases
the societal benefit is perceived as higher than the
personal benefit.

3.5. General attitudes regarding CO; pipelines, CO,
onshore storage, CO, offshore storage, CCS
and the extraction of shale gas

The general attitude regarding CO- transport via
pipeline, CO- onshore storage, CO-, offshore storage,
CCS and the extraction of shale gas was measured in
our surveys by asking the question “Overall, how do
you assess the idea of CO, transport via pipeline/CO;
onshore storage/CO, offshore storage/CCS/the
extraction of shale gas?” The respondents specified
their general attitude on a seven-level Likert scale,

ranging from 1 (= very negative) to 7 (= very
positive).

A comparison of means shows that the general
attitude of the German public is considerably more
negative towards shale gas than towards CO;
pipelines, CO, onshore storage, CO, offshore storage
and CCS (cf. Table 7). Furthermore, the general
attitude is more negative towards CO, storage,
especially CO; onshore storage, than towards CO;
transport via pipeline and CCS in general.

3.6. Determinants of general attitudes towards CO,
pipelines, CO onshore storage, CO, offshore
storage and the extraction of shale gas

In the previous sections, the self-reported
awareness, factual knowledge, risk perceptions,
benefit perceptions and general attitudes regarding
CCS, CO; pipelines, CO, onshore storage, CO-
offshore storage and the extraction of shale gas were
compared by applying descriptive statistical
analyses. In addition, the question of which factors
determine general attitudes towards CO; transport,
CO, storage and the extraction of shale gas is
relevant. In order to answer this question, four linear
regressions were performed (cf. Appendix).

Table 2. Risk perceptions of CO; pipelines, CO onshore storage, CO; offshore storage and the extraction of shale gas.

Personal risk Societal risk
Mean? SD? Mean* SD?
CO2 transport via pipeline 3.7 1.8 4.1 1.6
CO2 onshore storage 4.3 1.6 45 1.6
CO2 offshore storage 3.9 1.8 4.2 1.7
Shale gas 4.2 1.7 4.7 1.6

! Scale from 1 (= very low) to 7 (= very high). 2 SD = standard deviation. Data sources: Survey “CCS Chances” 2013
(n=1000); IEK-STE Panel Survey 2015 (n=1000). Question: “How hazardous do you think CO, transport via pipeline/CO;
onshore storage/CO; offshore storage/the extraction of shale gas would be for you and your family/for society in general?”

Table 3. Benefit perceptions of CCS and the extraction of shale gas.

Personal risk Societal risk
Mean* SD? Mean* SD?
CCS 3.4 1.6 3.9 1.7
Shale gas 2.8 1.4 3.4 1.5

! Scale from 1 (= very low) to 7 (= very high). 2 SD = standard deviation. Data sources: Survey “CCS Chances” 2013
(n=1000); IEK-STE Panel Survey 2015 (n=1000). Question: “To what extent do you think CCS/the extraction of shale gas

would benefit you and your family/society in general?”
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Table 4. General attitudes regarding CO- pipelines, CO; onshore storage, CO; offshore storage, CCS and the extraction of

shale gas.
General attitude
Mean? SD?
CO, transport via pipeline 3.9 1.6
CO; onshore storage 3.3 1.7
CO; offshore storage 3.6 1.8
CCs 3.8 1.7
Shale gas 2.9 1.6

! Scale from 1 (= very negative) to 7 (= very positive). 2 SD = standard deviation. Data sources: Survey “CCS Chances” 2013
(n=1000); IEK-STE Panel Survey 2015 (n=1000). Question: “Overall, how do you assess the idea of CO, transport via
pipeline/CO; onshore storage/CO; offshore storage/CCS/the extraction of shale gas?”

The results of our regression analyses'® show that
the most important direct determinants of general
attitudes towards CO, pipelines, CO. onshore
storage, CO; offshore storage and the extraction of
shale gas are the perceptions of personal and societal
risks.!! The perception of societal risk has the highest
estimated parameter in every regression model,
followed by the perception of personal risk (cf.
Appendix). Furthermore, the perceptions of societal
and personal risk revealed negative correlations with
the general attitude in every regression model, i.e. the
higher the perceived personal or societal risk, the
more negative is the general attitude towards CO-
pipelines, CO- onshore storage, CO- offshore storage
or the extraction of shale gas.

The perception of societal benefit is an important
positive determinant of the general attitude in all
regression models: the higher the assessed societal
benefit, the more positive is the general attitude
towards CO; transport via pipeline, CO, onshore
storage, CO, offshore storage or the extraction of
shale gas.

The perception of personal benefit is an important
positive determinant of general attitudes towards
CO; onshore storage, CO; offshore storage and shale
gas extraction, i.e. the higher the assessed personal
benefit, the more positive is the general attitude. For

10" The fit indices in the appendix show a good fit for
all regression models performed.

' This confirms the results of other empirical studies
on public perception of CCS (L'Orange Seigo et al.,
2014).
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the general attitude regarding CO- pipelines, the
perception of personal benefit is not a statistically
significant influence factor.

The general attitudes towards CO; transport via
pipeline, CO; onshore storage and CO, offshore
storage are also influenced weakly positively by the
perception of nature as tolerant’?, whereas the
perception of nature as benign is a positive
determinant of general attitudes towards CO;
onshore storage and CO. offshore storage. The
perception of nature as capricious determines the
general attitude towards shale gas extraction weakly
positively. In contrast, the general attitude of CO;
offshore storage is influenced weakly negatively by
the perception of nature as ephemeral.

The perception that both the environment and the
economy are important, but the economy should
come first, determines general attitudes towards CO;
transport via pipeline, CO; onshore storage and CO-
offshore storage weakly positively, whereas the
influence of this factor is slightly stronger with
respect to the general attitude towards CO; pipelines.
A weakly positive determinant of the general attitude
towards shale gas extraction is the perception that
decisions on policy and economy regarding
technology are often made over citizens’ heads.

12 For the explanation of attitudes towards the
vulnerability of nature see (Schumann et al., 2014).
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4. Conclusions

Using the examples of CCS and the extraction of
shale gas, this study shows that technology
monitoring contributes to the assessment of the
public perception of energy system transformation by
three different functions: (1) a descriptive, (2) a
comparative, and (3) an explanatory function.

The descriptive function of technology
monitoring is to provide information about the
awareness, the knowledge and the attitudes of the
public regarding technologies, instruments and
impacts of energy transition. This includes
information about the status quo within the survey
period as well as about the development over time.

The comparative function of technology
monitoring enables similarities and differences to be
identified between the perceptions of different
technologies, instruments and impacts of energy
transition. This makes possible to ascertain which
characteristics are specific for the respective
technology or instrument and which are not, and to
derive generalizable conclusions. However, such a
systematic comparison requires that the perceptions
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of different technologies, instruments and impacts
are measured with the same indicators, such as self-
reported awareness, factual knowledge and attitudes.

Furthermore, technology monitoring has an
explanatory function, which was demonstrated in this
study by identifying important determinants of
general attitudes regarding energy technologies.

All three functions of technology monitoring
provide information which can be used for assessing
public perception of different energy transition paths.
This can be done, for example, by integrating
indicators of public perception either ex ante as input
parameters or ex post as output parameters in energy
scenario construction processes (Schubert et al.,
2015). Integrating public perception indicators as
input parameters would be helpful for generating
holistic scenarios, whereas integrating public
perception indicators as output parameters would be
useful for generating normative scenarios [ibid.].
Both ways of integrating public perception indicators
in energy scenarios can be valuable in order to assess
the societal feasibility of future energy systems and
delivering information which can facilitate the
management of energy transition.
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Appendix

Table 5: Variables in the regression models

Model

Dependent variable

Independent variables

Model 1

General attitude towards CO2
transport via pipeline

Gender

Age

Professional qualifications

Factual knowledge about pipelines

Perception of the personal risk of CO2 transport via pipeline
Perception of the societal risk of COz2 transport via pipeline
Perception of the personal benefit of CCS

Perception of the societal benefit of CCS

Attitudes towards the vulnerability of nature

Attitudes towards the relation of economy and environment

Model 2

General attitude towards CO2
offshore storage

Gender

Age

Professional qualifications

Factual knowledge about CO; storage

Perception of the personal risk of CO2 offshore storage
Perception of the societal risk of CO: offshore storage
Perception of the personal benefit of CCS

Perception of the societal benefit of CCS

Attitudes towards the vulnerability of nature

Attitudes towards the relation of economy and environment

Model 3

General attitude towards CO2
onshore storage

Gender

Age

Professional qualifications

Factual knowledge about CO> storage

Perception of the personal risk of CO2 onshore storage
Perception of the societal risk of CO2 onshore storage
Perception of the personal benefit of CCS

Perception of the societal benefit of CCS

Attitudes towards the vulnerability of nature

Attitudes towards the relation of economy and environment

Model 4

General attitude towards the
extraction of shale gas

Gender

Age

Professional qualifications

Factual knowledge about shale gas extraction

Perception of the personal risk of shale gas extraction
Perception of the societal risk of shale gas extraction
Perception of the personal benefit of shale gas extraction
Perception of the societal benefit of shale gas extraction
Attitudes towards the vulnerability of nature

Perceptions of technology
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Results of the linear regression models

Model 1: General attitude towards CO; transport via pipeline

Model Summary

Std. Error of the

Model R R Square | Adjusted R Square Estimate
1 .652 426 416 1.207]
ANOVA
Model Sum of Squares df Mean Square F Sig.
1 Regression 989.404 14 61.838 42.438 .000)
Residual 1334.727 914 1.457
Total 2324.131 932
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Coefficients?

Standardized
Unstandardized Coefficients | Coefficients

Model B Std. Error Beta t Sig.

1 (Constant) 4.712 .330 14.277 .000*4
Gender .012 .083 .004 .145 .885
Age -.006 .002 -.064 -2.428 .015%
Professional qualifications .024 .045 013 .532 .595
Factual knowledge about .089 .031 .076 2.899 .0044
pipelines
Perception of the personal risk -.194 .042 -.214 -4.631 .000*%
of COz transport via pipeline
Perception of the societal risk of -.302 .044 -.309 -6.835 .000*%
CO: transport via pipeline
Perception of the personal 07§ .040 .079 1.907 .057
benefit of CCS
Perception of the societal 157 .039 .168 4.033 .000*%
benefit of CCS
Perception of nature as benign 013 .030 013 433 .665
Perception of nature as tolerant .080 .022 .094 3.544 .000*%
Perception of nature as -.049 .029 -.050 -1.731 .084
ephemeral
Perception of nature as -.025 .024 -.029 -1.064 .288
capricious
The highest priority should be -.012 .030 -.012) -.402 .688

given to protecting the
environment. even if it hurts the
economy

Both the environment and the .014 .033 .014 429 .668
economy are important. but the
environment should come first

Both the environment and the .090 .027 103} 3.402 .001*4
economy are important. but the
economy should come first

The highest priority should be -.013 .029 -.015 -.464 .643
given to economic
considerations even if it hurts
the environment

a. Dependent variable: General attitude towards CO2 transport via pipeline. Method=enter.
** p<=0.001, * p<=0.05
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Model 2: General attitude towards CO- offshore storage

Model Summary

Std. Error of the

Model R R Square | Adjusted R Square Estimate
2 716 513 504 1.256
ANOVA
Model Sum of Squares df Mean Square F Sig.
2 Regression 1519.657 16 94.979 60.191 .000
Residual 1445.406 916 1.578
Total 2965.063 932
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Coefficients?

Standardized
Unstandardized Coefficients | Coefficients
Model B Std. Error Beta t Sig.
(Constant) 3.099 .346 8.967 .000**
Gender .001 .088 .000 012 991
Age .000 .003 .002 077 .938
Professional qualifications .091 .047 .045 1.925 .055
Factual knowledge about CO> .060 .028 .051 2.152 .032*
storage
Perception of the personal risk -.185 .036 -.189 -5.188 .000**
of CO: offshore storage
Perception of the societal risk of] -.337 .039 -.328 -8.711 .000**
CO: offshore storage
Perception of the personal .093 .041 .086 2.297 .022*
benefit of CCS
Perception of the societal 184 .041 174 4.541 .000**
benefit of CCS
Perception of nature as benign 139 .032 122 4.393 .000**
Perception of nature as tolerant .073 .024 077 3.112 .002*
Perception of nature as -.059 .030 -.053 -1.945 .052*
ephemeral
Perception of nature as .022 .024 .022 .893 372
capricious
The highest priority should be .054 .031 .050 1.739 .082
given to protecting the
environment. even if it hurts the
economy
Both the environment and the .064 .035 .056 1.838 .066
economy are important. but the
environment should come first
Both the environment and the .074 .028 .075 2.695 .007*
economy are important. but the
economy should come first
The highest priority should be -.001 .030 -.001 -.025 .980
given to economic
considerations even if it hurts
the environment

a. Dependent variable: General attitude towards CO. offshore storage. Method=enter.
** n<=0.001. * p<=0.05
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Model 3: General attitude towards CO- onshore storage

Model Summary

Std. Error of the

Model R R Square | Adjusted R Square Estimate
3 .642 412 402 1.275
ANOVA
Model Sum of Squares df Mean Square F Sig.
3 Regression 1044.054 16 65.253 40.166 .000
Residual 1488.135 916 1.625
Total 2532.189 932
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Coefficients?

Unstandardized Standardized
Coefficients Coefficients

Model B Std. Error Beta t Sig.

3 (Constant) 4.058 .356 11.409 000**
Gender .054 .088 .016 614 534
Age -.006 .003 -.063 2387 0174
Professional qualifications -.034 .048 -.018 714 473
Factual knowledge about CO> .027 .028 .025
storage .960 337
Perception of the personal risk -.162 .04 -.162
of CO2 onshore storage ~3.930 000"
Perception of the societal risk of -.356 .042 -.355
CO> onshore storage -8.521 0007
Perception of the personal 114 .041 113
benefit of CCS 2.789 0054
Perception of the societal 137 .041 .140
benefit of CCS 3.369 0017
Perception of nature as benign .080 .032 .076 2 478 0134
Perception of nature as tolerant .060 .024 .068 2 507 0124
Perception of nature as .009 .030 .009
ephemeral 299 768
Perception of nature as -.025 .025 -.027
capricious -1.005 315
The highest priority should be .021 .03 .021
given to protecting the 673 501
environment. even if it hurts the
economy
Both the environment and the .032 .035 .031 915 360
economy are important. but the ) :
environment should come first
Both the environment and the .060 .028 .065
economy are important. but the 2.129 0344
economy should come first
The highest priority should be -.006 .031 -.006
given to economic -189 850
considerations even if it hurts
the environment

a. Dependent variable: General attitude towards CO2 onshore storage. Method=enter.
** n<=0.001. * p<=0.05
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Model 4: General attitude towards shale gas extraction

Model Summary

Std. Error of the

Model R R Square | Adjusted R Square Estimate
4 .789 .622 .615 1.007
ANOVA
Model Sum of Squares df Mean Square F Sig.
4 Regression 1638.800 17 96.400 94.998 .000
Residual 996.496 982 1.015
Total 2635.296 999
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Coefficients?

Standardized
Unstandardized Coefficients | Coefficients

Model B Std. Error Beta t Sig.

4 (Constant) 3.050) 315 9.677 .000**
Gender 111 .068 .034 1.625 104
Age .002 .002 023} 1.069 .285
Professional qualifications -.003] .035 -.002 -.096 923
Factual knowledge about shale -.021] .021] -.022 -1.014 311
gas extraction
Perception of the personal risk -.119 .029 -.125 -4.107 .000**
of shale gas extraction
Perception of the societal risk of -.360 .032 -.350 -11.145 .000**
shale gas extraction
Perception of the personal .201 .034 179 5.945 .000*%
benefit of shale gas extraction
Perception of the societal .350 .034 318 10.314 .000**
benefit of shale gas extraction
Perception of nature as benign .023 .021] .024 1.070 .285
Perception of nature as tolerant .007 .020 .007 .331 741
Perception of nature as -.017] .023 -.017] -.754 451
ephemeral
Perception of nature as .037 .018 .042 2.037 .042%
capricious
Technology guarantees the -.004 .025 -.003 -.158 875

competitiveness of our country
and is important so that
Germany can keep up with
globalization

Technology makes our life too -.015 .022 -.017 -.710 AT8
fast-moving and untransparent
and means that we can no
longer concentrate on the
important things in life

Technology is one crucial cause -.018 .023 -.018 -.764 445
of negative impacts on the
environment. climate and health

Decisions of policy and .058 .028 .050 2.112 .035%
economy regarding technology
are often made over citizens’
heads

New ways should be found in -.04]] .026 -.036 -1.556 120
order to involve citizens more
closely in decisions regarding
the use of technology

a. Dependent variable: General attitude towards shale gas extraction. Method=enter.
** p<=0.001. * p<=0.05
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Eepo-Azuamckuii ocypHal no NOJUMuUKe pa3eumus YCmou4usou dHep2emuKu

Oo01mecTBeHHOE BOCIpUSAITHE TPaHCHOPMAIIUY IHEPTreTHYECKON CHCTEMbI
B ['epmanun

. Ilyman

IOmmx cxnif nccnenoBaTeIbLCKUN TIEHTP
WHcTuTyT HccnenoBannii B 001aCTH SHEPTreTHKY | KiiuMarta - CUCTEeMHBIH aHanu3 u orieHka TexHonoruit (MOK-

CTD), 52425 KOnux, ['epmanus

Kpatkoe u3znoxenue: I[IpeoOpasoBaHne 3HEPreTHYECKOW CHCTEMBI, TAKKE Ha3bIBAEMOE IHEPrETHYCCKUM
Mepex0I0M, 03HavaeT (yHIaMEHTAIbHBIC CTPYKTYPHbBIC H3MCHEHHS B 9HEPreTHUSCKUX cucTeMax. OCHOBHBIMH
3ajladaMi  JHEPreTHYecKoro repexoma B [epmanuu, wu3BeCcTHbIMH Kak «Energiewendey, sBisiroTCs
JIeKapOOHM3AINs YHEPTOCHAOKEHUS MyTEM IIEPEX0/1a Ha BO30OHOBIIAEMBIC MCTOYHHKH SHEPTHH W CHIDKCHUS
SHEPromoTPEOICHHS C MCIOJIb30BAHUEM JHEPruM Bce Oojiee u Oonee 3ddexkTuBHO. DTO TpeOyeT, Hampumep,
M3MEHEHHUH B CTPYKTYpE MOTPEOICHUS] SHEPTOPECYPCOB, MPUMEHECHHUS HOBBIX SHEPTETUUCCKUX TEXHOJIOTHI TN
W3MEHEHUSI IMHAMHKH CIipoca rpakaan. OIHAKO TaKue CTPpATeruy TPaHC(hOPMAIIUH, TKE €CITA OHU TEXHUUICCKU
1 9KOHOMHYECKH OCYIIECTBHMBI, MOT'YT CTaTh IMOJHUTHYCCKH HEOCYIICCTBUMBIMH, €CITH OHH HE OYIyT MPHUHATHI
00IIecTBeHHOCTRIO. [109TOMY HajekHasi OleHKa OOINECTBEHHOTO BOCIPHATHS HEOOXOTMMA Ui YCIIEITHOTO
yIIpaBJIeHHs PeoOPa30OBaHUEM SHEPTETUIECKON CHCTEMBI.

Llens cratbu - OOBSCHHTH W NPOWLIIOCTPHPOBATH, KAaK HHCTPYMEHT, HAa3bIBAEMBIH TEXHOJOTHYECKUM
MOHUTOPUHTOM, HCTIONB3YETCS ISl OIEHKH OOIECTBEHHOTO BOCHPHATHSA TpaHCHOpMAITUU SHEPTETUIECKOH
CHUCTEMBI FepMaHI/II/I. ITocne omnucanus HCCJICA0OBATCIIBCKUX BOIPOCOB, HM3YYCHHBIX TCXHOJIOTMYCCKUM
MOHUTOPUHI'OM, a TAKKC 3JICMCHTOB U MCTOAOB MHCTPYMCHTA, [IBa IMPpUMEPA UCIIOJIL3YIOTCA JJId UIIIHOCTPAlUn
TOIr0, Kak TEXHOJIOTMYSCKUI MOHUTOPUHI' MOKCET CHOCO6CTBOB3TI: OLICHKEC O6HICCTBCHHOFO BOCIIpUATUA
TpaHc(OpMaIMK YHEPTreTUUECKON CHCTEMBL: YJIaBIMBAaHWE W XpaHeHHe yriekucioro raza (YXVY) u moObrya
crnaHneBoro rasza. C 3Toil menpio obuiecTBeHHOE BocmpuaTtue Y XY W A00bIUM ClaHLEBOro rasa B I'epmanun
CHayaJla CPaBHHMBAIOTCS IO IOKA3aTeJsIM CaMOCTOATENHLHO MPEACTaBIECHHON OCBEIOMIICHHOCTH, (PaKTHUECKUX
3HaHUH, BOCHPHATHS PHUCKA, BOCHPUATHS TPEUMYIIECTB M OOMMX YCTaHOBOK IyT€M HNPUMEHEHUS
OIMCATEIHHOTO CTATUCTUYECKOTO aHAJIH3A.

Pe3y.]IBTaTLI OIMUCATCIBbHOTO CTATUCTUYCCKOTO aHaJIM3a IMOKAa3bIBAIOT pa3jiniunsd BO BpEMCHHU B CaMOCTOSTEILHOM
OCBEIOMIIEHHOCTH 00 YXVY U CllaHIIeBOM ra3e. YpOBEHb 3HAHUH 00 00E€UX TEXHOJOTHSAX C TEUCHUEM BPEMEHU
YBCINMYHUBAJICA C TOYKH 3PpCHUA HEKOTOPBIX ACIICKTOB, B TO BPEMA KaK OH OCTaBaJICA CTaOWJILHBIM B OTHOILIEHUHU
apyrux. B 1o ke Bpemst 3a0myxaenns 00 YXVY u 1o0bIde c1aHLeBOro raza cpeiu 00IEeCTBEHHOCTHU CYIIECTBYIOT
1 COXPAaHAIOTCS C TCYEHUEM BPEMEHHU.
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OrnucarenbHBI CTATUCTUYSCKUAN aHAIM3 TaK)Ke MOKa3all, YTO OOIICCTBEHHBIE PUCKUA XPAaHEHUS YTIICKUCIIOTO
raza, TPaHCIOPTHUPOBKHU YTJIEKUCIOTO ra3a M CIAHIEBOTO ra3a CUYUTAIOTCS BBINIE JIMYHBIX PUCKOB U YTO
0OIIECTBEHHBIC BBHITOJBI BOCIPHHUMAIOTCS Kak OoJiee BBICOKHE, YeM JIMYHBIC BHITOAbl. OOIee OTHOIICHUE
HEMEIIKOW OOIIECTBEHHOCTH 3HAYUTENHFHO 00Jiee HEraTUBHO OTHOCHUTCS K CIIAHIIEBOMY ra3y, YeM K Iepemade
YTIEKUCIIOTO ra3a Mo TpyOOompoBOAY, XPaHEHHIO YIIIeKHCIoro raza u Y XY. Kpome Toro, HazeMHOE XpaHEHHE
YTIEKUCIIOTO Ta3a OICHWBAeTCs OoJiee HETaTHBHO, YeM MOPCKOE XpaHEHHE YIIEKHCIIOTO Tasa, meperada
VTIIEKHCIIOTO Ta3a Mo TpyoompoBoay wm Y XY.

Belmu mpoBeneHbl YEThIpE JIMHEHWHBIE PErpecCHr C LEIbI0 ONPEAENICHHs ACTEPMHUHAHTOB OTHOIIEHWH K
nepeave yrieKuceiIoro ra3a mo TpyoonpoBoay, Ha3eMHOMY XPaHEHHUIO YTIICKHCIOTO Ia3a, MOPCKOMY XpaHEHHUIO
YIJIEKHUCIIOTO ra3a U JOOBIYE CIAHIEBOTrO rasa. Pe3yiabpTaThl MOKa3bIBAIOT, YTO HAMOOJIEE BAKHBIMH TPSMBIMHU
JeTepMUHAHTaMH OOIIEro OTHOLICHHS K TIepeiade YIIIEKHUCIIOTo Ta3a o TpyOomnpoBoLy, HA3eMHOMY XpPaHEHHIO
YIJIEKHUCIIOTO ra3a, MOPCKOMY XPaHEHHUIO YTIIEKUCIIOTo ra3a 1 J00bIUe CIaHLEBOrO Ta3a SBJISIOTCS BOCHPHUSITHE
JIMYHBIX U COLMAIBHBIX PHUCKOB.

Takum 00pazoM, ¢ UCHOIB30BaHHEM IPUMEPOB Y XY W JTOOBIYH CIIAHIIEBOTO ra3a HACTOSIIEE MCCICIOBAHHE
MOKAa3bIBAET, YTO TEXHOJIOTUYECKHA MOHHUTOPHHI CIIOCOOCTBYET OIICHKE OOIECTBEHHOTO BOCHPHSATHS
9HEPreTUIEeCKON CUCTEMBI ITyTeM IMPeI0CTaBIeHIs HH(OPMANU, KOTOPAs MOKET OBITh ITOJIE3HOH ISl OIIEHKH
COIMAJbHON OCYIIECTBUMOCTH OJHEPreTHYeCKWX CHCTEM B Oyaymem, w HH(pOpMamuu, KOTOpas MOXKET
CIOCOOCTBOBAThH YIPABJICHUIO MTPOILIECCOM SHEPTETUIECKOTO MEPexoa.

KnarwueBbie ciioBa: OOIIECTBEHHOE BOCHPUSTHE, TpaHC(HOPMAIMS SHEPreTUYECKOW CHUCTEMBI, | epmaHus,
TEXHOJOTHYECKHH MOHUTOPHHT, YIIABIMBAHUE U XPaHEHHE YTIIEKUCIIOTO ra3a, J00bIYa CIaHIeBOTO ra3a.
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Abstract

Deviations from the fulfillment of Energy Efficiency (EE) targets are attributed mainly to barriers created
by the behavioral patterns of end-users. The methodology, based on the Analytical Hierarchy Process
(AHP), concerns the calculation and interlinkage of the total impact factors of behavioral barriers
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negatively the achievement of such targets
(McCollum L. David et al., 2016; European
Commission, 20153, 2015b; European
pillars of efforts to mitigate climate change (IEA, Environmental Agency, 2013). As a consequence,
2014; Energy Efficiency Financial Institutions EE policies and measures do not deliver the expected
Group, 2015). There is plethora of policy instruments benefits (such as energy savings, reductions in

that support the penetration of EE technologies and Greenhouse Gases (GHG), employment, poverty
practices. Different types of barriers, particularly alleviation etc) (UNEP, 2014; IEA, 2014).
those linked with end-users behaviour, affect

1. Introduction

Energy Efficiency (EE) consists one of the main

13 The methodology was developed and implemented in the frame of the Horizon 2020 Research and Innovation project
HERON (Grant Agreement No. 649690).
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According to the Energy  Efficiency
Communication of July 2014, the EU is expected to
miss the 20% energy savings target of year 2020 by
1% - 2% (European Commission, 2015a; 2015b;
2014; European Commission — Directorate - General
for Energy, 2012). In 2014, three Member States
(Estonia, Malta and Sweden) had not achieved
sufficient savings in primary energy consumption
(EEA, 2016a). Due to this fact, Malta’s 2020 EE
target, expressed in final energy consumption, was
increased in 2015 from 0.493Mtoe to 0.547Mtoe,
becoming less ambitious since this amount is
increased instead of being reduced even more
(European Commission, 2015a). The Dutch
Government lowered its initial reduction target from
30% to 20% (Vringer K. et al., 2016). Three other EU
Member States (Germany, Lithuania and Slovakia)
had not succeeded in their efforts of reducing
sufficiently their final energy consumption so as to
remain below their linear trajectory (EEA, 2016b).

Currently, efforts are focused in overcoming
existing barriers and increasing the sophistication of
energy and economic modelling (European
Commission (EC), 2015b; 2014). Key insights in the
outcomes of such efforts can guide the effective
design and implementation of end-user-focused
strategies and public policy interventions to improve
the level of EE interventions (by adopting
technologies or practices) (Frederiks R. et al., 2015;
UNEP, 2014).

Forward-looking models are used for medium-to-
long-term scenario analyses, aiming to support
relevant policy options; some of these models are
designed to consider both technological, economical
and socio-behavioral elements in developing the
scenarios (McCollum L. David et al., 2016;
Knoblocha F., Mercure J.-F., 2016). Bridging the gap
between these elements has historically been
presented as a challenge (McCollum L. David et al.,
2016). Demands of improving the design of models
so as to become more ‘realistic’ by incorporating
features observed in the real world are increasing
(McCollum L. David et al., 2016). One group of such
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features of the ‘real world’ relates to human
behaviour. Barriers, related to end-users’ behaviour,
need to be incorporated in forward looking EE
modelling after being identified and analysed
(McCollum L. David et al., 2016; EC, 2015a, 2015c;
EEA, 2013).

The aforementioned demands are based on the
following arguments (McCollum L. David et al.,
2016):

i) Models lacking behavioural realism are
restricted in evaluating energy efficiency
policies and other influences on end-user
demand;

ii) Improving the behavioural realism of models
consequently affects policy-relevant model
analysis of EE as part of the climate change
mitigation efforts.

However, current modelling of behavioural features
in energy-economy and integrated assessment
models is relatively limited (McCollum L. David et
al.,, 2016). Models and particularly Integrated
Assessment Models (IAMs) represent the behaviour
of consumers or energy end-users through economic
relationships: energy demand as a function of price,
technology investments to minimize levelized costs,
etc (McCollum L. David et al., 2016).

End-user behaviour is complex and rarely follows
traditional economic theories of decision-making
(McCollum L. David et al., 2016; Frederiks R. et al.,
2015; Knoblocha F., Mercure J.-F., 2016). End-users
patterns of energy consumption are influenced by
social-cultural-educational ~ (status quo, social
interactions etc), economic (risks of investment,
financial incentives) and institutional factors (split
incentives, hassle factor etc) that are characterized as
barriers (Vringer K. et al., 2016; Frederiks R. et al.,
2015; UNEP, 2014).

Consequently, a methodology inserting end-
users’ behavior into forward looking EE modeling
adds value in efforts to have more reliable EE
modeling.
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2. Methodology
2.1. Concept

Developed scenarios for EE include as key drivers
(or assumptions) the penetration of EE technologies
(Building shell improvement, efficient heating and
cooling, heat pumps, more efficient vehicles, etc.)
and their supportive policy package (energy
labelling, building standards, fuel taxes etc) (IEA,
2013; European Communities, 2006). The assumed
shares of such technologies combined with the
appropriate policy instruments form the synthesis of
various scenarios developed with the use of energy
models such as LEAP, MARKAL, TIMES, POLES
etc (Bhattacharyya C. S. and Timilsina R. G., 2010).

The EE target set for a country depends on the
aforementioned combination and the consumers’
habits and behavior (IEA, 2013). Each national
economic sector has its own EE targets or assigned
contribution to the national EE target.
Simultaneously, each sector has its own set of
barriers towards EE issues (Hochman G. and
Timilsina G. R., 2017; Trianni A. et al., 2016;
Johnson H. and Anderson K., 2016; HERON, 2015a;
HERON, 2015b). Depending on the rationality of
these scenarios, assumptions are adopted for
overcoming identified existing barriers. Each
identified barrier, due to end-users’ behavior towards
EE issues, has a different impact in limiting the
efforts of achieving any type of energy efficiency
target. Quantification of the qualitative information
of identified barriers allows the numerical expression
of the respective impact factors on the inputs for the
forward-looking EE modelling.

The proposed methodology transforms qualitative
research outcomes about barriers linked to end-users’
behavior, into quantitative ones. With the use of the
Analytical Hierarchy Process (AHP), comparative
analysis is conducted among these barriers due to end
users’ behavior towards technologies, measures and
policy instruments for achieving EE targets. This
process reveals and quantifies the negative impact of

14 Since two alternatives form the pairwise comparisons of AHP
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each barrier on the set of the assumed targets, in EE
modeling. Mathematical expressions using the
calculated impact factor of barriers provide
numerical inputs to energy modelling reflecting the
deviation from the set EE target due to end-users’
behavior. Once the procedure is completed, the
policy maker can modify accordingly the available
inputs so as to reduce the calculated deviation.

2.2. Rationale for the AHP choice

The selection of the AHP allows pair-wise
comparisons among the objects that need to be
assessed (either criteria/sub-criteria, alternatives,
options or barriers). Furthermore, it has the following
advantages:

e AHP is justified mathematically (specifically, it
is mathematical theory of value, reason and
judgment, based on ratio scales) (Eakin H.,
Bojorquez-Tapia L.A., 2008; Kablan M.M.,
2004).

e AHP presents better the problem. Its main
advantage is the decomposition of the problem
into elements (Ishizaka A., Labib A., 2011,
Berrittella et al., 2008). Its hierarchical structure
of criteria allows users to focus better on
specific criteria and sub-criteria  when
determining the respective weight coefficients
through pairwise comparisons (Ishizaka A.,
Labib A., 2011).

e AHP allows pairwise comparisons.
Psychologists argue that it is easier and more
accurate to express one’s opinion only on two
alternatives'* than simultaneously on all
(Ishizaka A., Lablb A., 2011). Additionally, the
usage of pairwise comparisons does not require
the explicit definition of a measurement scale
for each attribute (Bozdura F.T. et al., 2007).

o AHP offers guidelines in defining the weight
coefficients and has a consistency test. “The
AHP approach employs a consistency test that
can screen out inconsistent judgments, which



Euro - Asian Journal of sustainable energy development policy

makes the results reliable.” (Bongchul K. et al.,
2017; Kablan M.M, 2004).

e AHP is suitable for incorporating the
preferences of relevant decision
makers/stakeholders regarding the importance
of the criteria/sub-criteria (Bongchul K. et al.,
2017; Fikret K.T., et al., 2016; Ananda J.,
Herath G., 2009). Due to this advantage, it has
been widely used in energy management,
business, maintenance engineering, and medical
& health care, strategic planning etc (Da A. et
al., 2017; Madeira G. J. et al, 2016).
Reservations, though, are expressed that the
method may be impractical for a survey with a
large sample size of as ‘cold-called™
respondents, because they may have a great
tendency to provide arbitrary answers, resulting
in a very high degree of inconsistency (Wong
K.W.J., Li H., 2008). But there are scholars that
support that it can handle uncertain, imprecise
and subjective data (Srdjevic B., Medeiros
Y.D.P., 2008; Petkov D. et al., 2007).

e AHP allows qualitative and quantitative
approaches for solving a problem (Madeira G.
J. et al., 2016; Kilincci O., Onal S.A., 2011;
Wong J.K.W., Li H., 2008; Duran O., Aguilo J.,
2008). The user can deal in this way the inherent
subjectivity of the selection process. Pair-wise
comparisons are quantified by using a scale
(Stefanovic G. et al., 2016).

e AHP has high popularity. Comparative analysis
of Multi Criteria Decision Analysis (MCDA)
approaches has indicated AHP to be the most
popular compared to other methods due to its
simplicity, easiness to use and great flexibility
(Nasirov S. et al., 2016; Kilincci O., Onal S.A,,
2011; Ho W. et al., 2010; Srdjevic B., Medeiros
Y.D.P., 2008; Duran O., Aguilo J., 2008; Babic
Z., Plazibat N., 1998).

15 A telephone call or visit made to someone who is not known
or not expecting contact.
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The method reproduces what seems to be a
natural method of human mind in perceptions
and judgements (Madeira G. J. et al., 2016). It
does not require explicit quantification of
criteria (Zietsman D., Vanderschuren M., 2014).
The users may directly input judgment data
without getting into the mathematical
background (Duran O., Aguilo J., 2008).

e AHP has been used only for the determination
of the importance of criteria/factors (alone or in
combination with other multi-criteria decision
analysis methods) (Kuruoglu E. et al., 2015;
Kumar S. et al., 2015; Andrejiova M. et al.,
2013).

2.3. Outline and steps

The methodology, based on the AHP, develops a
road map consisted of six steps. It starts with
“Mapping, categorization and merging behavioral
barriers” (step 1), proceeds with the “Development
of the AHP tree and matrices” (step 2), the
“Calculation of weight coefficients” (step 3), the
“Definition and calculation of the Impact Factors of
barriers” (step 4), the “Linkage of Impact factors of
barriers with technologies and policies (step 5) and
concludes with the “Incorporation of the Total
Impact Factors in the forward-looking EE
modelling” (step 6).

Step 1: Mapping, categorization and merging of
behavioral barriers

The mapping of barriers linked with end-users’
behavior towards EE issues is defined by the
requirements of the EE scenario modelling (sector
and EE technologies). Barriers are sought through: i)
Bibliographic research (National Action Plans,
Strategies, National Communications, reports from
target groups (associations of household owners,
chambers, projects etc), published papers); ii)
interviews or questionnaire survey (Hochman G. and
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Timilsina R. G., 2017; Chiaroni D. et al., 2016;
HERON, 2015a; 2015b).

The identified barriers, with the same basic
characteristics, are categorized into main groups and
sub-groups. Each main group is divided into
subgroups if there is a large number of identified
barriers. Based on literature research three main
groups are foreseen for barriers linked with end-
users’ behavior: “Social-Cultural-Educational” (S-
C-E), “Economic” (EC) and “Institutional” (IN)
(Nasirov S. et al., 2016; UNEP, 2014; IEA, 2014,
2013; EEA, 2013; Energy Communities, 2006). The
first group is divided into three sub-groups “Social
(S)”, “Cultural (C)” and “Educational (E)”.

Barriers with the same content; behavior or same
manner in being handled, are merged into one barrier
with a common title. This action is necessary so that
the final set of barriers is complete, non-redundant,
minimalistic, non-overlapping, mutually
independent,  decomposable  (Zietsman  D.,
Vanderschuren M., 2014; Makropoulos C.K. and
Butler D., 2006).

Step 1 based on the aforementioned sources and
the findings of the HERON project led to two sets of
behavioral barriers with universal use, responding to
the needs of forward looking EE modelling for the
sectors of buildings and transport (HERON, 2015g;
2015b; 2016). These sets are presented in the next
step.

Step 2: Development of the AHP tree and matrices

The mapped and classified barriers into groups
and sub-groups of step 1 form the AHP tree. Apart
from the structure of groups and sub-groups, the goal
(zero level of AHP tree) needs to be determined also.
Goal reflects the aim of the tree which is the “limiting
efforts for achieving the EE target” due to the impact
of each barrier as part of this tree (Figure 1). This EE
target can be based on primary or final energy

16 https://ec.europa.eu/energy/en/topics/energy-
efficiency/energy-efficiency-directive
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consumption, primary or final energy savings, or
energy intensity?°.

The next level is the first level of the AHP tree
and is structured with the three main groups of
barriers: i) S-C-E); ii) EC and iii) IN. The second
level consists of the three sub-groups S, Cand E. The
other two groups do not have sub-groups (Figure 1).
Under each group and sub-group, the identified and
merged barriers are classified forming the third level.
The two sets of barriers of step 1 with the goal are
presented in Tables 1 and 2. The comparison of these
two sets shows that: i) The number of classified
barriers is different for one sub-group (E) and two
groups (EC, IN); ii) there are common barriers
between the two sets.

This structure — common for both sectors - is used
to form the AHP matrices for the comparative
analysis of the next steps. Columns and rows of these
matrices refer to the compared groups or sub-groups
of barriers or barriers themselves (depending on the
level forming the matrix). The AHP matrices are
filled in their diagonal with number “1” due to the
pairwise comparison of one group or sub-group or
barrier with itself. The preferable maximum number
for each AHP matrix is 8x8.

Step 3: Calculation of weight coefficients

Step 3.1: First level of pair-wise comparisons

The three groups of barriers (S-C-E; EC; IN) are
compared using the AHP matrix and scale (Tables 3
and 4). Each cell of the AHP matrix is filled after:

i)  comparing the group of each row with the
respective group of the column;

i) assigning the appropriate - according to
judgement - intensity from Table 4;

iii) the assignment of the intensity (judgement) is
based on the following conditions:
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. the first group is more important compared to
the second one if the number of the identified
barriers under the first group of barriers is
higher compared to those under the second
one;

. the first group is more important compared to
the second one depending on the level of
difficulty with which it can be confronted (the
more difficult, the more important);

. the first group is more important compared to
the second one if it is divided in more different
sub-groups; and

. the first group is more important compared to
the second one if the available preferences of

experts on EE issues clearly quote this
importance.

iv)  Depending on how overall important is the
first group, compared to the second; the
intensity is assigned by the user. The selected
intensity is quoted in the respective cell. If
during any comparison, the second group is
more important than the first one, then the
guoted intensity is 1/intensity.

Table 5 shows a filled AHP matrix where Aj is the
content of the cell (i,j); i refers to the row and j to the
column. The element of the AHP matrix, Aiz, expresses
how more important is the first group (S-C-E), in
limiting the efforts of achieving the EE target compared
to the second group of barriers (EC).

Social —1 b

Social - Cultural Cultural
- Educational

bck

Limiting

Educational

bem

achieving the
EE target

efforts for Economic

bEC1

bec;

bINl

Institutional

bINa

Fig 1: The AHP tree of the barriers.
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Table 1. Set of behavioural barriers for the building sector.

Goal

Group

Sub-group

Barriers (b)

Limiting efforts for achieving the EE target

S-C-E

bs1: Social group interactions and status considerations

bs,: Socio-economic status of building users

bss: Strong dependency on the neighbors in multi-family housing

bs: Inertia

bss: Commitment and motivation of public social support

bse: Rebound effect

bei: Lack of interest/low priority/Undervaluing energy efficiency

be2: Customs, habits and relevant behavioural aspects

bes: Bounded rationality/Visibility of energy efficiency

bea: Missing credibility/mistrust of technologies and contractors

be1: Lack of trained and skilled professionals/ trusted information, knowledge and
experience

be,: Lack of awareness/knowledge on savings potential/information gap on
technologies

EC

beci: Lack of any type of financial support (lack of financial incentive (Public and
Private sector)/ Lack of funds or access to finance)

bec,: High capital costs/Financial risk/ Uncertainty on investment/ High cost of
innovative technologies for end-users

becs: Payback expectations/investment horizons

beca: Relatively cheap energy and fuel prices/ misleading Tariff system not
reflecting correct prices for energy use/EE

becs: Unexpected costs (Hidden costs/ Costs vary regionally (Fragmented ability))

becs: Financial crisis/Economic stagnation

bec7: Embryonic markets

bin1: Split Incentive

bina: Legislation issues (Lack of relevant legislation/Lack of regulatory provision
/Change of legislation for local/regional administrative division/
Complex/inadequate regulatory procedures)

bins: Building stock characteristics/aging stock/ Historical preservation

bing: Poor compliance with efficiency standards or construction standards/
Technical problems/ Performance gap/mismatch

bins: Lack of data/information-diversion of management

bine: Barrier to behavior change due to problematic Implementation Network
(IN)/governance framework (Inadequate IN/governance framework
/Inadequate implementation of policy measures / poor Policy coordination
across different levels/cooperation of municipalities)

binz: Disruption/Hassie factor

bins: Security of fuel supply
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Table 2. Set of behavioural barriers for the transport sector.

Goal

Group Sub-group

Barrier

Limiting efforts for achieving the EE target

bs1: Low satisfaction with public transport/lack of trust

bs,: Concerns of vehicle reliability/Hesitation to trust new technologies

bss: Heterogeneity of consumers

bss: Suburbanisation trends/Low density

bss: Mobility problems (Vulnerability of pedestrians / Lack of adequate space for
walking/ Cruising traffic/ Parking problems)

bse: Inertia

S-C-E

bei: Car as a symbol status and group influence

bc2: Habit and social norm of driving, car ownership and use

bes: Cycling is marginalized

bes: Attitude (Attitude-action gap /Bounded rationality/Buyer attitude)

bes: Lack of knowledge/information (on green transport/ULEVs/EVs - fuel
economy)

be>: Low/Limited awareness (of impact of EE in transport /towards eco-
driving/benefits-environmental impacts)

bes: Confusion about car and fuel costs (conventional vs ULEVs/Evs) — Negative
perception

bea: Lack of certified instructors/examiners/technicians/professionals for eco-
driving /integrated transport/mobility/ ULEVs/Evs

EC

beci: Lack of finance/Limited financial incentives for new vehicles/ULEVs/public
transport/ - Inefficient or absent fiscal measures for supporting EE

bec: Limited infrastructure investment (road/train/cycling) — for public
transport

becs: Low purchasing power of citizens/Financial crisis

beca: High cost/Low cost competitiveness of electric vehicles - High cost of
batteries for electric vehicles

becs: Payback period of fuel efficient vehicles

bece: Negative role of Investment schemes/employee benefits encourage
transport EE

bini: Administrative fragmentation and lack of integrated governance

bina: Transport EE on the Government Agenda/priorities

bins: Barriers to behavior change due to problems with infrastructure/public
transport services (Inefficient urban/public transport infrastructure and
planning/ Undeveloped cycling/walking infrastructure/ Lack of support for rail
transportation/Limited rail infrastructure/ Undeveloped infrastructure for
recharging of EV)

bina: Lack or limited policies to support behavior change on specific transport
issues (Lack of national strategy for bike and pedestrian mobility/ Limited policy
on freight efficiency/city logistics

bins: Limited/complex funding in urban public transport

bins: Barriers to behavior change due to no policy support to technological
issues/research needs (Immature status of developing technologies for
EVs/ULEVs - Range of distance travelled between charges for EVs)

binz: Contradicting policy goals (particularly road/car-oriented planning)
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Table 3. AHP matrix for pair-wise comparisons.

Group of barriers S-C-E EC IN
S-C-E 1 A Az
EC Ar=1/Ap 1 Az

IN Az = 1/Asz Az = 1/Ax 1

Table 4. Relative importance between comparisons of AHP method.

Intensity Definition Explanation
1 Equal importance Two barriers contribute equally to the goal
3 Moderate importance Experience and judgement slightly favours the one over
the other
5 Essential or strong importance Experience and judgement strongly favours the one over
the other
7 Demonstrated importance Dominance of the demonstrated in practice
9 Extreme importance Evidence favouring the one over the other of highest
possible order of affirmation
2,4,6,8 Intermediate values When compromise is needed
Table 5. Calculations in AHP matrix for the respective Impact factors.
Group of barriers S-C-E EC IN w
S-C-E 1 A Az Ws.ce = (1/S1 + A12/S2 + A1a/S3)/3
EC Ao = 1A 1 Az Wec = (An/S1 + 1/S2 + Ax3/S3)/3
IN As1=1/Ax Az =1/Ax 1 Win = (Aa/S1 + Asa/S2 +1/S3)/3
Sum S1=1+ Ant+Azn | S2=Ap+l+As | S3=As+ Axstl

Step 3.2: Calculation of weight coefficients for the
first level of the AHP tree

The necessary calculations of the AHP method are
conducted for the determination of the weight
coefficients (W) for each group of barriers (first level of
AHP tree). The weight coefficients of this level express
the contribution of the respective group to the goal. This
means in the limitation of efforts for achieving the EE
target. Due to this contribution, the calculated weight
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coefficients are defined as “Impact factors (I)” for the
groups of barriers. The procedure is the same for all
AHP matrices, differences are due to the different rank
of the matrix (see Table 5):

a. Sum of each column (add three numbers in this
specific case-level); denoted as Si where i
refers to the number of the column;
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b. Divide each number of the first row with the
respective sum of the column it belongs to
(A11/sum of column1= A11/Sl, A12/82, A13/S3
etc);

[T 1]

C. Sum up the “n” outcomes of step b (here the
three outcomes of step b);

d. Divide them with n (since there were n
outcomes) (n is the number of columns and
rows of this AHP matrix) (here divide them
with 3 (three outcomes for step c));

e. The outcome is weight coefficient for group 1
of barriers (located at row 1, column n+1 or a
separate column) (sub-groups or barriers in the
next levels);

f. Repeat for the second row the steps b, c, d, €;
0. Repeat for the next rows the steps b, ¢, d, €;

h. Check if each weight coefficient fulfills the
condition 0 < W < 1;

i. Check if all together, the weight coefficients,
sum up 1 (here the three calculated ones).

Step 3.3: Calculation of the consistency test

Values derived from step 3.2 are tested — before
being used - for their consistency following the Saaty
approach which requires the calculation of the random
ratio of consistency (CR*) of the respective AHP
matrix.

First, the consistency index (CI) is calculated as
CI = tmaxm ()

n-1

where: Amax is the maximum eigenvalue of the matrix
and n is the rank value of the matrix.

Then, the random ratio of consistency (CR¥*) is
calculated as

CR*=CIICR  (2)

Where: CR is the corresponding mean random index
of consistency. CR is 0 for a 2x2 matrix and CR* is
not calculated. For the other nxn matrices, CR
receives the values of Table 6 (Bongchul K. et al.,
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2017; Da A. etal., 2014; Ishizaka A., Labib A., 2011;
Konidari P., Mavrakis D., 2007; Berritella M. et al.,
2007).

A matrix is consistent (outcomes reliable) if CR* <
0.10, otherwise, the matrix is not consistent and its
CR* value should be adjusted. This is done by re-
assigning intensities and checking the importance of
one object (here for the group of barriers) over the
other.

The calculation procedure using the respective AHP
matrix is (here Table 5 turns into Table 7):

a. Multiply the first cell of the first row with the
first weight coefficient (final matrix of step
3.2), the second cell of the first row with the
second one, the third cell of the first row with
the third weight coefficient) etc;

b. Sum the products and divide by the first
weight coefficient. This will be Al;

¢. Multiply the first cell of the second row with
the first weight coefficient etc;

d. Sum up the products and divide with the
second weight coefficient. This will be A2.

e. Repeat the steps a, b for the third row and any
other remaining ones respectively.

f. Addoutcomes Al, A2, ...... An and divide the
sum with “n”. Here, add outcomes A1, A2 and
A3 and divide the sum with number three. This
leads to A.

g. Calculate ClI = (A — n)/(n-1) for the specific
AHP matrix.

h. Calculate CR* = CI/CR (CR value from Table
6). Here CR* = C1/0.58 (matrix 3x3) (Table 7).

i. If CR* fulfils the condition 0<CR*<0.10, then
the results are consistent.

When CR* = 0 the respective matrix is perfectly
consistent. But due to the fact (argument) that
decision-makers do not normally make “perfect”
judgements, the value is not accepted (Alonso J.A.,
Lamata T., 2006).
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Table 6. Values of mean random index of consistency.

Size of matrix | 3x3 4x4 5x5 6x6 X7 8x8 9x9 10x10
CR 0.58 0.90 1.12 1.24 1.32 141 1.45 1.49
Table 7. Calculations for 4 of Table 5.
Group of barriers S-C-E EC IN Outcomes using AHP matrix and its W.
S-C-E 1*Wsce A2* Wec A* Win Al = (1* Wsce+ A* Wec+ Aiz* Win )/ Wsce
EC A2 * Ws.ce 1* Wec Axz* Win A2 = (Axr* Wsce+ 1* Weec+ Azz™* Win )/ Wec
IN Az * Ws.ce Az * Wee 1* Win A3 = (Asr * Wsce+ Asz* Wee+ 1* Win)/ Win
A=(Al +A2+A3)/3
Table 8. AHP matrix for the third level of barriers.
Social Barriers
bs bs bs | . bsn Win
(3" level) ' 2 ?
bs1 1 A12 Az | A1n Wi = (1/S1+ A1p/S2+.... A1n/Sn)/n
bs2 Ay =1/A1n 1 AVES A2n Wiz = (A1/S1+1/S2+.... Aw/Sn)/n
bs3 As1=1/A13 As2=1/A2 1 Azn Wiz = (A21/S1+ A3p/S2+.... Asn/Sn)/n
....................... 1
bsn An1 = 1/ Ain Anz = 1/ A Anz = 1/ AVE] Ann1= 1/ An-in 1 Wsn=(An1/Sl+ 1/52"‘---- 1/Sn)/n
S1=1 +As1+.... An1 S2= A +1+... Anz Sn = A+ Ao +1
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Step 3.4: Calculation of weight coefficients for the
second level of the AHP tree

Weight coefficients are defined again, but now for
each one of the sub-groups of barriers (“Ws”, “W¢”
and “WEeg”) (second level) to which the wider group
“S-C-E” is divided to. These weight coefficients
express the relative importance that each sub-group
has as part of the wider group “S-C-E”. The previous
steps (3.1 — 3.3) are repeated. The conditions of step
3.1 are used for this level also.

Once the weight coefficients of each one of the
sub-groups are calculated (ie Ws, W¢, We), then —
following previous procedure - their equivalent
Impact factor (I) in “limiting the efforts for achieving
the EE target” is determined as:

Is=Wsce™*Ws 3)
lc =W sce*Wc 4)
le=Wsce™*We (5)

The Impact factor expresses the contribution of the
sub-group to the goal of the AHP tree. “Economic” and
“Institutional” barriers are not divided into sub-groups.

Step 3.5: Calculation of weight coefficients for the
third level of the AHP tree

The previous steps (3.1 — 3.3) are repeated for this
level of the AHP tree. Under each sub-group there is
a number of identified barriers (Figure 1). Following
the described procedure, the AHP matrix for the
“Social barriers” and their weight coefficients is that
of Table 8.

The AHP matrix is filled through the assignment
of the intensities that result from the comparison of
the identified barriers (bs1, bs2...bsn) against each
other by taking into consideration the following
conditions (different from those in step 3.1):

e A barrier is more important than the other if the
number of different sources that refer to it are
more than those for the second one;
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e A barrier is more important that the other if the
number of sub-sectors that were linked with it
are more than those with the second one;

e A barrier is more important compared to the
second one if there are more difficulties to
confront it (the easier to be confronted the less
important it is or if difficulties are encountered
in more than one level (local, regional, national)
it is more important);

e A barrier is more important compared to the
second one if it exists longer than another
(longer recorded duration of the barrier
compared to the other);

e A barrier is more important compared to the
second one if the number of different policy
instruments that were linked with it is higher
than those of the other;

e A barrier is more important than the second one
if it is identified as a cross-cutting barrier
(common among two or more different sectors
(ie buildings and transport));

e A barrier is more important than another if there
are available expressed preferences of
stakeholders for it.

Calculations are performed for this level following
those of step 3.2. Again, the calculated weight
coefficients are checked for their consistency (step
3.3). The procedure of this step (3.5) is repeated for
the “Economic” and the “Institutional” barriers.

Step 4: Definition and calculation of the Impact
factors of barriers

The calculated weight coefficients of the previous
step express the importance of each barrier as part of
the group or sub-group to which it belongs. The
Impact factor of a barrier (1) is defined as the weight
coefficient of the barrier that expresses its
importance to the goal of the AHP tree.

The Impact factor is calculated as the product of
the weight coefficients of each one of the identified
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Table 9. Impact factor of barriers for the building and transport sectors.

Type Barriers of sector Function
Building Transport
S bs1 bs1 Is1 =Ws.ce*Ws *Wsy
s b2 b2 Is2 =Ws.c.e*Ws *Ws,
S bss bss ls3 =Ws.c.e*Ws *Wi3
S bss bsa Isa =Ws.c.e*Ws *We4
S bss bss Iss =Ws.ce*Ws *Wss
s bss bss Iss =Ws.ce*Ws *Wse
C by bc1 le1 =Ws.ce*We *Wey
[ b b le2 =Ws.ce*We *Wo,
C bes Bes les =Ws ce*We *Wes
(¢ bes bea lea =Ws.c.e*We *Wes
E bes bes ley =Ws.ce*We *Wey
E be2 be2 le2 =Ws.ce*We *Wea
E - Des les =Ws.ce*We *Wes
E R bea lea =Ws.c.e*We *Weq
EC becs bec lec1 = Wee * Weat
EC bec bec. leca = Wee * Weez
EC becs becs lecs = Wee * Wecs
EC beca beca leca = Wec * Weca
EC becs becs lecs = Wee * Wecs
EC bece bece lecs = Wee * Wecs
EC becy - lec7 = Wee * Weer
IN bing bing Iing = Win * Wing
IN bina bina Iz = Win * Winz
IN bins bins Iing = Win * Wing
IN bina bina lina = Win * Wing
IN bins bins Iins = Win * Wins
IN bine bine Iine = Win * Wine
IN biny biny Iinz = Win * Winz
IN bing - ling = Win * Wing
The sum of all these barriers fulfils the condition: 212=71 =1

barriers (b), in the relevant groups and subgroups,
based on the outcomes of the previous steps and the
mathematical equation is as follows:

|:WG*W5.G*Wb (6)
where

l'is the Impact factor of a barrier towards the goal of
the AHP tree;
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W ¢ is the weight coefficient of the Group of
barriers to which the sub-group belongs;

Ws. is the weight coefficient of the Sub-Group of
barriers under the respective group of barriers;

W, is the weight coefficient of the barrier under the
sub-group to which it is classified and expresses the
importance of the barrier compared to the other
barriers of the same sub-group.
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The same procedure and mathematical expression is
applied for all barriers of the third level.

For the barriers, that are not classified in sub-groups,
the Impact factor is calculated as

I=We*Wy, (7)

All calculated Is do not have measurement units as
they express the contribution of the barrier in not
achieving the EE target ie the ratio scale in limiting
efforts for achieving the EE target. The values of
these Is range from 0 to 1, ie 1€(0,1). Table 9 shows
the sets of barriers for the building and transport
sectors and their calculated impact factors. The
numerical outcomes of the impact factors depend on
the judgement of the user after applying the
respective steps.

Step 5: Linkage of Impact factors of barriers with
technologies and policies

EE technologies or practices are promoted -
depending on national needs and priorities -through
implemented policy instruments. Their penetration is
affected by a set of linked barriers.

The Total Impact factor (TI) of barriers is
calculated as the sum of all the Impact factors of the
barriers linked with the specific EE technology or
practice ie:

—\"n k m q r
TI =20 I+ Xier lejt Xa=1lpa® Zp—q Ieco+ Xa=11lina

(8)
where

n, k, ..., r refer to the maximum number of the
relevant barriers linked to the technology/practice
under consideration. Each one of these maximum
numbers fulfils the condition of being less than the
total number of the barriers categorized under the
respective group or sub-group (steps 1 and 2).

Equation (8) concerns the TI of barriers for only
one EE technology or practice. The same equation is
applied for calculation of the TI of barriers linked
with an implemented policy instrument for EE.
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The Tlo of barriers for a set of EE
technologies/practices is calculated applying the
same rationality. The Impact factors of all barriers for
all technologies are summed up. The Impact factors
for barriers that are encountered for two or more
technologies/practices are inserted only one time in
the calculations (for avoiding duplication of the same
impact factor).

Step 6: Incorporation of the Total Impact factors
in the forward-looking EE modeling

The Impact factors (I) and Total Impact factors
(T1) define the negative impact on the set of input
drivers (or the defined EE target) in the frame of the
forward-looking EE analysis. Consequently, the
difference between the initially set value and the new
one that incorporates Impact factors (1) and Total
Impact factors (T1) defines the deviation created by
the end-user’s behavior.

For reducing this deviation, there are various
options derived from the optimum combination of
modified inputs, leading to a number of improved
scenarios.

Step 6.1: Defining the deviation of EE targets due to
behavioral barriers

The EE target is usually expressed by a
percentage (£p%) of/about a specifically defined
amount and is to be achieved until a defined target
year. The numerical value of p% depends on the
scenario and whether it concerns a country, region,
municipality or sector/sub-sector (if the target
concerns the tertiary or the road sub-sector) or even
a specific housing type (if the examined sector is the
building sector).

This specifically defined amount may refer to
the: i) primary/final energy consumption; ii)
penetration rates of EE technologies and iii) energy
intensity. The latter is expressed in: i) MWh/m? or
kWh/m? for the whole building sector or per any
housing type (existing single-family house - housing
type 1, existing multi-family building — housing type
2 etc) (Sustainable Energy Authority of Ireland,
2016); ii) tonnes of oil equivalent (toe) per tonne-km
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for the freight sub-sector and in toe per passenger-km
for the passenger sub-sector?’.

The user assumes that a set of barriers affects the
defined amount through the use of one EE
technology (or the implementation of a policy
instrument for supporting this technology). The
impact of barriers leads to a new percentage, py (in
%), which is calculated as

Pp=%p*(1-TH or po=%p*(1-Tla) (9

where Tl is the Total Impact factor of all barriers
linked with this one EE technology/action that is used
for achieving the expected EE target and Tl the
Total Impact factor linked with a set of EE
technologies/actions for the same purpose.

The value of Tl or Tl depends on the scenario
and whether it concerns the whole sector or a specific
sub-sector (residential or tertiary of the building
sector) since these two elements define the final
number of barriers linked with the assumed EE
technology/practice.

The difference between the calculated amounts of
pp and p defines the deviation between the set target
(ideal) and the target due to the existence of barriers
(realistic). A number of scenarios can be developed
for reducing this deviation.

Three cases encountered in forward-looking EE
modeling about EE targets are examined for
demonstrating how equation (9) is applied for
specifically defined amounts used in EE targets
(quoted in National Energy Efficiency Action Plans'®
for the European Union or National Determined
Commitments?® for the United Nations Framework
Convention on Climate Change).

http:/fwww.un.org/esa/sustdev/natlinfo/indicators/meth
odology_sheets/consumption_production/energy_intensit
y_transport.pdf
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Case 1: EE targets about Primary or Final
Energy Consumption

For this case, the aforementioned defined
amount refers to Primary or Final Energy
Consumption or energy intensity. The same
rationality is applied for all these terms of EE targets.
The following equations will use the Final Energy
Consumption.

The Final Energy Consumption with the use of a
specific EE technology®® for the reference year
(which is denoted as 0) is F,. A new target about
energy efficiency usually refers to a target year and
is a percentage of the final energy consumption of the
reference year. The expected/needed reduction in
final energy consumption or the expected/needed
energy savings for the target year (ES,) without
considering the impact of barriers is expressed as

ESo = Fo*p (10)

While the final energy consumption for the target
year without considering barriers will be

F=Fo—Eso=Fo- Fo*p (11)

where p (in %) is the assumed expected reduction.
The expected/needed reduction in final energy
consumption or the respective energy savings for the
target year - when barriers (b) are considered — after
using equation (9) are

ESp = Fo*pp = Fo*p * (1- TI) (12)

So, the final energy consumption for the target year,
but considering barriers will be

Fo=Fo—ESy =Fo-Fo*p*(1-TI) (13)

The development of the scenarios aims now to reduce
the deviation between the calculated amounts of ES,
(or F) and ESy (or Fy respectively).

18 http://ec.europa.eu/energy/en/topics/energy-
efficiency/energy-efficiency-directive/national-energy-
efficiency-action-plans

19 http://www4.unfccc.int/ndcregistry/Pages/Home.aspx
20 such as space heating technology
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If a set of EE technologies are used then TI becomes
Tlor in equations (12) and (13).

Case 2: EE targets and penetration shares for EE
technologies or fuels

The initial share (in %) of an EE technology is
denoted for the reference year, 0, as S,. The share of
the technology (in %) for the target year is assumed
to be

S=So+p (14)

The expected share of the technology due to the
presence of barriers (Sp) for the target year, based on
equation (17), is calculated as

Sp=So+ pp =S, + p*(1-TI) (15)

Minimizing the difference between S and Sy defines
the range of scenario outputs derived due to
improved assumptions for confronting barriers.

Case 3: General EE targets

A general EE target is set usually when there is
lack of reliable and detailed data about the share of
energy sources, types of energy uses etc. The
achievement of such a general target is assumed to be
accomplished without specified penetration shares or
breakdown shares for sectors/sub-sectors; just
assuming that it will be achieved through the
adoption of available EE technologies.

The scenario developer then proceeds by: i)
assuming the use of all available EE technologies for
achieving this general EE target (knowing that they
are indeed used, but with no official data about their
shares, energy consumption etc); ii) selecting a
specific set of them based on official documents
(such as National Energy Efficiency Action Plans).

The final energy consumption for the target year
will be

Fo=Fo—ESp =Fo- Fo*p*(1- Tlop) (16)

Where Tl refers to the Total Impact of barriers on
assumed EE technologies (all or selected as
aforementioned) for the developed scenario.
Common barriers are inserted only once in the
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calculations. Similar function is used for primary
energy consumption or any other type of EE target.

Conditions for all cases

The following conditions complement the previous
discussion and are used as check points for the
assumptions of the developed scenarios.

First condition: 0 < TI<1and 0 < Tly < 1.

Out of the 27 barriers for the building or the
transport sector (Tables 1 and 2 — Step 1), not all of
them are assumed to be linked with only one EE
technology, so Tl is not equal to 1. If Tl was equal to
1, then

pp=xp*(1-ThH=xp*(1-1) =0 (17)

This means that the EE target is not achieved due
to the presence of barriers. For the examined case,
this limits completely the achievement of the EE
target since it results to ES, = 0 (no energy savings),
Sh = So (no penetration), F, = F, (the final energy
consumption remains as it is). This situation requires
the re-examination of the assumption adopted in the
developed scenario.

The mapped barriers of step 1 include barriers for
all available EE technologies and policies. Since the
two sets (Tables 1 and 2) are universal not all of these
barriers are linked with only one specific EE
technology or practice. There are barriers that do not
concern the used EE technology of the developed
scenario. Also, not all of these barriers are mapped
for only one examined case (whether this is country,
national sector etc). If the condition is not fulfilled
then a check is performed so that TI<1.

Second condition: Tloinew < Tlol, 01d <1.

If one of the barriers is considered of being
overcame sharply, this means that due to a new
policy package of measures, its respective Impact
factor will be equal to O starting from the year of
implementing the policy package. The Tlginew Of all
the rest barriers is calculated, the index “new” refers
to the new set of barriers. Tlo o refers to the Total
Impact of the barriers before the aforementioned
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change (old set of barriers). The new percentage for
the defined amounts is calculated as:

Po, new = P* (1‘ Tlol, new) (18)
With Tloinew < Tloi, o1d <1and ponew > Pb,old-

Step 6.2: Calculation and optimization of the set of
input drivers

The development of scenarios for reducing
deviations is based on selecting EE technologies and
barriers whose impact factors will be reduced.

Selecting suitable combination of EE technologies

The scenario is developed by assuming the use of:
i) specific technologies out of a set of available ones
(random selection or based on national strategies) or
ii) the best combination of them (selection based on
impact factors). The selection of the appropriate
technologies out of a set of available ones for
achieving the expected/assumed EE target is very

difficult — in some cases not possible - due to the

large number of combinations (7{1) referring to the

exploitation of k out of a set of m technologies. The
combination of technologies (7) and (7), results to
21 and 35 respectively. All these combinations
cannot be examined since only a few will be more
feasible and closer to accomplish the EE target
compared to the others.

Combinations with the potential to overcome their
barriers successfully and achieve the set/expected
target are those that need to be preferred and
explored. For concluding with these more efficient or
suitable ones the following procedure is followed:

Step 6.2.1: Combinations of available EE
technologies with the maximum number of
common barriers are more preferable than the
others, because the efforts for minimizing these
barriers will affect the penetration of all involved
technologies.

Step 6.2.2: Additionally, to step 1, if there are
combinations with the same number of common
barriers, the more preferable are those with the
lowest Total Impact, since: i) overcoming the set of
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these barriers as a group requires less efforts
compared to other combinations ii) the barriers of
this set will be more manageable in being confronted
and will more likely allow to reach easier the
set/expected EE target compared to others.

The Tlq of the suitable combination of the EE
technologies is calculated and used as described in
step 5. If the combinations are more than those
intended to be examined, then an upper limit for the
Total Impact of the combinations is to be set (Tlg<a,
with a€(0,1) theoretically). By this way, only
combinations with Tlo lower that the upper limit are
selected.

Minimizing the impact factors of barriers

The scenario developer has two options: i) to
assume which barriers of the suitable combination
exhibit a reduced impact factor or ii) to assume
directly — not through a suitable combination of
technologies - which barriers are those whose impact
factor will be reduced.

For both options the Impact factor of a barrier is
reduced by: i) the introduction in the calculations of
the respective impact factor of the policy instrument
that is assumed to confront it or ii) a mathematical
equation that reflects its reduction over time as the
result of the socio-economic and policy framework.

The selection of the barriers whose Impact factors
are assumed to be reduced leads to modified input
drivers and improved scenario outcomes.

Option 1 for minimizing: Using the Impact factor
of policy instruments

The Impact factor of a barrier is assumed to be
overcame or restricted due to the respective Impact
factor of a Policy Instrument (1,) with I,€ (0,1). This
assumption is based on the approach adopted by
scholars in modelling that the introduction of policies
overcomes barriers (Rehmatulla N. et al., 2017). This
I, is defined similarly to the Impact factor of a barrier,
but expresses the positive impact that the policy
instrument has in achieving the defined EE target by
supporting the use of an EE technology or practice.
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Similar research efforts need to be exerted for
calculating these I, and then for linking each one with
the EE technology or technologies that it supports.
Calculation needs to be based on research and
collection of data and information, different from the
one that led to the calculation of the impact factors of
barriers.

Equations (17) are formed as
pop=£tp*(1-TI+Tl) or

Pop = p* (1 = Tlor+ Tlpa1) (19)

where pyp is the resulting percentage for the
specifically defined amount after considering
barriers and policy instruments linked with one or
more EE technologies. Tl is the Total impact factor
of the policy instruments that support the EE
technology and confront the barriers linked with it.
The Tl is the sum of the impact factors of all the
policy instruments supporting the defined EE target
through one EE technology, ie

Tlpz Ipl + |p2 ++ Ipn (20)

where n is the number of these policy instruments

Similarly, the Tl,, o (in equation (19)) is the Total
impact factor of all the policy instruments that
support the set of EE technologies used for achieving
the EE target.

The reduction in the final energy consumption or
the respective energy savings due to barriers and
policy instruments are calculated as

ESp,p =Fo*p* (- TI+ Tly) (21)

Then

Fb'p = Fo - ES b, p = Fo' Fo*p*(l‘ TI + Tlp) (22)

Option 2 for minimizing: Using linear function for
reducing impact factor of a barrier

The function that describes the reduction rate of
the Impact factor of a barrier follows that of the
change rate (increase or reduction) over time of the
primary/final energy consumption, energy intensity,
energy savings or of penetration rates. Assuming that
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this change rate over time is a linear function then the
reduction of the Impact factor is calculated as:

li=1loi (1 — (c/15)*t) (23)
where
lo,i Is the Impact factor of barrier i in year t=0,

li is the Impact factor of barrier i in year t after the
implementation of a policy instrument (or
instruments) that addresses it. For any other year than
t=0, the I;; satisfies the mathematical condition I; <

Io’i.

The initial conditions that define this final form,
starting from the general one, I;; = a*t + b, are:

— For year t=0, the lo; is already calculated
following steps 1-4 of the methodology, and I
= |o,i-

— Foryeart=15(in 2030), the assumption is that
1o, is to be reduced by ¢ (20% < ¢ < 80%). This
reduction means that barrier i, has a lower
contribution in preventing the achievement of
the EE target. The 20% reduction was selected
as an indicative value because: i) the mapping
of the barriers (Step 1, Tables 1 and 2) showed
that the majority of them remains important for
several years despite the implementation of
policy instruments; ii) there are estimations of
20% higher achievement of the EE target after
the implementation of behavioral measures
(UNEP, 2016). Additionally, depending on the
measure or driver the abatement of a barrier
may range from 5 to almost 80% (Trianni A.
et al., 2016). Whether the assumed upper and
lower limits capture sufficiently the reduction
of the I or not, this requires further research
(HERON, 2016).

— The year 2030 was selected due to its
importance for: i) the Paris Agreement and the
ii) European Union. The efforts under the Paris
Agreement intend to lead to a projected level
of 55 gigatonnes in 2030, while the EU aims
to achieve at least 27% improvement in energy
efficiency for year 2030 compared to
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projections?’.  This corresponds to a time
interval of 15 years (starting from 2015).

— Based on these initial conditions, the
calculations resulted to a = - c/15and b = I,.
This linear function is used for each barrier
whose impact factor is assumed to be reduced.

Tl and Tlo are calculated using the previous
equations and the calculated I;; wherever it is needed
according to the assumptions of the developed
scenario.

For reduction by 20% in year 2030, equation (23)
becomes

li=1oi (1—(0,2/15)*t) (24)

In the case of the most suitable combination of
technologies the minimization of the impact factor of
a common barrier is divided equally among the
involved technologies. The outcomes are inserted in
the forward-looking EE model as described
previously.

3. Outcome of methodology

The methodology allows the development of
various EE scenarios that incorporate the end-users’
behavior. Through the selection of the most suitable
combination of EE technologies and the
minimization option, different deviations from the
set/expected EE target are achieved. The scenario
with the lowest deviation is not necessarily the most
promising one for the examined case. These
scenarios need to be assessed using the multi-criteria
evaluation method AMS, that will rank them based
on their overall performance against three main
criteria  (environmental performance, political
acceptability, feasibility of implementation). The
evaluation outcome shows the scenario that: i)
considers end-users’ behavior; ii) exploits the most
suitable combination of EE technologies and iii) has

2L Similar to the objective of saving 20 % of the Union’s
primary energy consumption by 2020 compared to
projections. (Energy Efficiency Directive —
2012/27/EU, available at: http://eur-lex.europa.eu/legal-
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the most promising policy package in achieving the
set EE target.

4. Conclusions

The developed methodology through its six steps
leads to: i) the quantification of the barrier impact
based on qualitative information; i) the
incorporation of end-users’ behaviour in forward
looking EE modelling; iii) the development of EE
scenarios that reflect better the future development of
the set/assumed targets. It allows the understanding
of: i) which barriers are more important compared to
others; ii) the deviation from the set/expected EE
targets (primary or final energy consumption, energy
intensity or penetration share of an EE technology)
due to barriers linked with end-users’ behavior; iii)
how the minimized impact factor of barriers lowers
the deviation from the set/expected EE target.

Steps 1-4 are followed for any sector that is to be
examined in forward-looking EE modelling. The sets
of barriers were presented in the paper for two
important sectors for EE, buildings and transport. An
analysis of the final end use of energy in the EU-28
in 2015 shows three dominant sectors: transport
(33.1%), households (25.4 %) and industry
(25.3 %)%. The user of the methodology may
conclude to a different number of barriers as a total
or for each group/sub-group, but the AHP tree has the
same structure as in Figure 1.

The groups and the sub-groups of barriers are the
same among the sectors, but the barriers themselves
differ in their titles and numbers per group or sub-

group.

With the aim to simplify the AHP procedure, the
preferable maximum number for each AHP matrix is
8x8. It will be thus easier and less time consuming
for users to have 8 or less barriers to compare each
time under an AHP matrix instead of 9 or 10.
Additionally, the consistency test will be fulfilled

content/EN/TXT/PDF/?uri=CELEX:32012L.0027 &fro
m=EN
22 nttp://ec.europa.eu/eurostat/statistics-
explained/index.php/Consumption_of energy
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easier as well. All identified barriers are either
grouped or merged so as to form the respective
groups and sub-groups with up to 8 barriers the most
for each. If this is not achievable then inevitably the
user can have the 9x9 or the 10x10 matrix.

The reliability of the outcomes of the
methodology depends on the inputs. The Saaty
consistency index is used for securing the acceptable
consistency of the judgements across all pairwise
comparisons and the validity of the outcomes (Abbas
M. S., Kocaoglu D.F., 2016).

A second consistency index — such as that of
Pelaez-Lamata (2003) - may be used additionally,
leading to higher level of consistency and reliability
of the results. Its inclusion as part of the methodology
depends on the user requirements. The following
disadvantage needs to be considered. If the AHP
matrices are larger than 6x6 then the consistency
index of Pelaez-Lamata becomes sensitive and more
time consuming in being achieved in case that the
condition is not fulfilled with the initial inputs of the
AHP matrices. These inputs need to be re-examined
and re-assigned for fulfilling the condition of the
consistency test of Pelaez-Lamata. This procedure
lasts much more compared to that of the Saaty

Acknowledgements

approach particularly for rank values of the AHP
matrices higher than 6. This was the main reason for
not including it in the developed methodology since
the size of the AHP matrices can be higher than 6x6
and the majority of the potential users will be having
difficulties to proceed and complete the
methodology.

The deviation from the set/expected EE target
reflects the impact of the barriers in achieving it. The
calculated Impact factor along with the proposed
combination of EE technologies or practices allows
the modeler to select the barriers that need to be
confronted and assume how the appropriate means
(policy instruments) minimize or eliminate their
impact factor. The assumptions for reducing the
deviation through the minimization of the selected
barriers define the synthesis of the policy mixture
that may be adopted.

This methodology under which scenarios for
energy efficiency are developed allows also their
comparative evaluation so as to understand which
one fits better the national needs and may reach the
best possible results given the national social,
economic and administrative framework.

This paper is the detailed and complete version of the short paper that was presented at the 9™ International
Conference on “Energy and Climate Change”, 12-14 October 2016, Athens, Greece (ISBN: 978-618-82339-5-9).
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