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Resumo

Face ao aumento da descentralizagdo da rede de energia, as diferentes opg¢des tecnoldgicas de

armazenamento em bateria, sdo consideradas como uma importante opgao flexivel.

O desafio esta em apoiar o processo de tomada de decisdo, fornecendo uma perspetiva mais ampla

sobre o desenvolvimento tecnolégico em baterias, a sua escolha e implementagéo.

Uma abordagem personalizada, a luz da avaliagdo de tecnologia construtiva, em combinagdo com a
analise do sistema, permite explorar eficientemente as visGes e expectativas dos atores sobre o
armazenamento de energia em baterias, para fornecer informacéao (qualitativa e quantitativa) sobre as
suas consequéncias. Deste modo, as visdes e expectativas de atores relacionados com o
desenvolvimento da tecnologia é confrontada com a dos atores nao relacionados com este processo
(“enactors” e “selectors”) de modo a criar um novo e vasto conhecimento para fornecer uma tecnologia

mais sustentavel.

As principais implicagbes identificadas para o sucesso da bateria mostram falta de modelos de
negocios, regulamentos incertos e duvidas sobre sua viabilidade tecno-econdmica. A salientar a
confirmagédo de que as expectativas compartilhadas acerca das propriedades da tecnologia, em
consonancia com sustentabilidade, sdo resolvidas em perspetivas concéntricas usando o Processo de
Hierarquia Analitica (AHP).

Enquanto que os “enactors” concentram-se no desempenho econémico e tecnoldgico, o que reflete o
viés concéntrico deste grupo, os “selector’ percecionam os critérios de impacto ambiental e social como
mais importantes. O consenso geral entre os atores em relagéo as diferentes dimensdes dos objetivos
do desenvolvimento da tecnologia, é baixo a moderado. A analise do sistema é usada para quantificar
as preferéncias dos atores obtidas através do AHP. As baterias de ides de Litio (LIBs), as baterias de
chumbo-acido (VRLA), as baterias de alta temperatura (NaNiCl e NaS) e as baterias Vanadium-redox-
flow (VRFB) foram avaliadas usando por exemplo a avaliagdo do ciclo de vida e os custos em quatro
campos de aplicagdo (armazenamento descentralizado, suporte de energia edlica, regulagdo primaria
e deslocamento de tempo de energia (ETS-inclui armazenamento de energia de ar comprimido (CAES)

e armazenamento de bombeamento-hidrico (PHS)).

Os rankings preliminares indicam que a maioria das LIBs podem ser recomendadas para todas as areas
de aplicacao identificadas. VRLA e NaS foram classificadas em ultimo lugar, enquanto o ranking da
VRFB é altamente dependente do uso considerado. PHS e CAES dominam todas as tecnologias de

bateria avaliadas no caso das ETS.

Palavras chave: Armazenamento de energia da bateria, avaliagdo construtiva da tecnologia, sistemas

de energia renovavel, tomada de deciséo, LCC, LCA, MCDA



Abstract

Different battery storage technologies are considered as important flexibility option in the face of
increasing shares of renewables in the grid. A challenge is to support decision-making by providing a
broader perspective on battery technology development, choice, and implementation. The tailored
approach in the frame of Constructive Technology Assessment (CTA) in combination with system
analysis allows it to explore actor visions and expectations about battery storage and to use this

information to provide quantitative information about the consequences of these.

Research results combine the perspectives of technology and non-technology related actors (enactors
and selectors) to create new and broader knowledge to provide “better” technology. Major implications
identified for battery storage are missing business models, uncertain regulations, and doubts about their
techno-economic viability. A highlight is a proof that expectations about technology characteristics in
orientation to sustainability criteria are settled within concentric perspectives by using the Analytic-
Hierarchy-Process (AHP). Enactors focus on economic and technological criteria which reflect the
concentric bias of this group. In contrast, selectors perceive environmental and social criteria as more
important. The consensus among actors regarding criteria importance is not existent to moderate which

indicates that more research is required here.

System analysis is used to quantify actor preferences obtained through the AHP. Li-lon-batteries (LIB),
lead-acid-batteries (VRLA), high-temperature-batteries (NaNiCl and NaS), and Vanadium-redox-flow-
batteries (VRFB) are evaluated through e.g. life cycle assessment and costing for four different
application fields (decentralized storage, wind energy support, primary regulation and energy-time-shift
(ETS-includes compressed-air-energy-storage (CAES) and pumped-hydro-storage (PHS)). Preliminary
rankings indicate that most LIBs can be recommended for all application areas, wherein decentralized
storage is considered to offer the highest potentials for battery storage. VRLA and NaS achieve rather
low scores whereas ranking of VRFB is highly dependent on the considered use case. PHS and CAES

dominate all assessed energy storage technologies in the ETS application case.

Keywords: Battery energy storage, renewable energy systems, constructive technology assessment,
decision making, MCDA, LCC, LCA
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Introduction

1 Introduction

Itis common sense that the German “Energiewende” represents a large socio-technical transition of the
current energy system towards a more sustainable and renewables based one. The transition process
is characterized by increasing fluctuating renewable energy system (RES) capacities leading to a higher
demand of flexibility options as energy storage technologies in the mid to long term [1], [2], [3], [4].
Battery storage systems with various existing as well as emerging chemistries and vertical system
integration possibilities are such a storage technology in the foci of this research. They are told to
represent an enabling technology to achieve a more sustainable electricity system consisting of RES,
grid infrastructure, residential power generation, power plants, and regulation. Vice versa they are
dependent on other energy system developments as well dynamics and do not represent a separately
identifiable dominant system [5]. Their success is dependent on hardly predictable future technical
advances, actor preferences, development of competing technologies and designs, diverging interests
of actors, future cost efficiencies and environmental performance as well as the evolution of market
demand and design. All these dependencies can lead to engineering skepticism regarding technologic
and economic viability or public concerns whether high costs of this technology might not outweigh

possible benefits [6] within the energy system.

A legitimate question arises here about the expectations and visions of society regarding the
characteristics and future role of electrochemical energy technologies. The role of stationary battery
storage technologies within the energy system remains blurry in theory and practice. There is a multitude
of studies available that aim to access the future role of emerging storage technologies and their impacts
as well as benefits. Such attempts are often labeled as sustainability assessments entailing multiple
dimensions as environmental impacts or economic performance of energy storage and in some cases,
provide a quantification of these. Such multi-dimensional perspectives inhibit conflicting values, different
moral positions, and belief systems when it comes to the promotion of such “better” technologies (may
it be in environmental, economic or social terms). Such expectations and visions regarding desired
technology properties are a result of social construction that engages certain communities (e.g., locals,
industry or governments) in a new way [7]. The creation of “better” or sustainable technology should
thus be seen as a process of community-based thinking and learning about the need to integrate

environmental, economic and social issues in a long-term view.

This complex interaction of actor interests, market development and blurry notions about the economic,
environmental and social stamping of battery energy storage make decision making and technology
development more difficult [8]. They have inspired the current research leading to the proposition that
there is a strong need to prospectively identify, exploit and exhaust possibilities to shape or select the
“best” technology alternatives according to sustainability or better said multi-dimensional assessment
principles in a participative and action-orientated way [9], [7]. Providing “better” technology means in
this context to avoid unintended effects as wrong investments, possible social conflicts, and negative
environmental impacts over the entire life time of new technology rather than to tackle them when they

become apparent after the technology has already penetrated society [10].
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From this results a need of ex-ante assessment strategies which allow the identification and especially
prioritization of such important technology properties and provide a broader basis for decision making,
early warning, actor modulation and finally technology support as well as selection. A major implication
resulting from this task is the necessity to deal with two worlds, the external world of economics,
chemistry, markets and the internal world of psychology, values, thought and of course, decision making
itself [11]. The view of constructive technology assessment (CTA) using a transdisciplinary methodology

is seen as a strategy able to tackle these tasks.
1.1 Research focus

The research focusses on actor expectations and visions on the uptake and desirable properties of
stationary electrochemical energy storage systems and compares them with other energy storage
options in the context of a changing energy system and different application fields. It furthermore takes
a constructive technology assessment (CTA) stance as an ex-ante strategy to open innovation
processes, to enable social learning, reflexivity and the development and choice of the “best” or
sustainable technology using a set of environmental, economic, technology and social criteria. A
transdisciplinary oriented approach is tailored in the frame of CTA in which academic and non-academic
stakeholders are actively incorporated into the research. This is realized by a combination of semi-
structured interviews, online surveys, system analysis and multi-criteria decision-making methods
(MCDA). System analysis methods include life cycle costing, life cycle assessment- and techno-
economic characterization of different energy storage technologies to identify conditions that enable a
“better” embedment of technology in society. MCDA combines stakeholder expectations from science,
industry, academia, and politics as well as system analysis results to unveil the consequences of the
actors notions about an optimum construct of battery storage technologies. These expectations are then

discussed and analyzed comprehensively through the goggle of CTA.
1.2 Hypothesis and research question

Technology is developed, produced and used by a multitude of organizations with different temporarily
valid technological capabilities, interests, and beliefs [6]. The presented research is based on the
hypothesis that energy storage technology design and selection according to societal needs form a
complex decision problem under high uncertainty underlined by multiple expectations of what the future
will look like. A design and decision dilemma arising from the claim to achieve something as “better or
more sustainable technology” is to find the right shape target (e.g., environmental vs. economic vs.
social aspects) and how to characterize these. This phenomenon is often associated with the so-called
Collingridge dilemma [12] which states that: in early technology development stages opportunities to
steer are plentiful, but hard to choose from, while at later stages this is reversed [13] [12]. This problem
is reinforced by the fact that sustainability is a “wicked problem” meaning that there is no definitive

formulation of it. Consequently, there is also no “best” technological solution.

Notions about sustainable or “better” technology properties rely on diverse expectations from different
actors embedded in different “worlds” (e.g., organizations) within a temporarily dominant socio-technical
regime, in this case, the energy system. The power of these expectations depends on the degree to

which they are shared among the system. This degree of ‘sharedness’ ensures that stakeholders act

2



Introduction

accordingly and rational to these expectations. CTA offers a possibility to tackle this dilemma by
broadening the design of new technologies by feedback of technology assessment activities into the
construction of technology [14]. By nature CTA has a transdisciplinary research orientation which allows
to; 1) incorporate processes, methodologies, knowledge, and goal of stakeholders from and across
academia as well as actors from outside academia, 2) to create solution-oriented and social robust

knowledge which is transferable to scientific and societal practice [15], [16], [17].

Chapter 2 will unveil gaps within the literature regarding battery energy storage its future use and
sustainable stamping in the energy system, while chapter 3 gives a detailed overview of the briefly
mentioned grounding concepts of this research which have both led to the following overall research

question:

What is the future role of different stationary battery storage technologies within
the German energy turn-over and what expectations do actors have regarding their

characteristics?

The research targets a broad peer group, starting with technology developers, users, decision makers

& research in the field of stationary battery storage and the energy system.
1.3 Objectives of the research

This work follows the ex-ante heuristic of constructive technology assessment (CTA) [18] which serves
as a guiding principle [19]. CTA has the aim to broaden the early design process of (electrochemical
energy storage) technologies by including more actors and aspects to realize a better technology in
society [20]. Critical parameters and conditions over the entire battery life cycle have to be identified to
achieve the latter. Life cycle based system analysis methods, more specifically life cycle costing and life
cycle assessment are seen as suitable approaches to unveil major sustainability conditions.
Participative measures and social learning represent the kernel of CTA as a transdisciplinary research
framework and enable it to open up the innovation process of technology. Thus, system analysis as a
more quantitative approach is flanked by participative measures as surveys and interviews to; a) gather
stakeholder expectations on energy storage and b) identify critical factors and to include their
characterization into technology evaluation. Both, quantitative and qualitative methods are merged
through a multi-criteria decision analysis to find an “ideal” solution to meet societal demands nowadays.

The following objectives have been set to fulfill this:

e Carry out a comprehensive literature review on electrochemical energy storage and implications
in general through changing markets, technologies, and electricity system conditions in Ger-
many to identify driving forces for energy storage need and development

e Develop and operationalize an integrative approach using CTA as a research framework

e Identify future socio-technical implications and include non-linearity of technology development
paths (applications fields, relevant actors, potential market or drivers) by the involvement of
stakeholders

¢ Identify quantitatively and comparatively actors notions about the relevance of critical parame-
ters over the entire life cycle of selected electrochemical energy storage systems based on life

cycle thinking and on a broader sense sustainability
3
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e Analyze these preferences, their sharedness and quantify these via modeling
e Provide a ranking of factors relevant for technology choice by multi-criteria decision analysis

methods (Analytic Hierarchy Process) including a indicative ranking of technologies.
1.4 Research structure

The structure of this work is based on nine chapters. Chapter 2 represents a critical literature review on
energy system development, energy storage demand, electrochemical energy storage and studies re-
lated to battery storage technology choice regarding different sustainability dimensions. In the end,
major implications are derived from this review. The third chapter highlights theoretical assumptions for
CTA and interrelations to sustainable development. It explains the theoretical groundings of employed
threads used in this research to answer the questions raised. Firstly, it starts with the illumination of
socio-technical dynamics, emerging irreversibilities and entrenchment and sustainability as an implicit
meta-goal for CTA to create “better” technology. Finally, major process steps, assumptions, and goals

as well as the transdisciplinary characteristics of CTA are highlighted and discussed briefly.

The research framework is presented in chapter 4. A specification of the research questions is
conducted on the base of chapter 2 and 3 by setting up a hypothetical decision process. The used
methods as system analysis methods as life cycle assessment and costing (LCA and LCC) are outlined
together with the integrative concept of multi-criteria-decision analyses. The chapter is concluded by the
presentation of the analytical framework used to tackle identified research questions. Stakeholder ex-
pectations on the energy system and battery storage development are unveiled in chapter 5. Interview
and survey results are summarized, interpreted and analyzed statistically. First, the role of battery stor-
age among other flexibility options, relevant developments in markets and the relevance of sustainable
development for storage technology design and investment are explored. In the second half, specific
expectation and visions on battery storage are analyzed. Results are then summarized and used to
illuminate potential implications that might have an impact on battery storage development and their

market introduction and further steps for modeling.

Chapter 6 is indirectly related to chapter 5 as the MCDA is carried out together with the survey. It intro-
duces MCDA methods, namely the analytic hierarchy process (AHP) which is used to gather actor pref-
erences and to calculate consensus among participants. After that, a description of how different criteria
were chosen based on stakeholder references is given. The aggregation of stakeholder preferences
and modeling results is realized using the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS).

In chapter 7 the quantification of selected criteria and alternatives through system analyses methods
and intermediate results are presented together with a sensitivity analysis. First selected social and
technological criteria a described in detail in this chapter. A high emphasis is put on the approaches of
LCC and LCA by highlighting major calculation steps and assumptions in combination with
corresponding sensitivity analyses. Results are presented in chapter 8 by depicting general priorities,
group preferences, consensus, indicative technology rankings and related sensitivities. The conclusion
is provided in chapter 9 wherein every stated research question is tackled by an own sub-section. In the

end, the entire research is discussed and provides an overview of major findings of this research.
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2 Electric energy storage for the power system

The following sections provide a literature review to study recent and future developments of the German
power system related renewable energy system (RES) and the potential need, requirements, impacts,
and selection of energy storage technologies. This review aims to identify major gaps related to battery
energy storage choice and application. The first part provides an overview of the history and future
development scenarios of the German power system. In the following section, potential demand for
flexibility resulting from high RES shares is analyzed with a focus on electrochemical energy storage
technologies. A summary of the different requirements on energy storage as well as evaluation criteria
for technology evaluation is given, which is then contrasted with results from selected multi-criteria

decision-making studies. Finally, implications for further research are derived and summarized.
2.1 Historical development of the power system

In the early 50ies, energy consumption in Europe was steadily growing leading to a high rate of large
generation capacities owned by a few utilities. These developments were often reinforced through
national laws as, e.g., in Germany through the “Energiewirtschaftsgesetz” (EnWG) leading to the
formation (and maybe faveolization) of large, centralized and vertical integrated public owned utility
companies with defined supply areas. This structures remained in many countries until the 90ies with a

national regulation aiming to maintain this structures [21] [5].

Liberalization became a global phenomenon in the early 90ies. Some countries started early with
experimenting with liberalized markets like the United Kingdom in 1989, Chile in 1982 or Argentina in
1992, representing pioneers in electricity market liberalization [22]. The reasons for liberalization are
different for each country but mainly have the objective to reduce end-user energy costs in relation to
monopolized markets, to reduce external especially political involvement including regulatory measures
as well as to open markets for new entrants. Additional drivers for liberalization were political ideology
on the faith of market forces, the desire to attract foreign investment, distaste for strong unions and

environmental concerns [22].

Liberalization of energy markets in Europe started in the late 90ies and is based on the three-pillar policy
of the EU namely energy security, competitive markets and the development of renewable energy
sources [23] and includes further strategic and political goals (directive 2003/54/EG) [22]. The directive
has led to a severe transformation of the former state-owned highly vertical integrated energy companies
in Germany. The companies were obliged to conduct an ownership and legal unbundling of their

divisions of electricity generation, transmission and distribution (grid) as well as consumption.

Parallel to liberalization a strong promotion of renewable energy systems as photovoltaics and wind
turbines, e.g., through EU directives 2001/77/EC took place which has set challenging indicative national
targets to increase RES shares [23]. Several promotion strategies were adopted simultaneously to
liberalization in Europe in the form of investment focused (investment incentives, tendering systems,
environmental taxes, etc.), generation based (Feed-in tariffs, tendering system for long term contracts,
etc.) and voluntary focused measures (Investment focused shareholder programs, voluntary

agreements) [23]. This action has led to a massive growth of RES in several countries as Germany,
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Spain, and others since the year 2000. The establishment of the European Emission Trading System
EU- ETS 2003/87/EG and the definition of the EU 2020 targets® in the frame of the Kyoto goals are also

seen as an important factor for this development [24].

German utilities have become more short-term and cost competition oriented due to the liberalization of
the sector. They maintained a conservative investment behavior and invested heavily in the conventional
generation before the renewables rush began [25]. This has led to a long delay of investment through
electricity utilities in the field of RES. Additionally, utilities had to face increasing public pressure to
“green” electricity production. This pressure was based on concerns over the impact of climate change,
resource depletion and supply security (Russia and the Middle East) and created uncertainty over the
long term feasibility of our current system of energy supply [26]. So as RES-technology became more
commercially viable, renewables such as wind turbines gained popularity among utility companies,
which started to a certain degree to integrate them into the existing power grid. This was also pushed
by ambitious German Federal government’s aims to transform German energy supply by cutting down
CO2 emissions by 80% to 95% from the 1990 level until 2050 [27].

An event that has triggered the RES development or even led to a shift in energy system development
in at least some countries as Germany was the meltdown of the Fukushima reactors in 2011 through
the catastrophic earthquake and the following Tsunami in Japan. This incident has led to the radical
decision of politics to force a fast phase-out of German nuclear power plants until the year 2022 [1]. It
has furthermore triggered Germany’s Energiewende, which has hammered the country’s utilities [25].
The resulting overcapacity of conventional power plants built up before the RES rush has caused
wholesale electricity prices to tumble. Some conventional power plants cannot make enough money to
cover fuel costs and are being shut down. The Fukushima incident represents a different and
unforeseeable landscape change that increased regime problems that have led actors, mainly utilities,
to lose faith in regulation, markets, and policy [28]. A good example is the German utility company E.ON

which wants to quit conventional energy to focus entirely on renewables [29].
2.2 The future electric energy system

Germany has ambitious targets to produce 35 % of the needed electricity from renewable energy
systems by 2020 and over 80 % by 2050 within the so-called “Energiewende” - Energy transition [30]
which is flanked by the German federal government. The energy system is complex, and a high
magnitude of uncertainties characterizes future developments to achieve these goals. This has
motivated the creation of numerous variations of energy system development scenarios as [31], [27],
[32], [33]. One of the most cited scenarios for RES shares within the German Energiewende is based
on DLR [27]. The scenarios have been built in orientation to the goals of the German federal government
and illustrate the associated structural changes over time. They also highlight different paths of the
developments in the transport sector which is closely linked to the power industry. An overview of all

considered scenarios with a detailed insight is given in Figure 2-1. In total three main scenarios 2011

' The targets are to cut greenhouse gas emissions by 20 %, increase the share of energy from renewable sources by 20 %,
increase energy efficiency by 20 % until 2020.
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AZ; B3 and C* were taken into account. These main scenarios were supplemented by two additional
scenarios 2011 A5 and scenario 2011 THG95° [27]. The main differences between main scenarios are
variations in assumptions regarding the transport sector (use of Hz2 and or CH4). Each scenario results
in a share of RES at a gross consumption of around 85 % in 2050. Scenario 2011 THG95 represents
the most ambitious variation in which almost the entire energy supply (95%) is based on RES and
surpasses the base scenario A, B, and C with about 28 %. Photovoltaics (PV) and On- and Offshore
Windpower contribute of 50% to 75 % to total RES generation [34] in all scenarios (bandwidth of min
and max penetration scenarios is given in orange in Figure 2-1). The share of low carbon technologies
in the electricity mix is estimated to increase from around 45% nowadays and nearly 100% in 2050 [35].
In contrary, conventional generation capacities including coal, nuclear and gas power plants will be

drastically reduced from around 85% down to 10 % in 2050.
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Figure 2-1: Potential RES generation for various scenarios until 2050 (own figure; database [27])
The increasing market roll out of fluctuating decentralized energy resources represents a difficult issue
for grid stability. This issue is reinforced by the decreasing number of existing residual energy generation
capacity as coal and nuclear power plants. The future grid will have to face greater challenges by
providing clean power from a high share of renewables. This increasing share is accompanied with more
dynamic loads, less controllable generation capacities [37], excess generation, as well as power flows
that occur from low voltage levels from residual energy generation to high voltage grid levels. At the

same time, wholesale electricity markets face stronger spot market price deviations.

All these developments are told to lead to a more decentralized structure of generation and foster the
development of new structures of the electricity grid known as “smart grids.” Traditional grids have

comparatively few point of electricity generation in combination [38] with energy users that are not active

2 Base scenario with a middle path of RES growth, including 50% of hybrid passenger cars in 2050 and other forms of alternative
transportation technologies. Hydrogen is considered as storage medium for RES — nuclear phase out is considered

3 Same assumptions as A. It is considered that hydrogen is converted in synthetic methane that is also used in transport

4 All passenger cars are based on electricity. Consumption patterns are identical to the other scenarios. Hydrogen is only required
for long term storage

5 Includes a reduction of total final energy consumption of 15% by 2050. Assumptions remain the same as in scenario 2011 A

8 The scenario provides a preview of RES expansion and improvement in efficiency to reach the upper goals of 95% until 2050
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participants but just consume the energy supplied by a utility company and pay the energy bill [39]. In
contrary, the smart grid represents a highly decentralized system where consumers and generators are
connected through advanced information and communication technologies (ICT). More importantly is
that users not only consume energy but also produce and supply energy back to the grid. This new type
of energy-user is called a “prosumer [39]. The development of smart grids thus represents something
striking and new that changes entirely the distribution of roles inherent in energy systems nowadays
[40]. An overview of the transition of the classic energy system towards these new systems is given in
Figure 2-2.

It can be observed how in the past the energy system was shaped by a one-directional flow of energy
where no connection was immanent to users who were merely passive consumers. Conditions in the
present changed toward a more integrated system on a transmission grid level where the increasing
amounts of ICT. This phase is also strongly shaped by an increasing number of RES. The future phase
will be characterized by a highly integrated bi-directional flow of information, money, and energy
between customers (encircled in red) and the remaining energy system which itself becomes more

complex through the inclusion of new technologies as storage or electric vehicles.
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Figure 2-2: Transition of the energy system towards a smarter and interconnected electricity system (source: [40])

2.3 Future need for flexibilization options for RES

The energy system represents to a certain degree an unstable and highly dynamic system due to the
stochastic behavior of users or intermittent generators as wind or photovoltaics which have to be
continuously coordinated. The reason for this is that single or a collective of users, and the feed-in
behavior of such generation units can only be forecasted to a limited degree. Imbalances have thus to
be mitigated by continuous and fast adjustment of controllable generation or load units on different time
scales. Such balancing services are “up-regulation” that provides additional power in case of high
demand whereas “down-regulation” reduces power generation in the system in case of oversupply.
Typical balancing technologies are combined cycle gas turbines (CCGT) (only up-regulation) or pumped
hydro energy storage (up and down regulation) with high adjustment rates able to provide balancing
services [41]. Both regulation forms can also be provided by increasing or decreasing loads. A
precondition for balancing it the availability of sufficient electricity transport abilities through electric
power networks and sufficient system operation rules to spatially match generation and load. Flexibility

is thus an inherent feature of power system design and operation. Intermittent energy sources have a
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highly fluctuating generation behavior which only correlates partially with load and might occur on a
regional level. From this results an increasing demand to balance electrical energy and power to mitigate
extreme ramps’ or excess energy®. The degree of flexibility is the ability of a power system to maintain
safe operating conditions in the face of growing balancing demand and consequently determines the
degree of RES that can be integrated into it [42]. Figure 2-3 provides a simplified schematic of power

system operation principles related to flexibility.

System:
Operational rules

Conv. supply
Demand:
Partially ‘ Demand
Controllable
Network: ‘ RES supply
Ability for . .
spatial matching ” Electricgrid
Controllable Entire system
supply:

Power plants

Partial controllable

supply:
Intermittent RES

Figure 2-3: Simplified scheme of the electric power system operation principle (adapted from [42])
Fluctuations of a high amount of RES including extreme ramps, excess energy, and forecast errors can
cause system blackouts when there is no sufficient balancing option available. The absence of sufficient
balancing capacity results in significant challenges for grid operators which have to compensate the
variability of an increasing share of decentralized solar and (centralized) wind power to maintain grid
stability in the future [37]. A successful integration of renewable energy sources has thus to be realized
on different time dimensions of balancing covering seconds, hours to days (e.g. seasonal storage or
balancing forecast errors) as depicted in Figure 2-4. The need of flexibility options as energy storage is
often intuitively connected to excess energy of RES as the technology is considered as an enabling
technology for RES by storing excess energy and feeding it back into the grid in peak times (see pumped

hydro storage - PHS charging and discharging in Figure 2-4).

A set of RES studies is compared as depicted in Figure 2-5 to explore potential RES excess impact
scenarios for the German energy system until 2050. Each mark represents a single scenario for a
specific year. All these scenarios do not have the aim of predicting the future; they rather create a context
in which potential development paths can be visualized and discussed [5]. Most importantly they allow
it to identify to a certain degree potential consequences of different transitions paths of the energy

system or energy storage respectively.

7 Extreme changes of a generation units power output within seconds to minutes
8 Amount of generated electricity that surpasses demand in combination with must run power plants
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Figure 2-4: lllustration of extreme RES impact on the German energy system in 2025 (simulated on base of [43])

It can be observed in Figure 2-5 that most scenarios draw a pretty common picture until the year 2035.

Starting from this point results become more diversified due to a high amount of uncertainties and

influence parameters in 2050 (variations of excess energy from 0 TWh up to 100 TWh and a median of
23 TWh). Genoese [2], DB research 2013 [44] and Fraunhofer ESP 2011 [45] tend to have relatively
moderate and comparable impact scenarios while SRU 2011 [33], Okoinstitut 2014 [46] and UBA 100%
[47] are considered with higher RES impacts of up to 100 TWh per year. Nevertheless, a take-off of

RES-excess energy production is considered to start at a share of 60% in most cases (see red line that

indicates a 2"d-degree polynomial regression of indicated median values in Figure 2-5). The

assumptions about the amount excess energy through RES often serve as a base for simulations to

identify the potential need for balancing options which will be presented in the next chapter.
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Figure 2-5: Comparison of different RES excess scenarios (own figure based on [48], [45] [2], [49], [33], [46] [47])
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2.4 Future need for energy storage as a flexibility option

It must be stressed that energy storage is not the only available measure to facilitate RES system
integration and to maintain system safety. Storage technologies make it possible to increase system
reliability and flexibility by decoupling demand and supply of electricity in a time dimension. There are
non-technical options available to increase system flexibility through regulatory or legal measures. Other
possibilities are demand-side management or demand-side response measures where the provision of
accurate information of consumer consumption behavior in combination with, e.g., dynamic pricing
allows to remote control electricity load and devices to match current generation [50]. New flexible power
plants (e.g., gas turbines, combined heat and power plants) provide most balancing power available
nowadays [24]. Also, RES can be included in this category by adding the possibility of generation
management to these (e.g., changing angles of wind turbines). Further measures from the supply side
also include the conversion of synthetic fuels as Hz or CH4 which could be used for electricity generation.
The electricity grid provides spatial sharing of flexible resources and represents thus an integral
component of the future power system. Main options to increase grid capability are a) dynamic
assessment of power transfer capabilities, b) expansion of the network (e.g., new AC or DC transmission

lines), and c) power flow control [42].

All named options are seen a highly relevant for the future energy grid as only the conjunction of these
allows a achievement of the German energy fransition. The emphasis of this work lies on
electrochemical energy storage technologies whereas more information about other balancing
technologies is given in [24] and [42]. Energy storage can be categorized among the other options

mentioned before as indicated in Figure 2-6 which also provides a brief description of these.

“electricity to something to “something to electricity”:
electricity”: Energy storage is Power plants (gas, oil, biogas,
demand and generation in one, ‘ CHP etc.) that provide system
allowing to decouple energy | flexibility, can also be provided
supply and generation through by RES generation

e.g. time shifting y management

System
Change of system
Energy operation principles ‘
storage (tuning of market rules,

expansion of markets
and control zones etc).

“electricity to something”:
Flexibility options on the demand
side by adjusting loads to
generation. Demand side
Management can include any
load as e.g. electric vehicles,
water pumps etc.

Flexibilization measures are ‘
increasing capacity of network
lines, adding power flow
control devices to to e.g.
alleviate congestions to reduce
RES variability.

Figure 2-6: Overview of different flexibility options for RES balancing (based on [42] and [24])
As explained before, the need for electric energy storage is highly related to other developments in the
energy system on a generation, grid, demand and system level. There is a high of energy system models

available aiming to estimate the future demand for storage systems. These models mostly seek to
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achieve a macro-economic optimum of energy storage in relation to other balancing options, grid
reinforcement measures and other factors by the use of mathematical optimization. Optimization goals
in most of this assessments represent a minimization of overall system costs based on hourly time series
[2], [32], [49]. These assessments often don’t allow a separated view on different storage technology
types. Instead, generic technologies for power or energy applications are used due to practical reasons.
Table 2-1 gives a brief overview of specific influence factors and system developments considered in
such models that might reduce and stabilize or increase the need for energy storage technologies facing
a high share of RES.

The literature points out that there is a difference between market and system based need for storage
[51]. Both forms of energy storage demand can include in a simple way at least two application areas.

These are namely:

a) Power applications with short periods of charge and discharge (milliseconds to minutes up to
one hour) and many cycles a day [52]. Application areas in this time frame are balancing, power
quality management and re-dispatch.

b) Energy applications including mid- to long term storage (storage time of several hours including
multiple cycles per day) and long term storage (relatively long charging periods over days to
weeks) to use the stored energy to decouple the timing of generation and consumption of

electricity [53]. Typical business areas are electric time shift and RES support.

The need for energy storage from a market perspective arises in the case of negative wholesale market
prices when supply surpasses the demand of electricity [48]. This situation can lead wholesale electricity
markets to tumble, and spot market prices may spike. An explanation for this is the so-called merit order
effect. Demand for energy storage out of a system perspective refers to grid congestions caused by,
e.g. excess energy through RES. Such events occur when grid connection nodes cannot absorb
electricity feed-in of generation units into the transmission grid level. Consequently, contracted energy
cannot be physically delivered due to grid restrictions, grid errors or the breakdown of large generation

units.

The market need for energy storage is mainly defined on the bases of arbitrage businesses on a
transmission grid level (exceptions are Agora [54] and Grinewald [2]). Short-term services are mainly
defined as applications with durations of up to 4 hours and mid-term storage applications with 8 to 10
hours [32], [49] and [55]. Additionally, the grid is modelled as a copper plate (see VDE —-ETG [49], BMU
Langfristszenarien 2012 [27], SRU 2011 [33] and Genoese [5]). The need for storage on a distribution
or mid-voltage grid level is thus often expulsed as it is difficult to make robust prognoses in this field
[56]. Redispatch?® and frequency regulation are consequently also often excluded and only discussed
qualitatively. Only a few studies consider this systemic benefits (category A / power applications) through
energy storage as [51]. The “Roadmap Speicher” [51] uses adopted RES scenarios from [27] within the

European grid. In this way interconnectors and supranational electricity trade is represented within the

® Measures to mitigate grid congestions (e.g. violation of n-1 principles) by changing power output of local generation portfolio
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simulation. The estimated German RES share is 45 %' for 2020 and 69 %"" in 2030. EU shares are
26 % and 37 % for the EU in 2020 and 2030. Re-dispatch is simulated by adaption of the generation
portfolio in a specific grid section via Security-Constrained Optimal Power Flow (SCOPF). It represents
a linear optimization with the aim to minimize overall re-dispatch costs, based on the hourly status of
the grid and market-based energy storage. A side condition of the linear optimization is the adoption of
the feed-in rate of reactive and active power and transformer adjustment levels to avoid off-limit
conditions and n-1 violation. The study calculated that balancing options with a total capacity of
2.400 MW could help to reduce re-dispatch costs up to 30 % and that they can help to facilitate a safe
RES system integration until 2030 [51].

Table 2-1: Summary of system development that influence the need for energy storage technologies [57], [32],

[2], [58], [55], [49])

Demand Generation level Grid level Demand side System level/
for storage Markets & regulation
» 1) Delay of grid re- ) )
Increased | 1) Positive develop- inforcement 1) Inflexible demand 1) Increasing
ment of RES 2) No extension of 2) No demand side electricity & fuel
2) Remaining share of inter-European grid management prices
must run capacities connection points 3) Increase of demand 2) Support schemes
3) Forecast errors of 3) High CO; costs
+ RES 4) Capacity markets
4) Share of inflexible
power generation 2
1 rid reinforcement 1 Low wholesal
Stable or | 1) Use of flexible ge- 2; ﬁc?eaesing ce ir?ter- 1) Use of flexible con- ) e(r:ergy prices esale
decreased neration European grid con- sumers 2) Low consumer and
2) Reduction of fore- nections 2) Activation of de-mand electricity prices
cast errors side mana-gement in 3) Low CO; costs
- 3) Reduction or retrofit power markets
of must run 3) Decrease in demand
generation
4) Management of
RES

The VDE — ETG Taskforce for Energy storage [49] estimates in their main scenario E that the German
demand for short-term energy storage (< 4 hours) in 2050 could be up to 14 GW with a needed capacity
of 70 GWh based on a cost optimum. The optimum short-term storage capacities from Agora 2014 [32]
are vast (1 to 26 GW). Both [49] and [32] include extreme scenarios where energy storage is used to
mitigate any excess energy from RES (over 25 GW in 2050). They also state that these scenarios are
not economically viable. Scenarios between Zerrahn and Shill 2015 [57] are more moderate with low
variations in the amount of excess energy is not considered as that high. All scenarios have in common
that short-term storage take-off is estimated around 2035 when an RES share of 60% is achieved (see
red line in Figure 2-7 A) due to the extrusion of residual load power plants through RES. Only few

additional storage capacities of an average of 2 to 3 GW are required before 2020.

The need for long term storage (8-10 h) demand is higher in relation to short-term storage as depicted
in Figure 2-7 B. The VDE — ETG Taskforce [49], Genoese [2], calculated an average need of 18 GW
and 7 TWh storage capacity [34]. Droste-Franke [24] (not included in the graph) reports that

' The scenario is divided into two wind capacity paths; Wind (53 GW, 45 Offshore) and Wind+ (65 GW Onshore; 55 Offshore)
" This scenario includes two paths Flex and Flex+, the latter includes grid reinforcement measures and flexible demand
"2 So called “must run” generation unit as Nuclear or lignite fired power plants or non-manageable RES units
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economically viable storage capacities in 2040+ could be about 15 GW. Scenarios within SRU 2011
[33] consider that electricity supply is covered by 100 % through RES in 20503 resulting in very high
demand for energy storage technologies. The need for storage over time is comparable to short-term
storage needs, with take-off at a share of 60 % share of RES. The higher amount of required midterm
in relation to short-term storage can be explained through longer deviations in RES production that have
to be mitigated. However, it is clear that energy storage will play an essential role for these applications

in the future energy system.

Potential demand for storage capacities on a short- to midterm level are depicted in Figure 2-7 C. Bubble
sizes indicate the required energy storage capacity in combination with required power capacity. Storage
capacity is calculated based on the reviewed studies where enough data is available. The graph shows

that studies vary significantly in the bandwidth of required storage capacities.

45 45
. . W Zerrahn & Shill 2015 # BMU Langfristszenarien 2012
mVDE ETG Studie 2013 ¢ Zerrahn & Shil 2015 DIW © Ganosse 2012
40 - AAgora 2014 @ Fraunhofer 2014 40 ®SRU 2011 A Fraunhofer 2015
. ®VDE ETG Studie 2013 )
@ RES Share ~80%-100% i "
i i @ RES Share ~80%-100%
S 35 - S 3 i
> = B
£ 30  — g 30 RES Share ~60% 3
3 2
3 Lo 3 25
25
S RESShare ~60% S
I o RES Share ~40%
2 20 £ 2 1
- » 18
® e y=0.0134x2 - 54.313x + 5486(%'
< A S 15
o 15 - 7
= RES Share ~40% (] £
k] 3 3 ’
T L]
S 10 . - 10 y
=0.0073x? - 29.662x + 29963 8.5 o 2
2 I ! /A 5 7 /’7/
5 R El —
g s & 5 .
4 I, 4
[ » >
0 LA A 4 0 X
2015 2020 2025 2030 2035 2040 2045 2050 2055 2015 2020 2025 2030 2035 2040 2045 2050 2055
Year Year
30
. 1 @ VDE ETG 2013 ShortTermStor @ Agora 2014 ShortTermStor @ DIW 2015 MidTermStor < Genoese 2012 MidTermSto
s | 86 GWh
2. 20 - 3 5 80 GWh
2 f
p ] g A 80
210 7 m GWh 72 GWh
(&] £ |
5 :
0
2015 2035 2040 2045 2055
Year

Figure 2-7: A) Potential demand of short term storage power capacities (4<x<5 h per day) until 2050); B) Potential
demand of installed mid-term storage capacities (8<x<10 h per day) until 2050 based on ([57], [32], [2], [57], [58],
[55], [49]); C) Potential energy storage capacities until 2050 (own calculations based on [49],[57], [32], [2])

2.5 Application cases for energy storage

Energy storage is seen as a valuable option to, e.g. facilitate a system integration of RES among other
things by temporarily avoiding grid expansion investments or congestions in electric grids on all voltage

levels, ancillary services, load leveling, voltage stabilization and system backup services. They have a

3 Scenarios 1 a, b consider only German RES generation units, 2.1. a and b considers a RES- connection DE-DK-NO, the last
scenario includes full RES supply through a connection of north Africa to Germany (DE-EUNA)
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highly vertically integrated nature due to the modularity of some technologies as batteries offering
various services for the energy system including generation, network and demand within all voltage
levels [59]. From this results a high number of potential users as well as business areas for (battery)
storage systems distributed in the entire electricity system. Potential users-side actors are private and
municipal utility companies, transmission and distribution system operators, end users (private
households, industry), RES system integrators and manufacturers, pooled BEV-owners or third parties.
Figure 2-8 provides an indicative overview of some application fields, their benefit type, typical power

output and stakeholder groups affected by them.
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Figure 2-8: Indicative summary of different application fields for different flexibility options (adapted from [60])
Each application area represents a service provided by energy storage with a certain value. Energy
storage technologies can provide multiple operational uses across the power system value chain. The
aggregation of complementary benefits through the provision of multiple services is also named as
“stacking” [60]. Some of the most named applications named literature and in Figure 2-8 are summarized
in Table 2-2.

All named application fields exist today, and more will emerge in the future which will be part of future
research [60]. More information about different application cases can be found in the given sources.
Table 2-2 is not comprehensive; there are more relevant applications for energy storage in, e.g. stand-
alone electricity systems in rural areas or mobile services [32]. For instance, uninterruptible power
supply is one of the leading markets for battery energy storage nowadays (market size about 2 billion €

in the EU), which is mainly triggered by the telecommunications sector [32].
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Table 2-2: description of different energy storage application fields

potentially ancillary services and RES support on a local level

Service Description Source
Balancing services: | Match generation and load on a sec. to minutes [60], [61]
frequenc regulation
segvices y and z?ncillary Remunerations for being kept online and for providing energy. [62], [63]
services Primary, secondary and tertiary regulation (PRL, SRL and TRL) [64],
[32].
RES support: RES direct | (EEG) obliges operators of large wind turbines to sell their produced electricity on [60],
marketing, renewable | wholesale electricity markets [65]
smoothing L L . ) L ’
Mitigating effects from forecast deviations and exhausting arbitrage possibilities in [63],
spot markets 64
Mitigation of rapid output changes due to the intermittency of solar or wind-based [641
generation.
Energy management: | Use of stored energy by end-use customers in conjunction with RES to reduce [60],
Electric bill management or | electric bills. [65]
Self-consumption . o . ) ’
Solar generated energy in combination with battery storage is seen as an | [64], [63]
economically viable application field.
Electric time shift /Arbitrage | Electricity is traded at different spot markets for electricity [60],
Baseload energy is bought and sold during on-peak times [63], [64]
Most common application field for energy storage today
Transmission and | storage is used to defer the need to replace or to upgrade T&D equipment or to [60]7
Distribution upgrade | extend the life time of existing equipment [63] [65]
deferral (T &D upgrade) . o . ) . . ’
Electricity is stored in times without congestion and discharged in peak load
periods or vice versa during high RES generation inputs
Distributed energy storage | Modular systems provide increased customer reliability, grid T&D support, and [60], [63]

2.6 Electric energy storage technologies for the grid

Energy storage technologies can generally be divided into mechanical (Pumped Hydro-Electric (PHS),

(adiabatic) Compressed Air Energy Systems (CAES), Flywheels, electrical (Super Conducting Magnet

Energy Storage (SMES)), thermal and chemical systems (including Battery Systems and Hydrogen) as

well as hybrid systems'4 [66] [67]. Total global stationary storage capacity nowadays is around 168 GW

of which only 4% is based on electrochemical storage (see Figure 2-9). PHS with a share of 84 %% is

the only commercially viable and available large-scale storage technology nowadays. There are only
low CAES capacities available nowadays with <1 % (CAES Huntorf in Germany with 321 MW and 560
MWh and MclIntosh USA with 110 MW and 2.640 MWh) [68].

4 Represent a combination of different technology types as LIQHYSMES (Liquid-Hydrogen-Super conducting magnet energy
storage) for short and long term storage times
'® There is a total capacity of 7 GW installed in Germany.
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Figure 2-9: Total share of different electric energy storage technologies in 2016 (own figure using data from [65]
and [69]

All storage technologies can be categorized in specific application fields in respect of their typical size
and storage time which are namely: short-term storage from milliseconds to hours, mid-term storage up
to 8 hours and long-term storage including several days up to weeks [48]. These application possibilities
have different cost and technologic properties, which profoundly affect the applicability of different
storage options when compared to the application fields in Figure 2-8. Figure 2-10 gives an overview of
different storage technologies and operating ranges in respect of discharge time and storage capacity
including Power to X. Comparable technology characteristics can lead to a competition between different
energy storage technologies (CAES and PHS) as well as other flexibility options (e.g., CCGT). A further
distinction of technologies can be conducted on the base of their location. Typical storage units
nowadays are centralized storage units with a fixed location (e.g., CAES, PHS). They are often
dependent on geographic aspects (e.g., height difference for PHE or salt/impervious rock caverns as
wells as aquifers for CAES) and face acceptance problems [70]. A brief overview of the named

technologies is provided in Table 2-3.
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Figure 2-10: Comparison of different energy storage technology and their application fields (own figure based on

A)
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In contrary decentral storage technologies as batteries refer to small and modular units that can be
integrated into distribution grids, mid-voltage level or in local smart grids (e.g., battery systems in
combination with multiple PV units and demand response). These technologies are told to have a
comparatively little land use impact (e.g., land occupation combined with the removal of trees) and
higher acceptance within society about centralized storage [71]. The modularity from some kW up to a
multi MW level makes it possible to cover a full field of applications by adjusting the storage unit to
potential changes, e.g. in a wind park (e.g., through repowering) and to adapt to new market situations.

A significant problem of this modularity is that technology only benefits little from scale effects [48].

Table 2-3: Summary of different energy storage technologies based on [24]and [68].

Technology Description

Capacitors Electricity stored electrostatically between conducting plates separated by dielectric

Super capacitors Comparable to capacitors but have a liquid electrolyte which forms a second plate of the
capacitor

Compressed air storage | Energy stored in air compressed in high pressure (40-70 bars) in porous rocks, or salt caverns

Pumped hydro storage PHS consists of two superficial water reservoirs situated in different altitudes (potential energy)

connected by a penstock, turbines & generator.

Hydrogen & Synthetic | Energy conversion into hydrogen (electrolysis) or in further step into, e.g. synthetic methane.

methane / Power to X Conversion to electricity through various technologies as gas turbines or fuel cells

Electrochemical storage/ | Energy storage through chemical reactions
batteries

2.7 Electrochemical energy storage

There are several electrochemical energy storage technologies available for stationary applications
nowadays. Figure 2-11 provides an overview of global markets for battery storage including the most
installed types nowadays. High-temperature batteries, mainly through Sodium-Sulfur batteries (NaS)
have the highest share in the segment (59%). Various Lithium-lon batteries (LIB) also contribute
increasing share with around 35 % followed by Lead-Acid based batteries (VRLA) and finally Redox-
Flow-Batteries (RFB) with a 1% share. The market potential for electrochemical storage is seen as very

high and could reach shares of up to 51% of total German storage demand in 2030 [72].
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Figure 2-11: Total share of stationary battery storage and related shares of single battery chemistries in 2016
(own figure using data from [65] and [73])

2.7.1 Electrochemical energy storage technologies and properties

In general, cells can be classified into non-rechargeable primary cells, rechargeable secondary cells or
tertiary cells which are fed continuously to the cell from outside [74]. A secondary battery cell consists
of two electrodes (positive and negative), a fluid or gel-like electrolyte, conductor and a separator. The
last-mentioned component is responsible for the separation of the reduction and oxidation processes,
to avoid short circuits. When discharged, redox reactions occur at the electrodes causing an electron
flow through an external circuit [59]. In more detail, electrons are released at the anode from the active
material that is oxidized, and cathodic substances are reduced by receiving electrons [74]. After the
battery is discharged an external voltage source forces a reversal of the electrochemical process
(voltage = as the equilibrium potentials of the two half cells). Through this process, the reactants are
restored to their original form, and the energy can be used again by a consumer [74] [14]. A simple
overview is the scheme of a battery is given in Figure 2-12.

There are several material combinations available for electrode design that can be used for
electrochemical energy storage. The theoretical capacity and voltage of a cell are the function of the
anode and cathode materials which determine the maximum energy that can be delivered by an
electrochemical system. It is not possible to fully utilize theoretical energy storage capacity due to the
need for nonreactive components as separators, containers, and electrolytes that add weight as well as
volume to a battery. A detailled overview of different standard potential and capacity determined by the
type of active materials contained in different battery cells is given in [75], [74].

Figure 2-13 provides an overview of the gravimetric energy density in Wh/kg and power density in W/kg
delivered by different battery systems. The figure does not depict single values. Instead fields are plotted
to demonstrate spreads of energy storage performance under different use conditions. The cycle and
calendric life time (shelf time) of an electrochemical cell are beside energy and power density a vital
parameter for economic and ecological reasons. The first refers to the number of cycles which determine
how often a battery cell can be charged and discharged before a lower limit of nhominal capacity is
reached (a value of 80 % of nominal capacity is often set) [74]. Cycle life time is among other things a
function of the depth of discharge (DoD) and is dependent on the used electrode material. A high DoD

leads to lower cycle life times in relation to lower ones.
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Figure 2-12: Simple scheme of a secondary battery charging and discharging (own figure based on [75])
Additional deterioration of secondary cells occurs through chemical side reactions which proceed during
operation but also during mere storage time. These effects are dependent on the design of a cell,
operation temperatures, the state of charge (SoC) affect the calendric life time and the charge retention

of an electrochemical cell [74].
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Figure 2-13: Ragone plot for comparison of energy storage properties of some different energy storage
technologies (own graph based on Batt-DB)

An often named significant advantage of batteries in relation to other storage technologies is a high-
efficiency grade (>0.6 up to 0.96) which represents the ratio of charged and discharged energy. The
latter is always lower than the first due to incomplete conversion of charging currents and occurrence of
side reactions with heat production. Naturally, this is dependent on the used electrode materials,
formation as well as design and electrolyte conductivity [75]. Other influence factors to be named are

temperature, current density, the porosity of the separator and the age of a battery cell [74].

Battery technologies can be considered as a relatively safe source of energy if they are operated

properly. A precondition for safe and reliable operation is the choice of the right electrochemical system
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with correct charge, discharge, and other storage conditions. It is possible that batteries can rupture,
vent or in extreme cases explode in case of extreme abuse (too high or improper charge or discharge
rates, short-circuiting, too high temperatures) [68]. Every battery system thus inhibits a battery

management system which is especially crucial for Li-lon batteries [74].

A brief introduction to different battery technologies is given in Table 2-4. The list is not comprehensive

but includes all technologies that have a particular market share nowadays.

Table 2-4: Summary of different electrochemical energy storage technologies (sources are provided in the table)

Technology

Description

Lithium-lon
batteries (LIBs)

Li-ion batteries are produced with various anode and cathode combinations resulting in different
performance characteristics. The anodes currently use graphite or lithium salt of titanium oxide (LTO) as
the active material. Cathodes active material can be Co-dioxide; Ni, Co, Al or Mn composite oxides; Mn

spinel oxide or iron phosphate [76].

Valve
Regulated Lead
Acid
(VRLA)

Battery

Built out of a positive electrode of lead oxide and a negative electrode of sponge lead. The electrodes are

separated by a microporous material and immersed in an aqueous sulphuric acid electrolyte [77].

Sodium Sulfur
(NaSs)

NaS- batteries consist of liquid electrodes and a solid electrolyte [4]. The cell voltage level is between 1.7
and 2.08 V at 350°C [71]. The main disadvantage is the requirement for a thermal management system
[52], due to a very high required operating temperature to keep the electrodes above their melting point or

liquidly respectively and to achieve an adequate ion conductivity [4] [60].

Sodium Nickel | Also high-temperature battery (>300°C), with a secondary electrolyte of molten sodium tetrachloraluminate

chloride (NaAICl4) and solid transition metal halides (FeClI2 or NiClI2) as active cathode materials [52], [78]. Less
corrosive and safer reaction products than NaS [52], [71]

Vanadium Battery systems in which one or both reactants (liquidized ionized metal compounds) are stored in external

redox flow | tanks while a stack itself contains the electrodes which are serving as reaction sites and current collectors.

(VRFB/RFB) Electrolytes are pumped from the tanks to the electrodes (by flowing through porous diffusive layers made
of materials such as carbon felt) within the cell [79] [80]. Nowadays the all-vanadium based RFB-system
is the most developed RFB type and the only one that reached commercial fruition [79]

Others All Ni-metal batteries (NiCd, NiMH), Polysulphide-bromide flow battery Zinc-bromine redox flow battery

Especially LiBs are seen as one of the most promising systems in development for the next 10-15 years
requiring R&D programs to take profit of all its potentiality [81]. The reason for this successful
development can be explained by their very high gravimetric and volumetric energy density, offering
good competitive advantages on this market segment [59]. Further growth of the LIB-market due to
electric transportation and consumer electronics may lead to further technology improvements and
manufacturing economies of scale, which could also make electricity grid applications more feasible

[52]. Experts believe that stationary markets for LIBs may exceed those for transportation [81].

2.7.2 Challenges and research demand for electrochemical energy storage

On the one hand, technologies as lead-acid batteries are in general a mature technology, which is
utilized for more than a century for industrial products [81]. On the other hand, available battery

technologies as Li-ion or redox flow batteries have many shortcomings in a variety of use cases. There
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is still high effort needed in basic research for market breakthrough regarding cyclic and calendrical life
time, safety and environmental concerns for most technologies. A brief overview about significant
research in the mid- to long term to come is given in Table 2-5. Battery research nowadays is a dynamic,

active field with various involved institutions carried out on a global scale.

Table 2-5: Major R&D activities in the field of battery storage mainly based on [82], other sources are indicated in

diagnostics

the table
Technology Mid-term 5 to 10 years Long term 10-20 years
Lead Acid | Develop high-power/energy carbon electrodes, | Develop advanced active materials can help to
batteries understand poor materials utilization through | improve specific power and lower resistance

designs [81]

Li-lon batteries

Design and fabricate novel electrode architectures,
New models for ion transport through solids

Development of high conductive inorganic solid-
state conductor for solid-state Li-lon batteries

Develop new intercalation compounds with low
cycling strain and fatigue; aim for 10k cycles @
80% DoD
Develop self-balancing chemistries to eliminate
need for balancing electronics

Develop high energy density electrodes with high
ionic and electric conductivity

Sodium-based
batteries / High-
temperature
batteries

Decrease operation temperature, near to ambient
temperature

Develop robust planar electrolytes to reduce stack
size and resistance

Develop sodium-air battery which provides higher
value in almost all categories of performance

Identify species on sodium-ion anodes and
cathodes

Flow batteries

Emergent research fields are the development of
new electrolytes and the permeability of
membranes, new cell designs, decreasing costs

Develop non-aqueous flow battery systems with
broader cell operating voltages to improve
efficiency

regarding membranes and stacks as well as the
effect analysis of more extended non-service
periods on electrodes [3].

A maijor problem of battery technologies are high capital costs in combination with long amortization
periods lead to accordingly high risks for investors and can be seen as a main barrier for further diffusion
from an economic perspective [83]. Economies of scale through electric battery vehicles roll out can
help to overcome some obstacles by the use of cheap materials and production strategies and new

electrolytes.

There are several stages of battery life cycle including production, use, and disposal in which negative
effects on the environment cannot be avoided completely. There are for example heavy metals like
copper, nickel or cadmium as well as other toxic organic compounds that can be contained in certain
battery systems and related electronics. Especially the disposal of “newer” battery technologies as Li-
lon batteries is thus still a challenging task [84]. The growing demand for electrochemical energy storage
and resulting mass production also increases resource depletion of rare earth, metals, and other
materials. All these factors lead to a higher awareness of environmental problems caused by battery
technologies and might result in stricter regulations, especially on those which are related to hazardous
residues containing heavy metals [85]. A prominent and often cited example here fore is the
development of the nickel-cadmium battery (NiCd). The application of NiCd batteries in Germany is
limited to medical and security-related areas as well as electric vehicles due to the EU-wide restrictions
of cadmium use since 2006 [86]. Such examples show the importance of approaches as LCA to identify
potential environmental impacts in advance that might lead to a restriction of the use of technology as

in the case mentioned before.
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Not only environmental and techno-economic issues can hinder the market diffusion of electrochemical
storage. The commercialization of various battery technologies is also highly dependent on policy
facilitation which will be crucial to the uptake of grid-scale, residential-scale and electric vehicle battery
technology over the next decade [87]. Such facilitations are, e.g. proper market regulations, safety and
recycling frameworks and grid integration rules. An overview of different support policies which include
efforts such as financial support for R&D, market transformation and mandates for projects can be found
in [69].

2.8 Decision support on energy storage and other flexibility options

The studies analyzed in the chapters before showed in a technology agnostic type that there is a
potentially high demand for additional energy storage capacities to flexibilize the power system of the
future. It remains unclear which technologies will be suitable for these tasks and to which services they
will provide. The following chapter provides a brief introduction to energy storage criteria which are used
to compare and evaluate different technologies. The emphasis lays especially on multi-criteria decision
analysis (MCDA) which is told to provide decision support through the ranking of technologies based on

a certain set of pre-determined criteria and a wide set of available methods.

2.8.1 General requirements on energy storage technologies

Energy storage technologies have to face different and often competing requirements which are
dependent on the viewed application field. An optimization of, e.g., battery energy density might lead to
losses in power density whilst increasing cycles might lead to higher cost. Every technology has to fulfill
simultaneously multiple performance requirements such as high power, high energy, long life, low cost,
excellent safety, abuse-resistance, a wide bandwidth of operating temperatures and minimal
environmental impacts. Nowadays no technology can meet all of these goals, making the right decision
of a proper battery system for an special application often a compromise [74]. The choice of the best
energy storage technology is always based on the requirements of a certain application field. It is

possible to define favorable properties for energy storage which are provided in Table 2-6.

Some of the named properties for energy storage technologies named in the table above are given in
Table 2-7. The values provide bandwidths of major energy storage characteristics, which gives an
impression about the high variance of a selected set of important properties. Each application field has
certain requirements on the characteristics depicted in Table 2-6 which have to be matched with the

properties of energy storage technology.

23



Electric energy storage for the power system

Table 2-6: General requirements on energy storage technologies based on [74] and [88]

Aspect Attribute Description
Quality of | High energy density Ability to store energy per mass or volumetric unit
storage High Power density Ability to provide high charge and discharge rates
Low self-discharge rate Rate of energy losses over time
High-efficiency grade The ratio of output to input energy
Safety High operation safety Low probability of fire, explosions,
Low damage potential Damage though, e.g. toxic materials, explosions.
Life time High calendar life time Low rate of electrode degradation over time

High cycle life time

Number of deliverable charge-discharge cycles

Environmental | Production Energy demand, emissions and
compatibility — -

Use Efficiency grades, consumption of power

End of life Toxic materials, recyclability of used materials
Economic Low investment cost Includes all cost for uptake of a storage project

Low operation cost

Includes all cost related to maintenance, electricity/fuel purchase

Low cost per stored watt-

hour

Cost of battery and ratio of charging cost to delivered energy

Table 2-7: Overview of different balancing options median and lower quartile values using values from [89], [90]
and [91]; [92], [93], [94], [95] and [96], [92], [97], [98].

Technology Efficiency Energy Power Cycles Life time Investment
density density cost (cell)
[%] [Whikg] [W/kg] 1073 [a] [€/kWh]
All Vanadium 66-75-85 8.7-10-21 1-1.6-2.1 9-10-13.3 6.3-15-20 129-458-860
redox flow
Li-lon 81-91-98 84-115-145 253-640- 0.73-2-8 7.5-15-20 453-745-
(various)16 1 ,300 1 ,227
Lead Acid!”? 63-76-90 23-33-37 3-27-53 0.3-1.6-1.8 10-18-20 179-230-320
High 75-86-90 120-148-158 113-160-196 2.8-3.6-5.9 10-14-17.5 172-295-440
temperature
(various)'8
Ni-based® 60-81-85 58-57-46 140-186-477 | 0.8-1.6-2.5 7.1-12-13 290-1,200-
2,300
Pumped 65-75-85 0.5-1-1.5 10-16-50 30-40-60 46-500
hydro storage
CAES 54-70-88 3.8-5-6 - 6-12-20 20-35-40 3-40-300
CCGT 54-60-63 - - - 20-30-40 680-900
[€/kW]
SuperCaps 90-95-97.5 5.2-8.7-21.7 1.450-3,500- 21-50-100 10-15-20 570-1,463-
1,0000 6,800

2.8.2 Socio-ecologic and economic requirements on energy storage technologies

The work of [99] represents a socio-ecological analysis in combination with potential acceptance

problems of decentralized battery storage technologies in distribution grids in the frame of the German

energy turn-over. An online survey was conducted for three different community types across Germany

namely communities with; A) high activity in the field of RES B) considerable activities in the field of RES

and C) low activity in the field. A total number of survey participants was 11,191 residents. The results

6 Summary of LFP, NCA, NMC, LTO, LMC without peripheries (inverter, balance of plant etc.)
7 Summary of VRLA and Flooded Lead acid batteries (inverter, balance of plant etc.)

8 Summary on NaS and NaNiCl batteries (inverter, balance of plant etc.)

® Summary of NiCd and NiMH (inverter, balance of plant etc.)
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of this work indicate a high acceptance of battery storage technologies in general in comparison to other
flexibility options. Potential characteristics which might lead to lower acceptance of different
electrochemical storage technologies were also assessed. The author made a significant distinction
between social aspects and environmental aspects relevant for energy storage acceptance. Participants
then could express their preferences on a Likert scale (1 - low to 6 - high). In case of the first aspect,
the criterion of “no impacts on human health” was ranked the highest followed by “safe electricity supply”
and “no danger of fire or explosions.” Relevant criteria related to environmental aspects are “emission-

free,” “low degree of ecological impacts,” “environmental impact” and “long life time”.

Another example is the work of [100] which also carried out an online survey about the energy turn-over
with 108 participants in the community of Grafing - Bavaria. Citizens were asked to rate the importance
of different aspects seen as relevant for integrating energy storage technologies into the community’s
power grid. The majority of habitants (70%) thought that it is crucial that local energy supply is supported,
followed by the reduction of CO2 emission (52%). Interestingly the reduction of the nuclear power share
(36 %) played a more important role than the positive economic effect on end-users [100]. One section
within the same work was concerned about preferred characteristics that an energy storage technology
should have out of the community’s perspective. The criterion “No impact on nature and landscape” was
ranked the highest (74), followed by “environmentally friendly” (70) which seems to be a rather

redundant result.

Results of both surveys are provided in Table 2-8 and give an impression about the relevance of different

technology characteristics related mainly to battery storage or decentral storage based on [99] and [100].

Table 2-8: Summary of the preferences of different community residents in Germany regarding social and
environmental aspects for socio-ecological acceptance based on [99], Coml=community with high activity in the
field of RES. ComlI=Community with considerable activities in the field of RES; ComllI=Community with low
activity in the field of RES N=11,191 where 1 is low relevance and 6 very high, Relevance of different storage
characteristics for Grafing — Bavaria based on [100], numbers indicate the amount of votes for one option

For battery storage [99] N=11,191 Storage in general [100] with N=108
Socio-economic aspects Com.l | Com.ll | Com.ll Socio-economic aspects | Responses -%
Low cost 3 3 4 No impact orswcr:;)tgre and land- 74
No impacts on human health 5 5 5 Environmentally friendly 70
Safe electricity supply 4 4 5 Sufficient for energy autarchy 65
No danger of fire or explosions 4 4 5 Sub-terrainial location 30
No impact on landscape 2 2 4 Outside the city 18
Environmental aspects Small size 17
Low demand for space 3 3 5 Small impacts during constr. 15
No noise 5 6 6 Short construction time 12
Low efficiency losses 5.5 6 6
Emission free 6 6 6
Low degree of ecological impacts 6 7 7
Long life time 6 6 6
High recycling rate 4.5 6 6

None of the mentioned studies provides an evaluation of different storage technologies based on the

obtained values to provide decision support. In some cases, chosen criteria seem to a certain degree
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to be redundant. Conducting simple weighting without an overlying heuristic which, e.g. allows to include
cognitive abilities of a decision maker or depicting consequences of preferences inhibits the danger of
providing biased findings. There is furthermore no detailed distinction between different application
cases for technology. Results of the studies presented here nevertheless provide a valuable indication

of the relevance of different aspects of energy storage choice, design and development.

2.8.3 MCDA studies for batteries and other flexibility options in energy systems

Multi-Criteria Decision Analysis models (MCDA) as a sub-discipline of operations research explicitly
consider complex decision problems and provide a possibility to tackle them [101] and to unveil stake-
holder preferences in a formalized and reproducible way. A literature review of MCDA studies was con-
ducted to get a first overview of relevant criteria and methods that are considered as necessary for the
evaluation and choice of energy storage technologies. The review was limited to publications within the
field of energy systems, RES and storage. MCDA methods have already been widely applied to solve
large-scale socio-technical decision problems with intangible an tangible criteria according to energy
policy planning as in the case of Finland [102] or for the choice of the best renewable energy technology
for sustainable energy planning [103]. The review shows that most MCDA studies claim to identify the
most sustainable energy technology based on mainly four dimensions: technological, environmental,

economic and social criteria [11] [104].

These four main aspects comprise a high number of sub-criteria. A summary of multiple sub-criteria
used in MCDA literature regarding different energy systems can be found in Table 2-9. Only a small
number of the reviewed publications focus on balancing and energy storage technologies. These studies
are additionally summarized in the same table in the column Energy storage systems (EES) to get an

overview about specific criteria used to evaluate these technologies.

Economic criteria include aspects as costs and profitability as well as methods (e.g., payback method
or NPV). The most named criteria in this area are Life-cycle-cost (LCC), levelized cost of energy, invest-
ment costs and operation and maintenance costs. This comes true for energy systems in general and
energy storage in detail. Other named factors for storage are, e.g. export potential or emission costs. It
is in some cases challenging to separate economic factors from social ones, as, e.g. a high export

potential may create jobs leading to higher social standards [104].

Environmental criteria consider various specific emissions of electricity generation or other indicators
also used for LCA. Prominent criteria here are land use, greenhouse gas emissions, and resource de-
pletion. The latter is the most cited one for energy storage. There are some other aspects named as

water pollution or wildlife impacts in the context of energy storage [105].

Technological aspects are often used to analyze the general suitability of technology for a particular
application field. It is difficult to really separate technology aspects from, e.g. economic aspects as the
one influences the other. Efficiency, maturity and system life are in general considered as relevant. More
clear criteria as cycle life time or power and energy density are included in the case on energy storage
[106], [105].

Relatively “new” are social aspects which include factors as acceptance, impact on human health or job
creation effects [104]. The latter is considered as very important in most reviewed studies followed by
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social acceptance and effect on the landscape. Some of these criteria can be to a certain degree redun-

dant and difficult to measure. Social acceptance was named the most for energy storage [107].

Table 2-9: Review of criteria used in MCDA literature for energy system evaluations (partially based on [8])

Aspects | Criteria Literature for energy system evaluation 5 EES | Other EES
criteria
Resources [104], [103], [108], [107], [109], [105] 5 3 Water
GHG emissions [104], [110], [103], [111], [112], [107] 5 1 pollution,
Impact on ecosystems [103], [107] 2 Wildlife
Risk in cause of failure [107] 1 impacts
Environ | CO2 Emission [103], [113], [109] 3 [105]
mental CED [104], [114] 2 1
impacts | Land use [104], [113], [110], [111], [112], [115], [105] 6 1
S02 [109] 1
NOx [109], [114] 2
Particles [114] 1
Others [111], [112], [115], [107], [105] 3
Eco- Specific cost, LCOE, LCC | [113], [107] [109], [110] [114], [112], [115], [116], [106] 7 2 Export
nomic Enh. Of comp. 107 1 1 potential,
aspects | Investment Cost [103], [113], [109], [114], [111] 5 3 [1 04],
O & M Cost [103], [105] 1 2 End of life
Fuel Cost [111], [105] 1 costs,
Payback method [103], [117], [111] 3 emission
NPV [111] 1
Others [107], [110], [114], [103], [111], [105] 5 cost [103]
Social Compliance with pol goals | [104], [107] 2 1 Security
aspects | Nat. indep. [107] 1 1 [1 05]
Employm. Pot., new jobs [107], [109], [117], [111], [112], [115], [105] 6
Social accept. [103], [104], [107], [111], [115], [105] 5 2
Effects on landscape [107], [110], [107] 2 1
Social Benefits [103], [111] 2
Risk [104], [115] 2 1
Contribution to reg.dev. [117] 1
Other [110], [114], [105] 2
Tech- Efficiency [113], [104], [107], [114], [117], [111], [116], [106], [105] 6 3 Production
nology Exergy efficiency [108], 1 Energy
PER [108] 1 density,
Safety [111] 1 1 Load
Reliability [103], [110], [111], [116] 3 1 response,
Maturity [103], [116], [110], [117], [106], [105] 4 2 [116],
System life [111], [116], [118] 1 2 Capacity,
Availability [111] 1 1 power
Fatalities [112] 1 density,
Flexibility [115], [116], [105] 1 cycles
Others [107], [110], [112], [115], [116], [106], [105], 4 3 [105]

The literature review revealed that there is a high number of publications concerned with the issue of
sustainability of energy technologies including a manifold of different indicators and methods. There are,
however, only a few studies that have a direct focus on energy storage in general or more specific on
electrochemical energy storage. In total only following studies were found that explicitly address energy
storage or balancing options [116], [104], [107], [106] and [105]. The named studies are summarized in
Table 2-10 including the assessed technologies, used MCDA methods, aim of the study and its results
in the form of different rankings. The studies are also briefly analyzed regarding the expert consultation

for weighting of criteria. Criteria used for the different evaluations are indicated in Table 2-9.

The comparison of named studies gives interesting insights into the diversity of results in a frame of
comparable goal settings but different application areas. In Daim et al. [105] CAES was evaluated as
the best energy storage technology regarding RES integration and sustainability. Batteries (NaS) were
ranked second followed by PHS the as the worst alternative. The weighing was conducted on the base

of 12 expert opinions. Environmental impacts (air and water pollution and wildlife impacts) have been
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evaluated by three expert opinions from Bonneville Power Administration, which is the home institution

of two of the co-authors. Other criteria have been evaluated on the base of literature.

Kruger et al. [107] use a mixture of qualitative and quantitative approaches to evaluate technology based
on criteria which are then transformed into to a 0 to 10 scale for further calculus. Indexing is based on
own estimations based on literature (comes true for storage technologies) and partially own calculations
(LCA and economic modeling) for some of the assessed alternatives. There is no distinction between
different use cases for using technologies (cost is evaluated on a 6-hour use case whereas
environmental evaluation is based, e.g., for Redox flow batteries on energy to power ratio of 8). Detailed
information on score attribution through literature are given. Grid extension measures are ranked first,
batteries and CAES last. The attribution of weights within MCDA (Analytical Hierarchy process AHP)

was conducted by the project team itself.

Energy storage evaluation in Barin et al. [106] is conducted on the base of three different scenarios; a)
power quality, b) cost scenario and c) environmental scenario where a) is used as base scenario.
Batteries (Li-lon and V-Redox-Flow-Battery) are ranked best, and PHS worst in the central scenario a.
Flywheels are ranked first in two alternative scenarios. A set of researchers from the same university

carried out a qualitative evaluation from 1 to 10 of a set of criteria as “load management,” “technical

maturity” and “environmental impacts”. Quantitative factors are, e.g. efficiency and cost per kW.

Oberschmidt [104] evaluates three different storage technologies via Promethee | using different
technology evaluation scenarios which are dependent on the specific grade of maturity of each assessed
technology. Results, including a comprehensive sensitivity analysis, show that RFB is ranked first and
adiabatic CAES (here named as TACAS) second whereas Proton Exchange Membrane used for Hz
production with re-electrification with a gas motor is ranked last. No stakeholders have been included in
the weighting process of this work, instead, literature values are used. Nevertheless, the inclusion of
stakeholders is comprehensively discussed including ways of achieving consensus among

stakeholders.

The work of Raza [116] considers H2-fuel cells as a best alternative. The method is based on indexing
on a scale from -5 to 5 of different properties. Criteria are classified based on calculations (cost based
on net present value) and own qualitative estimations of all other criteria through authors about, e.g.,
“environmental impacts” and “risk factors” named in literature. There is no interaction with stakeholders

during the assessment.

The contradictory results of the reviewed studies make it difficult to identify the best alternative of
technology to enable a sustainable energy system. This might, on the one hand,, be based on the
specific use cases they allocate to different technologies. On the other hand, and maybe more severe
for some of the outcomes, is the degree of representativeness and high subjectiveness of obtained
weights through a low nhumber and homogenous selection of experts. Not all studies consulted experts
as [116] and [104], which are only partially comparable due to the different technologies that were taken
into account. Studies where experts were consulted hardly give information about the kind of inquiry,
number of participants or the procedure of weighting in general as in [107]. It seems that additionally the

number of participants was rather small and homogenous as in [105] and [106]. The choice of criteria in
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most studies is based on literature and a selection process conducted through authors. Thus, all studies

have their shortcomings which comes especially true when it comes to the selection of stakeholders.

Table 2-10: Comparison of MCDA literature concerned with energy storage or balancing technologies in general

Source | Technologies MCDA Aims and Results Experts Comments
Methods
Daim et | PHS, CAES, NaS AHP, Fuzzy | Goal: Choice of reliable | Interviews with | Based on expert
al. [105] Delphi, fuzzy | and cost-effective storage | Bonneville Power | interviews, Results
consistent option for US regarding | Admin. Experts, no | flanked with sensitivity
matrix RES of consulted | analysis, technology
Result: 18 CAES, 2™ NaS, | interviews evaluation based on
3 PHS unknown qualitative estimation
Kriger PHS, Hydrogen, V | AHP Goal: Find most | Unknown, no | Quantification  through
et al. | - Redox Flow sustainable way to use | information given, | indexing and
[107] Battery, Nas, excess wind power only refer to | aggregation of properties
CAES grid Result: 1 — 4" Grid | “decision maker” and own calculus,
reinforcement, reinforcement, 5" new Results are seen as
measures: DC PHS, 7 to 10" PHS and consistent  for  grid
underground Hydrogen, 11t AC measurements, Storage
cables & overhead underground cables, 12" technologies except
lines, High temp. H2, 13" to 14" batteries, CAES are seen as no
Transmission lines worst on place 15 CAES alternative
Barin et | CAES, PHS, H2, | AHP and | Goal: Find most suitable | Num. of | Based on literature
al. [106] | Flywheels, fuzzy logic Power Quality alternative | participants review, only 2
Supercap. Li-lon, in combination with RES | unknown, group of | quantitative factors (eta
NaS, V - Redox Result: 1% Li-lon & | researchers from | and cost), rest is
Flow Battery Flywheel, 2™ NaS, VRB | Fed. Univ. of Santa | qualitative, consistency
and H2, PHS & CAES on | Maria measure unknown
4" rank
Ober- V - Redox Flow | Promethee Goal: identify most | No experts, based | Chapter within a PhD,
schmidt | Battery, Fuel Cell suitable long-term storage | on Literature and | very comprehensive
[104] (PEM), TACAS - option for RES | database: “Multidi- | work — considers only
Thermal and Result: 3 Scenarios — | mensionale long-term storage, good
compressed air overall result 15tV - Redox | Technikbewertung | understandable
storage Flow Battery, 2" TACAS, |~ framework
3" fuel cells (Hy)
Raza et | Lead Acid, Li- | Index based | Goal: Find best | No experts, | Reasoning for
al. [116] | Polymer and Fuel | approach sustainable option for | calculated on base | quantification (e.g.
Cell (PEM) — H, intermittent RES (PV) of a developed | efficiency and cycle life
Result: 1% Fuel cell, 2™ Li- | sustainability index | time) remains
lon and last Lead Acid 3™ questionable,  dubious
sources

2.9 Summary and implications for research

The German power grid will be strongly shaped by a high share of RES of up to 100 % in 2050. Several

studies point out that there is a need for additional balancing capacities due to excess power through

RES between 0 up to 100 TWh in the same year. These demands are seen in a magnitude of 0 to

35 GW for short term storage (up to 4 hours) and 0 to 37 GW for mid-term storage (>8 hours). This

development is also told to be accompanied by a stronger decentralization of generation and a more

complex structure of the power grid. Contrasting these expected developments with a historic perspec-

tive shows that in general the development of the power system influencing the market uptake of energy

storage can represent a complex interplay of policy, societal demands towards a greener electricity

generation, utilities, technologies, and research.

Energy storage is just one available flexibility option among demand side management, electricity grid

extensions, power plants with high power gradients, market and regulation measures. It is possible to

characterize energy storage into centralized (PHS, CAES, etc.) and modular/decentralized technologies

(battery storage, supercapacitors etc.). Electrochemical energy storage technologies can be allocated

to the latter and include a high amount of differently available cell chemistries. NaS, Li-ion, Lead Acid,

High temperature and Vanadium Redox Flow batteries are the most used technologies for stationary
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applications nowadays. Market development of stationary battery storage technologies in Germany is
expected to grow from up to 59% in 2030. There is further research needed for market breakthrough
regarding cyclic and calendrical life time, safety, environmental concerns and mainly investment costs.
Another critical factor is the availability of suitable market and regulatory framework for energy storage.
This comes primarily true when electrochemical storage is compared with other balancing options as
CAES, PHS or CCGT.

Literature states that the demand for energy storage technologies in various application fields (ancillary
services, energy management etc.) will potentially increase sharply starting in the 2035ies. Reviewed
studies use technology agnostic approaches or only a limited set of technologies to estimate future
energy storage demand. This approach is sufficient to provide more extensive insights of potential in-
terrelations and developments of storage and the energy system in general but provides only limited

decision aid for the selection of a technology for different power grid services.

Sustainability is considered as a significant aspect of the choice of the right energy storage technologies.
Some studies give general insights of actor notions about the importance of criteria in this context rele-
vant for energy storage but do not quantify these. Criteria evaluation is conducted in a somewhat non-
formal way using a Likert scale approach. Furthermore, a pure “end-user perspective” is given, as their
research is centered on acceptance. There is no industry perspective given which might indicate rea-
sons to invest in energy storage. It is assumed that participant’s knowledge about energy storage tech-

nologies is relatively low as the technology has a comparably low market share nowadays

Literature including MCDA also provides a broad set of methods and criteria for energy storage evalua-
tion and selection. These are often declared as sustainability criteria which are mainly structured around
technology, economy, social aspects as well as environmental impacts. The term sustainable often
remains undefined and blurry. Most of the studies use mixed qualitative and quantitative approaches for
criteria aggregation, often by the use of indexing of properties of defined scales (e.g. -5 to 5) which can
be seen as a source of uncertainty due to different notions about specific impacts which may lead to
inherent decision conflicts (e.g. social impact vs. economic performance). Values used for technology
evaluation are, despite some exceptions, mainly based on literature sources or on the base of expert
opinions. Experts in these studies seem to be mainly centered in the same technological field (e.g.,
stakeholders from a utility or academia). At least in the considered studies, there seems to be an ab-

sence of a heuristic for stakeholder inclusion when it comes to technology evaluation and selection.

Besides a missing heuristic for stakeholder inclusion, only some authors conduct own calculations and
instead rely on specific literature in the field. Such comparisons may be based on using environmental
impacts calculated for a certain application and costs calculated in a different context and can be seen
to a certain degree as inconsistent. Beside this different system, boundaries are used in different litera-
ture sources which furthermore increases uncertainties when it comes to criteria aggregation. Addition-
ally, all studies do not consider the interplay of different stakeholders or significant socio-technical dy-
namics and interrelations as well as potential impacts on actor notions of what is claimed as “sustaina-
ble.”
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There also seems to be an absence of approaches that enable social learning on multiple levels between
different actors when it comes to enabling technologies. Such approaches have to engage the commu-
nity and make it possible to think through the kind of future they aim to achieve. At the same time, such
a process has to be open enough to avoid the creation of paralysis in situations with different views
about values. Instead, they have to use constructiveness that allows diversity of opinions to be ex-

pressed [7].
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3 Theoretical background

Technology assessment (TA) is performing context and topic dependent by the combination of research
with the scope of advising decision makers. It claims to give contextually-influenced and practical
information about the consequences of technology, to assist society in the evaluation of this information,
to provide a base for communication about technology and strategies for technology implementation
[120]. TA literature often points out that this “shaping” of technology is achieved not merely at an

engineering level but also on a level of shaping societal framework conditions [18].

Constructive Technology Assessment (CTA) has in relation to other TA streams a strong technology
orientation. It was developed as an academic-theoretical line within transdisciplinary research [17] in the
Netherlands by [18] and was adapted in several countries [120]. It is understood as a soft intervention
strategy in the development of technology to minimize mismatches, social conflicts and wrong
investments in the face of the lack of knowledge of the social embedment of technology. CTA is
interested in the dynamics of the process of technology development and implementation, where
impacts are being built up, and co-produced, during the process of technical change. Technology
impacts on its environment are not seen as passive effects but actively sought or avoided by technology
users and producers, and other actors such as governments or pressure groups (NGO’s) which have
all their own concrete goals, interests and values. The inclusion and modulation of different stakeholders
and alignment of different visions and expectations [18], [121] is the core of CTA. Such modulation
activities remain an empty phrase without a defined meta-level criterion for a desirable development
goal [18]. Creating “better technology in a better society” and sustainability are often named as unprecise
meta-goals in CTA literature [18], [120].

This section gives a brief introduction to the background of CTA by giving insights into co-evolution of
technology and society, multi-actor dynamics as well as the desirable goal of “sustainable development.”

Finally, CTA is presented in detail as a guiding framework for this research.
3.1 Socio-technical dynamics: A brief overview

Technology itself is seen as a part of a seamless web of highly related heterogenic elements as
organizations (manufacturers, research, and development, end users, etc.), resources, scientific
elements and legislation (law). Societal functions such as transport and energy supply are results of
such clusters of heterogenic elements which can be named socio-technical systems [122]. Technology
is always embedded in sub-systems (e.g., a company, academia etc.) of such complex socio-technical
systems. Views about the meaning and value of technology are also rooted in these sub-regimes. The
development, production, use, profitability, environmental impact, user acceptance and disposal of
technology artifacts in combination with organizational and legislative artifacts entail the development

of a sub-system and the entire socio-technical system [8] [123].

Technology is composed of materials and components that are combined into a working system. A
precondition for the latter are configurations that work including the skills required to install, operate and
manage technology (e.g., infrastructures, labor and cultural norms including selectors). The concentric

system view based on [124] underpins this as depicted in Figure 3-1. In the center of this view is the
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hardware (technological artifact), followed by the software (developers, skills, and knowledge to operate
technology, e.g. system integrators) and orgware (infrastructure, a division of labor and cultural norms,
e.g. utilities, politics). The outer concentric ring, the socioware includes the embedment of technology
(the conjunction of society itself) in a particular societal context [121] and [124]. The orgware and
software are seen as an integral part of technology within the concept of socio-technical systems. All
these factors are highly dependent on each other through social linkages as well as developments within

the socioware.

Socioware

Orgware

Figure 3-1: Concentric systems view where hardware represents a specific technology, software the ability to
operate it, orgware the infrastructure and cultural norms to manage technology. The socioware refers to the
societal embedding of technology in a particular concrete societal context [121], [124]

It is possible to link this concentric perspective to different sociotechnical regime dimensions identified
by [125] within the multi-level perspective (MLP) framework [5]. This perspective distinguishes three
levels of heuristic, namely: Sociotechnical landscape, socio-technical regimes and niche innovations
which are linked to the concentric view. The socio-technical regimes refer to shared routines in a certain
community including scientists, users, and special interest groups which directly or indirectly contribute
to the patterning of technological development [28]. They may represent the software and orgware in a
concentric view. The socio-technical landscape refers to an exogenous environment that is not directly
influenced by niche and regime actors and can be seen as the socioware out of a concentric perspective.
Examples for this are macro-economics and —political developments, or changes in deep cultural
patterns. The Energiewende might be seen as such a development. Changes on this level occur of a
long time, usually decades [28] [28]. Niches are considered as incubation rooms protecting novelties
against dominant market selection (support schemes for renewables as wind or PV). Small networks of
specific actors are for example the promoters of niche innovations [28] (small companies, developers).
The relationship of this three levels is considered as a nested hierarchy, where regimes are embedded
within landscapes and niches within regimes [126]. The kernel of the concept is that innovations can

diffuse through the interplay within the dynamics between the three levels [126].
3.2 Emerging irreversibility and entrenchment

The properties of emerging technology entering into a socio-technical system are not given beforehand,
but they co-evolve with interactions which occur during development, implementation, adoption and
broader use of it [18]. This process is referred as “co-evolutionary process” and begins with an innovative
product against an existing societal-technical regime which sets up the rules. This process is
characterized by the involvement of multiple actors situated in different sub-regimes and takes place at
different aggregation levels. It is important to recognize that from this process multiple different views

on technology development might arise that cannot always be reconciled entirely with each other [7].
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In case of a more significant technological transition as the Energiewende, a replacement or
reconfiguration of embedded socio-technical practices and regimes might occur and offer opportunities
for new technologies by creating new standards or dominant designs, reconfiguration of the system,
changing regulations, infrastructure and user patterns [5]. In such a situation emerging irreversibilities
can arise which are reinforced when actors start to invest in technological paths that seem to emerge
[20] [127], e.g. through collective roadmaps representing articulated expectations which paths a
collective of companies or an entire industry should follow?2® [127]. Such irreversibility’'s can facilitate
certain technological paths but make it also more difficult to make something else. Such potential
constraining actions and views can span up “endogenous futures”. There is the danger that such
expressed development targets may distract us from potential solutions by taking us into the wrong
direction. Such processes are not deterministic, actors can anticipate them and create “better” paths
[20]. From this arises a phenomenon cited as Collingridge dilemma [12] which states that: in early
technology development stages opportunities to steer are plentiful, but hard to choose from, while at

later stages this is reversed [13] [12].

Typical questions in this context are questions of how to steer the development of emerging technology
and its societal context before technology entrenchment limits the potential for intervention. Such
entrenchment appears gradually over time through the aggregation of irreversibility’s linked to a
technologies conception, to diffusion into and success in the market. Decisions and actions leading to
entrenchment are framed by visions and expectations as they express the ideas and intentions about
how the future will be [121]2'. Notions about what technology could be is a natural in every emerging
technological field and has to be seen in contrast to already proven innovations and applications in case
of established technologies. Positionings of actors as well as their relations are often unclear and remain
in-transparent in this phase, resulting in a high uncertainty about future paths. It is not clear what actors
are doing and should do to make technology successful [128]. The power of such expectations and
visions about technology depends on the degree to which actors share them among the system. This
degree of ‘sharedness’ ensures that stakeholders act accordingly to these expectations. Expectations
can thus inspire development and the related trajectory of new technological developments that

subsequently have to be protected by other collective expectations [121].
3.3 Sustainable or “better” technology as a meta-goal for CTA

Sustainability potentials are often named as a major goal in literature or policy documents when it comes
to the selection or development of technology. The concept of sustainable development (orientation
towards efficiency gains and improvements of technology) and sustainability (perspective on related to
individual values and attitudes towards nature) has been object of interest in a wide spread of literature
and other diverse discussions as in [123], [9], [129], [130] and [7]. Sustainability of technology is also
often mentioned as a goal in CTA literature in line with wealth creation, safety, and quality of life [18].
All these factors can be seen as rather redundant mentions and are simply summarized as “better”

technology for a “better” society” in CTA [120]. There is no definite formulation provided of what “better”

20 E.g. through technology lock-in, sunk costs, economies of scale, technological interrelatedness etc.
2! This represents a well-known phenomenon in social sciences referred as Thomas theorem [121]
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means but it can be assumed that CTA-authors implicitly refer to more sustainable technology. It is thus
worth to take a closer look at sustainable development and the resulting implications of what “better”

technology might potentially refer.

The concept of sustainability itself was first formulated in the Brundtland Report “Our common future”

from 1987 [131] and defines sustainable development as follows:

“Humanity has the ability to make development sustainable to ensure that it meets
the needs of the present without compromising the ability of future generations to
meet their own needs.”

This definition inhibits on the one side aspirations between humanity towards a better life and the
limitations imposed by the state of technology and social organization on the ability of nature to meet
this needs on the other side [132]. Environmental concerns are essential for this view on sustainable
development, but the primary argument is on welfare in the context of inter-generational equity. There
is no intrinsic value to care about the environment but to preserve resources for our children [132]. This
makes sustainable development synonymous with growth, where it means ameliorating but not
challenging economic growth and existing political order [7]. Sustainable development represents a
particular shift in perspectives, away from a focus on purely economic development towards a more
multidimensional development?? or something as a “better society”. These dimensions have been re-
interpreted to as encompassing three pillars namely; environmental, social and economic factors [123].
The relevance of those dimensions is extensively discussed in the literature, e.g. [1]?% [133]2* and [134]%.
These dimensions can be seen as highly opposing imperatives of growth and development on the one
side and the ecological, social or economic pillar of sustainability on the other. Being able to reduce
environmental impacts in economic activity does not mean that it improves the quality of life for all. There
are differences in the meaning and value of different sustainability dimensions which are rooted in
different perceptions. In this sense, sustainable development can to a certain degree be considered as

an attempt to square a circle [7].28

Sustainability of mankind's development is highly dependent on socio-technical systems?’ which
determine to a large extent the demand for raw material and energy, needs for transport and
infrastructure, emissions, mass flows of materials and composition of waste [120], [135]. Technology
serves as a key factor in the innovation system influencing a multitude of dimensions as prosperity,
lifestyles, social relations, and cultural developments. Thus, actions taken in the development,
production, and disposal of technological products and systems have a high influence on the
environmental, societal and economic dimension of sustainable development or maybe the “embedment
of better technology in a better society”. Related assessments should therefore always entail the entire

life cycle of a product.

22 There are other preferences as a more dualistic topology that focuses on the relationship between humanity and nature [7]

2 Refers to the integrative sustainability concept developed at Institute of Technology Assessment and System Analyses.

24 Supposes to reject the idea of pillars and formulated principles on which sustainability could be based on.

2 They distinct five paradigms for environmental management and propose a set of multiple factors to be included.

26 Which is impossible.

27 It should be noted that sustainable development should also be discussed on base of radical shifts in individual behaviour,
politics or other radical social arguments that tackle current neoliberal economic orders and proposes an alternative system [7]
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There is no definitive formulation of sustainable development or “better technology”, it remains
contradictory, inhibits complex interdependencies and creates other problems. Sustainability-related
problems are constantly changing as they represent the continuous negotiation of preferred futures
under deep uncertainty. It is a normative concept nested in real-world problems and dependent on
different sets of individual values and moral judgments [7]. There is no final sustainable state, nor a fixed
condition or common definition available for the concept of sustainable development. It is rather seen
as an inherently dynamic learning process [123]. There is also no conclusively “best” technology solution

to achieve something as infinite sustainability or a “best” technology [123].

Technology itself is not sustainable, but it may contribute to sustainability depending on the social
dynamics in the context [120] (its socio-technical embedment). It causes several problems emissions
and costs but is also considered as a solution or at least as one aspect of the solution of societal
problems [9]. The stamping of this contribution remains fuzzy; it is unclear if or when it will appear as
well as how it will look. These aspects make it challenging to determine which factors and methods
should be integrated and applied when it comes to a sustainability assessment of emerging technology.
Additionally, it is claimed that such assessments shall be considered in practical decision making [136].
This has fostered several conceptual, theoretical and methodological developments and their constant
refinement in the field of sustainability [7].

3.4 Modulation of socio-technical developments in the face of “sustainability”

The concept of socio-technical co-evolution implies that the socio-technical embedment of technology
is the core for sustainable development [137]. Again, the interplay of different spheres of a socio-
technical system related to “sustainable” or “better” technology development can be — in a simplified
way - broken down into different rings. Each of these rings represent a certain sub-regime within a
concentric view as depicted in Figure 3-2 (rings can of course vary and are not comprehensive). There
is no direct deterministic relation between technology and a certain socio-technical sub-system to
achieve a more sustainable development [123]. It is rather a more complex process, where they

influence each other iteratively and mutually via a high magnitude of different aspects [123].

Environment
Politics

Society

: Economy

'ﬁcal sphere

Figure 3-2: Sustainability perspective on electrochemical storage systems (based on [123] and [14])

This process is nested in different socio-technical regimes which include multiple stakeholders and has
a highly experiential as well as experimental character. The concept of sustainable development has

thus not only to integrate different sustainability dimensions but also has to be extended across sectors
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and interests by recognizing multi-actor dynamics and differences. A design and decision dilemma
arising from the claim to achieve better technology is to find the right “shape target” (e.g., environmental
VS. economic vs. social aspects) before entrenchment limits potentials to steer technology development.
As explained before, actions and interactions that shape technology in regard of sustainable
development are based on two elements, namely expectations and visions, this comes especially true

in the case of emerging technologies [7].

They are crucial elements to achieve desired futures as they can set technology on a particular trajectory
and determine the outcome of technological change and (non-) sustainable development [121]. This

results in ambiguity to achieve sustainable development as follows

A) There is a strong need to prospectively identify, exploit and exhaust possibilities to shape or
select emerging technology alternatives based on visions and expectations according to
different sustainability dimensions.

B) Potential trajectories of technology have to be unveiled based on actors visions and
expectations about the use and development of technology, its specifications and market use

that determine sustainability.

To modulate technological innovations in a more sustainable or “better” way makes it necessary to
understand the primary target group of actors which works with technology and that they work within
concentric perspectives [138]. The work of [139] distinguishes two levels of actors when it comes to
expectations socio-technical developments which can also be applied for sustainable development; so
called insiders and outsiders [138]. Both groups have different social construction processes that impact

the way of how they assess technology and perceive sustainable development.

Insiders are actors directly associated with technology which are often not informed or not
knowledgeable about development and issues at stake for different professional environments (e.g.,
business, end-user, government) [128] and are strongly technology focused. They are referred as
“Enactors” which try to realize new technology and identify with it and tend to emphasize positive aspects
(e.g., think and work in “enactment cycles”) [20]. The opposition may be disqualified as irrational or
misguided or following own agendas. Enactors identify themselves with a technological alternative and
perceive the world as waiting for their product [20], and the enactment frame leads them to a concentric
notion of “making the product right, then look at the market and regulation and then afterward worry
about public acceptability” [140].

Outsiders also referred as “selectors” are non-technology development related actors which get some-
how directly or indirectly in contact with the final product (governments, regulation, NGOs, end-users).
These actors usually observe technologies from the outside and compare them with other parallel de-
velopments. The specific properties of a technology play only a small role for most of this kind of stake-
holders (so-called black box effect) when it comes to “pick” the “best” technology. Comparative indica-
tors for technology selection as costs, applicability, environmental impacts, and safety are more relevant
for them [141] [20].

Responsibility is distributed over selectors as well as enactors when it comes to “manage” technology

in society with the goal of sustainable development. The nature of responsibility though is different for

37



Theoretical background

each kind of actors. At the end, all kind of actors are required and have to interact to create better
technology [18]. A precondition for the modulation of sociotechnical developments is the provision of

spaces for interaction, exchange of visions and expectations.
3.5 Constructive Technology Assessment as a soft intervention strategy

The previous chapters provide the theoretical background for CTA regarding the normative meta-goal
“to create better technology in a better society” which is seen as closely to “sustainable development.”
The following section provides a summary of the theory and a more detailed view on the aims, strategies

and typical process steps of CTA named in the previous sections.

Main theoretical aspects relevant for CTA are namely co-evolution of technology and society,
entrenchment, emerging irreversibilities, positioning, spaces, multi-actor dynamics and endogenous

futures [142] which are summarized in Table 3-1 for a better understanding of the approach.

Table 3-1: Summary of grounding concepts of CTA based on [121], [127] and [128]

Concepts Summary

Entrenchment | e Technology becomes gradually more entrenched and is steered by the actions of actors
involved that take development into a specific direction

. Is a concept of social sciences of innovation also referred as path dependency in
economic theory

. The level of entrenchment results from the accumulation of irreversibilities

Emerging . Refers to patterns that enable certain actions and interactions, while constraining others

irreversibility e.g. all resources are limited, if they are allocated to a project, another will have to do
without them

. An indicator for irreversibilities are stakeholder’s expectations involved in the agenda
building that follows from expectations.

Expectations
of emerging
technologies

Decisions and actions are framed by intentions and ideas about a future situation
Taking expectations as facts reduces the subjective degree of uncertainty

The power of expectation lies in the “sharedness” of them among the system
They can inspire new technological developments

Positionings

Refers to the allocation of roles in line with positioning theory in social psychology

. It states that no stable roles have been established, they are rather continuously shaped
and altered based on expectations of actors of how they see their role and the role of
others

Spaces o Channels of communication of expectations between stakeholders and the way they are
organized (anything that provides opportunity for interaction)
. There is often an absence of channels when it comes to emerging technology

Multi-actor . The concept defines two categories of actors involved in technological development
dynamics namely; Enactors — technology actors, e.g. developers that are rallied behind a certain
technology; Selectors — societal actors who take a position of comparing and selecting
technology, e.g. users or governmental groups with a more distant relation to technology

CTA has the aim to broaden and positively influence technology development processes by addressing
potential innovation obstacles or impacts as early as possible [141], rather than assessing ex-post the
impacts of more-or-less finalized products [130]. There is no “perfect timing” to start such a process; it
should take place before the level of technology entrenchment is too high making it too difficult to
conduct desired changes as these might be too expensive (the technology has probably already

achieved a certain market diffusion).

CTA is a strategy to achieve goals of wealth creation, safety, and quality of life and to conduct actions

to promote technologies that promise to have mainly such desirable impacts and few undesirable
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impacts [18]. Doing so CTA can be interpreted as a pragmatic view which has an interest not only for
what “is,” but also what might “be” caused by actions in technology development. It owns a role of an
intermediary and offers a way to change actual situation. Action must be guided by purpose and
knowledge as well as awareness of epistemic limits in order to perform changes in the desired way [143]
[144]. From this results the view that the world is changed through reason and action and the
acknowledgment that there is an inseparable link between human knowing and human action [145].
Doing so, it recognizes that the world is in the state of continuous becoming and is concerned about
action and change as well as the interplay between knowledge and action [144]. There is the (maybe
moral) need to present knowledge that has consequences for future applications, to unveil what
differences this knowledge will have in practice and how it preferably leads to improvements. Moreover,

a belief that knowledge has to be generated and disseminated among and through relevant actors.

Having this is mind CTA as a transdisciplinary research framework represents a soft intervention by
confronting enactors with the visions, interests, and expectations of comparative selectors, and vice
versa to create new knowledge of how to reach desired goals. There is no canon of “CTA methods”
available that can be used for every case. Several methods in design practices can be included within
CTA that anticipate impacts, involving actors and allow any kind of social learning [18], [121]. This
justifies a widespread application of new methods, strategies, procedures and design solutions that can
contribute to develop or exploit technology beyond common/traditional applications. There are, however,
at least three general and generic intervention strategies identified by [18] which should be considered

in every CTA based approach:

e “Technology forcing: Inverse Anticipation and Feedback”: — technology forcing by regulation
from authorities (government agencies, insurance companies or banks, etc.) in which desired
impacts are stipulated, and technology actors have to fulfill these (e.g., emission restrictions).
The strategy takes place over societal actors

o “Strategic Niche Management: Graded learning and Feedback”: - introduction of protected
niches for technology development in which different actors (mainly enactors) learn about user
needs, design and political acceptability. The strategy takes place over the technology actor

e “Alignment: Loci for Reflexivity and Feedback”: - aims to create and exploit loci (real spaces,
forums, institutionalized linkages between supply and demand) to offer possibilities to modulate

development. The strategy includes the societal as well as technology side

It is recommended that the three presented strategies should be mixed regarding particular cases in
order to stimulate anticipation (identify effects or impacts of new technologies [...] co-produced during
the process of technical change), learning (“[...] to explore possible new linkages between a range of
aspects, e.g. design options, user demands [...]”) and reflexivity (“]...] avoid falling into contrast between

technology and society [...] to recognize different roles of stakeholders in different regimes”) [18].

CTA can create and orchestrate spaces in which interaction can occur, e.g. through workshops,
interviews or surveys even if interactions between participants might be partial. Such interactions are
mainly supported by socio-technical scenarios to show effects of interfering enactment and selection
cycles and are told to give a solid base for the interactions [20]. The idea is of this intervention is to

enable actors to do better in their environment by contributing to more desirable paths [128] such as
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sustainable development might represent. Figure 3-3 provides an overview of the role of CTA by
providing a space for enactor-selector interference to break through typical enactment cycles by shifting
the locus of assessment towards a broader perspective. Following [128] CTA can (but does not have

to) be divided into three general phases which are as follows:

1) Providing in-depth information about the topic in line to a) decrease asymmetry that is inherent
in any emerging field; b) provide information yet not available but needed for participants to
develop visions and build arguments on [128].

2) The CTA analyst stimulates participants to articulate their prospective view to eliciting personal
expectations and visions of the field. Such inquiries have to carried out carefully and individually,
e.g. by face to face interviews [128]

3) Finally, a platform for interaction, e.g. through a dialogue workshop is provided where
participants discuss presented scenarios and brainstorm to formulate technology options, which
are combinations of applications for specific markets or practices as well as potential impacts
of these. The ultimate goal of such an event is to achieve convergence which can be tested,
e.g. by a prioritization matrix to unveil which applications and technology properties are seen as
most feasible by workshop participants. There is no guarantee that convergence will be reached
[128] but participants become at least aware that there are different perspectives which they

can take into account for their further actions [128].

CTA practitioners mostly use qualitative narrative methods expressed through prospective socio-
technical scenarios developed in face to face interviews and derived from stakeholders thoughts [146],
[20], [147]. Practitioners than interpret meanings about the world of actors they got in touch with and
then try to transfer this knowledge into probabilities of how technology may be embedded in society.
This interpretation in the form of socio-technical scenarios is used as a narrative for an interaction base
for stakeholders, preferably through a workshop, to discuss and brainstorm of “how to achieve better
technology in a better society.” There are critics who state that using socio-technical scenarios including
their interpretation might be very blurry and that the use of CTA is thus restricted to an exclusive idealistic
forum following an esoteric agenda [13]. However, new methods can be tailored to every CTA project
[121].

It is necessary to see if the goals of CTA are achieved if actors are chosen and assigned correctly, if
there was achieved a sufficient support to participate in discussions and if the set-up allowed represent
a sufficient interface between enactors and selectors. Follow-up interviews after a workshop are a
measure to validate if the CTA exercise was successful. And, if actors have developed a shared frame
of applications [128]. Such interviews can be conducted via telephone within a frame of up to 10 months

after a workshop [146].
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Figure 3-3: Scheme of dynamics in the constitution of a technological field (based on [139])
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4 Methodology

The following chapter provides an overview of the methods used to answer the research question stated
in the introduction. It must be mentioned that the explorative work of Versteeg et al. [121] and [148] has
provided valuable input for the conceptual set-up of this research. First, the scope of the research is
specified, and sub-questions are formulated based on previous chapters. Then used methods are

introduced in the next sections. Finally, the analytical framework is explained.
4.1 Scope of the research

The work on hand represents a transdisciplinary research carried out under the frame of Constructive
Technology Assessment (CTA) principles with an orientation towards Alignment: Loci for Reflexivity and
Feedback”. The research can be expected as an experimental attempt to a) explore actor visions and
expectations about battery storage properties and its application and b) to use this information to provide

detailed information about the consequences of the first through quantitative modeling.

A high emphasis is put on displaying quantitatively the consequences of normative expectations on
“better” battery technology design which is seen as a novelty in comparison to popular set-ups for CTA
(qualitative formulation of socio-technical scenarios as a base for discussion). Creating “better”
technology is used as a loose term in CTA literature which can be understood as synonymous with
creating more sustainable technology. This work does not claim to provide a full sustainability analysis
or LCSA, including all the discussions that emerge around the topic of sustainability. Instead, it refers to
the term of “better” technology used in CTA with an orientation towards named sustainability dimensions

and criteria in the literature (see chapter 3.3 and 3.4).

A broad master narrative related to the domain is derived to avoid a too narrow view (or enacting view)
on battery storage. The usually last step of CTA, the provision of a platform for interaction of actors to
achieve alignment of visions, e.g. through a dialogue workshop is too large for this project. Nevertheless,
the work aims to identify quantitatively the degree of “consensus” among actors to provide a potential
base for a focused discussion and alignment within such a platform. At the end enabling social learning
is the core of CTA, results are thus distributed across participants who are interested in feedback. A gap
which cannot be filled by this work is to prove if something as social learning is achieved through this

new combination of methods.

The study mainly uses generic data and is carried out in detail for stationary battery systems. It does
not allow assessing the merit of innovation of properties that are not available in today’s technology
portfolio. Modelling is based on today’s commercial potential for energy storage within the European
electricity market. The exchange between different sectors as transport is possible but not considered
here. There is a high magnitude of available battery storage technologies, and it is not possible to include
all of them, this also comes true for other flexibility options. The battery technologies analyzed here
include a comparison of All-vanadium Redox-Flow batteries (VRFB), Sodium-Nickel-Chloride battery
(NaNiCl), valve-regulated Lead-Acid, Lithium-Iron-Phosphate battery (LFP) and Lithium-Titan-dioxide
(LTO), Lithium-nickel-manganese (NMC) and Lithium-nickel-cobalt-aluminium-oxide batteries (NCA).

For a more systemic perspective, a selection of these technologies is compared to established
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conventional technologies namely pumped hydro storage (PHS) and a diabatic compressed air energy
storage (CAES) in a long-term storage application scenario. Hydrogen, power to gas, double use of
electric vehicles (V2G), second life cycle traction batteries and demand-side management are not

explicitly considered in this work.
4.2 Specification of research questions

The development of electrochemical energy storage technologies can be understood as a process of
social learning where questions arise about the technical optimization of single components and the
specific implementation (use) of the technology. This process is linked with political and societal aspects

relevant for a high number of actors [146]. The research question stated at the beginning is:

What is the future role of different stationary battery storage technologies within
the German energy turn-over and what expectations do actors have regarding their

characteristics?

A conceptual decision flow diagram (Figure 4-1) helps to contextualize related questions which a
decision maker might have considering a) choosing battery storage as a balancing option in general b)
the choice of the right battery technology for a specific application area considering actor expectations.
It is an example for an iterative decision process inspired by [149] to illustrate the potential logic of a

decision in the context of the proposed research framework.

A)

Need
for Balan-
cing?

Y

B, C, D)

- Is energy storage needed in
Are there business Where, relation to other options?
cases available for how, relevant
battery storage? properties ? N
E —
) Positive Alternative
impacts in flexiblity option
application?
No application
for energy
storage
Role for certain F technologies
battery technology )
Optimize
How can technology be improved or be Y N

used in a different application case?
Figure 4-1: Schematic decision process for the implementation of energy storage out of a sustainable
development perspective linked to the research questions A-F (own draft inspired by [149])
The hypothetical decision process for this example firstly starts with the question if there is a need for
balancing within the future German energy system. If there is none, there is no need to proceed, and no
batteries are required in an oversimplified way. The requirement for balancing technologies can then be
associated to the question if there is a suitable business case available for battery energy storage and

if they can compete (if there is any competition) with other flexibility options.
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In case of an absence of viable business cases for battery storage, other alternatives are chosen. If
there is a potential application available one has to decide which battery technology to choose. Different
technologies must then be tested, evaluated and compared to each other according to expectations
related to their properties. In case of low performance of specific technology an alternative should be
taken and vice versa in case of a good performance. If a certain technology scores low strategies of
shaping technology or using it in a different application field might lead to alterations and a positive
decision within a further iterative loop (not covered in this work). This decision process can be broken
down into four theme blocks and eight concrete sub-questions as follows which are also indicated in
Figure 4-2:

1) Questions related to the general role of battery storage as a flexibility option:
A) Is there a need for battery energy storage in respect of other flexibility options and what are the
main driving forces and obstacles for it?
2) Questions specifically related to battery storage
B) Identify new linkages between a range of aspects, e.g. design options, user demands, business
models and potential system integration levels of battery storage
C) What demands and expectations do different actors have regarding key parameters for battery
systems for a “better” (sustainable) embedment of technology into society?
D) Are there shared expectations among actors on energy storage properties and use for energy
storage among different actors?
3) Question about impact of expectations through technology evaluation
E) What are the effects or impacts of different energy storage technologies in selected
application scenarios regarding identified criteria and use cases?
F) Which technologies perform the best based on C, D, and E?
4) Questions about future research points (thus not included in Figure 4-1):
G) How can results be used to inform actors and to achieve something as “better
technology”?
H) How can this process be opened for future assessments to provide a broader basis for

decision making and technology design?

The perspective of CTA offers three significant analytical achievements relevant to answer the given
questions: socio-technical mapping, early and controlled experimentation enabling to identify

unanticipated impacts and the creation of a dialogue between insiders and outsiders [150].
4.3 Applied methods

A set of quantitative and qualitative methods can be tailored and combined for a CTA project. As
discussed in the chapters before the core of CTA is that chosen methods should stimulate A) learning
to explore new aspects e.g. design options and user demands; B) reflexivity to recognize different roles
of stakeholders in different regimes and C) anticipation to identify effects or impacts of new technologies
co-produced during the process of technical change [18]. The triangulation of methods and sources, as
well as closeness to empirical phenomena, is seen as a way to achieve the three forms of stimulation
[145].
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As in most research projects, a literature review is conducted which is then followed by a stakeholder-
based inquiry. The research question is formulated broadly at the beginning with the ulterior goal to
maintain a holistic view of major implications of the domain and to reach a broader population of
researchers and actors from the application side/selectors. After this, questions are explicitly centered
on battery storage technologies properties and their use and are more oriented towards enactors. A
preliminary inquiry is conducted with informal talks, followed by an online test survey with feedback
comments and semi-structured interviews of both actor groups. The use of different data sources
(literature, preliminary survey, and interviews) is used to stepwise structure the survey and the multi-
criteria decision model (MCDA) (contribution to A — learning) and consequently, define scenarios for
technology evaluation through a set of system analysis methods. Triangulation of methods can help to
gather a deeper understanding of different actor visions and expectations in an interpretative (semi-
structured interviews), and their validation is an empiric way (survey). Beyond these two classical forms
of inquiry, MCDA can be seen as a valuable method to obtain different normative expectations by
attributing weights to different aspects of sustainability (contribution to B — reflexivity). These
expectations and visions must be transferable to “the real world” and must overpass conceptual
discussions otherwise there is a danger that discussion results may collapse to insignificance the
moment you force them to test and to trace real consequences [143]. Based on criteria defined in MCDA
and corresponding weights, the anticipation of effects is analyzed through a set of system analysis
methods as life cycle assessment and costing (contribution to ¢ — anticipation). All steps of the research

are given in Figure 4-2 which also refers to the single chapters.

Working
steps ; X N N
Literature review (chapter 2) & Hypothesis (chapter 3) Explorative research for
1 ) Overview about the field, energy storage demand and technologies CTA-projects in the field
formal expectations about storage properties, decisions support (Thom Versteeg)
Preeliminary assessment for research set-up (chapter 5)
Approach:
2) - Preliminary ir
i O
cation uctured D
- Formulation of survey & MCDA mode “91
(0]
o
Survey & Multi-Criteria Decision Making Analysis (chapter 5&6) o
Aim: g.
3) 3
=
Ide o
- Implications for technology tion %
4
| 5
Technology evaluation (chapter 7) \, @
Approach: | 8
4) gy evaluation Literatu oW ay st b 3
gy >
sustainability score on)
Results (chapter8 & 9)
5) Potential system integration, hurdless, technology ranking in dependence of system integration
scenarios, base for further discussion

Figure 4-2: Resulting research design for prospective system analysis following meta-heuristics of CTA
The degree of stakeholder interaction is the highest in step 2 and 3, step 4 - the phase of modeling
includes only an indirect interaction of stakeholders but builds up on some of the questions raised in the
preliminary assessment. This point is specified at the end of chapter 5. Step 5 — the presentation of

results includes the distribution of results among stakeholders.
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4.3.1 Stakeholder engagement

The following sections discuss methodological issues related to the involvement of stakeholders. Three
approaches are applied to inquire actor expectations and visions of energy storage and sustainability.
Firstly, explorative semi-structured interviews are introduced together with the conducted survey.
Finally, MCDA is briefly presented as method beyond typical forms of inquiries within CTA. More
information about the single steps is given in the corresponding chapters.

4.3.1.1 Survey set-up and semi-structured interviews

The survey served as a base for semi-structured interviews and was continuously enhanced during a
pretest phase that consisted 3 phases. The first phase consisted of informal discussions at the
candidate’s home institutions to structure the survey. These first versions were sent to a selected set of
external experts able to comment the survey in the sense of critical reviewers. Beside technology system
integration and application issues, a first set of relevant criteria was included here. Actors where then

interviewed based on the questions and proposed MCDA criteria of the survey.

There are three general forms of interviews: structured, semi-structured and unstructured interviews.
Structured interviews are eligible for descriptive research, whereas unstructured ones are used for
exploratory research. Semi-structured interviews offer a way to combine exploratory and explanatory
insights [149]. The motivation to conduct interviews in this research was to obtain particular insights into
the problems that different actors face nowadays and to find out what expectations and visions they
have for the future use on stationary energy storage systems. Semi-structured interviews are explored
to provide sufficient structure as well as flexibility to tackle this task. All interviews had a length of 20 to

120 minutes.

After this pre-test phase, a consolidated version of the survey including an MCDA model was spread
among relevant stakeholders for reasons of empiricism and to gather preferences regarding the shape

targets of stationary battery storage in respect of sustainable development.

4.3.1.2 Multi-criteria-decision-analysis

Multi-Criteria Decision Analysis models (MCDA) can be seen as a valuable method to obtain normative
knowledge about of “about how the world should be.” The uncertainty inhibited in this assessment is
based on the fact that shape targets for an optimum technology construct are dependent on multiple
actors preferences which by contrast to physical / tangible factors represent a psychological realm
claimed to be intangible as they are related to subjective ideas based on beliefs of the individual about
himself or herself and the world of their experience [151]. This complexity and inherent uncertainty of
early-stage system analysis are re-enforced by the unclear (or yet not existing) socio-technical
embedment of emerging technology. This situation makes it difficult to disaggregate or allocate
technological, societal, environmental and economic impacts. MCDA as a sub-discipline of operations
research explicitly consider such complex decision problems and provide a possibility to tackle them
[101]. Especially the Analytic Hierarchy Process (AHP) developed by [152] in combination with the
Technique for Order Preference by Similarity to ldeal Solution (TOPSIS) [153] is identified to be an

adequate method in the frame of this research.
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It is important to mention that MCDA is not able to identify the ultimate right solution, as there is never

a perfect solution available in real life [154] as pointed out by Phillips as follows [101]:

“.... decision theory has now evolved from a somewhat abstract mathematical discipline
which when applied was used to help individual decision-makers arrive at optimal decisions,
to a framework for thinking that enables different perspectives on a problem to be

brought together with the result that new intuitions and higher-level perspectives are generated.”

MCDA is considered as a support for decision making with the aim to support decision makers to
organize available information, to rethink consequences of alternatives and to explore their own
perceptions and needs [155]. Further decisions and preferences are expressed in the form of equations,
inputs, and coefficients which can be observed and reproduced by other specialists [156]. In this way,
MCDA provides essential, reproducible as well as objective insights and allows to grasp strategic
intelligence about influence parameters of new technologies and their sustainability which at the end

result from their socio-technical embedment.

The degree of “sharedness” of visions and expectations about technology design is seen as a base to
identify discussion points to achieve alignment among actors. The use of methods as the Shannon

entropy or beta- and gamma diversity offer a solution to make this visible based on AHP results.

4.3.2 Technology evaluation through system analysis

The need for system analysis emerged from the increasing complexity of modern technology. It is a
collective term for mostly quantitative but also qualitative methods which are used for technology
planning, development, decision making and broad assessment also from non-technical criteria [157].
System analysis aims to reproduce certain phenomena (e.g., the energy system, electric vehicle,
specific component) including their properties. This is done via formal approaches to reduce the
complexity of a (technical) system and its surroundings by problem decomposition into sub-problems.

And, enables it to trace real consequences of “actions” taken in technology development.

The major step within almost all system analysis approaches is the definition of a system and its borders.
A system is always in interrelation with its environment (may it be markets, nature, an electric engine or
society). Over its borders, there is a continuous flow of in and outputs as depicted in a schematic way
for a technological system and a market in Figure 4-3. This approach makes it possible to understand

major dynamics inhibited in such a system and to identify “screws” that might lead to a better system.

Technology / System Environment
-«
Attributes: Money Market parameters
Border Cost g Market rules

Performance Demand

Material Supply

..... « Price

Services
— I

Figure 4-3: Scheme for the interrelation of a technological system showing the exchange of services and money
with its environment [149]

Some typical quantitative and qualitative tools used for system analysis tools are techno-economic

assessments, economic-, social- and ecological life cycle assessment, material flow analyses, ABC-

Analysis, and energy system modeling, etc. [157], [142]. The choice of the right system analysis tool
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depends on the specific research question, technology as well of its development status. In case of the
assessment of emerging technologies the more distinct term “prospective system analysis” (PSA) is
sometimes used [19]. This term implicitly inhibits one of the guiding principle of CTA by using quantitative
methods to look at drivers, effects or economic, social and environmental impacts of emerging
technologies as early as possible in order to avoid unintended effects or at least rise attention to them
[158], [19]. Anticipating efficiently potential impacts of emerging technologies before they enter market
requires an assessment that covers the entire life cycle of a product or system. This entails production
patterns, political as well as economic framework conditions, future developments and markets and

usage of technologies [120].

Life Cycle Assessment (LCA), Life Cycle Costing (LCC) and social Life Cycle Assessment (sLCA)?8 are
methods that enable the identification and quantification of potential benefits (or disadvantages) of new
technology in comparison to other traditional alternatives. These approaches include the extraction of
raw materials, production, use phase as well as the disposal or recycling of products (cradle to grave).
This assessment is done by accounting for burden shifting between these life cycle phases and the
tracking of impacts in diverse impact categories. The different approaches, which are mainly used in

this work can be briefly introduced as follows:

e LCA s a “classic” within analytic tools and is an established and integral part of environmental
management tools. It is a standardized approach within DIN ISO 14040 [159] and 14044 [160]
that documents a product’s or product system’s environmental impact over the complete life
cycle. Such impact categories can range from climate change to human toxicity, acidification,
and ozone depletion. It is characterized by four phases; goal and scope definition, live cycle
inventory analysis, life cycle impact assessment and the interpretation of results.

e LCC as a tool for management is used by companies for among other things major investment
decision processes, alternative production processes, maintenance and logistic concepts [161]
to identify potential cost optimizations during a . There is no standard available for LCC but
guidelines as the IEC 60300-3-3 [162] or VDI 2884 [161] for general application by both
customers and suppliers of products, explaining the purpose and value of LCC and outlines the
general approaches involved.

e Other methods: Literature review of relevant articles to build up database for modeling, monte-
Carlo simulation to evaluate aleatoric uncertainties and a sensitivity analysis related to LCC and
LCA

Analyzing and comparing traditional against innovative products with each of this approaches makes it
possible to give feedback to developers, manufacturers or decision-makers about the specific impact of
an innovative product system regarding different spheres of technology properties considering various
application cases expressed through numeric values [19]. The named approaches LCA and LCC (as

well as s-LCA) can be combined to access technology impacts. There are methods as Life cycle

2 The method is not applied in this work as it is considered to be in its infancy as well as the absence of reliable data.

48



Methodology

sustainability Assessment available, e.g. [163], [164] that claim to provide a sustainability assessment

but which remain at least partially conceptual.

4.4 Analytical framework

The last chapters have introduced the scope, sub-questions and the used methods of this research
conducted under the frame of CTA. Stakeholder engagement includes semi-structured interviews, an
online survey, and a Multi-Criteria-Decision Analysis model to elicit different expectations and visions
about the domain. These expectations are quantitatively evaluated by the use of MCDA and different
system analysis methods. None of the presented methods are deemed to be sufficient to analyze the
future role of electrochemical storage technologies and their properties. It is postulated that combining
insights of all methods under the frame of CTA allows not only gain more profound insights into the
economic, environmental and social performance of electrochemical energy storage, but also
implications of the larger landscape and niche developments. Combined views from enactors and
selectors allow it to shift the loci of assessment to provide a broader picture of the domain. This
information is then fed back to interested actors in the form of a short report. Finally, the analytical
framework is presented in Figure 4-4. The flow of information indicated in this figure will be explained in
the corresponding chapters. Stakeholder engagement is presented in chapter 5 including first results
about relevant socio-technical factors and six where MCDA is introduced. Technology evaluation is
presented in section 7. Finally results from MCDA and technology evaluation, which are highly

interdependent as the first determines what to analyze in the latter are presented in chapter 8.

Expectations and visions Feedback (short report)

4 Landscape development |

/ AN
v / #  Technology properties \d
// . .
Stakeholder // * Socio-technical factors |
engagement (Survey, /AN Application fields L A—
Interviews, MCDA) |\ \ el
\ W Market & regulation issues, future . .,
Enactors & Selectors \ \¢ application fields \« | Implications for battery
RN storage development
|\ S W G . and technology
N\ yd \y L/ properties
"\ / < V4
Data (Literature) | R MCDA: Criteria weights ,| Technology evalugtlon |/
: Consensus calc. (System analysis)

_______________________________________________________________________

Analysis of impacts based on actor preferences & technology ranking

Figure 4-4: Overview about the analytical framework where arrows indicate the flow of information under the
frame of CTA
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5 Actors views on battery storage as a balancing option

The literature review has shown that there is a high potential for energy storage in the future. This
chapter has the aim of exploring the agency of enactors and selectors to identify to what extent other
balancing technologies, concerns about technology and market design as well as institutional factors
represent a barrier for market diffusion of electrochemical energy storage technologies in the context of
the energy transition in Germany. The semi-structured interviews and the survey in this work are

structured around the following points:

A) Balancing technologies — questions about relevant developments in the energy system, related
expectations on balancing technologies, markets, system architecture and sustainability

B) Grid battery storage — questions about the future use, technical requirements, and application
of grid battery storage

C) Desired characteristics of balancing technologies — Analytic Hierarchy Process (AHP) for the
ranking of criteria considered as relevant for a better socio-technical embedment (next chapter)

and “sharedness” of expectations on these

The interviews are analyzed qualitatively whereas survey results are evaluated statistically by the use
of a Mann-Whitney U-test realized in SPSS © to prove if there are significant statistical differences
between enactors and selectors. The MCDA approach is explained separately in chapter 6 due to a
large extent. The survey and the MCDA inquiry are realized in SoSci Survey © which is freely available
for academic research and has proven to be flexible enough for the research on hand. A detailed

overview of the entire online survey is given in Annex A.

The first section highlights the process of stakeholder selection and engagement. The following chapter
aims to unveil stakeholder visions and expectations about point A. This is followed by more detailed
questions about electrochemical storage (point B). Finally, a summary and some implications ofe this

further research is presented.
5.1 Set-up for stakeholder involvement and selection

Choice of participants is based on different socio-technical sub-regimes dimensions relevant for energy
storage identified by [5] as indicated in Table 5-1. Multiple mentions of stakeholders regarding different

dimensions to concentric rings are unavoidable as an explicit allocation is not possible.

Relevant stakeholders of the different named socio-technical sub-dimensions were selected based on

three approaches as follows:

1) Via organizations; which are known to be a relevant stakeholder were contacted and asked to
forward the inquiry to a responsible person for the given topic.

2) Contacts with relevant skills; persons with high skills in the field, track record or publications
were approached directly.

3) Snowball principle: All participants were asked to forward the inquiry to colleagues fulfilling

the conditions of the former point
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A precondition for actor invitations was to have a balance between all named stakeholder groups of at
least 6 participants with a maximum of 50 % of academics [5]. Participants should be experts in their
field but not necessarily in the field of stationary battery storage. A primary aim was to contact mainly

principal investigators, higher management and project leaders.

Table 5-1: Different socio-technical dimensions and corresponding stakeholder groups within a concentric view of
energy storage in general inspired by [5] and [149].

Socio-technical sub- Stakeholder groups and their location within a concentric system view
regime
9 Software Orgware Socio-ware
Technology Developers, academia, | Developers, academia, | Political goal: transition
manufacturers manufacturers, industry of the Germany energy
_ , system towards an RES
Industry Developers, academia, | companies, networks operators, | share of 100 % in 2050
manufacturers developers, RES system integrators,
component manufacturers (inverters,
etc.), Energy storage industry
Infrastructure Transmission & Distribution System
operators (TSO &DSO), tilities,
academia
Policy Regulators, academia, Policymakers
Culture All All
Science Academia, Industry Academia, Industry
Market User Utilities, TSO’s and DSO’s, demand
preferences Aggregators, End users, RES-
generation owners

Actors related to the socio- and orgware were mainly contacted with a geographical focus on German
Germany in the context of the “Energiewende”. Additionally, actors from Austria and Switzerland were
included to create a broader base for the inquiry. The choice of these countries is based on the fact that
they share a common electricity wholesale market area with Germany. Furthermore, legal frameworks
are comparable, and electricity exchange between the three countries is very high. An exception was
the hardware circle strongly related to technology consisting of internationally distributed stakeholders
as battery manufacturers and developers are active on a global level. The final list of included groups
and their allocation with a short description and classification through the goggle of CTA (selector —
enactor) is given in Table 5-2.

5.2 Format of stakeholder engagement

The survey served as a base for semi-structured interviews and was continuously enhanced during a
pretest phase that consisted 3 phases. A first pretest phase was carried among 12 persons working in
the broader field of energy systems (System analysis, energy storage, mathematics, technology
assessment) at the Karlsruhe Institute of Technology (KIT) and Nova University Lisboa (UNL). All
participants had the possibility to comment each question and criteria presented in the online survey.
Additionally, to this step 5 informal semi-structured discussions were carried out. These conversations
were based on the feedback and results participants gave in the before distributed survey and has led
to an adopted list of stakeholder groups and reformulation of some questions and criteria. The talks had
a duration between 30 to 180 minutes. Finally, all questions, stakeholder groups, and criteria were

presented to the candidates working group (7 persons) to consolidate the inquiry.
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Table 5-2: Classification of different stakeholders

Stakeholder

Allocation

Description

Utilities

Orgware — selectors

Generation, service, end user, infrastructure

Network operator

Orgware — selectors

Grid operation, infrastructure

RES production/retail

Soft and orgware — selectors

System integration, manufacturing, planning,

operation

System integration,
planning, Lobby groups
R & D battery technologies (electrodes,
systems, electrolytes, etc.)

Energy Storage Business Software - enactors service,  operation,

Battery R &D (University) Software - enactors

Research - Energy system | software - selectors System analysis and modeling, energy market
(University) modeling

Regulation Orgware — selectors Market rules, grid connection rules, etc.

Civil society Software and socioware — | Environmental conservation groups - NGOs

enactors and selectors
Hard, Org- & software

Battery manufacturer Production, R&D, sales, system integration,

enactors operation
Automotive sector (electric | Software — enactors & | System integration (vehicle), production,
mobility) selectors operation
Public body & policy making Orgware & Software - | Legal framework, subsidies,
selectors
Other Various Related to the topic

The second pretest phase included external experts (outside KIT and UNL) which were confronted with
a more consolidated survey. A precondition for this phase was to contact at least one representative of
all stakeholder groups within the seven socio-technical sub-regimes. The survey was distributed with
individual emails to 22 experts within all socio-technical sub-regimes. The first contact briefly introduced
the topic of the survey and possible interview. The mail stressed that the aim is to get critical feedback
on the survey as well as to gather general expectations about energy storage. It also highlighted that no
expert knowledge about electrochemical energy storage is required. Candidates were also asked if they
are willing to participate in follow-up interviews. In total 13 external experts responded providing various
comments and thoughts on the topic. From these ten candidates were willing to participate in an

interview. An overview of the participants and the interviews is given in Table 5-3.

The interviews were conducted in a semi-structured way mostly via telephone due to the considerable
physical distance of the candidates. Only one personal interview was conducted with a participant
working in the same city. Each interview had a duration between 30 to 120 minutes and was conducted
one to one. As mentioned before candidates were familiar with the overarching questions for the
interview as they were provided in advance through the survey. The questions were not followed strictly,
but they provided a structure for the individual development of each interview. It was guaranteed that

the material would be used in an anonymized form without direct quotation.

The interviews started with a short introduction of the topic and then left the candidates space to
introduce themselves and their field of work. This was flanked by questions about their profession. This
has helped to achieve a more casual interview situation, and to surpass to a certain degree the non-
personal character of a phone talk. It was recognized that all candidates answered questions very
carefully in the first 10 minutes probably due to cautiousness. After 15 minutes, they opened and

expressed more their own opinions. Leading topics were discussed between 20 to 40 minutes
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depending on additional questions based on the amount of feedback provided by each interviewee a

priori. This was then followed by a less formal conversation about the research and the implications of

it.

Table 5-3: Overview of interviewed actors

Index* Organisation Type Organisation Profession Comment
P1RE Private Research | Enactor Private Research | Head of Energy | Via telephone, ~40
Institute Institute department minutes, notes
P2U Utility company Selector | Utility company Head of department | Via telephone, ~50
minutes, notes
P3RES | RES System | Selector RES System | Senior  operation | Via telephone,
integrator integrator services ~115 minutes,
notes
P4U Utility company Selector Utility company Senior consultant Via telephone, ~40
minutes, notes
P5U Utility company Selector Utility company Head for energy | Via telephone, ~50
storage project | minutes, notes
development
P6Reg. | Regulation agency | Selector Regulation agency Expert of  the | Via telephone, ~90
department of RES | minutes, notes
and energy
efficiency
P7Auto | Automotive Enactor Automotive Vice head of project | Via telephone, ~80
management minutes, notes
P8ES Energy  storage | Enactor Energy storage | Project Via telephone, ~90
business business management minutes, notes
P9Ac R&D University Enactor R&D University Principal Personal, ~80
investigator energy | minutes, notes
storage research
P10PC | Energy Policy | Selector Energy Policy | Consultant & | Via Telephone ~20
consulting consulting Professor @ Univ. min, notes

*Index for every participant where RE=Private Research, U= Utility, RES=Renewable energy source,

Auto=Automotive business, Ac=Academia, PC=Policy consulting

Hand notes were conducted with the ulterior motive to avoid guarded responses and maybe self-
consciousness as in the case of recordings [5]. None of the participants refused this procedure. Notes

were transcripted directly after the inquiry and included only the most critical points of the interviews.

This phase has led to further small alterations of the survey and offered valuable additional qualitative
information about the questions raised. The responses are combined with the results of the survey in

order to provide a deeper understanding of stakeholder’s visions about the development of the sector.

The third phase before final distribution was a last technical pretest. The test was conducted with five
persons of the candidates working group. It had the aim to avoid format and spelling errors in the final
survey version and to test the connected MCDA model presented in chapter 6. After this loop, the survey

was distributed to the previously identified persons and organizations.
5.3 Stakeholder consultation and participation

The pretest phase has led to a total number of 13 stakeholder groups. Candidates where approached
based on 1) organization, 2) skills and 3) snowball principle as explained before. The first list of 81
stakeholders and organizations was developed based on internet research and business contacts. An
internet research was conducted to identify organizations suitable for the inquiry. Identified organizations

were contacted formally and were asked to forward the inquiry to contact responsible for the field.
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Contacts related to point 2 were based on the candidates existing network. This network consists of a
high number of experts from the field of energy storage, generation and RES through international
conferences, workshops, and projects. Some events which have led to essential connections worth to
be mentioned were among other things: Energy Storage World Forum 2014 in London; Armand Peugeot
- International Conference "Electromobility: Challenging issues"; IEEE International Energy Conference
2014. Dubrovnik, Croatia; 4th International IEEE-Conference on Clean Electrical Power Renewable
Energy Resources Impact (ICCEP) in Alghero, Sardinia 2013; "Energiewende - zwischen Konzept und
Umsetzung." Bonn 2013 and IEEE International Energy Conference and Exhibition (EnergyCon),
Florenz 2012 and others.

Finally, 106 persons were contacted directly via personalized emails naming the reason why the
candidate has been selected for the inquiry, and 30 emails addressed organizations. One initial condition
was to include about six persons per stakeholder group which was not achieved at the beginning. It was
thus necessary to contact more experts in the areas where this was not achieved. Still, it was not
possible to fulfill this precondition as feedback was very low in some of the stakeholder groups (e.g.,
public body & policy making). The total number of contacted experts was 136 and an estimated amount
of about 100 persons included through forwarding the message to colleagues (communicated in
response emails and total clicks on the survey of 272). In total 91 persons started the survey if second
round pre-testers are included. 71 Persons finished the entire survey, while the remaining ones did only
finish it partially. All stakeholders are categorized into the two categories of enactors and selectors as

indicated in Figure 5-1.

Other N 10%; 8 =
Civil society [ 3%: 2 N=46
Regulation [ 3% 2
Public body & policy making [ 2%; 1
Research - Energy system (University) [ 12%; 8
Municipal utility [N 5% 2
Network operator [N 5% 4
Utility company | 12%; 12
RES production/retail [N 11%; 8

Automotive sector (electric mobility) [INEGEE 2% 2
Battery manufacturer R 5 5 N=25
Battery R &D (University) . 14%; 11
Energy storage Business | 7%; 7
0 2 4 6 8 10 12 14
Number of participants

Selectors

Enactors

Figure 5-1: Total number of different participants including pre-testers of 2@ phase with n=71
Other stakeholders were three consultants, four power electronics manufacturers, one electrolyzer man-
ufacturer (one unknown profession was excluded in total assessment). The most responses came from
battery researchers (11), followed by utilities (12) and energy system research (8). The RES sector also
had active interest in the topic (8). About five battery manufacturers and six experts from the field of
energy storage answered the survey. The municipal utility (2), automotive (2) and policy-making group
(1) had the lowest feedback rate. The feedback rates should be handled with care as they do not allow
representative insights into the interest of different stakeholder groups in the topic. Feedback rate might
be influenced by several factors, e.g. a number of colleagues informed. The self-assessment into one

of the stakeholder groups can be tricky, this was stressed by some of the interviewed candidates. One
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stated that most of the municipal utilities are also network operators making it difficult to allocate one-

self into the right field intuitively, what might explain the low feedback rate of this group.

The success of CTA is, of course, dependent on the willingness and openness of actors to use “spaces
for broader negotiation processes. Participants of the survey were thus asked to voluntary indicate at
the end their willingness to participate in an alternative interactive workshop and in follow-up interviews
related to the recommendations found in section 3.5 (see Figure 5-2). Most of the actors would be willing
to participate in such an event to gather more profound insights into the field. Especially battery

manufacturers showed a high interest in such a format which contrasts with battery R&D.

Less than the half of all participants would then be willing to participate in follow-up interviews. In both
cases, about half of the selectors and enactors would be willing to participate in a workshop. Willingness
to participate in follow-up interviews for validation is slightly lower in relation to the former. Still, in both
cases, it is believed that there would be enough participants available for a workshop and a handful of
follow-up interviews to test if the CTA process has changed stakeholders view on technology (if they
think differently about technology, are they more conscious regarding other criteria not considered

before the process).
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Figure 5-2: Willingness of participants to take part in an interactive workshop and in follow-up interviews with
N=67.

5.4 General expert views on balancing options

The following section gives an overview about expert expectations on different balancing options and
the role of battery energy storage in relation to these. Political and market aspects related to energy
storage and changes of the electricity system towards more decentralization are given in the following
sections and aim to construct the “evolving landscape.” The last section analyses the perceptions on
the importance of sustainability aspects for investments into balancing options, especially energy

storage.
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5.4.1 Expectations on balancing technologies

The interviews showed that all experts agree that there will be a need for balancing in the future. Indeed,
there was no consensus about the amount, time frame or balancing options needed [P1RE, P2U, P4U,
P8ES]. In general, some participants see a requirement for additional flexibility options at an RES share
around 40 % which would correspond to the year 2025 regarding the analyzed studies in section 2.3.
Expectations and visions of stakeholders about the need for balancing strongly correlate with the set of
studies reviewed in chapter 2. There are though doubts about taken market assumptions [P5U] and

considered business models [P2U] and [P7Auto]. One expert [P1RE] pointed this out as follows:

“

. hot clear how much balancing required...it is impossible to give robust statements about single

technologies... not important as there will be a mix of different flexibilization technologies.”

This statement was underpinned by other interviewees as P4U by stating that the specific technology is
not of interest out of a energy economic perspective. Interest is more nested in the bigger context with
a general view on storage. It was furthermore stressed that balancing does not have to be provided by
energy storage technologies as there are other options available [P1RE, P2U, P4U]. There are mainly
four alternatives discussed in the community which are namely: 1) Grid reinforcement measures, 2)
flexible demand, 3) flexible power plants and at the end of line 4) electric energy storage. The latter was
divided into centralized (PHS, CAES) and modular storage/battery storage for a specific discussion with
experts about the role of these among other alternatives. All addressed balancing options are seen as

relevant, but expert’s options differ on the extent of importance:

Demand side management: A significant problem regarding demand-side response is seen in end-
user acceptance related to required smart meters and related high costs nowadays. This was especially
pointed out for industry regarding the fear of losing to a specific degree control over their production
[P7Auto]. There is only seen a small potential for DSM in the end-user and energy markets due to
missing business cases and small profit margins [P6RES], [P5U]. One exception was mentioned using

wall boxes to conduct DSM with electric vehicles [P7Auto].

Centralized storage (e.g., PHS and CAES): The potential for centralized energy storage especially
PHS is viewed as critical due to severe acceptance problems of the public against new projects and
high environmental legal constraints. At the same time, they are claimed to be the only economic viable
option available nowadays facing an increasing cost pressure from markets [P10PC]. Existing PHS are
already operating at the brink of being economi viable [P8ES], and potentials have already been
exploited in the past [P8ES]. The technology may serve as a backbone for system stability in
combination with decentralized storage options in the future [P10PC]. Other technologies named in the

context of centralized energy storage were power to gas and hydrogen.

Grid Extension: is perceived as elemental to the success of the Energiewende. Despite the need for
it, all experts argued that this option is highly unpopular within population making it difficult to realize
necessary extensions [P3RES], [P7Auto], [P5U].

Flexible Power Plants: Experts stated that technologies as gas turbines are well known for their safety

and low cost in relation to other options. There are furthermore no acceptance problems awaited as,
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e.g. in comparison to PHS. Nevertheless, some experts do not see this technology as relevant on the
long term (after 2035 to 2040) [P8ES].

Battery storage: Experts have different opinions when it comes to electrochemical energy storage in
comparison with other flexibility options [P10PC]. An often-named significant advantage for batteries in
relation to other options are high-efficiency grades [P3RES] and modularity [P10PC]. Electrochemical
storage is seen as crucial for specific niche applications especially for short-term applications as primary
frequency regulation or uninterruptible power supply. Most interviewees doubted that battery technology
could compete with any of the given alternatives due to their bad comparable economic performance
[P9Ac]. Low economic performance is also often linked to concerns about sufficient cycle life time of
most battery types. Thus, participants perceive them as not that relevant for the years to come [P3RES],
[PBRES] and [P10PC]. High potentials are seen for battery storage in case of a decentralized energy
system structure in combination with increasing market shares on electric vehicles [PS8RES], [P7Auto].
This is mainly seen due to a more accessible realization of small multi-kWh units until the 2030ies and
the possibility to adapt to increasingly dynamic market situations through the given modularity of

batteries.

Some of the survey participants also added several flexibilization options in the comment area as
follows: Power-to-heat, power-to-gas, Vehicle-to-grid, Flexible RES generation (e.g., curtailment &
participation to balancing), Power conversion, P2heat and P2cold. Comments show that there is a

plenitude of options available which are not considered explicitly in this work.

It can be said that some balancing measures are considered by experts as more intermediate solutions
as transmission grid extension and flexible power plants [P8ES]. Most experts think energy storage
technologies, including modular and centralized systems, are in general still too expensive in relation to
the other options named [P8ES] [P10PC] and that there might be a too strong willingness of policy to
support energy storage projects since they might “bet on the wrong horse” [P10PC]. A major problem
attributed to the energy storage is not directly related to the technology itself but the absence of suitable
business cases. The general need for energy storage itself is intensively discussed in the community
[P1RE, P2U, P4U, P5U, P7Auto, PS8ES] and the extent of the relevance of a balancing option should
always be seen in relation to all available technologies [P8ES]. The lack of suitable business cases can

also be transferred to all other technologies named, despite grid extension measures.

Participants were asked to attribute points to different balancing options in a 1-10 continuum between
“low relevance,” “Medium” to “high relevance” within the survey as depicted in Figure 5-3. A Mann-
Whitney U-test is conducted to evaluate if there are significant statistical differences between enactors
and selectors. The U-test is a non-parametric test which compares two groups response distributions
by replacing original observations with an ordinal rank to form a test statistic [165]. It is one of the most
used statistical tests used in case of the absence of normally distributed data or if there are notable
differences in the number of subjects of two comparative groups [166]. Both circumstances are the case
for the inquiry conducted. A p-value over 5 % leads to a rejection of the Null-hypothesis that groups
have statistically significant different characteristics. The higher the value is, the higher the probability
that the compared groups have the same distribution of responses. For the sake of reproducibility also

Mann-Whitney U values (MW U) are given in the figure for comparison reasons.
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Figure 5-3: Relevance attributed to different balancing measures where Mod.Bes=Battery storage; Grid Exp.=Grid
expansion measures; Flex.Pow= flexible power plants, CES=centralized energy storage and DSM for demand-
side management

Different tendencies of enactors and selectors allocated to a specific technology are indicated by the
mean value of ratings. Interviews give a somewhat pessimistic outlook for storage in general for the
years to come; this comes especially true for batteries. It is thus interesting that both types of actors
perceive battery storage as the most relevant technology among the other balancing options (7.4) in the
survey. Especially the group of RES production and retail actors attributed a high score to batteries,
maybe due to their interest in promoting stronger decentral structures with a high share of PV. This also
comes true for participants from the automotive sector who see a high potential for synergy effects of

electric mobility and battery storage.

All participants have a rather pessimistic view of the role of larger energy storage units. This perception
seems is especially shared by utility companies which may have bad correspondent experiences and
corresponds well with the insights given in the interviews. Other measures as DSM and Grid expansion
measures have comparable ratings regarding their importance (high with a mean value from 6 to 7). In
total, notions about the relevance of unique technologies seem to vary a lot among the groups. Still, the
U-test has shown that the observed differences in all cases between the two groups in the sample are

not statistically significant.

5.4.2 General expert views on market and policy aspects

Most of the participants perceive balancing technologies, especially energy storage as an essential
precondition for the success of the German energy transition, but don’t see a high potential for these in

the years to come. An often named reason for reluctant investment activities is the absence of
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commercial and legal incentives. This results from the fact that stakeholder roles are not really
established and continuously shaped and regrouped [121]. Yet no really socio-technical regime has
been established when it comes to energy storage. Further discussion was thus based on the question
if RES impacts on markets and system stability are underestimated on a policy and market level. The
aim of the question is to explore policy and market conditions under which storage technologies will be

introduced into the energy system in the frame of this transition and which may be seen as an obstacle.

Participant P10PC stated that the market impacts of RES are well understood and that most of the
relevant studies published in the last five years go in line about the effects of RES on wholesale markets
and related implications for energy storage. On the other hand, RES growth was underestimated in the
last five years. Transmission grid operators did, e.g. not anticipate the number of grid congestions and

dispatch costs related to the system integration of wind and PV [P10PC].

There are thus doubts among experts regarding the predicted RES shares until 2030 due to missing
strategies to achieve RES goals on a policy and regulation level. These concerns are primarily
connected to the German Renewable Energy Act (Gesetz zur Férderung erneuerbarer Energien —EEG).
Not only EEG regulations have to be improved, but markets, as well as the legal framework of the
electricity grid as actors, think that impacts are underestimated on multiple levels. A representative

statement was given by P5U as follows:

“.... The energy turn-over will work... but not in the way it is propagandized by the government ...with
an 85 % RES share target... it is completely illusory regarding the catastrophic market situation...and
missing regulation....already 40 % RES shares will lead the market and system to tumble...then we
might have a problem if not storage is available... market and EEG regulations have to change to

maintain system safety’.

The EEG is considered as a key to energy storage success, in the sense that it should attribute more
personal responsibility to RES and energy storage asset owners. Especially regulation for residential
storage and the obligation of (more) direct marketing of RES [P5U] were named as crucial aspects to
foster new business models. Such regulations should also include third parties that provide direct
marketing services of RES generated electricity in combination with energy storage [P5U]. Experts also
stress that changes in regulations should not only happen on a national level but on a European scale.
This statement is reinforced by P3RES, P9Ac, and P7Auto, addressing lack of suitable overarching

strategies on a policy level and regulation as follows [P3RES].

“. It is underestimated to a certain degree... policy actors have learned from the past ... EEG was
adopted to minimize RES growth to take pressure from grid operators...the measure does not work...

RES still grow and still no overarching strategy...Is available”

On the other hand, there are also other views on the role of regulation which is not seen as a necessary
measure to steer energy storage development [P5U]. This notion is reinforced by a statement from a
survey participant claiming that decentralization and democratization of electricity production should not

be hindered through legal regulation as it is the case for PV nowadays.

The magnitude of interviews [P3RES, P7Auto, P2U, P4U, P8ES] agreed that market situation in

Germany should change in frame of the Energiewende. Even mature energy storage technologies as
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PHS are operated sharply on the threshold of being economically viable due to increasing market
pressure. Most experts claimed that there are several storage technologies already existent nowadays,
but that there is no business case and only insufficient market regulations available. The value of storage
cannot be directly allocated to one actor as there are several beneficiaries of services provided (e.g.,
storage in combination with wind energy direct marketing leading to transmission and distribution
upgrade deferral). This is problematic as the investment in storage is conducted by one party. Thus,

storage services provided should be accordingly rewarded which is not the case nowadays [P7Auto].

Actors named different measures to tackle these challenges reaching from a new way to calculate
margin costs within the merit order model, new forms of auctioning models [P5U], up to the formation of
capacity markets [P8ES]. In this context, some actors claimed that available energy models do not
account changes in market design and broader technology use. Stakeholder P5U claimed that market
models have a short validity because it is unclear if market clearing prices and margin costs will be
calculated the same way in 2030. Further doubts are also related to the underestimation of dispatch
costs and grid congestions. This is on the one hand based on the logic of applied energy models that
use a “copper plate” grid approach and don’t consider these effects [P10PC]. Furthermore, short-term
fluctuations are often not adequately considered as hourly time steps are used in most modeling
approaches [P5U]. The magnitude of the interview partners seemed to agree that some studies may

systematically underestimate storage technologies.

The results of the survey give a more moderate view in relation to interview impressions as indicated in
Figure 5-4. All participants had the possibility to rate if they entirely agree (5) or not (1) to the given
statement (if RES impacts on markets and system stability are underestimated on a policy and market
level). Half of the selectors (25) agreed to the comment whereas only ten enactors did. It is notable that
about 18 participants did not agree with the statement and that in average enactors seem to have a
slightly neutral view on this statement (average 3.1). The reason for this discrepancy could be based on
the fact that this some participants of the group are either not so familiar with overall system challenges
or that they do not perceive them as critical. The U-test has shown that there are no statistically

significant differences between the two groups due to a p-value above the significance level of 5%.
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Figure 5-4: Agreement on the statement that Impacts of the “Energiewende” on markets and system stability are
underestimated with n=71

5.4.3 Expert opinions about decentralization and balancing options

The next section addressed potential changes regarding the architecture of the future energy system.
These changes are related to markets, ownership structure and developments of the electricity grid

towards smart grids and more decentralization with a highly integrated bi-directional flow of information,
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money, and energy between customers where the entire energy system becomes more complex
through the inclusion of new technologies as storage or electric vehicles. Such future energy systems
are told to offer new potentials for DSM, energy storage and battery systems [167], [32]. The next
question thus aimed to find out about how strongly actors agree that the energy system will be
decentralized and if this offers new possibilities for energy storage options. There was a strong
consensus in favor of this statement among the interviewees P9Ac, P3RES, P4U. Especially participants
from utilities explained that they are conducting own research in the field of decentral energy systems
and electric mobility to explore new business potentials. Participant P3RES noted that especially
industry is increasingly building up own generation units to optimize own power consumption.

Interviewee P5U expressed his approval in a representative form as follows:

“... the future system will become more small sized... with a higher degree of individual
responsibility?®... and more benefits on a local level...end users have to be integrated in a stronger
way...only this and not regulation itself enables the integration of balancing measures as batteries,

demand-side management and others..”

Some experts see these changes on the long term until 2050 and believe that there will be a balance of
central multi MW and small multi kW power plants as a kind of transition phase after 2030 up to the year
2050. Within this time frame, large investments in the field of GW units are told to sharply decrease due
to increasingly dynamic and uncertain energy market conditions [P6Reg] and [P10PC]. PV, batteries
and electric vehicles are seen as a significant driver for this development [P7Auto]. It also clear that the
establishment of decentralized systems may require new local market structures which provide benefits
for a specific region. This process is seen as a complex task where local actors have to be integrated
and to provide business models which enable it to generate benefits for them [P5U]. Also, such concepts
would require the integration of new players as third parties who coordinate marketing and provided

services by storage [P5U].

The survey results underpinned this impression as indicated in Figure 5-5. The magnitude of both
groups agrees to this statement, whereas only four do not. It could be proven that tendencies slightly
vary across groups, as indicated by different average values, but that there is no significant statistical

difference among them as p>0.5.
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Figure 5-5: Agreement on the statement that the future energy system will be strongly decentralized

2 In the context of local energy consumption and regulation
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5.4.4 Relevance of sustainability aspects for investment in balancing options

The literature claims that investment decisions related to energy technologies are strongly based on
sustainability aspects which reflect the need of society [168]. This claim might be true considering a
policy level, e.g. the EU directives 2001/77/EC or the target formulation of the German federal
government regarding the “Energiewende.” The specific question was thus if “sustainability” aspects
(environmental, economic and social factors) should play a more significant role in investment and
research decisions regarding balancing options. It had the aim to see how actors think in general about
fitting technology to societal needs. The question was thus deepened in the interviews and extended by
asking them if sustainable development is already a task in pragmatic decision making in day to day

business.

All participants intuitively agreed that sustainability aspects are an essential factor that should be
considered in a stronger way in the future [P7Auto, P2U, P5U, P6RES]. Deeper discussion showed that

most interviewees relativized their first intuitive notion after a certain time as P7Auto:

“Of course everybody would intuitively say yes, of course, it is important, but... social justice or
ecologic compatibility are not a major topic in companies day-to-day business... Only if there is a
possibility to generate competitive advantages.... The availability of resources and a guaranteed future

are of course important but mainly out from an economic perspective.“

The discussion showed that none of the actors would increase the sustainability of a product due to
altruism on a business level. In contrary, it was stated that actors go out all to exhaust existing legal
frames and regulations to generate competitive advantages. The statement from the literature that
decisions related to RES are highly driven by sustainability might be true on the first view but are in their
core more complex. Interviews showed that notions about sustainability are characterized by a deep
dichotomy. This circumstance is expressed by P3RES as follows:

“Definitely ... it (sustainability) is very important! ...We are already working in the field of RES, so |
guess we already contribute to sustainability...but we have to sell our products as cheap as possible...

there is a strong competition, and at the end, only prices count in the field of RES.”

All experts are aware of the importance of sustainability aspects but do not explicitly consider them on
a pragmatic business decision level. In case, notions about different dimensions of sustainability are
always implicitly connected to economic motives. One Actor argued for example that his company
included three different sustainability factors into technology-related decision making namely; CO2-
emissions, cost, and resources [P2U]. These three factors can also be seen as primary economic input
parameters for margin cost calculation and thus form the base of investment calculations nowadays®3°.

Itis thus assumed that sustainability aspects are probably the least motivation for using these indicators.

Participant [P10PC] stated that the importance of different sustainability dimensions would increase in
the future. The example of social acceptance is seen as very important as local resistance against a

project may lead to delays in planning. Similar statements were also named regarding environmental

30 Generation units margin cost are mainly calculated on base of fuel prices (resources), CO; certificate costs and maintenance
cost.
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aspects (especially regarding the Umweltvertraglichkeitsprifung/Environmental review by officials).
Thus, the implicit motivation is again based on economic interest. It seems that actors from science
have a different perspective. They perceived sustainability as more important but also attributed
themselves a higher degree of freedom as they do not face economic pressure and competitiveness as
stakeholders from industry [P1RE and P9Ac].

The results of the survey in Figure 5-6 show that the magnitude of 32 stakeholders agrees strongly with
the statement. About 26 agreed with it while only 10 remained neutral, and three did not agree. This
results give the impression, that sustainability is considered as very important within the entire sector.
A certain skewness can be observed towards higher importance on the aspect in the group of selectors
in relation to enactors (mean value 4.33 and 4.04). None of the participants disagrees entirely with the

statement.
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Figure 5-6: Indication about the statement that sustainability (economic, ecologic and social dimension) should
play a more significant role in large balancing technology investments and research (n=71)

The Mann-Whitney U-test indicated that there are no significant differences between the two groups.
However, results are characterized by a certain degree of inconsistency when they are compared with
the interview results. Statements have shown that actors agree intuitively to the statement but implicitly
always refer to the economic sphere of sustainability. It is assumed that results in the survey are to a
certain degree a product of un-reflected and somewhat arbitrary answers as sustainability is seen as a

desirable and normative state by a high magnitude of participants.

5.4.5 Summary of expert views on balancing technologies

The need of energy storage technologies is highly discussed among enactors and more actively across
selectors, not in the sense if they are required but when and in which amount. Energy storage
technologies represent one balancing option among others which are namely; 1) Grid reinforcement
measures, 2) flexible demand, 3) flexible power plants and at the end of line 4) electric energy storage
which itself can be separated into modular and centralized storage. Experts expressed general doubts
about the economic viability of energy storage itself in relation to these other balancing alternatives as
there are no suitable business cases and regulations available. There is no high potential seen for
centralized large energy storage technologies (it remains unclear if large battery storage units are also
included here). A comparable high relevance is attributed to modular energy storage/battery systems in
the survey but interviewed experts perceive them as one of the most expensive technologies and don’t

attribute them a high relevance in the next ten years to come. There is a high consensus among all
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participants that it is hard to make any robust estimations regarding energy storage technologies due to

missing business cases and regulatory frameworks.

Significant issues named are missing regulations within the EEG, wholesale market structure and the
absence of an overarching European strategy to achieve a 100% RES share until 2050. Experts
perceive these issues intuitively as an obstacle for broader market introduction of energy storage
technologies of any kind. It can be derived from the inquiry that changes in the architecture of the energy
system towards a more decentralized system and resulting lower large-scale investments might
represent a big opportunity for battery storage in the mid- (2035) to long-term (2050). It remains unclear

if this process leads to market changes and how new business models will look like in such a system.

The inclusion of different sustainability dimensions into investment decisions for balancing measures is
seen as intuitively crucial by almost all participants. Interviews have shown that both actors, selectors,
and enactors tend to go out all to exhaust existing legal frames and regulations to generate competitive
advantages [P7Auto]. In general, sustainable development is instead seen as a normative state with low

relevance on day to day business decisions for technology-oriented actors.
5.5 Specific expectations on electrochemical energy storage systems

In general, Experts claimed that it does not make sense to go into detail of different battery technologies
as the entire topic of energy storage remains blurry and complicated for them. Instead, they proposed
to make a more general approach and not to focus on single electrode chemistries but just to refer to
batteries in general. The first section will focus on the expectations and visions about the use and
location of battery storage systems. The second section will highlight the views of stakeholders to the

selected properties of battery storage systems.

5.5.1 Expert views on stationary battery applications and system integration

There are already various battery technologies available that can be considered as mature, but they are
not seen as profitable nowadays by the interviewees as there are no reasonable business cases
available [P7Auto] and [P3RES]. Market diffusion of battery storage is not seen as a disruptive event,
rather an incremental process over the next ten years [P7Auto]. This development is seen as highly
dependent on market frame conditions, namely energy prices and availability of regulations. Experts
state that batteries can provide high power as well energy and can be scaled depending on a given
business case making the technology very flexible [P9Ac], [P10PC]. Defining which battery type may be
suitable for a particular market is considered as a challenging task due to the different properties which
each technology inhibits. Especially cost and life time issues in relation to DoDs and categorization of
application fields are named as a factor of uncertainty [P5U]. Following discussions with experts are

thus centered on the suitability of the following five different potential business cases.

Decentralized storage on a distribution level nearby demand within a storage range of multiple hours
is seen as a vast market for battery storage in Germany. Especially the combination of storage with
decentralized renewable energy sources as photovoltaics was named by all interviewees. PV has
already reached grid parity in Germany due to high end-user electricity prices (up to 30 €c/kWh). Self-
consumption is thus seen as a practical way to reduce energy cost. The field of self-consumption in

combination with PV and batteries is also expected to be also very interesting for mid- and large-scale
64



Actors views on battery storage as a balancing option

industry companies. Participant P10PC stated that in 10 years PV systems would in general only be
sold in combination with battery systems. It was also stressed that the area of decentralized storage can

also be combined with wind, DSM and other alternatives.

Further diffusion of stationary battery systems in this area is told to be highly linked to market diffusion
of electric vehicles. The market introduction of EVs is seen as a way to reduce costs in battery production
[P7Auto]. The Tesla power wall and Mercedes “Heimspeicher” were named in the frame of this
discussion [P2U], [P7RES]. The automotive and PV industry was told to be one of the leading lobbying
groups in Germany to push forward residential storage and governmental subsidies to enter a new
market segment. They are considered to become one of the leading gainers from this development
[P2U], [P5U].

New decentralized concepts: P3RES proposed new business models in the broader field of self-
consumption as leasing contracts for entire systems that could attract potential customers in this field
by avoiding high up-front investments. Especially new concepts as virtual power plants offer utterly new
business possibilities for scalable battery storage [P5U]. Such concepts can also focus on using
batteries to smoothen local energy demand as a DSM measure using different end-user tariffs. Battery
owners might, for example, receive a price forecast curve which is then matched with real-time curves
and finally inverted via a battery system to save energy cost [P5U]. The problem is that the composition
of these decentralized systems itself is in their infancy. Interviewee [P7Auto] proposed that it would
make sense to offer entire packages as a business model. Such packages should consider PV, DSM,
and storage in a sense that the entire system becomes economic vaiable. A significant problem with
such systems is that there is no adequate remuneration for provided services. An example of not
rewarded indirect services through storage is the avoiding of additional investments through municipal

utilities in distribution grids.

Generation near energy storage on a mid- to high voltage level is believed to be an interesting field
for stationary batteries, but only in combination with RES [P3RES], [P5U], [P10PC] and [P8ES]. One of
the main advantages in this context is seen in the scalability of battery systems allowing it to adapt to
market situations. RES direct marketing was named to become a significant area in Germany since
EEG tariffs were drastically reduced. A significant advantage for batteries in this application is that they
can be built up nearby generation units offering advantages as increasing efficiency and operation
conditions [P3RES], [P10PC]. However, electricity wholesale market prices in the near future are
considered to be too low for such an application as they would not cover present storage cost [P6Reg].
Another argument for generation near storage was named by [P5U] through avoiding local T &D
upgrades almost always required at new RES grid connection nodes. There might be the possibility in
the view of the interviewee to combine direct wind marketing and, e.g., T&D deferral and help to save
costs for TSO’s and DSO’s.

Day-ahead market arbitrage business on a multiple hour level on a transmission grid level is not seen
as reasonable for battery storage out of an economic view [P7Auto], P10PC], [P8ES]. PHS represents
the absolute reference for this case and batteries are not considered in any way as a competing
technology. Nevertheless, interviewee P5U stated that there might also be a potential for battery storage

in day-ahead markets. This potential is not seen by using hourly based time steps to exploit on- and off-
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peak spreads but to use short-term 15-minute time steps following price curves more strongly influenced
by meteorological forecasts. There is no study available that would underpin a useful application of
batteries in this field [P10PC].

Short-term balancing is seen as a very lucrative application for battery storage as they offer the
possibility to mitigate deviations very fast on nearly every time and grid-scale [P9Ac]. Applications for
ancillary service provision only require short storage times and high power rates. This meets halfway
the central issue of battery costs which strongly correlate with storage capacity [P10PC] making battery
storage economic viable within a short time. The case of primary regulation is seen as the most
promising battery application in the field nowadays [P10PC]. A high potential is again seen in the future
use of smaller battery storage units within virtual power plants which provide balancing services (so-

called pooling) [P5U].

On the other hand, participants stressed that it is difficult to make a general statement about business
cases as the questions are strongly related to different technologies. An example expressed here fore
was that RFB has completely different storage times than a Li-lon battery [P3RES], [P5U]. Nevertheless,
seconds to multiple hour applications as RES balancing, e.g., on a distribution level are seen as the
most interesting area for battery technologies within the interviews [P3RES]. In general, most
participants perceive missing valuation of provided energy storage services as a primary obstacle for
market diffusion of stationary batteries. The stacking of services as a business model is seen as an
important issue but has to be elaborated in detail in the future [P5U] and [P10PC]. One participant

(network operator) of the survey commented this as follows:

“Each party uses it for its value, integration of these values could generate a more efficient system

approach.”

Experts were also asked to rate the relevance of different storage timescales and linked application
cases for electrochemical energy storage on a scale from 1 (low relevance) to 5 (high relevance) as

indicated in Figure 5-7. Again, mean values are used to compare group preferences.
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Figure 5-7: Potential application fields for battery storage
There is almost an equal ranking of preferences among enactors and selectors regarding the different
storage dimensions. Seconds up to several hours and even days are seen as suitable timescales for

battery storage which was also flanked by a statement of a survey participant (network operator):

“Not yet profitable ... after expected price decrease range from seconds until days could become

profitable for batteries.”

All experts agreed that there is no viable business case available for long-term storage applications up
to weeks. Results from U-test indicated that there are no significant differences between the two groups

regarding all application fields.

In general system integration of battery storage is naturally dependent on the suitability of a given
business case as discussed in chapter 5.5.1. Battery storage is mainly seen on a decentralized level
nearby local renewable-based generation and users [P2U], [P7RES], [P5U]. Some participants from the
survey (battery manufacturer and Network operator) underpinned this by comments as “location nearby
decentral industry” for the provision of regulation services. Experts have different views on the
integration into other grid levels, especially into transmission grid level. Most state that there will be
nothing like bulk storage through large battery banks connected to the high voltage grid [P10PC],
[P3RES]. Generation near integration of battery storage for conventional power plants is considered as
not probable whereas a combination with large-scale RES as wind turbines or ground-mounted PV is

seen as more suitable on a multi-MWh scale.

Experts were asked to indicate the probability of different system integration levels for electrochemical
energy storage on a Likert scale from 1 (very unlikely) to 5 (very likely). Integration of battery storage
technologies is considered to happen mainly on a distribution (<10 kW) and mid-voltage level (<1 MW)
as depicted in Figure 5-8. Generation side applications (alongside large generation units >1MW) are
ranked before the use on a transmission grid level (e.g. T&D deferral with >1 MW). The latter is

considered as rather improbable in the frame of the interviews due to actual regulations related to
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unbundling. Survey results do indicate a more neutral stance of stakeholders regarding this integration
level. Again, the U-test indicated that there are no significant differences between the two groups

regarding all application fields.
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Figure 5-8: Potential system integration level for battery storage including mean values;

5.5.2 Expectations: properties and development of stationary battery systems

Most participants agreed that high costs are the most significant problem of available battery
technologies and that they have to decrease in the future. There are doubts that this will happen for all
electrochemical energy storage systems in the years to come [P10PC], [P3RES] and [P5U]. Scale
effects through electric mobility are considered to have the potential to considerably lower cost for Li-
lon based systems. In general, most participants see a demand for further research efforts to lower
battery system cost [P3RES], but the absence of viable business cases seems to be a more critical

issue.

The issue of calendric and cyclic life time is considered as a central problem [P10PC], [P3RES], [P8ES]
and [P5U]. Interrelation of both factors, costs and life time, is seen as a complex task. The prolongation
of life time can be achieved by oversizing of the battery, but this causes additional cost [P10PC]. At the
same time, the relation of depth of discharge (DoD), calendric as well as cycle life time and implications
on overall storage cost remains unclear. An example named in this context is primary regulation which
is characterized by several cycles per day with a low DoD and the question how this impacts battery life
time and consequently overall cost. The issue of missing knowledge about cycle life time and DoD
relation hinders potential investments in the area [P5U]. The issue was addressed in a representative

way by an example about RFB expressed by P9Ac:

“...RFB can have around 10 k cycles in general... it will change if you configure it for a high power
application ... so you would have to add cells again to increase cycle life time, and that would, of

course, increase cost...”
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Participants agree that battery systems can be optimized [P9Ac], [P5U] and [P10PC]. This optimization
should start in the production phase and the targeted application area to identify room for improvement.
The cathode is seen as the most expensive factor from a narrow point for most systems. It makes thus
sense to see if a high-power variation is needed. Most stationary applications do not need them, and
they can thus be excluded in most cases. Such measures are, again, highly dependent on the

technology and application field in scope and are finally guided by costs [P9Ac].

Energy density is in general seen as an essential factor for battery storage but not for stationary
applications as these are characterized by a low degree of restrictions on weight or space. Power density
is perceived as more critical especially when it comes to short-term balancing [P9Ac] as in the case of
primary regulation. The relevance of this property is thus dependent on the viewed business case.
Efficiency degrees are also named to have significant importance, especially when battery storage is
compared with other balancing options [P3RES], [P10PC]. In general, all of the named aspects are seen

as relevant and highly interdependent from each other [P8ES].

Used materials for electrode manufacturing constitute a critical factor for market success [P5U],
[P10PC]. There are concerns about potentially harmful materials used in the manufacturing of certain
battery technologies. This comes mainly true for applications situated nearby the end-user in
decentralized applications. The toxicity of used materials in PbA (lead) and potentially VRFB (H2S0O4) is
for example seen as problematic by experts in this context [P5U]. Thus, technologies should be
thoroughly tested before they are used nearby to consumers [P10PC]. There is, in general, a need to
make people more aware of the potential environmental dangers of electrochemical storage as

expressed by [P5U]:

“...if you have ... let’s say 300 MWh redox-flow battery ... with a large number of toxic materials...you

need some risk management...”

The availability of critical materials used for electrode manufacturing was also named as an essential
issue. In the frame of this discussion, recycling is seen to be important if there are materials included in
a battery that are worth recycling them. There is for most technologies a lack of available recycling
processes (despite PbA), but the aspect will become more relevant when more cells are produced of a

specific battery type [P9Ac].

The perceived relevance of different aspects influencing the future investment decision in battery
storage was ranked in the frame of the survey within a range of low, medium to high on a 1 to 10 scale.
The results are indicated in Figure 5-9, where the mean values indicate tendencies of the two related
groups. Cost factors are not addressed directly in the survey but are included as a criterion within the
multi-criteria decision-making analysis. Results from the survey indicate a comparable picture to the
interview statements. Calendar and cycle life time are perceived as the essential property of battery

storage technologies, followed by efficiency, power density and recycling and energy density.

The Mann-Whitney U-test showed that there are no significant statistical differences between the two

groups regarding the expectations of battery storage properties.
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Figure 5-9: Importance of battery storage properties for stationary applications rated by experts on a scale from 1
to 10 (low, medium, high)
5.5.3 Summary of expert expectations on battery storage

Participants did not show interest in single chemistries but the performance of different batteries as they
do not see commercially viable business cases for them. Market diffusion of different battery storage is
seen as an incremental process over the next ten years, closely linked to electric mobility and
decentralization of the grid. Battery system integration is considered to mainly happen on distribution
and mid-voltage level and in some cases transmission grid level alongside with RES sources as wind
turbines. Significant potentials are seen in storage times between seconds up to some hours, e.g., for
ancillary service provision depending on the used technology. Experts struggled to allocate battery
technologies into specific applications due to their different properties and resulting economic viability.
Especially DoD to cycle life time implications and their impact on overall system cost are named in this
context. These factors are understood as a central challenge in the next years. Possibilities for cost
reduction are seen through scale effects and optimization of cell manufacturing. Potential toxicity of used
materials is of major concern, especially in consumer near applications on a decentralized level but also
when a high magnitude of capacity is required. Most stakeholders perceive more research in the field

as a prerequisite for the success of battery storage technologies.

5.6 Summary and implications for further assessment
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The preliminary interviews with various actors are used in combination with the insights from the
literature review to structure the domain of energy storage and overall landscape developments and to
form an overlying narrative for battery storage development within the German energy transition as
indicated in Table 5-4.

Table 5-4: Results of interviews and surveys to structure the domain of flexibility demand and battery storage

developments
and
implications
for energy
storage in
general

German energy system
considering 100% target
in 2050

Demand for balancing

Will the future energy
grid be decentralized?

market

(e.g.,
for

Availability  of
regulations

capacity market)
energy storage

Role of battery energy
storage among other
flexibility options (power
grid extension, demand-
side management,
flexible power plants)

Landscape Questions discussed Interview and survey results
aspects
System-level | RES impacts on the - Enactors and selectors mostly agree

- RES impact underestimated to certain degree, especially
on a system level but not a market level

- Is expected to grow strongly after 2025 to 2035
- Strongly dependent on overall power system design

- Enactors and selectors strongly agree

- Grid considered to become more complex

- Higher role of small generation as PV and Wind

- No largescale generation expected after 2040 due to
increased risk through volatile markets

- Enactors and selectors strongly agree
- Markets (capacity markets, spot markets) and regulation
(EEG) have to change
- Market pressure very high, new structures required
- No viable business case available for energy storage
o No valuation of benefits (in general)

- Enactors and selectors mostly agree
- There will be an interplay of all four options
- Battery storage is seen as too expensive at the moment
- No competition for other options today
- However, battery technologies are considered as most
important technology among other options on the mid-term
(see survey in 5.4.1)
- Incremental market growth is seen over next ten years
- Growth-linked to electric mobility and residential storage
o Automotive sector as key for market diffusion
o Tesla and Mercedes are named in this context
- Decentralization provides potential for battery storage
o New business models
o  Modularity allows adapting to market

Relevance of
sustainability

Relevance of
sustainability for
flexibility option

development,
investment, and use

- Selectors agree strongly, enactors agree

- Seen as a normative goal, not relevant nowadays
- Perceived to become more critical in the future,

- Factors as local acceptance are seen as crucial

The process of decentralization and electric mobility are seen as a core for the success of battery
storage. Significant concerns are not directly related to the technology itself, instead the absence of
viable business cases is considered as problematic. The relevance of sustainable development is

thought to become higher in the future.

The second part of the stakeholder engagement focused explicitly on electrochemical storage properties

and potential applications. The discussion is structured mainly around five topics also identified
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preliminary in the literature (see chapter 2.8.3); technology, economics, environment and application
fields as depicted in Table 5-5, whereas social factors as acceptance were only mentioned by actors on
the brink. The table is separated into critical issues named by actors and expectations and visions that

correlated to these.

Table 5-5: Specific results regarding electrochemical energy storage technologies

Center for | Critical issues for battery storage named by | Expectations and visions:
discussion actors
gﬁsggcal Relevant properties: - Structuring of electrodes possible for
- 1 st Calendar and cycle life time, 2d optimization
Power density & 3™ efficiency, 4t o power density named as an examplle
recycling ability & last energy density o  Cathodes are seen as most expensive
- DoD-Cycle impact unclear component
o Comes true especially for different - SoC management to extend battery life time
applications
Egonomic ) Up-fronttinvestment still too high for - New business models as leasing could tackle
rivers some actors o this issue
- Unclear interaction of life time and cost o Avoiding up-front investment
o Especially for different applications o Sell entire “packages”
o There is no viable business case (PV+DSM+storage)
available making predictions difficult o New third parties provide services
- Adopt EEG to create economic stimulus
- Optimization of cell manufacturing for specific
application
- Scale effects through EV markets
Envi:oln- ) Ris:( . Tanag;n&ent regarding  toxic - Monitoring required to avoid damages
men at rga enais nete | ed Electrolvt - Recycling processes will only be available for
aspects ) el’;‘g{ggg?a?erij)ngers (Electrolyte or materials that are worth recycling
- Recycling of critical materials
- Doubts are especially centered large-
scale storage units
Social A ¢ . hiah i | - Comprehensive monitoring of potential
ocia - Acceptance IS seen as nigh In general, dangers to guarantee acceptance
aspects - Use of critical material problematic
- Decentralized end-user near
applications critical
prlincation ) thhiCh ltgchnglct)r?ytin Whi(.:hb?ppgca.tion? - Enactors and selectors mostly agree
1elds “hs F:almgl bl at no viable business - Bulk storage/arbitrage business (1/4 h)
<I\:Aas_e||s avha': te d d tralized - Short-term application (sec- to minutes)
) a;;;ﬂc};tizn: -lerm and - decentralize - Decentralized / application
! . . o new applications
- Stacking of services required - Generation near storage (for RES)

However, the results from the interviews and the survey show that there are different application cases
discussed. Decentralized applications are seen as most interesting application field in the future. This is
also in line with the “master narrative” where decentralization of the grid is seen as a leading driver for
battery storage technologies in the future. The DoD-cost relation is considered as critical and difficult to
estimate, especially when different application cases are considered. These aspects make it difficult to
allocate different battery technologies into a particular application field. Major issues related to the

environment are centered in toxic materials, recycling of critical materials and environmental dangers.
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These doubts are highly related to the application (e.g., nearby end-users, large-scale storage).

Comparable statements come also true for social aspects.

The in-depth insights about electro-chemical storage obtained through stakeholder engagement serve

as a base for the further specification of sub-criteria used for MCDA. Naturally, implications for

technology evaluation arise through the predefinition of criteria within the MCDA-process as different

system analysis models must be fitted and found accordingly to these. Table 5-6 provides some

fundamental implications identified for the MCDA and technology evaluation conducted in chapter 6 and

7.

Table 5-6: Basic implications for MCDA and technology evaluation

Aspect

Implications for MCDA and technology evaluation set-up

Technical drivers

Inclusion of this DoD-cycle relation for storage operation simulation
Testing of importance of parameter relevance

Economic drivers

- LCC to analyze cost-life time provide detailed information
Investment cost analysis

Environmental
drivers

LCA-approaches provide general picture related to environmental dangers
Toxicity and recycling processes are difficult to evaluate (lack of data)

Social Aspects

- To be tested

Different use cases

- Comparison of technologies used in different applications under consideration of
DoD-Cycle relation, cost and environmental impacts
- Focus on decentralized application
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6 Multi-Criteria-Decision-Making model

The main challenge to select or to develop best alternatives for energy storage within the “Ener-
giewende” is to “pick the winners” at a level of society [140]. The identification of criteria and methods
that “measure” sustainability is a prerequisite to explore technology performance. Technology develop-
ment is an evolving process constructed through a social process in which scientific and expert
knowledge is combined with the preferences and values of affected communities to enable a co-pro-
duced understanding of preferred outcomes [7]. Using principles of CTA offers the analytical achieve-
ment of shifting the loci of the assessment through the inclusion of enactors and selectors to obtain a

broader perspective and to avoid thinking in enactment cycles.

The addressed problems in this work include several alternatives and a high degree of uncertainty about
the prospects of emerging energy storage technologies on a system level. Multi-criteria decisions anal-
ysis methods (MCDA) offer a way to aid such complex decision-making problems transparently. They
provide formal mechanisms based on mathematics to integrate stakeholder preferences objectively and

to make decision processes more transparent as well as debatable.

The first sections give an overview about the field of MCDA and the structure of the proposed model.
AHP in combination with Shannon Entropy, alpha and beta diversity is introduced in the following
section. After this, the Technique for Order Preference by Similarity to Ideal Solution — TOPSIS is
highlighted as an aggregation method. This is followed by a description of the selected criteria and

alternatives. Finally, an overview of the developed model and its realization is given.
6.1 MCDA: A short introduction

MCDA is considered as a branch of operation research models that deal with decision problems
involving multiple criteria. Literature offers a separation of MCDA methods into Multi-Objective Decision
Making (MODM) and Multi-Attribute Decision Making (MADM). The first set of methods handles decision
problems where the decision space is continuous. MODM aims to find an optimal solution space in
consideration of predefined boundaries [104]. Typical examples are mathematical programming or

maximum vector problems with multiple objective functions [169].

Methods within MADM concentrate on problems with discrete decision spaces where a set of decision
alternatives has already been predetermined. In general MADM problems can include m alternatives

which are evaluated on n criteria which can be expressed in a grouped decision matrix as follows [8]:

Criteria  C; .. C, Xij ... Performance of the j — th of the i — th alternative
(Weights w; ... w,) wj ... weight of criteria j
Alternatives - --- --- - === —-—- - n is the number of criteria
Ay (X110 Xip m is the number of alternatives
X . E . . .
Am Xmi = Xmn mxn

Figure 6-1: Example for a decision matrix (based on [8])
MADM refers to “attributes,” “goals” and “alternatives.” “Attributes” are considered as “objectives,”

“factors” or “criteria,” e.g., economic performance and environmental impact. “Alternatives” is

synonymous with technology “option,” “policy,” “actions” or “method” [170], [171]. Each method has a
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“goal” or general objective of the decision process. Criteria related to the problem are located beneath
to this goal. These criteria can be further decomposed into sub-criteria which also can be seen as

constraints or refinements [101].

An advantage of MADM is that criteria with different scales or units can be simultaneously compared.
This work compares a limited predefined set of emerging technologies with other mature technologies
that can be delimited from each other. These technologies are evaluated based on different
sustainability oriented criteria. The contribution of each technology to achieve this goal can be measured
on different scales. Thus, this work fulfills all preconditions to apply MADM. The use of MODM methods
is more suitable to optimize systems through the combination of a high number of different technologies

for a future energy system [104] which is not part of this work.

A question that remains is which kind of MADM should be applied in the context of this work? This is an
often underestimated or just ignored issue within the field of MCDA [172]. In general, MADM can be
separated into classic compensatory approaches or multi-attribute utility theory methods (CCA)

(American school) and outranking approaches (OA) (European school) [104], [172], [171] [8].

CCA assigns a utility value to each alternative. The total utility is the sum of marginal utilities that each
criterion assigns to a considered action [173] and is known as a single synthesizing criterion. These
methods offer a total preorder of given alternatives. Typical methods are MAUT (Multi-Attribute Utility
Theory), SMART (Simple Multi-Attribute Rating Technique) [174], TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) [153] and AHP (Analytic Hierarchy Process). It is claimed by
literature that the level of aggregation within the American school of MCDA is a disadvantage due to the
loss of information and that they do not accept that there are good reasons to justify the incomparability
of two alternatives. The decision maker furthermore admits that an absolute compensation can exist
between the different evaluations. Thus a good performance for one criterion can easily be
counterbalanced by another poor one [172]. This can lead to the choice of a non-optimal alternative that

might have a good performance on one specific criterion but a bad one on the remaining others.

OA seek to eliminate alternatives that are in a particular sense dominated. References are used to give
some criteria more influence than others [171]. Some concepts available to establish such relations are
thresholds, concordance, and discordance. Typical methods are ELECTRE I, Il and Il (ELimination and
Choice Expressing REality) [173] and PROMETHEE (Preference Ranking Organization METHod for
Enrichment of Evaluations) [104]. Concerns about OA are centered around the dependency on rather
arbitrary definitions of what constitutes outranking and how threshold parameters are set and later

manipulated and that they lack an axiomatic basis [172].

An overview and summary about some typical methods within different MCDA claims are given in Figure
6-2. A good comparison of different methods is given in [172], [101], [104], [171] and [175] and is not

provided in this work.
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MCDA
Multi-Criteria Decision Analysis
-

L Elneil 2 Sl Sl Multi-Attribute Decision Making
Alternatives are limited by
constraints (continous solution
space)

Restricted number of alternatives (discrete solution space)

—l— B B
) Classic compensatory Outranking approaches
Vector programming approaches (European school)
gl‘;air'np[‘;g:;“m‘“g (American school)
« AHP/ANP « ELECTREIL NI&I
------ Utility Analysis « PROMETHEE
ORESTE

Figure 6-2: Categorization of MCDA methods
6.2 Choice of an MADM method

In general, all MADM methods have their theoretical and pragmatic limits and are more or less adequate
for different decision problems. They can be roughly schematized by a construction phase (input data
and the modeling phase that includes the interface to stakeholders) and an exploitation phase
(aggregation and calculation leading to recommendations). This separation shall serve as a base to

elicit an adequate method.

The first phase of MADM is highly dependent on the mode of preference articulation which plays a
critical role in the entire decision-making process. Often used elucidation modes are tradeoffs, direct
rating, lotteries and pairwise comparisons. This work aims to include a high number of participants,
various criteria by a survey and a limited set of semi-structured interviews. One has thus to consider the
limitations on human performance described in the literature of psychology which are named as
cognitive spans (memory span, attention span, perceptual span, etc.). These limitations refer to the
amount of information or distinctions that can be grasped by a stakeholder at once as a base of making
judgments [176]. It has furthermore to include several complex criteria based on different qualitative and
quantitative types of data. The following basic requirements have been defined for the construction

phase of an MADM method for this research:

¢ limited potential for actor consultation due to time restrictions

¢ has to include quantitative and qualitative data

e has to consider blurry and uncertain data

e measure different data on one scale

e provide all the information required for a stakeholder to express his preference adequately

e elucidation method that is easily understandable and intuitively usable by the participants

The exploitation phase requires a method that allows the aggregation and calculus of preferences. There
are several multi-criterion aggregation procedures (MCAP) available within MADM [172]. The

requirements on MCAP for this work are:

e handle a high number of input numbers of multiple stakeholders (> 50)
e allow an assessment of group decisions
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e be implementable within a justifiable time

e provide transparent and easily understandable results

MADM methods initially tested®' where ELECTRE | [173], SMART [174], TOPSIS [153] and AHP
(Analytic Hierarchy Process). Requirements for the construction as well exploitation phase make the
expression of trade-offs required for OA methods only partially possible. The tested method of
ELECTRE | required some time for programming and was not considered to be practical for a high
number of participants and the limited possibility of interaction with these. Finally, a mixture of AHP and

TOPSIS was considered as a most suitable approach.
6.3 AHP-TOPSIS model

An overview of the MCDA model including all steps and methods (numbered from | to Ill) is given in
Figure 6-3. AHP makes it possible to structure complex decision problems by a hierarchic structure
easily. The phase of obtaining stakeholder priorities by pairwise comparisons within AHP is seen as an
intuitive and easy way of elicitation. The choice of proper criteria is an integral part of the first step in the

entire MCDA model. All selected criteria are explained in detail and quantified in chapter 7.

(Il) Group decisions (1) AHP+MCS (1) TOPSIS

Insight into decision making | Individual SH priorities ‘ ‘ Input from system analysis

process of the sector

| State problem |

Calculate (bio-) v __ Normalized decision
diversity ’ Determ‘me | matrix
Alternatives

A 4
Construct weighted
normalized matrix
v

Determine ideal and

v

| Identify criteria |

A 4

Shannon entropy

v Structure Hierarchy

Calculation of ¥ negative ideal solution
consensus Pair wise else stop v
comparisons Calculate separation

measurement (euclidian
distance)

!

Calculate closenessto
ideal solution

@ Yes proceed

Overall weights /
priorities

------------------ D{ Technology Ranking & Relevant factors for technology choice I‘—

Figure 6-3: Scheme of the adopted MCDA-model for energy storage technology evaluation

The results of AHP are furthermore used to calculate an index that describes the consensus among all
participating actors in respect to their perceived stakeholder group using concepts of bio-diversity (alpha
and beta diversity) and Shannon entropy (see Il in Figure 6-3). This helps to identify if there is something
as “shared expectations” regarding the relevance of different criteria for sustainable development of
storage technologies within the different stakeholder groups (see section 6.3.2). The derived priorities

from AHP serve as input for Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) for

31 Within FCT-UNL MAD classes
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result aggregation (see Figure 6-3 Ill). TOPSIS allows a fast and straightforward calculation of rankings
using the calculated priorities from AHP as well as to combine them with the results from system analysis
and is explained introduced in chapter 6.3.2. The entire MCDA model was implemented in Microsoft

Excel and Visual Basic.

6.3.1 The Analytic Hierarchy Process

In general, AHP represents a non-linear framework for carrying out both deductive and inductive
thinking, considering several factors simultaneously, allowing for tradeoffs to arrive at a synthesis [151].
The method is based on mathematics and principles of psychology. It is a compensatory method which

allows numerical trade-offs among various dimensions.

AHP requires the establishment of a hierarchic or a network structure representing the problem [177].
This is simply done by decomposing and structuring the given decision problem into different levels
within a hierarchy. At the top of this hierarchy is the general objective of the decision process (e.g.,
choice of technology or policy). Criteria related to the problem can be found below this goal and can be
further decomposed into sub-criteria. Finally, competing alternatives can be found at the bottom below
the lowest-level criteria (e.g., some technological artifacts) ([101], [177]) as depicted in Figure 6-4. This

structure allows it to mix quantitative and qualitative data and is easily over-seeable.

A restriction of the hierarchic structure is that any criterion of one level has to be capable of being
connected to an element in the next higher level. The latter represents a criterion to assess the relative

impact of elements in the level below [170].

Goal >

< Criteria ) ( Criteria )

/

Sub-criteria

N
KSub»criteria

(Sub-crileria Sub-criteria Sub-criteria
\

Alternative ‘ Alternative
s R

Figure 6-4: Construction of a hierarchic structure for AHP

Comparisons based on a 1-9 Likert scale of absolute numbers have to be carried out to gather the
relative importance of each criterion after establishing a hierarchic structure. The fundamental question
for pairwise comparisons is: how many times more important is one element than the other concerning
a specific criterion or attribute? This comparison expresses the preference to a specific attribute
assigned by an individual or a group of participants [170]. The use of pairwise comparisons in AHP is
considered to user-friendly and understandable from a participant perspective. The number of pairwise
comparisons n. is dependent on the number of considered criteria and can be calculated by the use of
Eq 1:
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ne = n(nT_l) Equation 1

When all comparisons are made a scale of priorities is derived on the base of the relative dominance of
these preferences. The relative importance of two compared criteria is scaled in a fixed continuum from
1 to 9 as depicted in Table 6-1.

Table 6-1: AHP pairwise comparison scale based on [8]

1 Equal importance Two criteria contribute equally to objectives

3 Slightly more important, weak moderately One criterion is slightly favored against another

5 Moderately more important, essential | One criterion is moderately favored against another
importance

7 Strongly more important, strong importance | One criterion is strongly favored over another

9 Extremely more important, absolute | One criterion is favored over another with the highest possible
importance order of affirmation

2,4,6,8 Intermediate values between the two | Used to represent compromise between priorities listed above
adjacent scale values

AHP requires a MxN matrix where Mis the number of alternatives and N the number of criteria. The
matrix is constructed by pairwise comparisons that provide the base for a square matrix in which aji
represents the weight ratios (wj/wi) for each object As,.....,An. The remaining matrix elements represent

the reciprocal property of the matrix through aji=1/aj and a;=1 [170] [177] as depicted in Eq. 2 [152]:

A . Ay,
D= A:1 wl{wl Wl{Wn] Equation 2
An Wn/Wl Wn/w‘ﬂ

There are several prioritization methods available in the literature, but only a few provide corresponding
factors that allow it to evaluate inconsistency within judgments [178]. Inconsistency is a consequence
of the attempt to derive a priority through the comparison of two objects at a time. These objects may
be involved in several comparisons on a non-standardized scale, where relative values are assigned as
a matter of judgment where inconsistency may occur. Some inconsistency measurement methods to be
named are arithmetic mean method, characteristic root methods, least square methods [8] and
geometrical mean method. In the classic AHP approach priorities are obtained by the so-named
Eigenvector method (EVM) by solving the eigenvector problem. The need for a corresponding factor
called Consistency Index (Cl) for inconsistency evaluation results from the fact that individual judgments
never agree entirely. A reciprocal comparison matrix can be considered as consistent when 1,,,, =n
and CI converges against zero. Inconsistency is faced in case of a high positive value. Consistency of
priorities is additionally measured by a consistency ratio (CR) to avoid order dependency. The random
consistency Index (RI) for matrices of order n represents the expected value of Cl corresponding to
matrices of n, when judgements are simulated and EVM is used as prioritization method. The CR gives
information if judgements in the pairwise comparison matrix are consistent or totally random. In case of
the latter comparisons have to be repeated, or as in this work be excluded. A high CR value reflects
inconsistency and a low one the contrary case. [177] suggests a rule of thumb of 10 % (CR<0.1). More
recently it was proposed to use thresholds of 5 % and 8 % (for 3x3 and 4X4 matrix). If this conditions
are satisfied a decision or prioritization of actions can be made else the procedure of judgements has
to be repeated [152], [103]. A detailed description of the mathematical procedures are given in [152].
Using EVM as a prioritization method has shown to be extensive in terms of calculation time when it

comes to a high number of participants. Furthermore, CR rules were not satisfied for a high number of
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judgements and should thus have been repeated. This was not possible as AHP was carried out by an
anonymous survey. The hurdle of 10 % is also seen as too restrictive by literature out of a practical view
[179].

A more suitable method that meets the requirements and allows it to evaluate inconsistency is the
geometric mean method (RGMM) [180]. It is considered as that RGMM does as well as EVM or even
better than it regarding rank reversal and other aspects [180]. The phenomenon of rank reversal is
caused by the addition or deletion of an alternative and can lead to a shift of the final ranking of

alternatives and will be addressed in chapter 6.3.3.

The work of [178] proposes the use of a geometric consistency index (GCI) and provides approximated
thresholds. The approximation corresponding to CR of <0.1 are: GCI=0.31 for n=3, GCI=0.35 for n=4
and GCI=0.37 for n>4. These thresholds are calculated for each participant by the use of Eq. 3:

GCI = (n—l)zmzkj logzeij Equation 3

Where e;; = a;;w;/w; is considered as the error obtained when the ratio w;/w; is approximated by a;;.

Further information about GCl-calculation and theory can be found in [178] and [180].

6.3.2 Consensus on criteria importance

AHP offers the possibility to make the prioritization of technology criteria through an actor more
transparent. As stated in chapter 3 sustainable technology development can be seen as a process of
community-based thinking and learning. It was thus of interest for this research to gather a picture of
consensus among stakeholders allocated to different clusters, precisely between enactors and
selectors. The degree of consensus is seen as an equivalent to the degree of “sharedness” of
expectations among stakeholders expressed through the judgments carried out in AHP and represents
the level to which a group is “satisfied” by a decision. This requires that judgments are homogenous or
align, in the sense that priorities expressed by individual group members are compatible with the group
priorities [181]. Further investigation for group dispersion and group judgments for AHP can be found in
[181] and [182].

This approach follows the idea expressed by [179] using the concept of diversity in biology and ecology.
The original idea of this concept is to describe species richness and relative abundance and can be
related to the priorities obtained through AHP. There are several diversity indices as Gini-Simpson,
HCDT entropy x or Simpson concentration x available. A more profound insight into the introduction of

true diversity in the form of a mathematical framework is given in [183].

The concept allows it to derive a consensus indicator S* to elicit actor preferences in numerical terms
situated in a continuum between 0 to 100 %. The interpretation depends on the particular requirements
within a group. The Indicator S* is based on Shannon entropy H [184] that can be used as diversity
index for the distribution of prioritization of criteria using Eq. 4 [184], [183]:
D = exp(-= Y, p; Inp;) = exp(H) Equation 4
Where p; are the calculated priorities for i=1 to N and true diversity of order one (D) [179]. Shannon
entropy is expanded through the introduction of alpha and gamma diversity to compute S* following Eq.
5:
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[1- )

S *= Equation 5

Where M = (l/exp(Hﬁ) is a reciprocal of beta diversity representing a simple homogeneity measure
[179] [183]. Hg is the difference between H, and H,. M represents the maximum numerical scale for the
maximum possible priority of a criterion (in this case the Saaty scale with M=9). The H,,,;,, is minimal if
a SH fully prioritizes one criterion. Minimum alpha entropy Hg,;;, and maximum gamma entropy H,,qy
for C criteria and K decision makers is computed following Eq. 6:

M

M c-1 1

Hamin = = oy I (C+M—1) o1V orm—1 Equation 6
and Eq. 7:
_ _ M M _ (ntM-1 1 n+M-1 .
Hymax = (€ K)( C+M—1) In (C+M—1) (C+M—1) (ln(n C+M—1)) Equation 7

The Indicator can be seen as a measure of evenness of priorities obtained from the AHP process. A
concentration of priorities of fewer or same criteria among stakeholders leads to a higher S*. The
consensus of a group is low when the indicator converges against zero if priorities are distinct and high

when priorities of SHs are identical [179].

6.3.3 Aggregation method: TOPSIS
The Technique for Order Preference by Similarity to Ideal Solution - TOPSIS is an MADM method built

on the idea developed by [153] that a chosen alternative should have a minimum distance to the positive
idea solution A" and a maximum distance from the negative ideal solution A-. The principle is simple: the
selected best alternative should have the shortest distance from the positive ideal solution in a
geometrical sense while it has the longest distance from the negative ideal solution. This distance can

be described by the Euclidian distance as depicted in Figure 6-5.
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Figure 6-5: Schematic overview of TOPSIS
A decision matrix has to be established in TOPSIS including all alternatives A1, Az,...Am over each
criterion ¢4, Cz,...cn [186]. The first step is to normalize the given decision matrix R = ;; by the use of
Eq. 8.
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, i=1,..,m, j=1..n Equation 8
el

The next step is to multiply this matrix with its associated prioritization w; provided by AHP to determine

the stretching of the axis of normalized value v;; (see Figure 6-5) [185] by the use of Eq. 9.

vij =Wj*rij, j= 1,2,...,n; i=12,,....,m Equaﬁong
The next step is to determine the ideal alternatives A" and negative ideal alternatives A- by the use of

Eq. 10 and 11 where | represents a benefit criterion and J~ a cost criterion [186]:

A ={v], v} ... .,v]?‘,..v;} = {(maxiv{‘ﬂj €)), (minivi*j|j €/j7)}i=12..,m Equation 10
A= ={vr, vy R A Ty } = {(minivi”ju €)), (maxiv{‘jU €J)}i=12..,m Equation 11
After establishing negative and ideal solutions separation measurement using n-dimensional Euclidian

distance D; to calculate the distance of each alternative and ideal vector A" given by Eq. 12.

D; = X}y (vij— vj*)z, i=12..m Equation 12

This has also to be carried out for the separation for each alternative from the ideal negative solution A-
by Eq. 13

Dy = (2ry(viy—v7)’, i=12..m Equation 13

The last step required is the computation of the closeness to ideal solution CIS and to finally rank the

performance order by the use of Eq. 14:

Di
D;+D;’

Itis clear that CIS; = 1if (A; = A") and that CIS;" = 0 if (4; = A™). Ranking is carried out by the descend-

CIS; =

i=12...m Equation 14

ing order of CIS;, where the highest value represents the better performance [187]. As explained before
TOPSIS also inhibits the danger of rank reversal [188], [186]. Two fictitious alternatives including values
{Min,, Min.} and {Max., Max.} were thus introduced following the recommendations of [186]. These
values remain fixed so any valuation in reference to them cannot change. Distances D; and D; related
to different alternatives A remain unchangeable and do not depend of performances nor on the intro-

duced number of alternatives.

6.3.4 Choice of energy storage alternatives

Four principal battery chemistries were mentioned in the interviews and in the reviewed literature: Li-lon
batteries (LIB), Lead-Acid batteries (PbA), high temperature sodium-sulphur batteries (NaNiCl), and
Vanadium redox flow batteries (VRFB) [P10PC], [P3Res], [P9Ac], [P5U], [P2U], [P7 Auto]. These are
the most common battery types for stationary energy storage nowadays. PbA is the most mature
electrochemical storage technology, which is used for a high quantity of power system applications [77]
as local power quality, stabilization of grid extension, frequency stabilization [24]. Lithium-lon batteries
are seen as one of the most relevant technologies for stationary applications followed by vanadium
redox flow batteries [P9Ac], [P10PC].

The inquiry has a strong focus on electrochemical energy storage; there are however different

application areas in which battery storage competes with other technologies such as compressed air
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energy storage (CAES) or pumped hydro storage (PHS) which are included in one application scenario.

An overview of all considered technologies is given in Table 6-2.

Table 6-2: Choice of alternatives for comparison

Alternative Sub-Categories Stakeholder & Literature

Li-lon batteries NCA, LFP, NMP, LTO High considered potential
High-temperature batteries | NaS and NaNiCl Seen as mature technology
Redox-Flow batteries All Vanadium High potential due to high flexibility
Lead Acid Valve regulated Lead acid Seen as most mature technology.
Pumped hydro storage - Seen as reference technology
Compressed air storage Diabatic -

6.3.5 Choice of criteria for electrochemical energy storage

In general, the success of an MCDA is extremely dependent on the effectiveness of the used criteria
that correspond to the problem and the fulfillment of an objective [168]. The formulation of the problem
and related criteria is more challenging than its solution which is a matter of math or skill. The choice of
proper criteria represents the most exciting step within MCDA [172] and was an integral part of the initial

pretest survey and the semi-structured interviews.

It is not given that the inclusion of a high number of criteria is helpful for decision making regarding
sustainable development. In contrary, a low number of sufficient criteria can be more beneficial for an

evaluation. The choice of proper criteria for technology evaluation can be linked to 5 principles [8]:

1) Systemic: Criteria should reflect essential characteristic of technological systems

2) Consistency: Criteria should be consistent with the decision-makers aim

3) Independence: Criteria should not include relationships at the same level criteria

4) Measurability: Criteria should be measurable in quantitative values or qualitatively ex-
pressed

5) Comparability: Decisions are more rational when comparability of criteria is more obvi-
ous

It is difficult to follow all these principles and not to select minor criteria. The selection of criteria is
furthermore often characterized by a certain repeatability as including job creation and social benefits

of a technological alternative (see section 2.8.3 and Table 2-9).

The actual literature on the topic provides a high magnitude of indicators which can be adapted and
combined regarding specific objectives [115]. A first set of criteria based on the literature review in chap-
ter 2.8 and the four main criteria, environment, economy, social aspects and technology was presented
to 12 persons and discussed with five of these. Afterword’s 22 external experts were contacted and
asked to conduct a critical review of the given criteria in a first round (see also chapter 5.6). In a further

loop, a set of 8 participants was willing to take part in an interview to discuss the criteria. A last critical
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round was conducted in 2 follow up Interviews. A summary of the final primary and sub-criteria is given

in Table 6-3; a more detailed discussion is given in the technology evaluation model in chapter 7.

Table 6-3: Summary of used criteria for technology evaluation

Main cri- | Sub Criteria Unit Description Comment on changes
teria
Economic | Investment €/kWh All cost for project implementation OPEX was removed, as they
were perceived as redundant
cost €ct/kWh | Includes all cost over entire life time
Technol- Maturity - Track-record of a technology - Reformulation of flexibility,
ogy as- . initially composed of 5 factors
pects Mw - Global capacity (combability, universality,
1-3 - Technology life stage modularity), -
Techn. Perfor- | various | Technological properties relevant for storage - Performance factors intro-
mance duced later as — even if to a
- Efficiency, Power & energy density, | certain degree redundant —
cycle & calendar life time most actors sought them to be
o . . . . of high importance for sepa-
Tech. Flexibility Various Ability to respond to fast-changing operation | rate evaluation
cond. And adoption of new market situation
- Dependency on infrastructure
- Power ramps
- Modularity
Environ- Damage to eco- | Y Loss of various species in certain time and area | -No major changes, only word-
mental system ing issues and description of
impacts . . indicators
Damage to Hu- | Y No. of diseases based on human health statis-
man health tics
Damage to res. | $ Risk of running out of resources
availability
Society Socio-economic | - Direct and indirect numbers of employment | Several discussions and
and performance possibilities changes of “acceptance” as
policy - there are highly different opin-
Isocial as- | Acceptance - Opinions related to energy systems by the local | jons about this criterion
pects population
Regulation & | - Economic incentive-based policy
policy

6.4 Summary of MCDA approach and realization

A summary of all selected criteria and their hierarchy for AHP regarding the overall research goal is

given in Figure 6-6. Elicitation for AHP was developed within conducted interviews and realized in the

second half of the survey described in chapter 5. Stakeholders had the possibility to conduct the survey

in English or German. The first part of the AHP survey section offered a short introduction to AHP and

provided links to further literature. Each criterion was briefly introduced with a short description. Partici-

pants had then to set a modulator on the point of their preferred prioritization within the pairwise com-

parisons. An example of a pairwise comparisons of three sub-criteria related to environmental impacts

is given through a screenshot of the survey in Figure 6-7.
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Figure 6-6: Overview of selected criteria and their hierarchy for MCDA as well a alternatives
The behind laying scale of the pairwise comparison was set from 1 to 17 and then converted into a
suitable 1- 9 scale by calculating reciprocal values where, e.g. 9=1 for AHP or the reciprocal matrix.
Most stakeholders liked the way of inquiry as it was easy and intuitive to follow. There were also
concerns expressed that the easy way of setting preferences might lead to non-reflected prioritizations

not representing the real participant opinions.

Damage to Ecosystem diversity = Diversity of species e.g. land use, fresh water eutrophication etc. based on database
Damage to Human health = Impact on human health e.g. climate change, ionizing radiation, particulate formation based on database.
Damage to Ressource availability = Use of minerals, water use, fossil fuel consumption based on database

e e Wl

Extremely | Strongly | Moderately | Slightly Slightly Moderately | Strongly | Extremely
more more more more more more more more

Equal

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9

Ecosy Y Human health
Ecosystem Resource use
Human health x Resource use

Figure 6-7: Screenshot of a pairwise comparison within AHP in the survey
Figure 6-8 provides a screenshot of the behind laying excel-VBA calculation for one set of criteria and
four participants. The inputs in the form of comparisons from the stakeholders that participated in the
survey were translated into the reciprocal matrices required for AHP to calculate the row geometric
mean method (final weights are indicated by the red bars). In this case, the first participant is very
concerned about the social impacts and the technology performance, whereas the second one
perceives economic performance as the most crucial factor for technology selection. The green field
indicates that the prioritization of this stakeholder can be considered as consistent as explained before

(GCI=0.35 for n=4). This procedure was repeated for all chosen sub-criteria sets and stakeholders.
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Stakeholder

Reciprocal Matrice

Normalization

Priority vectors

Consistency

K 4 £
. sl E 5 _gz| 355
. I £ 5o |8 g £ Ty | Eg
E 8 5 Sslgz 8. 8. 53| 8°F
w w ~ < /Wo Wow <> 0O [¢] GCI Calculation GCI
Battery research & dEnv. 1 9.00 0.13 0.14 0.06 0.47 0.05 0.06 ‘ 0.097 1 4.24 0.39 0.60 0.30
Econ. 0.11 1 0.50 0.14 0.01 0.05 0.19 0.06[ 0.046' 1.00 3.35 1.27
Techn 8.00 2.00 1 1.00 0.50 0.11 0.38 0.44 | 0.306 1.00 1.32
Social Aspects 7.00 7.00 1.00 1 0.43 0.37 0.38 0.44 0.404 1.00|Consistent
Summ 16.11  19.00 2.63 2.29 1 1 1 1
1 Env. 1 017 100 020 008 010 0.06 005 0.069 1 1.31 0.88  0.87 0.03!
Other Econ. 6.00 1 7.00 3.00 0.46 0.61 0.44 0.69 0.540‘ 1.00 0.79 1.65
Techn 1.00 0.14 1 0.14 0.08 0.09 0.06 0.03|: 0.061 1.00 0.70
Social Aspects 5,00 0.33 7.00 1 0.38 0.20 0.44 0.23[ 0.298 1.00|Consistent
Summ 13.00 1.64 16.00 4.34 1 1 1 1
1 Env. 1 5.00 1.00 0.25 0.16 0.54 0.11 0.14 | 0.190 1 3.16 0.51 0.62 0.18
Other Econ. 0.20 1 3.00 0.33 0.03 0.11 0.33 0‘18|] 0.120! 1.00 241 1.31
Techn 1.00 0.33 1 0.25 0.16 0.04 0.11 0.14|: 0.097 1.00 1.22
Social Aspects 400 3.00 4.00 1 0.65 0.32 0.44 0.55] 0.474 1.00|Consistent
Summ 6.20 9.33 9.00 1.83 1 1 1 1
7 Env. 1 0.25 0.25 0.25 0.08 0.03 0.05 0.14 0.061 1 0.50 1.00 2.00 0.12
Research - Energy sy: Econ. 4.00 1 0.25 0.25 0.31 0.11 0.05 0.14 D 0.121 1.00 0.50 1.00
Techn 400 4.00 1 0.25 0.31 0.43 0.18 0.14 | 0.242 1.00 0.50
Social Aspects 400 4.00 4.00 1 0.31 0.43 0.73 0.57 0.485 1.00|Consistent
Summ 13.00 9.25 5.50 1.75 1 1 1 1
Env. 1 0.25 3.00 0.25 0.11 0.03 0.36 0.14[ | 0111 1 0.27 3.46 1.07 0.31
8 Econ. 4.00 1 0.25 0.25 0.43 0.11 0.03 0‘14|] 0.119] 1.00 0.27 1.00
Battery research & di Techn 0.33 4.00 1 0.25 0.04 0.43 0.12 0.14 0.128 1.00 0.93
Social Aspects 400 4.00 4.00 1 0.43 0.43 0.48 0.57 0.476 1.00|Consistent

Figure 6-8: Example of an AHP reciprocal matrix, normalization, priority vectors and consistency check for 5
participants
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7 Technology evaluation

The choice of sufficient criteria is an integral part of the first step in the entire MCDA model. It is
necessary to link the MCDA model with technology characteristics and potential application fields to
provide insights into the performance of technology related to actor expectations towards an ideal
configuration of storage technologies as indicated in Figure 7-1. The first sections are related to
technological and societal criteria which are handled statically due to the scarce of application related
data (grey fields not linked to application fields). In the second half of the chapter, a way to link
technology evaluation with real-world application conditions is presented. This is done by the use of

specific energy storage use cases and by calculating the impact of specific technologies (blue fields).

Technology Characteristics Application fields Performance evaluation MCDA

Which technology is suitable to which application based on stakeholder preferences

Figure 7-1: Schematic of procedure for technology evaluation for MCDA
Such use cases are required for a set of methods from system analysis; namely life cycle assessment,
investment and life cycle cost calculation. Most of these application cases are taken from literature,
whereas a new one is generated for a decentralized hybrid microgrid case, which also serves as a
reference case. The last chapter provides a short discussion about the choice of indicators in this work
and gives a brief insight to the results of other works to provide a more extensive picture of the
challenges associated with the choice, definition, and quantification of these. Additionally, sensitivities

are analyzed and discussed for the reference case.

7.1 Energy storage database

An energy storage database (Batt-DB) containing up-to-date techno-economic data from industry,
literature and scientific reports for all types of secondary batteries [90], [189] is developed as a base for
technology evaluation. This database includes over 5,000 data points for 12 different battery types
including the years 1999 to 2016. The database is continuously updated and provides data about
efficiency grades, energy and power densities, specific cost, cycle and calendar life time and others. An
overview of the values obtained from Batt-DB and used for technology evaluation is given in Table 7-1,
which also includes data for PHS and CAES. The high amount of available data makes it possible to
gather bandwidths of different energy storage performance properties. Only datasets starting from 2014

have been used for this evaluation.
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Table 7-1: Key performance parameters of the assessed batteries using upper quartiles, median and lower quartile values using values from [89], [90] and [91]; assumptions for
compressed air energy storage (CAES) are based on the work of [92], [93], [94], [95] and for PHS [96], [92], [97], [98].

Assessed Battery technologies Other technologies
Component Unit Range VRLA LTO LFP LMO NMC NCA NaNiCl VRFB NaS PHS CAES
25q 169 600 289 153 192 172 86 129 500 700
Cost €/kWh median 230 900 309 238 318 213 220 458 750 850
75q 320 1200 315 564 554 355 403 860 1000 1000
Cycle life 25q 300 4500 1750 1000 1000 1250 1000 9000 - -
time @ DoD - median 1400 8000 5000 1500 4000 3000 3000 10000 - -
80 % 759 1600 9750 5325 5000 4875 5125 6250 13250 - -
25q 63 81 83 85 83 90 84.25 65 65 45
Efficiency % DC-DC | median 76.5 90 96 94 93.8 91.55 86 75 75 54
75q 90 94.5 96.5 98.25 97.275 93.1 91.25 85 80 70
25q 10 10 7.5 5 5 10 10 6.25 39 23.7
Calendric a median 18 17.5 15 10 10 10 14 15 40 35
75q 20 25 20 15 15 15 14.8 20 60 40
25q 4.3 11 17 20 20 20 124 17.7 3
O&M €/kW y median 16.9 25 25 25 20 25 20.9 40 15 6
75q 374 33.8 313 30 30 30 44.8 50.5 18 19
623 517
Investment
cost per kW 750 850
1975 1000
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Older data sets are only used in cases where no actual data was available for a technology or a specific

parameter. This is especially the case for NaS and Vanadium Redox Flow batteries.
7.2 Evaluation of technology criteria

There is a high magnitude of technological criteria available in the literature available for energy storage
systems (see chapter 2.8.3). The ones selected in the frame of this work in cooperation with
stakeholders will be presented in detail in the following. They are viewed as general characteristics
relevant for all applications fields. Most of the required battery performance parameters (cycle- and

calendric life, charge/discharge efficiency, and costs, etc.) for all batteries are derived from the Batt-DB.

7.2.1 Technology performance

Technology performance is related to common technical properties of energy storage technologies high-
lighted in literature as [71], [59] and [68]. This indicator consists of five energy technology indicators as
follows; Firstly, the efficiency which refers to how energy can be converted through an energy source
by measuring by the ratio of output to input energy. The second and third indicator for technology per-
formance is represented by the calendric and cyclic life time. Both factors are seen as critical for the
economic and environmental performance [190]. Finally, energy and power density are also included as
battery technologies have highly varying characteristics in this regard. The weighting of subcategories
was carried out by experts in the frame of the survey in the continuum of 1 t 010 (low, high and very

important, see chapter 5.5.2).

The attributed scores to different energy storage technology characteristics are indicated in Table 7-2.
Obtained values are normalized to derive weights. Most stakeholders consider the factor of calendric
and cycle life time as most important for stationary energy storage. Energy density is ranked last as
there are not that strong limitations regarding size and weight of a storage unit. Power density and
efficiency are considered as almost equally important in total. The low degree of variance indicates that

there is some consensus on the importance of these two aspects.

Table 7-2: Distribution of weights including variance based on survey results with n=50

Calendar life | Cycles life | Efficiency Pow. density Energy den-
time time sity
Mean 8.64 8.60 7.38 6.88 4.72
Stdv. 1.45 1.44 1.98 2.19 2.38
Variance 2.08 2.11 3.9 4.8 5.6
Normalized 23.85% 23.74% 20.30% 18.99% 13.03%

It can be seen in Table 7-2 that technology properties can vary considerably. These variations are con-
sidered by including three different technology performance scenarios, which are simply named pessi-
mistic (lower quartiles of technology values), base (median values) and optimistic (upper quartiles).
Weights and technology performance values are used to calculate relative performance of each tech-
nology by the use of TOPSIS. The evaluation results from TOPSIS can be found in Table 7-3, where
also the main impact factors are included regarding their positive or negative influence on overall scores.
It has to be noticed that the values have to be seen in relation to each other where, e.g., the case for
LFP where the optimistic case shows lower values as in the base case due to changes of all scores.

PHS and CAES achieve the highest scores due to their high calendar and cycle life time (LTC and LTY)
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which are ranked the highest by actors in relation to the other parameters. VRLA scores the lowest due

to its relatively low cycle life time (LTC), energy density (ED) and efficiency (EF).

Table 7-3: Different technology performance evaluation scenarios using different weight in TOPSIS,
EF=Efficiency, ED=Energy Density; LTC=Cycle Life Time; LTY=Calendric Life time; PD=Power density

Technology Pessimistic Base Optimistic Pos. Neg.
LFP 0.372 0.410 0.362 EF, LTC;PD ED
LTO 0.288 0.357 0.328 EF, LTC, PD ED
LMO 0.279 0.312 0.302 EF, ED LTC
NCM 0.351 0.401 0.369 EF, ED LTC
NCA 0.329 0.358 0.328 EF, ED LTC

VRLA 0.171 0.226 0.228 LTY LTC, ED, EF,

NaNiCl 0.249 0.283 0.271 ED, PD LTC EF
VRF 0.226 0.291 0.283 LTC PD, EFF, ED
NaS 0.244 0.325 0.291 ED PD, EF

7.2.2 Technology flexibility

The criterion of technology flexibility represents the ability of a technology to be built up without
restrictions on any geographical location, to provide a high magnitude of different services and to adapt
to new market situations. Restrictions can be based on topographic aspects as, e.g., the need for a
height difference and the need for additional infrastructure as water supply for PHS or a gas pipeline
system for CAES. The ability to provide different services is determined by a technologies response
time [88], [92]. These can vary in dependence of the technology from milliseconds up to several minutes
or hours. Another critical factor is the modularity of a technology which allows increasing storage
capacity or power retrospectively to adapt to new market situations in the face of a growing share of
intermittent generation. This ability is influenced by the energy to power ratio (E/P) of energy storage

technologies as this relation limits to a certain degree modularity.

The qualitative evaluation is based on literature and on a simple traffic light principle where points are
attributed from 1- to 3 for each color (red=1/low, orange=2/moderate, green=3/good) whereas
intermediate allocations are rewarded with 0.5 points. The results for flexibility evaluation are given in
Table 7-4. It can be seen that CAES has in general fast response times but that switching operation
modes form charging to generation may take up to an hour [92]. VRFB has received half a point more
in the field of modularity as the technology has a highly flexible E/P ratio as power and capacity can be
scaled independently from each other. NaS has a fixed ratio of 6 [191]. The latter is thus only rated with
2.5 points regarding its modularity. It has to be mentioned that response time of NaNiCl and NaS are
only fast when batteries are in operation. Cold starts take up to several hours [191], both are thus rated
half a point less in relation to other battery storage technologies. VRFB and Li-lon are ranked the highest,
followed by VRLA and high-temperature batteries. CAES and PHS have the lowest score in this

category.
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Table 7-4: Aspects of technology flexibility based on [92], [88] and [191]

Technology | Infrastructure | Topography Modularity | Response time Total Norm.
PHS Electricity grid, 3min 7.0 1.10
Porous rock, salt cavern | Medium 6.5 1.00
required 36 min storage to gen.
Li-lon Electricity grid | None High Seconds 12.0 1.95
VRFB Electricity grid | None High Seconds 12.5 2.00
VRLA Electricity grid | None High Seconds 12.0 1.95
NaS Electricity grid | None Med ‘ high | Seconds | Hours* 11.0 1.84
NaNiCl Electricity grid | None High Seconds | Hours* 11.5 1.89

*in case of cold starts

7.2.3 Technology maturity

The criterion of technology maturity is a crucial factor for technology evaluation when it comes to
investment decisions. On the one hand, technological innovation is a prerequisite for corporation growth,
but on the other hand, companies also try, in various ways, to prevent change to maintain a stable state.
The use of innovative technologies is usually associated with higher uncertainties and costs in relation
to mature technologies. Companies usually inhibit a rational view in which management may be able to
anticipate and control the risk of innovation to a certain degree. This is usually done by quantifying likely
dangers (investment calculations, SWOT-analysis, etc.) as well as rewards and to weigh them to each
other to justify anticipated costs and decisions [192]. Such situations of uncertainty may induce a
company to reject the effort of innovation or at least allow them to continue in an isolated or critical
reduced way. Somehow, they also might adopt innovation by compartmentalizing it or oscillating
between support and resistance. This reaction can be considered conservatism which is implicitly
embedded in every company leading to the ambivalence according to innovations [192]. Investment
decisions are thus often in favor of established technologies [104]. It can be questioned if all arguments
apply to every company type. Especially investment intensive and large industries as chemical, energy
utilities or car manufacturers can be considered as more conservative regarding innovations. Less
capital intensive industries tempt to adopt innovations faster, as it takes fewer resources to make an

invention marketable.

There are several ways to measure the degree of maturity, e.g. by categorizing technology into different
technology readiness levels [121] or others [8]. This work follows an approach with an orientation
towards [104] using patents to determine the life cycle stage, which can also be considered as maturity
degree of the considered technologies and installed unit data. Examples to determine the life stage of a

technology through the use of patents are given in [193] or [194].

The latter was extended through [195] as depicted in Figure 7-2 which expresses the theoretical
development of patenting activity. This activity can be measured by the number of patent applications
over time (e.g., years). It is possible to distinguish 4 idealized phases within a technologies life cycle
based on [195] and [194] as follows: I) an emerging phase of new technology initially with stable patent
activity with an abrupt interruption by increasing activity (representing the end of development phase);

II) a consolidation phase with decreasing growth of patent activity due to new focus on first experiences
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with new technology; Ill) a market penetration phase with strong growth of patent activities as new
companies start to filing patents in the area; IV) a maturity phase where the peak can be seen as
breakthrough where a technology reaches maturity. It has to be mentioned that patent applications may
also follow the stages of hype cycles, more precisely the expectation phase. This might indicate rather
a market reserve characteristic then real technology development [195]. It is assumed that patents mirror
to a certain degree the changes of technological change. Such a “technology life cycle curve” can be
plotted by patent applications over time. More information about technology life cycles can be found in
[195], [194]. An overview about patents and the detailed results for single technologies can be found in
Annex B.
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Figure 7-2: Amount of patent applications along different stages of a technological innovation life cycle [195],
[194].

The patent search is carried out in Depatisnet by the use of the internal IKOFAX search language [196].
IKOFAX allowed the combination of relevant IPC main classes, country codes for priority countries and
keywords for technology by Boolean operators to avoid wrong search results. Results of the search are
then used to conduct a statistical analysis of bibliometric data. An example for Li-lon batteries is given
in Figure 7-3 (for more details see Annex B). It can be seen that the technology can be considered to

be in a market penetration phase.
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Figure 7-3: Innovation life cycle of Li-lon battery systems (global patent data)
Data to calculate total installed capacities are taken from [65], [197]. It is not possible to distinguish
different types of Li-lon battery; they are thus handled as one technology. Additionally, other five maturity

estimations from recent literature are presented in Table 7-5 and are used to verify own data. All
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literature data sets are normalized and, equal weights (10%) are used to calculate maturity levels. Own
considerations on installed capacity and technology level are weighted slightly higher with 15% each.
An optimistic case is included in calculating final technology scores which are not dependent on their

maturity degree but only resulting performance.

PHS and VRLA represent the most mature technologies in relation to the other given options. Li-ion
batteries have all the same score as it was not possible to break down installed capacity and patents
into single electrode chemistries. NaS and NaNiCl have comparable scores whereas VRFB has the

lowest maturity degree.

Table 7-5: Input data for maturity level of different technologies based on own calculations and literature [68],
[198], [199], [200]

Technology Inst. Cap Techn. Life Av. From Final score Optimistic

in MWh cycle literature case

LFP 1484.6 3 8.53 7.8 9.4
LTO 1484.6 3 8.53 7.8 94
NCM 1484.6 3 8.53 7.8 94
NCA 1484.6 3 8.53 7.8 94
VRLA 181.2 4 10.00 94 94
NaNiCl 19.6 3 8.40 7.7 94
VRF 72.9 2 7.17 6.4 9.4
Nas 3670.0 3 8.54 7.9 9.4
140000.0 4 9.85 10.0 10

485.7 3 8.72 7.1 9.4

7.3 Social criteria related to electrochemical energy storage

The assessment of social factors is relatively new in the file of quantitative impact assessment, and
identification or measurement of these is difficult due to a missing approved theory [201]. So far only a
few studies exist on the evaluation of energy technology options in combination with social aspects and
their operationalization as [104]. There is a common sense that social aspects represent a crucial factor
for the success or failure of a distinctive technology [142] which has a long time been neglected by early
policy programs. Social aspects are often addressed in literature, but there are only rarely definitions
given [202]. The work of [201] provides several societal indicators for energy systems and technologies.
Such factors are, e.g. availability of infrastructure for disposal and awareness level of risks. but all are
related to technologies which have to a certain degree already penetrated markets as coal power steam,

gas turbine combined cycle (CCGT).

Interviewed participants claimed that it is difficult to rate the social aspects of a new storage technology
which is not or hardly available on markets. Most thought that it is very challenging to make this
evaluation qualitatively based on the survey. This comes especially true for some technologies like
battery storage where almost no literature and more importantly only limited knowledge about

technology impacts is available (e.g., in the case of VRFB).

The social factors considered and discussed in the interviews will be explained in the following three

sections starting with compliance with policy and regulation, socio-economic impacts and finally the
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perceived public acceptance of different (battery) storage technologies. Survey and interview results are

supplemented by literature data where available.

7.3.1 Compliance with policy and regulation

The interviews have shown that participants see a lack of available market regulations for energy
storage technologies. According to literature “compliance with policy and regulation” represents a factor
of socio-political acceptance which can be seen as acceptance on the broadest level [202]. It can be
defined as the influence of regulatory incentives to support certain directions of technological
development. Such development can be cost-effectively steered by, e.g. the use of economic incentive-
based policy. If there is no environmental policy available investments in environmentally friendly
technology development, as well as diffusion, are likely to be less than they would be if socially desirable
[203]. The indicator describes possible rules, specifications, policies or laws as obedience by a particular
actor group related to technology development, diffusion, and investment. It represents a qualitative

indicator that is rated by experts.

The work of [204] gives a more comprehensive picture of such regulations namely; 1) energy regulation
and law as well as 2) construction, environmental and immission laws. The latter is concerned about
frameworks related to recycling, water protection, and fire safety regulations. Participation on markets,
access to the grid and billing are issues related to the first category. Aim of this work was to provide
characterization sheets for different balancing technologies through an interdisciplinary approach and
the inclusion of experts in the area. The results were then discussed and validated on a three-day
workshop. Rating is based on a simple traffic light principle. An overview about the different distinctions
for different rating possibilities and their meaning are given in Table 7-6 (red=low, yellow=moderate,

green=very high).

Table 7-6: Evaluation scheme for regulation and policy issues related to different balancing technologies [204]

Color /| Energy regulation and laws Construction, environmental laws

indication

5 No need for action seen, framework available | No visible conflicts

4 Problems can be solved by small adjustments | Problems can be solved by small adjustments
of existing laws of existing laws

3 Extensive changes in law required Extensive changes in law required without

lowering existing standards

2 Extensive changes in law required realization | Extensive changes in law required with
may not be possible lowering existing standards
Operation of technology does not make sense | Operation of technology does not make sense

! under today’s legal framework under today’s legal framework

Participants of the survey were also asked to rate the level of perceived political support and the
availability of adequate market and legal regulations for different technologies. Stakeholders argued that
does not make sense to rate single battery chemistries as there is seen a gap in the general availability
of a clear legal framework for these technologies. This gap is related to regulations regarding
decentralized storage and market participation rules [204] and [P8ES], [P5U]. The latter participant also
stated that mere regulation is not sufficient to integrate storage technologies into markets by, e.g.
incentives. Furthermore, stakeholder [P6 Reg] also stated that this criterion is difficult to interpret as
regulation does not automatically induce political willingness. The criterion is considered more as a

process of continuous negotiation between regulation and policy, where the latter sets political targets
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which then must be discussed with the first if, e.g. adoption of current law seems to be necessary. The
work of [205] provides a detailed qualitative analysis of experts opinions related to economic and

institutional aspects of storage and is worth to be mentioned here.

Results for this criterion are combined with the evaluation conducted by [204] and own survey results
where experts could rate the availability of regulations for each technology on a Likert scale from 1 to 5
(low, neutral and high). Final scores represent the sum of these values as indicated in Table 7-7. VRLA
has the highest score among electrochemical storage technologies which is explainable through the
well-established recycling system. The other technologies achieved all the same score as no distinction
was made among them based on several stakeholder recommendations. PHS and CAES achieved the
highest value regarding expert votes and available energy regulation and law. The first have to face high
legal burdens before it can be implemented, which can be validated through Stakeholder [PS8ES]

experience with this technology.

Table 7-7: Resulting evaluation of socio-political aspects of different storage technologies based on own survey
with n=69 and [204]

Technology | Energy Construc-
['egula- tion, envi- Own Stdv. Comment Final
tion and | ronmental | survey score
laws* laws*

LFP 8.94
LTO 3 3 29 104 Regulations missing (fire safety) — 8.94
NCM ' ' especially for large installations 8.94
NCA 8.94

VRLA Regulations through the “Wasser-
3 4 29 1.04 haushaltsgesetz” due to lead and 9.94

sulfuric acid
NaNiCl 3 3 29 104 Regulat.ions missing _(fire safgty) - 8.94
especially for large installations
NaS 3 3 29 1.04 8.94
VRF 3 3 29 1.04 Concerns due to hgzards & water 8.94
protection
Environmental concerns 9.01
11.28
*Results from [204]

7.3.2 Socio-economic impacts

Socio-economic performance is considered as a qualitative and a recapitulative criterion, roughly
measurable [8], [111]. It can be expressed by a number of job creations, fair distribution of cost as well
as benefits, social life and income generation. This makes it very difficult to rate new technologies under
development regarding this aspect as there are often no statistics available [8]. An evaluation is
furthermore challenging due to the missing consistent definition of this criterion. There is a
comprehensive framework provided by [206] how to analyze the socio-economic effects in a quantitative
way for the case of renewables. According to this study, value creation can be divided into different
levels namely into impacts on a macro, meso and micro level including different variables (value added,
welfare, employment, risk reduction, etc.). It was not possible to apply this rather complex framework in

this work due to the high effort of data and time related to it.

Instead, expert opinions are obtained to at least collect qualitative notions about the socio-economic
performance of new balancing technologies and especially battery storage. Survey participants could

rate the perceived socio-economic value on a Likert scale of 1 to 5 (low, neutral — to high) of different
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balancing technologies related to job creation and fair distribution of costs and benefits caused by
energy storage. Social factors named in the frame of the semi-structured interviews are strongly seen
in the possibility of a higher autarchy for end-users resulting in financial and environmental benefits on
a local level [P6Reg] and other aspects as lower emissions [P9Ac]. It was challenging for participants to
rate this criterion due to its broad definition and the high number of variables that are involved for this
criterion. Further discussion with participants has shown that this criterion seems to be more related to
the general issue of technologies considered as decentral and those as central storage. It is thus not
possible to distinguish socio-economic impacts for different battery storage technologies in this work.
Technology ratings are thus set all to the same level as it would require more effort to provide robust

values for this indicator. Survey results for socio-economic evaluation are given in Table 7-8.

Table 7-8: Resulting evaluation of socio-economic aspects regarding job creation and fair distribution of costs and
benefits caused by energy storage of different storage technologies based on own survey with n=69 and [204]

Tech- Own Stdv. Comments Final
nology survey score
LFP
Ip]zf\)n 3.1 1.15 None
NCA Set
VRLA 3.1 1.15 None to
NaNiCl 3.1 1.15 None equal
NaS 3.1 1.15 None level
VRF 3.1 1.15 None
None
None

7.3.3 Perceived public acceptance of energy storage technologies

Social aspects related to energy storage can be broken down into three highly interdependent categories
of overall societal acceptance namely: socio-political, community acceptance and market acceptance
[202]. This interdependency is also named by interview participants who thought that it is difficult to
distinguish these three levels of social acceptance. The indicator in this work is dedicated to community
acceptance which represents a blurry notion of opinions related to energy systems by the local
population regarding the hypothesized realization of the projects under review from the consumer point
of view. This criterion is critical since the opinion of the population and of pressure groups may
profoundly influence the amount of time needed to go ahead with and complete an energy-related
project. This comes mainly true for energy storage technologies that directly interfere with the public,
e.g. on a decentralized level for residual storage by visual impacts, perceived health and safety
concerns, etc. [149]. RES as well as battery storage tends to happen closer to the end-users “backyard”
and increases its visibility and brings environmental impacts closer to their residence [202]. This criterion
is highly interesting and should be seen in contrast to more global notions on a socio-political or -
economic level. Acceptance of technology on a community level refers to specific siting decisions and

projects by mainly local stakeholder as local authorities and residents.

This level of acceptance is where the debate around “not in my backyard — NIMBY” unfolds. The NIMBY
phenomena are something that cannot be rationally explained in this case. The major problem is that
acceptance which is related to this phenomena is not really measurable [111]. Again, this criterion is not

considered as a quantitative but a qualitative factor. Qualitative measures for various alternatives can
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be obtained via surveys carried out by the local community or city [8] as in the case of [100] or [99]. The
semi-structured interviews in the frame of this work showed how difficult it is to handle this topic as
participant’'s don’t see anything like a reasonable public acceptance of technologies as NaS or
Vanadium Redox Flow batteries due to the missing knowledge of the public related to these

technologies.

It is worth mentioning in this context that when people only know little about the technology they may
depend on the trust in actors which are responsible for the development of technology [207]. The actors
related to technology and their affective responses towards technology have thus a strong influence on
society’s perception of the risks or benefits of relevant technology. Estimating local acceptance is difficult
as the case renewable energies have shown where authorities, investors, and companies thought that
implementation is no problem as surveys on public acceptance of res revealed high levels of support for
the technology. However, experience has shown that such results indicating public support, or support
from essential stakeholders on different scales cannot be taken for granted [202]. Thus, results

presented in the following should be taken as indicative.

The study of [204] also provided characterization sheets regarding the “societal acceptance” for different
balancing technology using the same methodology as in the case of socio-political aspects. Rating is
again based on a traffic light principle. An overview about the different distinctions for different rating
possibilities and their meaning are given in Table 7-9 and are combined with own findings (red=low,

yellow=moderate, green=very high).

Table 7-9: Evaluation scheme for regulation and policy issues related to different balancing technologies [204]

Color / indication Acceptance
5 High acceptance, no local and national problems awaited
4 In general, high acceptance, little number of aspect that should be considered
in implementation
3 Local and national acceptance not clear, further assessment required
Low acceptance, residents should be included in decision process
_ Not possible in Germany

Also in the frame of this work experts rated the perceived social acceptance level related to, e.g. impact
on the landscape, perceived danger and of the considered technologies on a Likert scale from 1 to 5
(low, neutral and high). The issue of social acceptance was often related to the potential environmental
or health impacts of toxic materials used in battery types as lead acid or vanadium redox flow batteries
[P1RE]. The issue of the danger regarding explosions was also raised by stakeholders [P6Reg]. Experts
also see potential acceptance problems when it comes to the acceptance of large storage units as PHS
whereas battery storage is not seen as critical in relation [P8ES]. This impression was reinforced by
[P9ACc] which stated:

“... and | think they are not that suspicious when it comes to batteries....”

However, some Stakeholders see in general a deficit in the acceptance of large-scale solutions including
large battery capacities. A significant issue named by participants in this context is the visibility of such
large-scale technology solutions [P7Auto]. Results indicate common tendencies as [48] that energy
storage is to a great extent socially accepted in relation to other components, e.g. construction of wind

turbines, new transmission lines or power plants of the energy system. One exception is pumped hydro
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storage due to a perceived high impact on the landscape and related damage to the local environment.
The option of building new flexible power plants (as in the case of CAES) is considered as unproblematic
regarding local acceptance [P6Reg]. This is surprising as they also have a specific impact on the
landscape and air quality. Stakeholders were asked to rate the perceived rate of public acceptance
based on the impact on the landscape, and perceived danger (e.g., explosion, impact on landscape and
toxicity). The final scores for public acceptance represent the sum of the results based on [204] and

survey results as indicated in Table 7-10.

Table 7-10: Resulting general acceptance of different storage technologies based on own survey with n=69 and

[204]
Technology | Public ac- Own Stdv. Comments Total
ceptance* | survey Score
LFP
LTO Doubts about safety due to the danger of
NCM - 3.7 0.94 fire & explosion 7
NCA
VRLA 4 37 0.94 Well known but hlgh amgunt of lead and 7.7
sulfuric acid
NaNiCl 4 3.7 0.94 7.7
NaS 3.7 0.94 Concerns regarding the danger of fire 7.7
VRF 4 3.7 0.94 Concerns regarding large |nsta}llatlons & 7.7
leakage nearby population
4.8
7
*Results from [204]

It is worth to mention that technology evaluation itself can also be seen as an integrative part of
acceptance as described in an acceptance behavior framework developed by [207]. This frameworks
kernel is that acceptance out of a psychological view is based on expectations on social or environmental
benefits, potential risks, and costs. These expectations are as already mentioned before linked to trust
in actors related to technology. Every considered criterion used to evaluate technology provides new
knowledge which itself might lead to higher acceptance or the contrary. An example is given by [208]
where people had more knowledge about hydrogen as a fuel with safety risks, had a lower positive
attitude to use it. Notions about the related environmental benefits through hydrogen were high which
has led to a higher willingness to use it. The combination of both factors where perceived environmental
benefits where higher then safety concerns have led to a positive effect on attitude and willingness to
use [207]. Such effects may be based on the preliminary evaluation of technology acceptance have to

be considered for result interpretation.
7.4 Evaluation model for environmental and economic criteria

It is necessary to develop a model that allows an evaluation of energy storage technology properties
under different application conditions in a quantitative way. Operation conditions have a strong influence
on, e.g. necessary maintenance efforts as well as potential replacement investments and thus on the
total Investment, LCC as well as LCA results. This becomes especially true for most battery technologies
which have a cycle or calendrical endurance limit [209]. The interrelation of cycles, DoD and cost, was
an aspect of major concern expressed by experts in the conducted interviews (see section 5.5.3). The

model thus includes an optimization for the proper dimensioning of batteries regarding cycle life time
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and DoD relation in economic terms. Additionally, cell cost degression effects are included to draw cost
reduction in case of battery exchangement properly.

Involvement of stakeholders helped to choose and define realistic application scenarios for this purpose.
The resulting operation profiles and future price developments for different application cases serve as a
base for modeling. Based on averaged operation data an economic optimization of the battery storage
system’s nominal capacity is done, providing the base for the following, investment cost calculus, life
cycle costing (LCC) and LCA calculation. The framework of the entire application related assessment
process is depicted in Figure 7-4.

Input data
Techno-econ. inputs: Application field data: LCA-input: Comprehensive
Batt-DB with 28 data categories; different load profiles from literature review + techno-economic
>5000 data points literature & own calculations data and operation data
e — -
Economic Calculus (EC) Life Cycle Assessment (LCA)

| Deterministic LCC Calculation | Life cycle inventory (ecoinvent

— = 3.2 database)
| Scale & learning curve effects | = =
— = Recipe enpoint indicator

Aggregated LCA results

| Optimization of battery capacity |

Probabilistic calculation
nputs: Cycle:
conversion syste
duration, el. pric

Probabilistic calculation

Input EC < L

/h, Balance of plant co:
ost, calendric life time
peration and maintenal

Inputs: Battery size, charging & dis-charging duration, impact per
kWh, battery ex-changements over life time

— T T
— = — =

MCDA input

Figure 7-4: LCA and LCC model for battery storage evaluation

There are simplified approaches available in the literature that allow an evaluation of energy storage
technologies by defining average daily cycles of storage with predefined capacities over a given project
life time which is in this case 20 years. A good overview of such different business areas is given in
[210] and [211]. The application of such generic use cases implies a simplification of the real potential
requirements associated with energy storage. It was furthermore emphasized by stakeholders that new
system concepts should be considered for battery storage [P5U]. Such concepts have to include PV,
DSM, and storage units in a sense that the entire system becomes economic and environmentally
viable. Examples of such systems are decentralized hybrid energy systems (HMGS). There are no
representative load profiles for such a case available in the literature, making it necessary to generate
such profiles firstly. The modeling of such a system requires a more sophisticated optimization-based
model as it inhibits a higher degree of complexity.

Two different approaches are thus considered to provide a comprehensive picture of technology
performance in combination with MCDA. The first approach is based on predefined conditions from
literature whereas the second is based on a decentralized hybrid microgrid optimization model to
generate such a load profile. Both approaches have been published in the context of this work and are

thus only explained briefly in the following two subchapters [89] and [212].
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7.4.1 Grid application cases from literature

The approach is based on standardized (yearly) cycles for different application fields and technology
parameters as well as different dynamic integration scenarios which will be explained in the following.
Stakeholders perceive batteries as suitable for applications on almost every level. One exception are
long-term storage applications up to weeks. The following representative application fields were chosen
based on the survey and semi-structured interviews in chapter 5 for assessment summarizing data from
[65], [211]:

e Primary regulation (PR): Conjunction of measures for short time reconciliation of supply and
demand. Energy is stored and released within seconds to respond to sudden spikes caused by,
e.g. the intermittent nature of RES and to avoid changes in grid frequency [27]. PR is a high-
power application, but also requires some capacity reserves in both directions, why on average
the battery is maintained at 50% SoC.

o Electric time shift (ETS): Electric time shift is also referred as ‘arbitrage.” Energy is stored during
periods of low electricity market prices and discharged during times of high prices. This can help
to compensate fluctuations in electricity generation due to increasing shares of RES where high
or negative price peaks might occur on spot markets. It represents the typical application field
for large-scale energy storage technologies as pumped hydro storage or compressed air stor-
age nowadays. Batteries can also be used in this application until a certain capacity and power
output of about 100 MW and a rating of around 800 MWh [210].

o Renewables support: Energy is stored by RES (e.g., wind turbine) operators when producing
excess electricity and dispatched during high demand times. Typical timespans are multiple

hours resulting in a high E/P- ratio (focus on storage capacity, not power) [213]

An overview of the different application cases is given in Table 7-11. PHS and CAES are only considered
in large-scale bulk storage in the frame of ETS to conduct arbitrage business. A simple one-factor model
namely; random walk price model (RWP) [214] is used for price prediction for the purchased electricity
during storage unit operation. The model was applied within a Monte Carlo simulation to capture
potential long-term changes in electricity, COz-certificates, and natural gas spot market prices until 2040.
Historic spot market prices for the stochastic simulation are based on [215] and include the years 2007
to 2015. The desired operation period for the entire energy storage system is assumed to be around 20

years for all applications [216], [210].

Table 7-11: Overview of used cases for the assessment. ORWP = Abbreviations of Application cases see above

Application Power | Capacity | Cycles Electr. Source of Service Location in Sources
[MW] [MWh] p. day cost economic value electricity
[€/MWh] value [60] supply chain
creation [USD/kW]

Transmission

ETS 100 600 2 RWP [a] Arbitrage 67-335 & Distribution [217], [215]
PR 1 1 34b]  RWP[a] Vﬁgﬁﬂzni'}d 6-6845  |1ANSMISSION o400 o181 1015]
regulation & Distribution
RS 2 20 112 80° Arbittage ~ 44-1750  Generation  [219], [220], [221]
[a] RWP = Random Walk Price mode - See Annex |

[b] Adopted to German market conditions, 34 small cycles with an average DoD of 5 %, equivalent to 1.7 full cycles per day
[c] Levelized cost of energy for onshore wind turbine with operation times about ~2000h/a
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It is important to mention that only costs are reflected by this analysis, but that the application cases
have different potential revenues (see Table 7-11). Thus, the LCC does not necessarily correspond with
the economic viability, what must be considered when interpreting results. Additionally, other storage
technologies like flywheels or hydrogen, which are not covered by this study, might also be promising

for comparable application fields [2], [3].

7.4.2 Decentralized grid optimization model for load profile generation

New decentralized system concepts as smart grids offer entirely new business possibilities for scalable
electrochemical energy storage [P5U] and [P7Auto]. Especially the use of storage within Hybrid Micro
Grids Systems (HMGS) which form an element of the smart grid is seen as a promising application field
for battery storage. The aim of decentralized integration of Renewable Energy (RE) within HMGS is to
maximize the share of renewable electricity directly consumed by local users. HMGS can be described
as clusters of small generators, loads and battery energy storage systems connected through a local
electricity network, controlled by a power management system that optimizes power flows. Such sys-
tems allow to reduce energy losses in transmission and distribution [222] and to increase autarchy up
to a certain degree. A major challenge of such grids is the fluctuating generation behavior of decentral-
ized sources as photovoltaics and wind turbines which correlate only poorly with loads. Battery storage
technologies allow to match intermittent generation with local demand and are thus seen as a crucial
factor for a safe and reliable HMGS operation. The problem is that the composition of these concepts

itself is in their infancy. A simplified scheme of a grid-connected HMGS is given in Figure 7-5.

. Hybrid micro-grid |

Local grid
Photovoltaics Biderectional Energy
S e inverter T consumers
ey
EEsZsocima
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Low voltage
Power Management sub-station
 —
(= (==
Energy storage
Wind turbines

Figure 7-5: Simplified scheme of a grid-connected hybrid microgrid including photovoltaic, small wind turbines,
battery storage and different loads (based on [223])

A micro-grid model including the Canonical Differential Evolutionary Particle Swarm Optimization (C-
DEEPSO) algorithm is used to generate necessary parameters for the overall model used. HMGS
modeling is realized via MATLAB® partially using a code initially developed by [224]. The model was
reformulated for German conditions, including new boundaries, side conditions, a new optimization
algorithm and techno-economic calculations. A aim of the HMGS optimization model is to increase the
share of RES and to minimize the loss of power supply probability (LPSP) and the levelized cost of

electricity (LCOE). This is achieved by finding the best composition of generation units and optimum
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battery operation mode in the HMGS. More details about the mathematical model can be found in [224]
and [212] as they cannot be covered in detail here. The optimization results in the form of new time
series, generation shares, and other operating characteristics are used to calculate the inputs required

to conduct the MCDA. A scheme of the optimization model is given in Figure 7-6.

Meteorological time X i
series Public grid
c _ 7y
o Wind turbines & ® 1000 houses (HO
© Photovoltaics (optimum g_ standard load
N constellation) S profiles)
£ v 2
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Q —
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% a Battery: Charge / Discharge
w (optimum operation mode)
()]
O i
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8 tion goals Factor Min: LPSP Min: COE
=
I

Time series, generation shares, optimum constellation of HMGS etc.

Load profile for further calculation

Figure 7-6: Simplified scheme of the used optimization model for HMGS and storage simulation
The original optimization is based on a PSO algorithm in combination with a linear scalarization tech-
nique for the treatment of the bi-objective problem wherein the objective functions have been combined
into a single function. The share of RES is not directly integrated into optimization but is included as a
boundary, which is set in this work to a goal share of 80%. C-DEEPSO is a new population-based
optimization algorithm built upon swarm intelligence and differential evolutionary technique [225] and is
used as a solving algorithm instead of PSO due to higher robustness of results [212]. More details about
the C-DEEPSO algorithm and its properties can be found in [212] [225]. A generic battery [224] is used
to provide a representative operation load profile for battery storage. Major assumptions for the HMGS

optimization model are given in Table 7-12.

Table 7-12: Brief overview of major assumptions for HMGS optimization

Values Comment Source
Size of com- | 1.000 residents Average communities size in Ger- | [226]
munity many
Electricity cost | Without EEG-share & VAT resulting in 15 | No remuneration for feed in next
from grid ct/kWh grid level
Load profiles Normalized standard load profiles: HO (33%), | Typical composition of load profiles | [227],
G1 (22%), G3 (44%) for communities in Germany [228]
Meteorological | Hourly values for irradiation, wind velocity, | For south Germany (Black Forest) | [229],
data and monthly average temperatures [230]
Wind turbines | P= 200 kW, 1687 €/kWp, d=30m, min v=2.7 | Wind turbine type: WES30 from | [231]
m/s, rated speed=12.5 m/s max v=25 m/s, | Windenergy solutions
h=40; Operation time 1,720 to 2,230 h/a
PV modules 7.2 kWp each, 1,500€/kWp, Operation time | Fixed modules, multi-Si panels [224]
900 to 1260 h/a
Storage  ca- | 1000kWh, 300 kW, DoD=80%, efficiency | Generic battery, capacity depends | [224],
pacity 85% and 220€/kWh and additional cost re- | on given boundaries for autarchy | [228]
lated to balance of plant (table section 7.6.1) | level (3 hours in this case)
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The resulting optimum HMGS constellation consists of a PV capacity of 1.739 kWp and includes eight
wind turbines. An excerpt of the HMGS operation for one week in summer is given in Figure 7-7. The
battery is charged when there is a surplus of RE and vice versa on the contrary case. Total battery
capacity is higher than the net capacity of 1000 kWh due to a minimum SoC of 20 % and compensation
of efficiency grade losses. It can be observed that wind and PV generation surpasses load (including
battery charging) for an extended period (10 hours). These amounts of energy are fed back into the

public grid and are not used within the HMGS.

s \Vind Public Grid PV  —=—- Load

Battery SoC

Figure 7-7: Excerpt of resulting battery operation over one week within an HMGS

No remuneration or restriction has been considered for the feed-in of surplus energy into the public grid.
Including this could change overall LCOE with batteries and will be a task of future works. The contribu-
tions of the different RES to the battery charge is calculated based on hourly values for the specific
wind- or PV- generated electricity surplus within the HMGS. LCOE for an HMGS with battery storage
(18 to 27 €ct./kWh) are higher in average in relation to a system without storage (16 to 25 €ct/kWh), but
RES share is increased by 7 to 15 %/a depending on the used meteorological data set. These costs do
not represent the pure LCOE of battery storage. Though pure cost from RES in this application is
depending on yearly operation hours resulting in a range of 9 to 16ct/kWh. Named bandwidths will be
considered within a sensitivity analysis in the sections 7.6.4 and 7.7.3. All result bandwidths are given
in Table 7-13.

Table 7-13: HMGS optimization results (bandwidths)

Cycles Duration Cost ct./kWh Comment

Average | Cycles: min 0.3 | 0 to 3 h/d (the | 9, 13, 16 | Can vary extremely in
Load pro- | max, 1.40 (the | latter is used | (depends on yearly op- | dependence of chosen data
file for | latter is used as | as a main sce- | eration hours of wind | set, maximum case assumed
MCS a central sce- | nario) and PV) for HMGS

nario)

7.5 Consideration of uncertainties

A vast range of often contradictory values can be found in the literature for many battery parameters.

Selecting or calculating one single value out of this value ranges can be problematic since it is always
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arbitrary and does not preserve any information about data uncertainty. This can be overcome by using
probabilistic calculation methods, i.e., Monte-Carlo simulation, where a probability distribution is defined
for every input variable [232]. The Monte-Carlo simulation (MCS) is seen as one way to include this
aleatoric uncertainty into the MCDA. Due to the high number of datasets contained in the Batt-DB,

ranges for most battery types can be obtained as the basis for MCS.

MCS is based on the law of large numbers, which implies that a value, based on a random experiment
calculated command variable strives towards a real command value with an increasing number of
simulations or drawings respectively [233]. This is especially helpful if the analysis of a real system is
not or only partially possible [234]. The MCS is applied, e.g. by the variables efficiency, energy capacity,
daily operation time, investment costs (cells, PCS, BOS), life time in years and cycles, and efficiency
[235]. In general, such a simulation needs reference values and adequate probability functions.
Distributions in this work are approximated by beta-Pert distributions. The beta-PERT distribution is
comparable to a triangular distribution, requiring a minimum, most likely and maximum value, but the
standard deviation is smaller [236] [237]. It is repeatedly applied in cost and LCA calculation for
electrochemical energy storage systems [210] [235]. An overview of the MCS methodology is given in
Figure 7-8. On the left side, various priorities are generated with a suitable distribution function and
serve as an input to the MCDA model. The combination of different distributions results in a new

distribution for Investment cost, LCA, and LCC.

Modeling of technology input data by Results in form of distribution
different distribution functions functions or cummlated curves

M

Y

Uncertainties

il A

Figure 7-8: Example of MCS procedure

Evaluation of porbabilities
Inclusion into MCDA

A 4
|

The model requires a proper number of simulations to achieve a distinctive accuracy (>1.000) [232].
Median values, upper and lower quartiles are used as an input for MCDA. Detailed information about

probabilistic calculations of energy storage is given in [189].
7.6 Economic evaluation

There are several competing energy storage and other flexibility technologies under the frame of a
liberalized European energy market leading to the question which technology is the most economically
valuable alternative for a specific application field. This makes it difficult and only partially possible to
compare different technologies with each other due to their suitability for different application fields,
operation modes (amount of cycles) and development levels. The considered economic criteria are

introduced briefly in the following:
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Investment costs; represent the economic magnitude of the introduction of a technology. It includes all
costs for all the project implementation phases relating to purchase of equipment, installation,
construction of roads, buildings, engineering services, etc. [8] [117]. Investment costs are one of the
most used indicators for energy planning [238]. Each storage technology has different cost structures
and balances. An example is, e.g. the cost for battery storage which is mainly dominated by capacity
(€/kWh) while CAES, and PHS are more dominated by power (€/kW) [48]

Cost (LCC) can be used for a systematic comparison of alternative project designs including total
expenditures (initial investment, capital, replacement, operation, energy and disposal costs, etc.) over
the whole economic life time of a product. LCC can provide insights to help society appropriately allocate
limited financial resources to monetary optimize technical improvements. A central problem of LCC
approaches for emerging technologies is that there is often only a limited amount of data available in
combination with a wide value distribution and several calculation possibilities [239]. Some calculation
procedures are non-discounted (e.g., cost comparison calculation) or discounted techniques (Internal
Rate of Return — IRR or Net Present Value — NPV). All approaches have advantages and disadvantages
as well as limitations and should be selected carefully regarding the scope and goal of the planned

assessment.

Stakeholders agreed about the choice of the two criteria as they reflect different ways of evaluating
potential investments from a company perspective. Investment costs play a higher role in short-term
investment decisions. In contrary LCC plays a stronger role when it comes to mid- to long term
investments. LCC and Investment costs are to a certain degree redundant when calculated but not
regarding investment decision which is at the end always based on a company’s preference [P2U],
[P4U] and [P3RES].

7.6.1 Calculus of Investment and LCC

Initial investment costs are based on the rated power and capacity specific battery costs (C) in €/ kWh
[240] using the data of the Batt-DB. The battery life cycle costs are calculated using the annuity method
in which present values are distributed in yearly equivalent series of cash flows over the entire life time
of the storage unit. The quotient of the annuity and the total amount of energy stored and released by a
technology represents the LCC of electricity storage or its probability respectively as indicated by Eq.
15.

a+i)T+i

CNPV* T
LCC = ) -1 Equation 15

n
Pmax*tj*l_[t=1 nt*Ncycles

Cnpv represents the net present value, which is just multiplied by an annuity factor where i represents a
depreciation rate and ¢ total amount of project life time. Pmax is the maximum storage power, {; total
operation time over the period of one year, n; is the sum of efficiency grades related to specific

technology and finally Ncycies Which indicates the total sum of cycles conducted within a year.

All storage technologies are scaled to the same effectively available capacity for comparability reasons
within the investment and LCC calculation. This means that losses caused by different efficiency grades

are compensated by adequately dimensioning each battery. Interest rates are based on the investors
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time value of money perception [241] to discount future expenditures to present values at a specific
reference time point [242]. Depreciation is based on the assumptions of [210] where lower rates are
assumed for smaller projects (6%) and higher ones for small-scale projects, e.g. in the frame of ETS

where large utilities usually carry out the investment (8%).

Investment costs of all batteries are calculated in the same way. One exaptation is the VRFB which is
dependent on the number of cells used in a stack, while capacity is depending on the volume of the
tanks and the electrolyte amount and concentration [37]. The outcome of this fact is that VRFB is very
suitable to store energy from a few hours up to several days [37]. This makes it difficult to estimate the
cost of this battery type for different applications. Thus an exponential relation between the amount of
required membrane and electrolyte was assumed based on [243] using the cost indicated in Table 7-1
as a starting point. This cell price was then multiplied with an energy to power relation dependent factor
between 7 and 0.5 [190].

All considered cell types potentially have to be exchanged at least one time over the assumed period
due to either non-sufficient calendric or cyclic life time. Learning curves were thus calculated to consider
potential future cell-cost reductions in case of cell exchange. A learning rate of 82 % is calculated for
Lithium based technologies resulting in high-cost reduction potentials in the years to come due to scale
effects. The produced amount of LIB batteries in MWh/y and historical price data required for calculation
were derived from [244], [245], [246]. Learning curves for other battery types were taken from [247],
[248] and [249]. Development for NaNiCl and VRFB was assumed to be comparable with a rate of 87 %
(average for battery technologies). Lead Acid PbA is the most mature electrochemical storage
technology, which is used for a high quantity of power system applications since over 100 years [77],
[5]. It is thus considered that cost reduction potentials have been actively exploited in the past resulting
in a low future learning rate of 94 % [190]. An overview of learning curves and their calculation is given

in Annex C.

Apart from battery cells, a stationary battery storage system requires electronics, infrastructure, and
auxiliaries. The investment costs associated with the latter two are the so-called balance of system
(BOS) and can contribute over 60 % to the total investment costs [250]. BOS include the cost for
commissioning and installation and commissioning, structural and mechanical equipment such as
protective enclosure, heating/ventilation/air conditioning (HVAC) and maintenance/auxiliary devices as
well as communications and control equipment and can in total contribute up over 60 % of investment
costs [250]. It is expected that BOS will follow a substantial learning curve through a portfolio of best
practice in managing cost. This may lead to BOS cost reductions of around 40 % in the years to come
[251] [252]. BOPs are poorly defined in the literature and that there are only a few reliable cost values
available. Power electronics (PCS) cost in €/kW (AC-DC converters) is dependent on the size as was
calculated by using cost digression exponents obtained from [253] and [254]. The assumed PCS costs
were multiplied by a power dependent factor between 0.25 to 6. Inverter efficiency was estimated to be
0.95. All assumed costs are indicated in Table 7-14 [190]. Using this assumption has led to comparable

cost shares in final results as reported by [253], [255]. For more information see Annex C.
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All assumptions related to costs of CAES and PHS including major components are given in Table 7-15.
More details about the cost structure of this technologies can be found in the sources given in the table.
CAES requires further assumptions regarding fuel and consumption of natural gas and CO2 emissions
related to the combustion of fuel in the gas turbine. The CO: is traded form of CO2-certificates in €/tCO2
in the frame of the European emission trading system (ETS) and is together with natural gas a

component of short-term marginal cost calculation.

Table 7-14: Specific battery cost assumptions typical cost shares are reported by [253], [255] and [190]

Type Cost €/kW Av. cost share % Comment Source
Contingency 83 - Covers unforeseeable events [252]
Installation ~125 ~4 [252], [256]
, [243]
BMS+BBOS 273 - 475 12-40 Missing common definition [252], [256]
Enclosure ~10 - Dependent on technology [252]
Inverter - 10-20 Depends on scale effects [253], [243]
Utility Intercon. equipment ~59 - Can vary extremely [252]
Battery See Table 7-1 30-50 Technology-dependent DatBat
Interconnection eq. ~59 ~1 Dependent from location [252]
Permitting ~50 - Dependent of region [256]

It was not possible to find reliable sources regarding de-construction and recycling of stationary battery
systems, PHS and CAES. Thus, the waste treatment, disposal, and recycling of batteries is not
considered here. This is apparently a simplification, since the end of life handling of different battery
types and other storage technologies would vary significantly, but no established processes exist, and

therefore no reliable data is available.

Table 7-15: Specific CAES and PHS cost assumptions

Type of cost PHS CAES Source
BoP ~ 5 €/MWh 65-136-273 €/kWh [257]
Fuel ratio (gas) - 1.1 -1.16 kWh/kWh [94], [93]
Fuel ratio (electricity) - 0.67-0.7 kWh/kWh [94], [93]
CO2 cost 0-26.6 €/tCO2€
Comments Turbine & Pumps, Generator tCorppressors, gas
urbines, expander

7.6.2 Calculation and economic optimization of cycle life time

Battery operation is optimized under economic aspects considering a minimum state of charge (SoC)
which itself influences battery cycle life time [258], [235], [210]. A high Depth of Discharge - DoD (deep
cycling) generally reduces battery cycle life, why batteries are often oversized in order to expand
operation time. The aim is to minimize overall LCC by finding an optimal equilibrium between initial
investment cost (battery oversizing) vs. replacement costs (reduced battery life) under given conditions
for the different applications. It has to be mentioned that most battery types are not charged to 100 %
or discharged to 0 % to avoid overcharge and discharge. Typical SoC ranges were thus assumed to be
between 10 % to 95 % [259], [260]. A simple approximation of cycle life is applied in dependence of
DoD using a approach formerly published in [261] under the named SoC restrictions. The methodology

was already applied in [91] and [190]. Results for cycle life time calculation are given in Figure 7-9.
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Figure 7-9:Calculation of DoD-Cycle relation [89]
An example for the optimization results for the LFP type battery in dependence of the minimum SoC
and operation cycles per day (for, e.g. electric energy time shift -ETS) is given in Figure 7-10. LCC is
found to be optimal for ETS at a min SoC of 23 % at an average of 730 cycles per year or 2 cycles per
day (exemplary yellow line). Each “step” in the graph represents an exchange of cells (red line) which
is highly dependent on daily cycles and min SoC. A lower SoC would lead to an earlier and potentially
additional exchange of batteries which would result in higher overall cost. It can also be seen that in this
specific case (fixed E/P relation), the optimization is highly dependent on the amount of cycles per day.
A low number of cycles per year (i.e., 1 cycle per day) does not require a minimum SoC. The reason for
this is that calendric life time (for LFP 10 years) dominates here as operation cycles do not surpass
cyclic life time which leads to no further cost benefits through oversizing. Optimization results for all

batteries are given in [89].

Optimum SoC @
2 cycles / day
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Figure 7-10: Sensitivity analysis of NCA min SoC in relation to operation cycles per year [190]
There was no sufficient data available to calculate cell degradation of VRFB. Thus a minimum state of
charge of 20 % was assumed based on [262], [263] and [264]. It has to be mentioned that other
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Literature reports that VRFB can also be operated in a SoC range between 5 % to 95 % as in the case
of [265] — if this comes true cost may be overestimated in this work. For NaNiCl, ideal operation modes
of the battery are reported to be between 30 % to 100 % [266]. In this work, a minimum SoC of 20 %
was assumed as most information about cyclic life time of NaNiCl was only available at a DoD of 80 %.
This represents a strong simplification in relation to the other battery types and calls for further research
in this field. The model offers also the possibility to include changes in technology performance e.g. a
certain increase of cycle life time after the exchange of battery cells. However, it is very difficult to
estimate potential developments in this area. It is therefore simply assumed that a new cell generation
would have a slightly higher cyclic life time of around 10 % over 20 years, resulting in a yearly increase
of 0.5 % per year [89].

7.6.3 Resulting investment cost and LCC for specific applications

The simulation is carried out for 10.000 trials within a Monte Carlo simulation for each storage technology
in every application field. Figure 7-11 provides an example of the distribution of results for investment
and life-cycle cost for LFP used for primary regulation for the sake of the reader. The distribution function
for investment cost is slightly left-skewed (0.141) with a kurtosis of 2.8 (indicating that variance comes
more from the center) which is also the case for all other assessed technologies in this application. The
results for 25%, 50%, and 75% quartiles are used as input for MCDA. Cost input for MCDA would be in
this case 1,407 €/kWh, 1,442 €/kWh, and 1,493 €/kWh.

The distribution function of life cycle cost results is strongly left-skewed (4.5), and kurtosis is higher
(33.3) in relation to investment cost due to high variance of tails (up to 1,000 €ct./kWh). This can be
explained by a high target value within a triangular distribution regarding operation times per cycle which
lead to decreasing LCC. Again, as in the case of investment costs 25%, 50%, and 75% quartiles are
used as an input for MCDA. In this case, MCDA input values are 62.54 €ct./kWh 81 €ct./kWh and
124 €ct./kWh. A detailed overview of numeric MCS-LCC results is given in Annex D.
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Figure 7-11: Example for MCS results regrading LFP investment and life cycle cost used for primary regulation
The initial investment costs obtained for the different battery types under the four considered application
cases are displayed in Figure 7-12 in the form of box plots due to graphical reasons. The energy to
power ratio (E/P) is also indicated for a better understanding of the results as this ratio highly affects
initial investment costs. The box plots show the 5 % and 95 % percentiles, 25 % quartiles; median and

75 % quartiles and provide an idea of the uncertainties, and shape of the distribution function of results
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associated with the given calculations. The case of HMGS is separated from the other cases as it is
based on a real load profile generated by an optimization model.

In the case of ETS and CAES and PHS are compared with other battery storage technologies whereas
two lithium-ion batteries were excluded due to graphical issues. These battery types are included in all
other comparisons. Investment costs correlate to a certain degree with LCC; they will thus be interpreted
together. The life cycle costs including main cost shares for all considered application cases and
technologies are displayed in Figure 7-13. Again, as in the case of investment costs, box plots show the

result distribution and provide an idea of the uncertainties associated with the given calculations.
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Figure 7-12: Resulting investment cost for all considered technologies and application cases
The investment cost and LCCs obtained per kWh of electricity provided vary strongly between the four
considered application cases. While costs for ETS, RS, and HMGS are on a similar level, those for PR
are significantly higher, as well as the corresponding uncertainties. The ranking of the different battery
chemistries also changes from one application case to the other, highlighting the importance of a well-
designed storage system optimized for the desired application. Especially the VRFB shows

fundamentally different performances depending on the application case, as discussed in the following.

ETS: With an E/P ratio of 6, ETS is a low power application, what reduces investment costs for power
electronics and BOS. The combination of a comparably high amount of cycles (use-intensive
application) with relatively low initial investment costs gives the lowest LCC among the four application
cases for all batteries. Highest costs are obtained for NaS and VRLA, due to comparatively low-
efficiency grades. Cost related to VRLA results from a comparably low cycle life. In the end, none of the
considered electrochemical energy storage technologies can compete against CAES and PHS. The
latter represents the most economical energy storage technology up to date. CAES tend to have lower

investment cost, but natural gas and COz emission cost can represent a significant cost factor and may
increase in the future.
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Wind energy support (WES): The profile obtained for WES is comparable to that of ETS, though with
slightly higher median costs for all technologies due to higher specific costs wind turbine generated
electricity. Here, LTO has the highest cost among the group of LIBs due to its high initial investment
cost. The LCC of VRLA are the highest in this application because of low expected price reductions and
strong oversizing in combination with a low cycle life of this type of battery. The E/P ratio of 10 required
by this application favors VRFB, which obtain costs comparable to those of LIBs, mainly due to the low

initial investment cost of about 513 €/k\Wh.
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Figure 7-13: LCC results for all considered technologies and application cases including cost shares.
PR: This application is characterized by a high amount of small cycles per day in combination with a
very high E/P ratio and comparably few total operation hours per year (~230 h/y). This leads to
significantly higher investment costs for all battery types, especially for NaS with a median LCC of
2.99 €/kWh due to significantly oversizing (E/P=6). VRFB also shows relatively high cost in relation to
other battery types. High LCC are obtained for all battery types, mainly due to low operation hours per
year in this application. The combination of these factors also leads to comparably high uncertainty in
the results (large LCC bandwidths). Nevertheless, PR has high potential revenues and is therefore

considered an economically very interesting business case [60].

HMGS: The requirements for HMGS are characterized by a comparably low E/P size. The overall rise
of average LCC in relation to WES can be explained by a higher cost for PV- and micro wind turbine
generated electricity. VRLA show the highest LCC for this application, mainly due to its low-efficiency

grades in combination with high electricity costs. Again, the cost for NaS and VRFB are also relatively
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high due to an unfavorable E/P ratio of 3.33, resulting in higher initial investment costs. Here only battery
storage is evaluated, whereas in the optimization model total HMGS is evaluated where battery cost

has only a particular impact on total cost.

7.6.4 LCC - sensitivity analysis for HMGS

Figure 7-14 provides an overview of the parameter sensitivity in LCC calculation. LFP has been used
as a reference technology together with the HMGS use case. Median values of depicted values are
taken and varied within a bandwidth of -20% to 20%. Negative changes of single parameters are given
in light grey and positive ones in dark grey. Result variation is depicted around the median of 48 ct/kWh.
It can be seen that e.g., decreasing cycle life time leads to an increase of LCC and vice versa in the
case in case of cell cost. The impact of DC-DC efficiency is the highest in relation to the other parameters
due to high electricity costs, whereas calendar life time has no impact as cycle life time is more relevant.
Efficiency grade is 96 % for LFP, 100% thus represents the maximum positive change with +4.2 % (even
if unrealistic). A maximum discharge time of 3 hours is used for calculation. Thus only negative changes

are conducted. It becomes clear that LCC is highly dependent on HMGS operation conditions.
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Figure 7-14: Sensitivity of LCC to different parameters of battery operation and properties (inspired by [5])
A detailed overview about the interrelation of varying operation parameters on overall LCC is given in
Figure 7-15 A and B where the high dependency of the LCC on the daily charge duration and daily
cycles can be observed in the first. These influence battery exchange rates and yearly operation hours
strongly, why the proper definition of the application case is a critical issue. Other important factors are
the electricity costs and efficiency grades, which directly affect operation costs (Figure 7-15 B). A
comprehensive sensitivity analysis of different investment cost, operation conditions and technology

properties for ETS, WES and PR is given [190] and is not provided in the frame of this work.

112



Technology evaluation

LCC [€ct/kWh] LCC [€ct/kWh] B

700 //K f T s — T | o | 1 1 T
50 | —

- 75 +

500 l } 70 -

400 l“ | 71” 4 65 -

| 60 - : |
300 | ___| 55 : ;
50 - : [

. 74/ : - \7”‘;// — 4 T —~— — <
5 om an T e S 80160 40 50 100 &
Electricity cost [€/MWh] ” “

600

Figure 7-15: LCC sensitivity analysis of HMGS with LFP for A) operation conditions including the number of
cycles and charging time per cycle B) Influence of efficiency and purchased electricity.

7.7 Quantification of environmental criteria

Life Cycle Assessment (LCA) is used to calculate potential environmental impacts of technology over
its entire life time. It is a standardized approach [159] and [160] that documents a product’s or product
system’s environmental impact over the complete life cycle. This includes the mining and refining of
primary material, the production phase, energy consumption, emissions and maintenance efforts over
the entire use phase, as well as repercussions from the treatment at the product’s end of life. As in the
economic assessment, battery production and battery operation (electricity loss due to inefficiencies)
are considered, while the end-of-life handling of the batteries is neglected, mainly due to insufficient

data availability about recycling processes.

The functional reference of energy storage is each kWh withdrawn from the grid or RES unit depending
on the scenario. The calculation is comparable to LCC calculation wherein costs €/kWh are substituted
by a specific environmental impact Elnkwn. Total environmental impacts over the entire life time of a
specific system component Elkwn (€.9., battery, PV or wind turbine) are summed up and divided by the
sum of the provided energy Pn by a particular component (e.g. generated through RES, converted by

the battery or directly provided by the grid) as shown in Equation 18

Elywn = Zﬁ’;}éﬁ’;ﬂ Equation 16

It is difficult to choose different environmental impact categories as an MCDA criterion. There exists a
high number of different impact categories as noise, non-methane volatile organic compounds or land
use and others which can be hardly prioritized by a broad stakeholder group just due to missing
knowledge (it is challenging to, e.g. rank eutrophication against land use). Furthermore, the choice of a
limited number of criteria might lead to non-representative results (e.g., on technology option might only
have greenhouse gas emissions but large ones regarding water toxicity). A question related to this set
of criteria was thus how to provide aggregated criteria that can be simply understood by participants and

allow a comprehensive assessment of potential environmental impacts.

There is a set of well-known methodologies available for LCA as Eco-Indicator 99 for endpoint indicators
(endpoints and single score) and CML 2002 for midpoint indicators (greenhouse gases, ozone depletion,

etc.) [267]. Recipe is a follow-up of these two methods. It combines and harmonizes midpoint and
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endpoint approaches, and all impact categories have been redeveloped. Recipe allows users to choose
their level of result through eighteen midpoints which are relatively robust, but not easy to interpret. Thus
three simple to understand, but more uncertain endpoints where introduced in the method [268]. It is
recommended to rather use mid-point impacts for detailed analysis as end-point results are difficult to
interpret and considered more uncertain in relation to the first [269]. An overview of recipe principles is

given in Figure 7-16.
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Figure 7-16: LClI results (left), midpoint indicator (middle) and endpoint indicator (right) in ReCiPe 2008 [268].
The recipe endpoint method is complex and is thus only explained roughly in this context. Detailed
information can be found in [269], [268]. All endpoints used as criteria for this work can be briefly sum-

marized as follows [268]:

o Damage to Human health (DHH): using the concept of ,disability-adjusted life years® — DALY
(yr). The DALY of a disease is based on human health statistics on life years lost and disabled

including various cancer types, vector-borne diseases, and non-communicable diseases.

o Damage to ecosystems (DE): based on the loss of terrestrial, freshwater and marine species

during a specific time in a specific area (yr).

o Damage to resource availability (DRA): describes the risk of humanity running out of re-
sources for future generations. It is based on the geological distribution of resources and the

marginal increase of extraction cost ($)

The method offers the possibility to include different perspectives on the considered time frame which

are as follows: Hierarchist perspective (100 years) is considered as the default option which is frequently

used and referred to in [160]; Egalitarian (500 years) for a long term view (e.g., to consider the

atmospheric life time of certain substances); and finally Individualist perspective for short-term

perspectives (20 years) [267]. The standard Hierarchist perspective is taken into account in this work.
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Most of the interviewees (one exception) thought that these three criteria are easy to understand and

that it makes sense to use them rather than to weight a selection of midpoint criteria.

7.7.1 Life cycle inventory for energy storage technologies

The impacts associated with battery, PHS, and CAES production are calculated based on present LCA
studies. For this purpose, the inventory data provided by existing studies are recompiled and unified by
using identical average values for common battery components in the case of LCA [91]. This improves
significantly the comparability of the results from different individual studies [270]. Although some of the
LCI disclosed by these works represent Li-lon battery packs for electric vehicles, it is assumed that a
stationary energy storage system would use battery modules of a similar configuration in a modular

array.

The inventory for the PbA is based on the recent work of Spanos et al. [271], an LCA study about battery
for stationary demand-charge reduction. While a NaNiCl battery is contained in ecoinvent, the
corresponding inventory is very simple, and therefore an alternative LCl is used, based on the works by
Longo et al. [272], Galloway et al. [273] and Sudworth et al. [274]. No recent LCA study on VRF batteries
is available, why a rather old work is used with comparably simple LCI for this type of battery [265] and
additional information regarding the battery layout from a recent cost study published by [275] as well
as the production of Vanadium Pentoxide based on [276]. As in the case of LCC, a linear correlation of
membrane (Nafion-membrane) area and amount of electrolyte is assumed for impact calculation of the
VRF battery, based on the energy to power ratio. The limited availability of reliable data and thus the
higher uncertainty in the inventories of the non-lithium batteries (VRLA, VRF, and NaNiCl) has to be
taken into account when comparing results. The LCI for CAES is taken from [94] and rescaled in a linear
way for the case of ETS. Leaching far salt caverns was excluded as it is assumed that CAES represents
a second use case. The original ecoinvent data [277] set for PHS construction was taken as a starting

point and is as in the case of CAES linearly rescaled linearly for comparison reasons.

The three recipe endpoints obtained with these inventory data for the different battery types, CAES and
PHS are given in Table 7-16. Robustness of the used datasets is also rated qualitatively by the use of
a traffic light principle where red indicates poor, orange medium and green good. High impact
discrepancies can be observed per kWh of energy storage capacity due to different energy densities of
each technology. The environmental impact of battery production is associated with the amount (the
mass) of battery that has to be produced. For a low energy density battery, a higher amount of material
is required for providing the same capacity, increasing the impacts correspondingly due to a high
conversion factor (CF). A detailed breakdown of the environmental impacts of battery production to
single battery components and thus the primary drivers for impacts can be found in a previous
publication [270]. VRLA and VRFB show very low impacts per kg of battery produced, mainly due to
their simplicity (in the case of VRF, the overwhelming mass share of the battery consists of tanks filled
with liquid electrolyte), while their low gravimetric energy density reduces these advantages on a per
kWh basis, especially for the VRFB. It has to be mentioned that the LCI of VRFB is based on an energy
to power ratio of 9:1, while with a lower ratio, the share of the electrolyte of the total battery mass would

decrease. Consequently different environmental impacts would result from a different E/P ratio.
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In most of the underlying studies, no probability distributions or uncertainty information are given
together with the provided inventory data or the LCA results. Thus, for the calculations of the three recipe
end-points of the considered systems, a deterministic approach is used with static impact factors for
each battery type except LFP and NCM. For these, at least two works are available and thus a value

range that can be considered.

Table 7-16: LCI sources and resulting recipe impact factors per produced kWh of storage, where DHH=Damage
to Human health, DE=damage to eco-systems; DRA=Damage to resource availability

Techn. Wh/kg CF'. DHH DE DRA Source Unc.? Comment
LFP? 96.1 | 106 | 948 | 321 | 6.48 | [278],[279], [270] | Low Good documentation
LTO 52.3 19.1 13.67 | 5.64 11.06 | [270], [280] Low Good documentation
NCM 134.7 | 718 | 1046 | 945 | 9.45 | [281],[278], [270] Good documentation

NCA 133 7.51 4,652 1.82 5.58 [270], [280] Good documentation

Low
Low
- LCI very superficial

Med. No comparison av.

VRLA 451 2215 | 5.23 1.15 9.71 [271]

NaNiCl 112.5 | 8.88 7.74 1.18 7.131 [272], [273], [274]

VRFB 17.5? 5712 | 2944 | 454 15.11 [265], [275] Very old source

NaS 116 862 | 530 |208 |639 |[282][283][272] LCI very superficial

[277]

[94]

'Conv=Conversion factor; 2Unc=Uncertainty; related to E/P ration of 1/9; 3Average from [278], [279], [270]

For determining impacts associated with electricity generation, the ecoinvent 3.2. dataset “electricity,
EU w/o CH” is used for the reference year (2012) [284]. Naturally, this applies only to the two application
fields where grid electricity is used; for the application field ‘Wind Energy support’ a 3 MW onshore wind
turbine is used. Inverters are taken from Ecoinvent 3.2 but had to be rescaled as the database only
provides 3 kW or 500 kW sized ones. Also for the HMGS case ecoinvent 3.2 only provides data for wind
turbines with a capacity of 750 kW and PV panels with a minimum size of 3 kWp. These components
are thus also re-scaled linearly to the assumed size within the considered application cases. Admittedly,
this represents a conservative and simplifying assumption but can be considered necessary due to the
lack of more precise data in this regard. More details about the LCA can be found in recent publications
related to this work [89], [91] and [285].

7.7.2 LCA Results

The LCA results for the different application for all impact categories, cases and the contribution of the
different life cycle stages are given in Figure 7-17. Again, box plots show as in the case for LCC the 5 %
and 95 % percentiles, 25 % quartiles; median and 75 % quartiles and provide an idea of the
uncertainties associated with the given calculations. The following interpretation of results has been
recently published in [286] in the line of this research and is thus only discussed briefly. A detailed

overview of numeric MCS-LCA results is given in Annex D.
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The availability of LCI data for VRFB is limited (litle data or very simplified modeling) and the
corresponding results should be interpreted with care. The results obtained for the LCA differ quite
remarkably from those of the LCC, with a clear distinction between two system approaches: (i) Systems
that use renewable electricity (HMGS and RS) and (ii) systems based on grid electricity (ETS and PR).
This indicates the importance of the use phase (energy consumption during operation due to internal
losses) for the final LCA results. HMGS and RS show very similar profiles, although the contribution of
the different life time phases varies slightly. Especially the use phase has a lower contribution as wind
electricity shows a small environmental burden than PV based one, why the contribution of internal
energy consumption due to inefficiencies has a lower weight. ETS and PR have comparable impacts as
the charged electricity is assumed to be based on the European electricity mix which has a considerable

higher environmental burden in relation to the renewable energy for HMGS and RS.
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Figure 7-17: LCA results for all technologies and application cases and main shares to total impact
Comparing the different LIB types, NCM shows a high endscore for all application cases where it is
considered. Correspondingly, the high cycle life of the LTO and LFP leads to very good results for these
two battery types in all applications. Like for LCC, where the initial investment costs of LTO are
significantly above those of other LIB, the recipe end-score for LTO battery production is also higher.
Nevertheless, the difference over the entire life cycle is lower, and the higher cycle life time and a low
minimum SOC can compensate for this in all applications. VRLA has, despite its very low impacts from
cell production, a very high environmental impact over its life time. This is mainly due to relatively low

cycle life time and low-efficiency grades, requiring heavy oversizing in all cases. Also, VRFB show
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comparably low-efficiency grades, leading to higher energy consumption and thus a higher
environmental burden over the entire life time, especially for the grid-electricity based application (ETS).
An interesting difference regarding VRFB in relation to other battery types (and a result contrary to that
for LCC) is that the impact increases for applications with a very high E/P ratio (e.g., RS). A high E/P
ration requires proportionally high amounts of vanadium pentoxide (V20s) electrolyte, associated with
environmental burdens for its production. It has to be mentioned that the results of VRFB are associated
with a high uncertainty as in the case of LCC. In this work, V20s is assumed to be obtained from slag
from an iron production process by roasting with NaCl or NaCOs, leaching with ammonia, alumina-
thermic reduction and electron-beam melting [276]. This leads to a high overall impact for VRFB in cases
with a high E/P ratio, while other ways like obtaining it from petroleum or refinery slags or a by-product
of uranium mining [287], might give different results. Since these different modeling approaches cannot
be represented by uncertainty distributions, they are also not reflected in the uncertainty distributions of

the recipe final scores.

Impacts for NaS are very high for the case of PR due to the fixed E/P ratio and the resulting considerable
oversizing of capacity (factor 6). This also comes true for the HMGS application case where the battery
scores next to last to VRLA. Results with higher E/P ratios show better results which are comparable

with those from NaNiCl as in the case for RS.

PHS is characterized by low impacts despite its comparatively low-efficiency grades which can be
explained by the long-life time of this technology of up to 90 years. CAES has the highest impacts in this
application field due to low-efficiency grades and the combustion of natural gas. It has to be mentioned
that future works should consider adiabatic CAES where no combustion is required due to the use of
storage units to store heat resulting from compression which is then used for heating in case of air

expansion.

The share of the different impact categories in relation to total scores are given in Figure 7-18. It can be
seen that overall impacts come from DRA and DHH dominate in all cases. A brief overview of the main
categories and their overall share on total scores is given in the following as it is not possible to present

a detailed picture of all impact categories for each technology and application case.

DRA: Is characterized by two categories namely metal and fossil depletion. The first category describes
the additional net present costs that society has to pay as a result of extraction and has a significant
share in almost all battery storage technologies. Fossil fuel depletion refers to resources including
hydrocarbons (liquid petrol, methane, etc.) and is strongly dependent on the provided electricity mix
(e.g., ENTSO-EU mix vs. electricity from wind turbines corresponds to a factor of 24 or a factor of 5.3
for PV. The case of metal depletion though is contrary, and RES show a higher depletion in this category.
VRLA shows the highest DRA among all battery storage technologies as the battery is considerably
oversized to assure a sufficient high cycle life time to avoid cell exchange. NaS and NaNiCl have
comparable results, where only HMGS and PR show differences due to the oversizing of the first related
to limitations of E/P ratio. Total scores of all battery technologies are dominated by cell production. Fossil

fuel is one of the main contribuents in the case of CAES.
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DHH: the final score of almost all technologies is strongly influenced by climate change (e.g. radiative
forcing in COzequivalents, temperature effects damage to human health (malnutrition, cardiovascular
disease etc.)), followed by human toxicity (the environmental persistence and accumulation in human
food chain, and toxicity of a chemical) and particulate matter formation (includes a magnitude of organic
and inorganic substances (e.g. SO2 NOx, NMWOC etc.)). One exception is VRLA and NMC where the
human toxicity dominates. This is mainly due to the use of lead (88% share) for VRLA and related to
cell production in the case of NMC. In general, cell production contributes the most significant share to
climate change and particulate matter formation for all batteries. Again, total scores in this category are
highly dependent on the considered electricity mix. Especially CAES shows here high impacts due to

the additional combustion of natural gas.

DE: The highest impacts are also as in the case of DHH related to climate change (related to ecosystems
and the loss of species (mainly plants and butterflies)), followed by agricultural, urban, natural and
agricultural land occupation (occupation of transformed area and related loss of species over a given
period time required for restoration and the impact on the number of species on that area [268])). Espe-
cially the latter is relatively high for PHS due to the need for a lower and upper water basin. Climate
change contributes the main share for all technologies within this endpoint. Technologies with low-
efficiency grades tend to have higher impacts in this category due to increased energy consumption. As

in the other cases, this factor is strongly dependent on the electricity mix considered.
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Figure 7-18: Share of endpoints to total score for all technologies and application cases (median values)

7.7.3 LCA - sensitivity analysis for HMGS

The sensitivity of recipe endpoint results in dependence of major battery storage parameters within a
range of -20% to 20% around median values is given in Figure 7-19. Again, LFP is taken as a reference,
and positive changes of parameters are indicated in dark grey and negative ones in light grey. Variation
of recipe scores is related to the median value of 0.02. It can be seen that decreasing efficiency grades

increases environmental impacts significantly. Reducing impacts during cell production leads to
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significant reductions in total impacts. Comparable impacts can be observed for cycle life time and

energy density where increasing parameters lead to environmental benefits.

The detailed sensitivity analysis (as previously for LFP in HMGS) shows that results are, as for the LCC,
highly dependent on operation hours and thus the amount of energy stored per year (Figure 7-20 A).
Relevance of efficiency grades is highly dependent on the environmental burden of the charged
electricity in the case of HMGS (determined by the share of PV or micro wind turbine), and its influence
only increases for minimal use-intensive applications (low amounts of energy stored per year). This is
due to the increasing weight of battery production since for a low-efficiency battery the losses have to

be compensated for by oversizing correspondingly (the basis of comparison is the net electricity
provided by the battery).
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Figure 7-19: Sensitivity of recipe endpoint results to different parameters of battery operation and properties
(inspired by [5])

The recipe endpoints allocated to the charged electricity is of paramount importance for the total
environmental impacts of the system and has a comparable impact to the impacts caused by the battery
production process (Figure 7-20 B). A comprehensive sensitivity analysis of different operating

conditions in ETS, RS, and PR and resulting environmental impacts is also provided in [190] for
greenhouse gases.
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Figure 7-20: Sensitivity analysis for RS with LFP A) battery production vs. charged electricity B) Variation of
efficiency and total stored energy per year
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7.8 Discussion of technology evaluation

The chapter provided an overview of effects and impacts of different energy storage technologies in
selected applications regarding the identified criteria and use cases within the MCDA process. Figure
7-21 provides an overview of all considered criteria, the way of quantification as well as comments
related to the issues which occurred during technology evaluation presented before. Based on this
experience the quantification methods used are rated regarding their perceived robustness and state of
knowledge and indicate the potential for future research. This is simply done qualitatively by a traffic
light system where red indicates low knowledge, orange a moderate and green a good robustness as

well as the availability of data.

Social factors represent the most uncertain criterion due to missing literature and knowledge related to
energy storage in this context. Especially local acceptance is a relatively new area when it comes to
end-user near decentralized stationary battery storage. It is difficult to find standard definitions in
literature as there are highly different notions when it comes to the factor of, e.g. “public acceptance.”
Some examples for factors which increase the willingness to adopt a technology (or to accept it) from
literature which can be named in this regard are the works of [99] and [100] which have been introduced
in chapter 2.8. In general, expectations of the public about low cost and environmental impacts and
properties of different technologies have a high impact on their technology acceptance [207]. Every
criterion used for this technology evaluation can thus be seen as a relevant aspect and is highly
interdependent from others which in sum may contribute to the overall “acceptance® or willingness to

adopt a technology.

| Goal || Main Criteria | | Sub-Criteria | | Quantification l ’ Comment
Socio economic
- performance No destinction between battery
Society & Public acceptance technologies, only qualitative evaluation.
Policy P Technology evaluation is furthermore
Compliance with only conducted by experts.
regulation & policy
) . Data forinstalled capacities may not be
Maturity —1 |Installed capacity, patents up to date.
Technology Techn. performance || Life time, eficiency, cycles, Large data base, comparison of various
Aspects P energy & power density sources.
i - Several sources available.
Techn. flexibilty ~ |—] . . ResPonse time, re-
quirements for construction

Damage on eco-system

Environmental

Damage on Human

CA - Recipe method;

Sustainability evaluation and choice of
technology

Depends on quality of LCI data source
which may vary considerably between
technologies. Recipe end-point inhibit a
high degree of uncertainty. Not all mid-
point categories are considered.

Aspects health Ecoinvent 3.2
Damage on ressource
availability
. Investment Cost ——I Energy storage database
Economic
Aspects
Life Cycle Costs —— Annuity based calculation

Data availability varies in dependence of
technology, both categories are highly
dependent on related application fields

Figure 7-21: Summary of all indicators and quantification methods used for technology evaluation in frame of the
MCDA and the perceived uncertainty of these (own estimation)

The robustness and state of knowledge related to LCA results are highly dependent on the availability
of data which is not the case for some technologies (e.g., RFB, NaS or CAES), where more research

efforts are required. A more in-depth analysis should thus be conducted based on mid-point indicators
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to obtain a more comprehensive picture of the impacts related to the technologies assessed. Economic
aspects seem to be relatively robust as there is already a certain degree of literature available. It remains
however difficult to find representative application fields for different electrochemical energy storage

technologies. This comes mainly true when dynamic cycle life time is considered.

The intermediate results and the sensitivity analyses point out the importance of cycle life and internal
efficiency of battery systems for their environmental impacts and costs (LCC). This corresponds to the
findings by Hiremath et al. [288] and Battke et al. [210], who assessed the environmental impacts and
LCC of different battery types in stationary applications. In line with these works, initial investment costs
and battery replacement are found to be the primary drivers of costs (LCC). Therefore, the LCC results
depend to a significant share on the battery cell costs, while for the LCA, the battery efficiency (charge-
discharge losses during operation) is of paramount importance, especially when buffering electricity with

a substantial environmental backpack.
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8 Results

The literature review has shown that most studies concerned with decision making regarding energy
storage do not consider socio-technical dynamics and instead focus on small homogenous expert
groups. Itis postulated that CTA can help to break through typical enactment cycles by shifting the locus
of assessment towards a broader perspective to provide a base for social learning to create “better” or

sustainable technology in a “better” society.

Stakeholder priorities regarding technology properties quantified in the chapter before are obtained by
pairwise comparisons within AHP which will be presented in the following sections. One of the aims of
this work is to identify if there is there are common expectations about these characteristics that energy
storage technologies should possess. A high “sharedeness” of expectations ensures that stakeholders
act accordingly to these expectations. AHP judgments serve as a base to calculate the consensus which
represents the level to which a group is satisfied by a decision. This requires that judgments are homog-
enous and that the priorities expressed by individual group members are compatible with the group
priorities [181]. The degree of this consensus can serve as a starting point for further stakeholder inter-
action to achieve alignment. A further target of this work stated in chapter 4 is to identify which technol-
ogies perform the “best” in the face of identified criteria and application cases. AHP priorities and tech-
nology evaluation results are used as an input for TOPSIS which serves as aggregation method to
calculate overall technology performance. A special focus is put on the case of HMGS due to the high
relevance attributed by actors to decentralized use cases (see chapter 5.6). An open question is how to
use given results to inform actors to achieve something like “better technology” and to enable something

like “social learning.”

The following chapter provides the results of the MCDA inquiry, presenting overall and specific group
preferences and their degree of consensus. Resulting scores through the combination of technology
evaluation and AHP through TOPSIS are given in the following section. Then, a sensitivity analysis of
varying weights and model assumptions for HMGS to provide insights into changes of rankings is given.

Finally, a summary of results is provided and discussed.
8.1 General priorities and consensus

The prioritizations, including insights to mean, min, max, medians, standard deviations and consensus
for all stakeholders and criteria are indicated in Table 8-1. Median values for priorities are taken for
further calculations related to technology evaluation. All categories include the consensus of prioritiza-
tions regarding the sub-criteria as, e.g. damage to human health, to ecosystems and resource availabil-
ity as in the case of environmental impacts. A high consensus up to 100 % indicates a high degree of
consensus or “sharedness” of the perceived characteristics technology should have, >75 % can be con-

sidered as high. Around 50 % represents modest consensus and <30 % can be considered as very low.

Results for median priorities related to the main criteria indicate a high preference for economic aspects
(0. 241) and environmental impacts (0. 236). It is interesting that stakeholder almost attribute the same
importance to these two criteria as a strong preference towards economic aspects was perceived. It

must be mentioned that average values indicated the contrary standard deviation shows that a rather
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high variance of perceptions of different stakeholders is given. This may be explainable by the comments
given by interview participants which indicated, that environmental impacts can also represent a crucial
impact on overall project costs in case of unforeseen severe environmental impacts. Technology per-
formance aspects are ranked third related to their perceived importance (0.197). The least importance
is attributed to social aspects (0.131) which seem to play a little role when it comes to the relevance of
storage technology properties. Standard deviation is the highest for first two main criteria and is signifi-
cantly lower for last two. This also comes true for maximum priorities (0.59 vs. 0.7). The consensus is
with 42 % is rather low and indicates that there is no real common perception regarding these four

criteria among all participants. Consistency (GCl) of overall results is very high (0.115).

The category of environmental impacts shows a clear dominance of potential impacts related to the
recipe category of human health (0.472). This criterion is followed by damage to eco-systems (0.263)
and finally resource use which was weighted the lowest (0.146). Here, standard deviation, minimum and
maximum preferences are comparable for all criteria. Total consensus though is low with 37.9%, indi-
cating that there is the need for a more in-depth discussion with participants whereas consistency of

AHP comparisons is at an average level.

Social acceptance, as well as socio-economic value, are perceived as equally important (0.33) within
the field of social aspects, which are ranked the lowest in relation to the other categories. Regulatory
frames received the lowest priority (0.2). The latter is not necessarily seen as a prerequisite for technol-
ogy success through the eyes of some participants (compare with chapter 6), but on the other hand
missing regulation is often named as an obstacle when it comes to technology introduction. In general,
standard deviation was very high for all criteria, and consensus shows a low degree of shared expecta-

tions in this category.

The criterion of “Technology aspects” is ranked third among the other main categories. Again,
consensus is very low (32%), which also comes true for the consistency of given priorities (0.310). This
indicates that is was difficult for stakeholders to attribute clear priorities to each of these criteria within
the pairwise comparisons. Maturity and technology flexibility are seen as highly relevant (0.33 for both).
Technology performance has received a slightly lower priority (0.283). Especially maturity shows high

deviations regarding the given priorities (0.214).

Results for economic criteria show clearly a higher perceived importance for cost in relation to invest-
ment costs (0.200 vs. 0.800). There is no consensus among the stakeholders about the relevance of
these two criteria which is a surprising result as the contrary was expected based on the interviews
where LCC where often named as a relevant parameter for investment decisions. An explanation for
this may be that these two criteria can be seen an arbitrary and thus as challenging to rate for stake-
holders, or that indeed some stakeholders have a rather short-term perspective on investment decisions
(expressed by a high rating towards investment costs). The GCI for economic factors is 0 as only two

criteria are compared to each other.
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Table 8-1: Overview of overall weights obtained through AHP for all stakeholders n=69

Average
Category Criteria Median Mean Min Max STDEV.| GCI |Consensus
a) Environment 0.236 0.276 0.038 0.700 0.142
Main b) Social Aspects 0.131 0.170 0.038 0.509 0.095 0115 429
Criteria  c) Technology 0.197  0.206 0.038 0.590 0.108| °
d) Economics 0.241 0.271 0.038 0.700 0.142
a) Envrion- Eco-system 0.263 0.290 0.037 0.773 0141
mental impacts Human health 0.472] 0.485 0.037 0.773 0.169| 0.132 37.9%
Ressource use 0.146 0.193 0.037 0.662 0.169

Social acceptance [ 0.333 [ 0.364 0.052 0.750 0.192

|:f)30cua| Socio econ. value  [00.33300.371 0.052 0750 0.194| 0.145 | 34.3%
PETIOTMANCe  pegulatory frame [l 0200 B 0.239 0.052 0.745 0.165
o) Technology LT 0.333 0341 0051 0750 0214

rtormoney Flexibilty 0.333 0346 0051 0678 0.163| 0310 | 32.9%
Performance 0.283 0.277 0.051 0.662 0.153

d) Enconomic _ Investcost 02000 0.324 0100 0900 0242] o 0.0%

Performance LCC 070,800 0 0.676 0.100 0.900 0242 e

8.2 Group preferences and consistency

Numeric values of preferences of enactors and selectors are given in Table 8-2 to provide detailed
insights into resulting priorities as vectors had to be rescaled for graphical reasons regarding the four
main criteria in Figure 8-1. Results from AHP show that selectors have profoundly different expectations
on technology properties in relation to enactors which will be discussed separately in the following. The
matrix in Figure 8-1 is calculated in orientation towards the Boston Consulting Group (BCG) matrix and
allows “to map” stakeholder’s preferences and consensus regarding the four main criteria in a simple
way. The location of the bubble is based on the four vectors attributed to each criterion by every
stakeholder group. A group does not have a strong preference for any criterion if, e.g. a bubble is
situated nearby the middle of the 4-field matrix. Labeling of bubbles includes the number of valid
prioritizations (1 to n) then the type of stakeholder group and finally the resulting consensus factor within
the entire group in %, which is also expressed in a bubbles size (the bigger it is, the higher is the

consensus).

The selector sub-group preferences (see Table 8-2 and Figure 8-1) are highly diverse. In total, there is
a stronger preference towards environmental aspects and relative comparable priorities for technology,
economics, and social aspects. As stated in the theory chapter, comparative indicators for technology
selection as environmental and social impacts are more relevant for this actor group [141] [20]. Total
consistency for selectors is 40% which can be considered as low. It is difficult to provide a representative
picture of all stakeholder sub-groups due to the low response rate or non-sufficient consistency of
prioritization of some single groups. It is evident that 1 participant will achieve a consensus of 100 % as
in the case of public body and policymaking. The two candidates from “Regulation” (lower right quadrant)
and “Municipal utility” show a very high and moderate consensus with 97 % and 74 %. The latter shows
a strong tendency towards social aspects which also comes true for the one stakeholder from

policymaking. The group of utility companies including 11 valid datasets has a low consensus of 35 %
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with a stronger tendency towards the importance of technology and economic aspects of energy storage
technologies.

Table 8-2: Priorities from enactors and selectors as well as related subgroups

Selector 02520 01670 016200  0.149
Utility company

Network operator

Municipal utility

RES production/retail
Research - Energy system
Regulation

Civil society

Public body & policy making
Other

Enactor | 0136 0373 0237 | 0.112
Energy storage Business
Battery research R&D (Univ.)
Battery manufacturer
Automotive sector

This might be explained by the heterogeneity of this subgroup which also comes true for the group
“Others” with a consensus factor of 35 %. Stakeholders from “Research Energy System” had a strong
orientation towards environmental aspects with a balance of social and technical aspects with a low to
moderate consensus of 62% for 8 participants. Civil society had the strongest orientation towards

environmental aspects with a comparably high consensus of 73% with two participants.

Enactors show a stronger tendency towards economic and technical aspects and subgroups can be
considered as more homogenous regarding their priorities. Results prove that the enactment frame
leads them to concentric thinking about desired technology properties. This impression is reinforced
through a low consensus factor of 53 % for the entire group. The energy storage business participants
achieved a high (low to moderate) consensus of 72%, while battery storage manufacturers and
academic research achieved a low degree of 53% and 41%. The average preferences of enactors have
a clear techno-economic orientation. One exception are battery manufacturers who seem to have a very

balanced preference towards environment and economics.

The total consensus of 45 % for all actors is low and indicates a more or less different notions about the
importance of economic and environmental aspects of storage technologies. Technology aspects are in

total considered as more important in relation to social aspects as described in the chapter before.
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Figure 8-1: Consensus of different stakeholder groups and their median orientation towards the four given main
criteria for technology design, note that only valid entries have been included with N=69

Details to preferences and consensus of enactors and selectors as well as related subgroups for sub-
criteria are given in Table 8-3. Most enactors and selectors see LCC as a critical criterion for technology
choice in relation to investment cost within economic aspects. The consensus is very low for both
groups; enactors and selectors. Some exceptions are given for network operators and automotive
sector. Comparison of environmental impact factors shows a substantial importance to the criterion of
‘human health” among the other two factors within this sub-group. One apparent exception is civil
society, where two participants from NGOs took part and perceive “low damage to ecosystems” as most
relevant as a technology characteristic. The consensus is high for most of the groups, despite the
automotive sector. Criteria for social aspects are almost equally weighted for enactors and selectors
with a low consensus, whereas some of the sub-groups as battery manufacturers achieved high values.
Criteria related to technology aspects are weighted more differently between enactors and selectors.
The latter seem to lay more effort on technology performance whereas enactors perceive the technology
maturity as very important, which comes mainly true for battery manufacturers. It is interesting that in
general priorities and consensus of subgroups vary remarkably. This variation shows that interests are

profoundly different among the subgroups related to enactors and selectors.
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Table 8-3: Prioritizations of sub-criteria and related consensus factor for enactors and selectors including all 13
stakeholder (SH) subgroups.

Env. aspects Social aspects Techn. Aspects Econ.Aspects
S - -

P 7 ) 2 . ® I 38 ®

: |5 & 2|3 (§ § £ /3 & &z | ¢ |3

e 2 3 S ) Y 4 .,_,s 5 I g'c' I g £ g

= 0 (] Qo 1 1 0

S /8§ § 518 |s s $ /5 [385 58 $8 |5

Stakeholder z G « % |6 |lg ¢ « |6 [£3L £]4 £ 9 /S
Selectors 40 028 0.14 0.46 [65% | 0.33 0.33 0.20 41%(0.31 0.33 0.29 40%| 0.18 | 0.82| 2%
Utility company 10 026 0.18 054 B056| 017 049 019 010(0.38 025 0.14. 0.11} 0.13 §0.88 0.00
Network operator 4 025010 058 B0.75| 054 034 011§ 058(0.14 0.35 044 100} 0.14 §0.86 @95
Municipal utility 2 05310117032 M0867| 064 027 0.08 IM00/0.07 0.47 0.47 " 1.00ff 0.18 083 64
RES production/retail 8 027 /010 053 F0I47| 060 026 0135 031(0.31 029 028 0.32) 0.17 F0.83 0.00
Research - Energy system 8 033 030/ 033 F0.33[ 033 033 033F 035(0.33 033 033 066 0.18 B0.82 h 20
Regulation 3 009 0.18 0 08D| 031 021 047 000(057 021 0.19. 083 048 £ 0.53 0.00
Civil society 2 05510081033 067 036/ 0421018 0.00(0.20 035035 000} 0.18 W0.83 PG4
Publ. body & pol. making 1 040 10.20 ¥0.40 W00 0.33 1 0.33 10.33 Ew100|0.33 0.33 0.33 1.00 jm0.50 m0.50 WRO0]
Other 8 038 012 04580 69| 033 033 019F 046/0.15 0.48 0.31 062} 0.20 B0.80 0.00
Enactors 23 018 0.16 057 (14% | 0.33 0.33 0.24 | 12%(0.33 0.29 0.22 25%| 0.25  0.75 0%
Battery manufacturer 4 01710187056 ED.28| 0237058 016 077|062 022 0107 035) 0.25 B0.75 000
Battery R&D (Univ.) 10 0170.18 6 I0.35(0 04570331013 0.28/0.33 0.33 0.21 014 0.25 O.75 P19
Energy storage Business 7 017 10.17 060 820|033 1029 033 0.43(027 0.33 032 0.49])0.50 F0.50 |0.06
Automotive sector 2 0117034 049 OEOO 0.22 1065 | 0.06 I.00(0.06 0.20 066 " 1.00ff 0.16 084 O]

8.3 Ranking of technologies in different applications

First, MCDA results for all main criteria are discussed, and total rankings are given at the end. Figure
8-2 provides the results for the aggregation of economic criteria namely; investment cost and life-cycle
cost (LCC). The first row of bars represents the optimistic case in which the lower 25% quartiles of MCS
results (lower investments and LCC) are used as input for ranking. Main results in the base scenario
are indicated in color by the bars in the second row. Finally, the pessimistic scenario is represented by

the 75 % quartiles (high investments and LCC).

The first case is represented by ETS which includes CAES and PHS (indicated in yellow and dark-blue)
as technologies for comparison reasons. It also represents the principal business case for large bulk
storage technologies as already mentioned earlier. LTO and NMC are not included in this case, due to
graphical issues (ranking is the same as in the case of HMGS). PHS dominates this application followed
by CAES and VRFB. The latter seems to be the most competitive technology in economic terms among
battery storage but is followed narrowly by NaNiCl which switches ranks with LFP in the pessimistic
scenario. In general, LFP dominates the group of Li-based batteries. NaS and VRLA share the last two

ranks. Whereas the first has a close distance to the other technologies and the latter not.

Wind energy support only includes battery storage technologies, which are dominated by NCA and LFP.
VRFB and NaNiCl share ranks 3 and 4 and switches ranks in the optimistic case due to their comparable
investment cost and LCC. LTO and NaS share the ranks 6 and 7. The first has very high investment
cost whereas the latter has a comparably low-efficiency grade resulting in higher energy cost in LCC.

Again, VRLA is ranked last.

Results for primary regulation are slightly different to the other two cases. LFP is ranked first, followed
by NCA due to their balance of investment cost and LCC. Here, NMC is ranked 3 followed by NaNiCl
and with some distance by LTO. VRLA is ranked in the 6t place as NaS and RFB can be considered
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as not suitable for this application which comes especially true for NaS. This results from the energy to

power ratio of this technology of 6 to 1 which results in a considerable oversizing.

The case of HMGS is calculated for a 3.33 energy to power ratio which favors other technologies then
VRFB and NaS which are ranked last due to their comparably low-efficiency grades in combination with
high electricity cost resulting from PV and small wind turbines. Thus, VRLA also lose ground to other
technologies and are ranked on the 6% rank. Here, LFP and NCA dominate again the application
followed by NaNiCl and NMC. It can be seen that the last three ranks can switch within the other
scenarios, results should for these thus be seen as critical due to very close results in the different

viewed scenarios.
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Figure 8-2: Results for economic criteria, all technologies and application areas considering Optimistic, base and
pessimistic cases

Aggregated results for environmental criteria on the base of stakeholder weights are given in Figure 8-3.
It can be noticed that ranking varies considerably in relation to those obtained for economic criteria.
LFP, NCA or LTO share within all application areas despite ETS the ranks one 1 to 3. Ranks can vary
slightly in the same range depending of the viewed scenario (optimistic or pessimistic). LTO has a very
high cycle life time, resulting in a considerably higher score due to a low number of cell replacements
which can be seen in contrast to its rather low economic ranking. Here, PHS is ranked third in the case
of ETS and switches ranks with NCA in the optimistic scenario. CAES is ranked last due to the

combustion of natural gas.

VRLA is ranked last for wind energy support and HMGS. One exception is the primary regulation
application field where NaS has the lowest results, due to its significant oversizing. RFB is ranked lower
with higher E/P ratio due to an increasing need for Vanadium Pentoxide which comes especially true for
wind energy support (E/P ratio of 10). In general distances among total scores are very close in case of

lithium-based technologies and NaNiCl.
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Figure 8-3: Results for environmental criteria, all technologies and application areas considering optimistic, base
and pessimistic cases

The results for all technology aspects are summarized in Figure 8-4. These are evaluated independently
from application areas as explained in chapter 7. In consequence, only ETS is compared with other
application fields as ranks of the latter do not change. Details on the evaluation can be found in the

corresponding chapter 8.1.
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Figure 8-4: Results for technology criteria, all technologies and application areas considering optimistic, base and
pessimistic cases — scores do not change for the single application cases and are thus summarized to “other
application cases.”

ETS includes two different technologies, namely PHS and CAES which dominate the other alternatives

due to high cycle and calendric life times. The optimistic case is also characterized by an equal maturity

degree of all technologies to receive a pure technology driven picture. This leads to a change of ranks

between VRLA and VRFB. Li-lon based technologies dominate technological aspects in all other
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application fields due to a good balance of properties of these technologies and a comparably high
maturity degree. Again, VRLA and VRFB change ranks in the optimistic case. Admittedly, technological
criteria can be seen as redundant as the also have high impacts on LCC and LCA results. Nevertheless,
a particular relevance is attributed to them when stakeholders are confronted with them as they are easy

to interpret.

All results for the aggregation of social aspects are indicated in Figure 8-5 where only two cases are
shown as in the case of technology aspects as ranks do not change in the other application areas. This
is a result of the relative bad availability of data in this field and indicates a high demand for further
research. It can be seen that PHS has the lowest score of all technologies. This can be mainly explained
by the low perceived public acceptance of this technology. It is surprising that CAES is ranked first. A
reason for this circumstance it the high score of this technology when it comes to regulatory issues and
comparably good score for its perceived acceptance. Battery storage ranks are the same for all
applications; only VRLA is ranked higher due to the availability of regulations regarding recycling rates

(compare section 7.3.1).
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Figure 8-5: Results for social criteria, all technologies and application areas considering optimistic, base and
pessimistic cases — scores do not change for the single application cases and are thus summarized to “other
application cases.”

Total results for all analyzed economic, social, environmental and technological criteria, technologies
and application fields are given inFigure 8-6. Aggregation has been carried out by TOPSIS using the
weights for the four main criteria provided by AHP (See chapter 6). Again, the structuring of the graph

is the same as in the case of the environmental and economic evaluation.

The case of ETS is dominated by PHS, followed by CAES which is interesting as the technology can
balance its low score from environmental evaluation with the one form economic evaluation. These two
criteria are almost equal ranked, but economic performance of all other battery types is far lower in
comparison to considered large-scale energy storage technologies. CAES changes rank with LFP in the
optimistic and pessimistic case. Even low acceptance scores of PHS did not omit high ranking of this

technology as social aspects were in general ranked very low.

In the three remaining cases, lithium-based technologies despite LTO achieved comparably high ranks,
as promising results achieved in the environmental assessment of this technology do not outweigh the
low economic score it. NaNiCl shows comparable performance to LIBs due to a good balance of scores.
NaS has a rather low ranking (6 to 7), which comes especially true in the case of primary regulation (E/P

1) due to its fixed E/P ratio of 6. The case of RFB is highly dependent on the viewed application field. It
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can be stated that this technology has, in general, a high potential for large-scale applications with high
E/P ratios but not for other areas where lower storage times are required. Results for HMGS should also
be seen in the context, that battery size was set to an E/P ratio of 3.33. Higher E/P ratios can lead to
changes in ranking which will be part of the following sensitivity analysis. In general, VRLA scores low
almost all cases and scenarios, still this technology shows low investment cost and is often used for
applications as uninterruptible power supply. It could be however shown that performance of most
technologies is dependent on the chosen application area.

The use of different scenarios/datasets does not lead to significant changes in ranking. Only slight
changes of up to one rank can be observed (HMGS for Na$S in Figure 8-6).
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Figure 8-6: Final Results for indicative ranking, all technologies and application areas considering optimistic, base
and pessimistic cases —

8.4 Sensitivity analysis for HMGS

The following chapter will give some insights into major parameters which have an impact on the
presented results. Firstly, an overview of different modeling assumptions for HMGS as a reference case
and their impact on final results is given. In the second section impacts of different AHP rankings are

given for selected application cases.

8.4.1 Impact of assumptions: HMGS sensitivity analysis

The application case for HMGS is used as a reference case to explore how changing modeling
assumptions impacts final raking of considered technologies. The sensitivity analysis includes 2 different

scenarios in relation to the base which are as follows:

A) Improved storage capacity: Storage size is increased from 1 MWh to 2 MWh, whereas cycle

probability is maintained (energy to power ratio of 6.66).

B) Base case: reference case, see chapter 7.4.2 with 1.4 cycles and 1 MWh storage capacity
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C) Low cycles per day: represents the minimum average number of cycles per day (from 1.4 reduced to
0.3) obtained from the HMGS model

The results of the considered scenarios regarding recipe are given in Figure 8-7. It can be seen that
changing assumptions regarding the size and operation conditions of storage have an impact on
ranking. Increasing storage capacity changes rankings up to one place for most technologies where
NCA switches to rank two and NaNiCl and NaS to the 4! and 5™ rank. VRFB is rated worse in relation
to the base case due to the higher amounts of VOs electrolyte required which has a high environmental
burden (See chapter 8.3). Decreasing the daily number of cycles from 1.4 to 0.3 has comparable impacts
as changing storage size. One exception is VRLA is now on the 6! and RFB on the 8" place. This is
due to the reduced amount of exchanges for VRLA which reduces considerably environmental impacts.
Using different dataset (optimistic 25 % quartiles, Base median and pessimistic 75 % quartiles) does

not have significant impacts on the ranking of the considered technologies (compare with chapter 9.3).

The impacts on economic scores are given in Figure 8-8 and show that there are extreme changes in
the ranking of the different battery types. VRFB would be ranked on the 4t place in scenario A) in relation
to the base case B) where the latter was ranked last due to reduced investment cost as well as LCC.
LTO and VRLA lose ground and are ranked in the last two places. Scenario C) is very favorable for
NaNiCl which is now on rank one due to very low LCC. The remaining rankings are comparable to the

base case. In total, using different datasets has not led to significant changes in ranking.

Pessimistic

Score - Environmental Aspects

NaS

NaNiCl
VRLA
VRFB

A) HMGS (2 MWh, 1.4 Optimistic
cycles, 300 kW)

LFP
NMC
LTO

NCA
NaS

NaNiCl

B) HMGS base case
(1MWh, 1.4 cycles, 300
kW)

3
=3

VRFB

C) HMGS (1 MWh
0.3 cycles, 300 kW)

Figure 8-7: Sensitivity analysis of environmental score for the HMGS case with different assumptions on storage
size and operation conditions
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Figure 8-8: Sensitivity analysis of economic score for the HMGS case with different assumptions on storage size
and operation conditions

Finally, impacts on total scores are given in Figure 8-9. It can be seen that rankings have a comparable

order to the base case where LFP and NCA are always ranked first. VRFB is ranked on the 5™ rank in

scenario A) and VRLA, as well as LTO last which represents a significant change to case B. Reducing

daily cycles leads to an improvement for VRLA which is ranked on the 5th place lower cycling, favors

this technology) whereas NaS and RFB remain on the last two ranks.

Pessimistic

Final score

Lo
So~
zZ23m Optimistic
A) HMGS (2 MWh, %gm oo
1.4 cycles, 300 kW) z7> S22 Sas
Z 4 > g o 5 o
B) HMGS base case 3 g &
(1MWh, 1.4 cycles, z->
300kW) C) HMGS (1 MWh
0.3 cycles, 300 kW)

Figure 8-9: Sensitivity analysis related to final scores for the HMGS case with different assumptions on storage
size and operation conditions

These changes show that the chosen load profile for HMGS always has to be analyzed for a specific

case and that it is difficult to provide a representative case for this application field. In general,

134



Results

assumptions have to be selected carefully, and results should always be seen in the given scenario

context.

8.4.2 Impact of changing priorities on technology ranking

A sensitivity analysis for AHP weights is conducted to explore the impact on different preferences on
criteria related to the analyzed technologies. All pairwise comparisons are set to equal to avoid
inconsistent comparisons where only the parameter of interest is then changed in relation to the others.
First, changing weights for main criteria, then for a selection of sub-criteria are analyzed. Median values
from the technology evaluation are used for criteria aggregation. The different weights also indicate

which technology would be the most suitable out of the perspective of distinctive stakeholder groups.

Figure 8-10 provides an overview of the impact of different preferences regarding environmental aspects
vs. economic aspects as these were perceived as the most critical criteria in average by the
stakeholders. Final results are plotted in dependence on a varying AHP scale from 9 (Extremely more
important, absolute importance where one criterion is favored over another with the highest possible
order of affirmation) to 1 (Equal importance where two criteria contribute equally to objectives). Again,
it must be noted that all other criteria weights are set to 1, which represents an equal weight. Final results

may thus not be identical with the ones presented in chapter 9.3.
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Figure 8-10: Sensitivity analysis for all application cases of varying AHP weights for environmental and economic
performance
It can be seen that ranks can change noteworthy depending on the application case and given AHP
score up to the maximum of three ranks. The case of ETS shows, e.g., that CAES is ranked on the 5"
place when preferences towards environmental aspects are low and on the 2" rank if a strong economic
performance is preferred which correlates well with the results found in chapter 8.5 and 8.6. This is
explainable through the strong economic performance of this technology which outweighs its impacts

on the environment in case of favorable weighting.

Comparable results are given in the case for WES regarding VRFB with a change from 7t to 6t rank in

case of economic preferences. In both cases, VRLA is always ranked last despite different weights. LTO
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changes ranks in the case of PR, where the technology is ranked 3 for stronger weights on low
environmental impacts and the 5" rank on the contrary case. VRLA, NaS, and RFB are not affected by
different weights and remain on the same ranks. The first battery type is ranked on the 7t rank in case
of HMGS and a stronger emphasis on environmental criteria and on the 5 rank on the contrary case

for economic performance.

Figure 8-11 depicts the impact of changing weights related to technology aspects and environmental
vs. social aspects for ETS as there are almost no changes for the other applications observable. CAES
changes rank in case of a strong preference towards social aspects as follows: one rank in comparison
to technology aspects due to a very low score on acceptance for PHS; 3 ranks in case of lower

preferences towards environmental aspects.

9 9

8 VRLA 8 VRLA
fé 7 NaS X Nas
© 6 VRFB © VRFB
5 NaNiCl @ NaNiCl
c c
=4 NCA = 4 NCA
@3 LFP D3 X Y, LFP
w2 PHS w2 | — e | PHS

1 CAES 1 CAES

0 0

9 87 6 543212345689 9 87 6 5 43 2 123 456 89

Technology Aspects Equal importance Social Aspects Environmental Aspects  Equal performance Social Aspects

Figure 8-11: Sensitivity analysis for ETS with different AHP weights for technology and environmental aspects vs.
social aspects.
It is not possible to provide a sensitivity analysis for all sub-criteria and application cases. The analysis
in the following is thus limited on ETS and HMGS and some selected criteria. Weighting the sub-
categories differently can lead to a change of maximum 2 ranks as depicted in Figure 8-12 for the case
of ETS and HMGS. The upper two graphs show the results for different weights on investment cost vs.
LCC. It can be seen, that a preference towards of these two criteria can lead to a switch of ranks for
CAES and LCC and that NaNiCl can lose up to two ranks in case of a stronger weight for LCC. The
same comes true for VRLA in HMGS where the technology is first ranked on the 6t rank and then on
the 8th,

The lower two graphs represent the changes which can occur in case of different attributed weights
related to damage to ecosystems and damage to human health for the same application cases. In ETS
only CAES and PHS switch ranks. PHS is in total ranked second in case of a higher preference towards
low damage on ecosystems due to high impacts related to urban as well as agricultural land occupation
and natural land transformation. CAES switches rank with PHS when damage to human health is
weighted stronger due to the formation of emission related to the combustion of natural gas (greenhouse
gases, ozone depletion, etc.). Comparable results can be seen for the case of VRLA due to the use of

lead (88% share) which has a high impact on human health.
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Figure 8-12: Excerpt of the sensitivity analysis for ETS and HMGS with varying AHP weights for the sub-criteria
investment cost vs. LCC and damage to ecosystems vs. human health

8.5 Summary and discussion of results

Table 8-4 provides an overview of given stakeholder preferences, their calculation, and sharedness
among the participants regarding the main criteria. Green indicates a strong preference and a high
consensus, a weak preference and low consensus are indicated in red, intermediate results are depicted
in yellow and orange. Enactors attributed priorities within their enactment frame with a strong tendency
towards economic aspects (LCC) and technology performance of electrochemical energy storage.
Impacts on the environment and social aspects seem to play a minor role for them. Selectors have a
broader view with a strong focus on environmental issues and comparably equal priorities for the other
factor. Combined views from enactors and selectors within the frame of CTA allow it to shift the loci of

assessment to provide a broader picture about the relevance of properties regarding “better” technology.

Total priorities have a stronger orientation towards the environment and economic factors, followed by
technical and social aspects for both groups. The consensus of all participants regarding the importance
of all used criteria was rather low. Single group consensus was the highest for enactors for main criteria
(54%) in relation to selectors (40%). An explanation here for might be that the actors of the latter group
are more heterogeneous in relation to the first. On average, all participants perceived the economic and
environmental performance as most important (0.241 and 0.236). Technology performance and social
aspects are comparably ranked lower (0.197 and 0.131). The consensus (0 none, 50% low and 100%
total consensus) on the importance of different criteria with a value of 42% can be considered as low
which also comes true for all sub-criteria with scores below 38% (See chapter 8.2 and table 8.1).
Interestingly both groups (enactors and selectors) have comparable tendencies regarding priorities

attributed to the different sub-criteria.

The low consensus about the importance of the two sub-criteria LCC and Investment cost was

surprising, especially as it was expected that consensus would be high. Investment costs play a higher

role in short-term investment strategies. In contrary LCC plays a stronger role when it comes to mid- to

long term investments and has a broader aim (the entire life cycle). Both criteria are to a certain degree
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redundant when calculated but not regarding decision making which is at the end always based on a

company’s preference.

Table 8-4: Summary of weights for main criteria and related consensus for enactors, selectors and combination of
both (total) (green = high; Orange= moderate; red=low)

Attributed weights [-] Consensus about weights in [%]
Enactors | Selectors Total Enactors | Selectors Total
Social & Political aspects 0.112 0.149 0.131 12 41 34.3
Techn. Performance 0.237 0.162 0.197 25 40 32.9
Env. impacts 0.136 0.252 0.236 14 65 37.9
Economic perf. 0.373 0.167 0.241 0 2 0

All priorities are used for criteria aggregation in combination with four different application cases (hybrid
microgrid generation (HMGS), energy times shift (ETS), primary regulation (PR) and wind energy
support (WES)) to pick the “best” or most sustainable energy storage alternative. An overview about the
indicative ranking of (electrochemical) energy storage technologies for the four different cases of ETS,
RS, PR, and HMGS is given in Table 8-5. Additionally, primary positive and negative influence variables

on the final ranking are also indicated in the same table.

It could be shown that batteries are ranked behind PHS and CAES in case of bulk storage applications
as ETS. This is highly interesting as CAES scored apparently the lowest in the category of environmental
impact, but second in economic and technical performance. PHS achieved the lowest score for social
aspects, but its high economic score has balanced out this drawback. The VRFB achieved the highest
score among all battery types in economic terms for ETS, but low results in environmental criteria lead
to a slightly low ranking (6 of 8). The use of batteries in this application would make only sense in case
of the absence of infrastructure required for alternatives or a high environmental preference (at least

when compared to CAES).

The other applications are strongly dominated by either LFP, NMC or NCA and NaNiCl. The
performance of VRFB and NaS is highly dependent on the considered E/P ratio. A high E/P ratio leads
to a better ranking of these technologies. Nevertheless, Li-ion based technologies dominate them in all
cases regarding total scores. The use of different MCDA evaluation “scenarios” using lower and upper
quartiles as well as median values has only low impacts on the final rankings (max. 1 rank). The
sensitivity analysis has shown that depending on the application case efficiency grades can have a high
impact on LCC as well as LCA results for all battery types. Calendar life time has proven to have only
little impact impact in relation to cycle life times as they determine battery exchange rates in most cases.
These results can be seen as contradictory to the weights attributed by stakeholders to calendar life
time and efficiency within the survey (see chapter 7.2.1). Additionally, the sensitivity analysis shows
clearly that technology only changes up to three ranks depending on the viewed case and the attributed
(extreme) weights. Variation of priorities related to sub-criteria can lead to changes of up to 2 ranks.
Changing major assumptions in the reference case of HMGS has also led to a maximum change of up
to 3 ranks. In total MCDA results can be considered as relatively robust regarding the conducted

sensitivity analysis.
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It has to be stressed that presented rankings should not be seen as an end of state, rather as indicative.
They can provide a first base for actors to discuss implications leading to these results and to improve

specific technologies into a certain direction.

Table 8-5: Summary of technology ranking within the four considered different application cases (green = high
rank; Orange=average rank; red=Ilow rank) and major issues identified related to specific technologies

Indicative Ranking Major positive and negative impacts
1 2 3 4! Positive Negative
Appli. HMGS | WES PR ETS
LFP 1 1 1 3 Life time, env. impact | Cost, recycling unclear?
Efficiency, life time, env. Cal. Life time
NCA 2 2 2 4 impact
LTO! 5 5 4 _ Efficiency, env. impact Cost, energy dens.
NMC! 3 3 3 _ Efficiency Cost
NaS = 7 8 7 Cost Efficiency, env. impact
NaNicCl 4 4 5 5 Cost, env. impact Life time
VRLA 7 8 6 8 Recycling, inv. cost Efficiency, env. impact
VREB 8 5 7 6 Life time, cost Efficiency, env. impact®
CAES ; ; ; 2 Cost, life time Env. impact, efficiency
PHS ; ; ; 1 Cost, life time Social acceptance

1: LTO and NMC are not evaluated in this field, as already two Li-based technologies are included
2: comes true for all Li-based systems
3: has to be validated

139



Conclusion

9 Conclusion

This work has the aim to identify the drivers and the future role of different stationary battery storage
technologies within the German energy transition and to pick the “best” or “better” technology
alternatives using a Constructive Technology Assessment (CTA) oriented framework. Providing “better
technology in a better society” is postulated as a goal within CTA-literature. The goal remains on purpose
loose and does not provide a recipe or definition of what “better” signifies. CTA provides a way to think
through the future we want to achieve by reducing potential negative impacts co-produced through the
interplay of society and technology (may it be environmental impacts, stranded costs or acceptance
problems). It offers a space to broaden perspectives, increase reflexivity and to enable social learning
among actors. These attempts are closely connected to some discussions in the field of sustainability
which is often named in line with “better” technology (see chapter 3.3). However, CTA does not
necessarily aim to provide a sustainability assessment of technology it rather aims to contribute to the
realization of better technology as stated before. This CTA framed work uses criteria named in literature
in line with sustainability to provide a first base to explore actor visions and expectations (see chapter
3.3 and 3.4) on battery storage using a transdisciplinary approach tailored in light of CTA theory (see

chapter 4).

The central question raised is broken down into 4 sub-topics (compare sub-research questions in
chapter 4.2) which are discussed in line with CTA theory. First general expectations and visions about
the future role of battery storage as a flexibility option are summarized, and recommendations are
provided within a SWOT analysis. Then, secondly, expectations related to an optimum construct of
battery storage are highlighted using the AHP. Thirdly, impacts of these expectations and a indicative
ranking of “best” technologies are presented in a quantitative way (LCA, LCC, and TOPSIS).
Recommendations of how to open and to provide a broader base for decision-making and technology
design are given in the fourth section of this chapter. Additionally, some research recommendations for
systems analysis are also provided. Finally, a critical reflection on the development and realization of
this research including CTA and the used modeling methods is given.

9.1 Future role of battery storage technologies

The first question block is based on the literature review as well as stakeholder expectations and visions
in chapter 2 and 5. It is considered about the general role of battery storage within the German energy
turnover, its role among other flexibility options and related main driving forces and obstacles. And, to
identify new linkages between a range of aspects business models and potential system integration

levels of battery storage.

It can be concluded that there is nothing as a most “probable scenario” for battery storage market
diffusion and use, the work provides instead an overlaying narrative and major implications based on
stakeholder expectations and visions which can serve as a base to further explore potential battery
technology trajectories (compare chapter 5).

Chapter 2 and 5 have shown that market diffusion of energy storage technologies is seen as heavily

dependent on the share of RES, available (or absent) regulations and market conditions. Energy storage
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technologies are considered as one balancing option among others which are namely; 1) Grid
reinforcement measures, 2) flexible demand, 3) flexible power plants and at the end of the line 4) electric
energy storage which itself is separated into modular and centralized storage. Stakeholders believe that

the energy transition will only be successful through an interplay of all these technologies.

A comparable high relevance is attributed to battery systems among other flexibility options in the online
survey. Interestingly, interviewed experts perceive battery storage as one of the most expensive
technologies and don't attribute them a high relevance in the next 10 years to come. Market diffusion of
electrochemical storage is believed to happen in line with increasing decentralization of the grid and
further progress in electric mobility (see chapter 5.4.2). Stakeholders agreed that it is hard to make
estimations about the uptake of battery energy storage technologies due to missing business cases and
regulatory frameworks. In general, electricity markets nowadays do not value the services provided by
energy storage technologies which is seen as one of the leading barriers for market penetration by
actors. The stacking of services through the integration of multiple business cases is considered as
promising for a more efficient use of battery technologies. It is believed that battery storage will be
profitable within an application range of seconds to days, mainly on a decentralized and generation near

level as soon as prices further decrease (see chapter 5.5.1).

However, most important single applications for battery storage named by stakeholders and used for

the technology evaluation are:

¢ Decentralized storage: Storage nearby demand in combination with PV or wind turbines
¢ Generation near energy storage: Only in combination with RES as wind
e Short-term balancing: Provide several balancing services

o Day-ahead business: Participation in 2 h spot markets

Especially decentralized energy storage and short-term balancing were mentioned as highly promising

areas for battery storage.

The most critical technology properties for stationary applications named and ranked by experts are
cycle and calendric life time, followed by power density, efficiency and recycling abilities with energy
density on the last rank. Further discussion about battery storage with stakeholders was structured
mainly around 5 topics already identified preliminary in the literature (see chapter 2.8.3), technology,
economics, environment, application possibilities and social factors. Table 9-1 provides a summary of
stakeholder expectations and visions in the form of a SWOT analysis of endogenous threats,
opportunities and indigenous technology strengths and weaknesses and potential strategies derived

from interviews to tackle named issues.
9.2 Expectations on battery energy storage properties

The second theme block with corresponding sub-questions is concerned about the demands and ex-
pectations related to an optimum construct of battery storage technologies considering different actor
expectations (namely enactors and selectors) regarding (sustainability) key parameters; and the

“sharedness” of these expectations. Eleven sub-criteria were identified in orientation to MCDA and sus-
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tainability literature and structured around four main criteria namely; economic as well as technical per-
formance, environmental impacts and social & political aspects. Chapter 2 showed that most studies
considered in the MCDA literature review focus on sustainability criteria of different flexibility options and
are deemed to be insufficient due to a unilateral perspective (no consideration of different actor groups)

and the absence of providing anything as social learning.

Table 9-1: Summary and SWOT-Analysis of electrochemical energy storage technologies for stationary
applications including different strategies (Strength-opportunity-SO, strength-threat=ST, weakness-
opportunity=WO and weaknesses-threat=WT strategies) based on expert visions and expectations as well as
literature used in chapter 2

Endogenous Opportunities: Threats:
Aspects 1. Scale effects (electric mpbility) 1. Limited knowledge (DoD vs.
2. Improvement of production cycle life time)
3. Decentralization / new business 2. Which technology into which
models . business case?
4. Perceived high local acceptance 3. Competing technologies
Technology (DSM, flex. power plants)
aspects 4. Missing regulation
5. Environmental doubts
Strength: SO-Strategies: ST-Strategies:
1. Several technologies A) Use wide application potential A) More demonstration projects
available B) Adapt to new market situations B) Increase life time
2. High efficiency (for (modularity) C) Develop proper SoC
most) C) management systems
3. Modularity
4. Fast response times
Weaknesses: WO-Strategies: WT-Strategies:
1. Cost (up front) A) Find suitable business models A) Opt. of operation modes
2. Life time issues B) SoC-cycle management B) Prove operation in appl.
3. Pot. toxic materials C) Risk management, monitoring C) Increase recycling rates, risk
4. Environmental dangers | D) Optimization of cell manufacturing management

Referring to the survey selectors and enactors agree that sustainability should play a stronger role in
the development and investment of new flexibility options. Interview participants see sustainability

instead as a normative and blurry goal, not relevant nowadays but in the future.

The AHP was identified to be a suitable and easy to realize method to explore normative expectations
about desired technology properties and was included in the conducted survey. A preposition of this
work is that the higher the degree of shared opinions about a criterion is, the more probable it becomes
that stakeholders act accordingly to these expectations (compare chapter 3.4). The latter can thus
inspire development and the related trajectory of new technological developments. Using the AHP and
calculating the consensus helps to quantitatively gather expectations about how technology should
ideally look like and if these impressions are shared among the addressed community. These
expectations are sought to inspire sustainable or “better” technology development, span up potential

trajectories and to serve as a base for further discussions.

One of the highlights of this research is the proof that expectations about technology characteristics are
settled within concentric perspectives. Indeed, enactors have a strong orientation towards economic
and technological performance criteria which reflects the concentric bias of this group (developing the

product right and to look at economic factors and market situation) named in CTA literature. These
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preferences are also shared to a certain degree among this “insider” group (see chapter 8.2).
Environmental and public concerns (if there are any regarding battery storage) are rather seen as
something to overcome to make a technology marketable. This impression is reinforced through
interview results where environmental impacts and acceptance are considered as something that could
slow down project development (see chapter 5.4.4). It becomes fortuitous if outcomes generated

through the consultation of this group will be optimal regarding the goal of creating better technology.

Selectors provided a more diverse picture and have a stronger focus on other comparative criteria which
is again nicely in line with CTA literature. Especially the aspect of low environmental impacts is
considered as highly relevant for this group. Economic, technological and social factors are rated in a
quite balanced way. Consensus towards the relevance of main criteria is very low within this highly
diverse group and indicates that there is a high potential for further discussion about criteria relevance.
However, selector preferences are to a certain degree opposing enactors expectations on the relevance
of (electrochemical) energy storage technology characteristics. Confronting the latter with more diverse
selector notions is assumed to provide a first base to broaden perspectives on technology development

and selection processes.

Combined views from enactors and selectors within the frame of CTA allow it to shift the loci of
assessment to provide a broader picture about the relevance of properties regarding “better” technology
(see section 3.5). The combination results in a more balanced view on the importance of different
technology properties. Nevertheless, economic and environmental criteria are in total considered as
more significant in relation to technology or social based criteria (see chapter 8.5). Especially in case of
the latter actors struggled to attribute weights as they considered them as too fuzzy. In the end, there
are no collective or only low shared opinions among actors regarding the diffuse goals of, e.g. lowering
environmental impacts and increasing economic performance. This may be explainable through the
different interpretation of criteria through participants and the unguided way of elicitation in the form of
an online survey. There is thus more effort required to create a broad consensus to provide a base for

agenda building and further actions through a more participative platform.
9.3 Technology evaluation & picking the “best” alternative

Naturally, implications for technology evaluation arise through the predefinition of criteria within the
MCDA-process as different system analysis models must be fitted and found accordingly to these (see
section 4.4 and 6). In general MCDA in combination with interviews, LCA and LCC proved to be highly
useful to quantitatively explore impacts of actor expectations and visions and to determine which
technology performs best in the face of these including potential implications for further technology

development (see table 8.5).

Chapter 5 has shown that main concerns of stakeholders are related to daily operation cycles and depth
of discharge and their impact on overall battery life time and resulting cost. These issues were adopted
in the LCC and LCA model. Representative battery technologies identified in the literature review and
analyzed in this work are various lithium-ion batteries (LFP, NCA, NMC, and LTO), valve-regulated lead-
acid batteries (VRLA), high-temperature batteries (NaNiCl and NaS), and vanadium-redox-flow batteries

(VRFB). Additionally, compressed air energy storage (CAES) or pumped hydro storage are included in
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one application scenario for comparison reasons. The comparison of this technologies on the base of
the defined criteria within AHP was carried out for 4 representative applications fields in orientation to
those named by stakeholders in section 9.2. Simplified load profiles have been defined to quantify

impacts on the base of literature and own modeling as follows:

o 1 Storage for Hybrid-Micro-Grids (HMGS) — optimization model (see section 7.4.2)

e 2) Wind energy support (WES) — increase arbitrage possibilities of direct wind marketing
e 3) Primary regulation (PR) — short-term balancing

e 4) Energy time shift (ETS) - comparison with CAES and PHS

Referring to the interviews, decentralized storage (HMGS) and short-term applications (PR) are seen
as most promising areas for battery storage. The first is used as a reference case for sensitivity analysis

within technology evaluation using an own HMGS model for load profile generation.

PHS and CAES as typical bulk storage technologies are ranked first in case 4 (ETS) due to the poor
economic performance and missing maturity of most battery technologies. Interestingly several battery
technologies achieved promising scores regarding environmental and social criteria but could not
outweigh comparable low performance in other named areas (especially economics). VRLA and NaS
are ranked last in all cases because of relatively low efficiencies and cycle life times. Ranking of VRFB
is highly dependent on the considered use case and is favored by high energy to power ratios. Li-lon
batteries have proven to be the most recommendable technology among other electrochemical energy

storage technologies for most application areas in economic and environmental terms.

In general, the suitability of a technology for a particular business case should be tailored thoroughly in
every case as it is not possible to provide an ultimate ranking. This is shown through sensitivity analyses
conducted for HMGS by changing some of the underlying assumptions (storage capacity, daily operation
cycles, etc.) which has led to stronger changes in final rankings (see sensitivity analysis in section 8.4.1).
Additionally, it was not possible to include recycling of technologies which might also have a certain
impact on LCC and LCA and thus technology ranking through the re-use of specific materials. The
sensitivity analysis in section 8.4.2 showed that rankings remain relatively robust in the face of weight

variation (max. 3 ranks).

Rankings should thus not be seen as a final state but as an indicative base for further discussion about
technology impacts, use, and design in face of sustainability. The low scores of some technologies do
not indicate that they are “non-sustainable” or worse than other options per se, instead that other
applications can be found for them and that properties of technologies should be improved through
corresponding research efforts (see section 8.5 Table 8-5). A question which remains is how to use
these results to achieve anticipation, reflexivity and social learning which remains a theoretical task in

this work as discussed in the following chapter.
9.4 Providing a base for stakeholder modulation and future research

Literature review about MCDA has shown that there is an absence of approaches that enable social
learning on multiple levels between different actors when it comes to technology selection and

development. The presented methodology is seen as suitable to enable social learning and reflexivity
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through the quantification of expectations and to provide a broader as well as a robust basis for decision

making and “better” technology design or selection.

Discussing the choice of criteria and attributed weights to these can be considered as a reassessment
of perceptions about technology design. MCDA allows it to grasp multiple differences in perceptions,
attitudes, judgments, and practices of various actors and to quantify these. In this sense, it provides a
solid base for stakeholder modulation following the principles of CTA by allowing differences in opinions
to develop a best construct of technology and to make expectations transparent and debatable. And, to
confront developers with the numeric dimensions of selector expectations and their consequences to
broaden perspectives and increase reflexivity (see chapter 3.5) through, e.g. the indicative ranking of
different (electrochemical) energy storage technologies in the face of conducted weights and different
application areas. Intermediate results also may provide indicators for developers about aspects that
may influence the success (or in this case ranking) of their technology (e.g., certain environmental or

economic impacts).

It was not possible to provide a more interactive platform as part of a comprehensive CTA study for this
discussion, but an ideal constellation of an extended research framework based on the one presented
in 4.4 and recommendations found in the literature (see section 3.5) is given in Figure 9-1. Such an
approach should include an interactive workshop to define common criteria, conduct weighting and
directly discuss these. It is recommended to test if CTA measures have been fruitful by, e.g. conducting
follow-up interviews after a certain time span (e.g. 10 months). In general, it appears that actors are
willing to participate in such a workshop and to a lower degree in related follow-up interviews (see

chapter 5.3). However, these steps remain a task of future research.

Expectations and visions Feedback (short report)
H A Landscape development !:ollov.v-up
/ \\\ Market & regulation issues, |nterV|ews
Stakeholder // \ scenarios on future use
engagement (Survey, /- Technology properties RN
Interviews, MCDA) 1\ ~_ 1

;': Socio-technical factors |

Enactors & Selectors N
\ Application fields KL x

. <L\ . Implications for battery
Interactive \x storage development

__..Worl Y and technology
i\ 4 properties

Data (Literature) E v MCDA: Criteria weights Technology evaluation |/
! Consensus calc. (System analysis)

_______________________________________________________________________

Analysis of impacts based on actor preferences & technology ranking

Figure 9-1: Enhancement of the proposed research framework for future assessments
There are several future research potentials for systems analysis of electrochemical storage already
adressed in the corresponding chapter 7. Only the most critical ones are named in the following. LCA
(and LCC) results for VRFB, NaS and VRLA should be taken with care due to the poor availability of up
to date LClI’s. It is thus recommended to analyze these technologies using an originary LCI which was
not possible in the frame of this work. It has also to be mentioned, that considering recycling potentials
and disposal of the considered battery storage systems may have a significant impact on LCA results.
The end of life phase should thus be analysed in more detail in future research.
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Additionally, only a limited set of energy storage technologies has been analyzed and discussed in this
work. Other flexibility options as the use of hydrogen, flexible power plants, vehicle to grid or power to

X should be considered in future assessments.
9.5 Discussion of the conducted research

The underlying philosophy of CTA, as presented in chapter 3 is to provide “better” technology for a
“better society” which can be seen as implicitly equivalent to sustainable development. And, to stimulate
anticipation, learning, and reflexivity of enactors. It can be questioned if developing socio-technical
scenarios as a method are sufficient in every case to prove any kind of positive or negative effects of
technology or to contribute to its better socio-technical embedment. As stated in the beginning, this
research has a specific explorative character and aims to provide recommendations to conduct a
comprehensive CTA study in combination with quantitative system analysis methods (see chapter
4.3.2).

The overlaying narrative found shows how uncertain and complex the development of new
electrochemical energy storage is. It is believed that the presented research framework and results can
provide a fruitful base to broaden the perspective of related actors and to make them more reflexive by
directly providing them insights into consequences of their choices if presented within a workshop. The
aspect of reflexibility turned out to be an essential addendum to the conducted MCDA and related
system analysis. “Typical” system analysis methods as LCA and LCC to quantitatively assess impacts
of technology are highly dependent on data (e.g., inputs as energy consumption, raw materials, ancillary,
physical or required operation conditions, life time, maintenance, cost, etc.) and time-consuming (see
chapter 7). Most assessments in this field start with extrapolation of available data into the future by the
development of scenarios (e.g., as in this work combination of learning curves, economies of scale,
linear upscaling with data from comparable mature systems) through the analyst. Such scenarios have
to be developed carefully and have to deal with the high uncertainty of data and its poor availability.
Complex system analyses as LCA, LCC of emerging technologies thus often require assumptions (ad
hoc suppositions) and simplifications (e.g., ceteris paribus conditions). Not considering recycling
processes for battery storage technologies is clearly a good example for such a simplification in case of

this work.

The articulation of extrapolations and “dynamics as usual”’ is also problematic as (energy) markets
evolve. At the end, only a narrow view of an emerging (battery) technology might be given caused by
technological and economic realities and individual ideologies which are implicitly embedded in the
modeling apparatus. Such a narrow view might creep in when system boundaries are set up due to
practical reasons (see chapter 4.3.2). And, the danger that a CTA researcher might subtly fall into a
concentric bias together with enactors. It is believed that the “master narrative” in combination with the

conducted MCDA helped to omit this at least to a certain degree.

The weighting of criteria and sub-criteria within AHP allows grasping different perspectives and interests
of various stakeholders namely enactors and selectors embedded in different socio-technical sub-
regimes making them transparent and debatable. Using AHP helped (at least in this case) to recognize

the different roles of stakeholders in different regimes (increase reflexivity as one CTA goal) and to find
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a common base for further discussion to seek for alignment. Furthermore, AHP provides reproducible
insights and allows to grasp strategic intelligence about normative expectation on technology design in
the face of different applications scenarios (e.g., different business cases). It has to be mentioned that
one has to consider the drawbacks of AHP as, e.g., rank reversal or the domination of a single criterion
over other ones. In general, choosing the most suitable MCDA method is a challenging task and should

be conducted carefully for every task.

Carrying out a comprehensive CTA exercise using the proposed research framework is a time-
consuming task and has to be prepared cautiously. The combination of named system analysis methods
under the frame of CTA makes only sense if there are sufficient data and time available allowing it to
quantitatively evaluate the technology in scope which is not always possible. Using system analysis
under the frame of CTA offers the potential to provide a broader and more robust base to identify, explore
and frame potential roles and to identify or minimize potential impacts of emerging technologies within
large sociotechnical landscape changes as the German energy transition. Developing socio-technical
scenarios might be more adequate in cases where only pure technology concepts are available or in

case of the absence of any reliable technical data.

Clearly, time and resources were too short to conduct a more comprehensive CTA approach wherein
social learning could be provided in a more participative way as in the form of a workshop instead of
sending a final report. This also comes true for the validation of such potential effects (compare chapter
9.4) which remain a task for future research. Nevertheless, following CTA principles helped to break
through typical enactment cycles by shifting the locus of assessment towards a broader perspective
(also for the LCA or LCC analyst himself). More importantly regarding social learning, results confront
enactors with the visions, interests, and expectations of comparative selectors, and vice versa are

believed to create new knowledge of how to develop “better technology in a better society.”

147



Bibliography

Bibliography

(1]
(2]

[3]

[4]

[5]

(6]

[7]
(8]

9]

[10]

[11]

[12]

[13]

[14]

[19]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

A. Grunwald, “Energy futures: Diversity and the need for assessment,” Futures, vol. 43, no. 8, pp.
820-830, Oct. 2011.

F. Genoese, “Modellgestiitzte Bedarfs- und Wirtschaftlichkeits analyse von Energiespeichern zur
Integration erneuerbarer Energien in Deutschland,” Dissertation, Karlsruhe Institute of
Technology, Karlsruhe, 2013.

M.Wietschel, M. Arens, C. Doétsch, S. Herkel, , and et. al, “Energietechnologien 2050 -
Schwerpunkte fir Forschung und Entwicklung: Technologiebericht,” Fraunhofer-Institut fir
System- und Innovationsforschung ISI, Karlsruhe.

W. Leonhard, Buenger; U, U. Crotogino, C. Gatzen, W. Glausinger;, and S. Huebner, “Energy
storage in power supply systems with a high share of renewable energy sources: Significance,
state of the art, need for action,” Association for Electrical, Electronic & Information Technologies
(VDE), Frankfurt am Main, DE, 2010.

P. Grinewald, “The Role of Electricity Storage in low carbon energy systems: Techno-Economic
Drivers and transitional Barriers,” Imperial College London, 2012.

R. Kemp, “Technology and the transition to environmental sustainability,” Futures, vol. 26, no. 10,
pp. 1023-1046, Dec. 1994.

J. Robinson, “Squaring the circle? Some thoughts on the idea of sustainable development,” Ecol.
Econ., vol. 48, no. 4, pp. 369-384, Apr. 2004.

J.-J. Wang, Y.-Y. Jing, C.-F. Zhang, and J.-H. Zhao, “Review on multi-criteria decision analysis
aid in sustainable energy decision-making,” Renew. Sustain. Energy Rev., vol. 13, no. 9, pp. 2263—
2278, Dec. 2009.

A. Grunwald, “Sustainability Assessment of Technologies - An Integrative Approach,” in
Sustainable Development - Energy, Engineering and Technologies - Manufacturing and
Environment, 2012, pp. 35-62.

A. L. Roes and M. K. Patel, “Ex-ante environmental assessments of novel technologies — Improved
caprolactam catalysis and hydrogen storage,” J. Clean. Prod., vol. 19, no. 14, pp. 1659-1667,
Sep. 2011.

T. L. Saaty and N. Begicevic, “The scope of human values and human activities in decision
making,” Appl. Soft Comput., vol. 10, no. 4, pp. 963-974, Sep. 2010.

D. Collingridge, The social control of technology. New York: St. Martin’s Press, 1980.

S. Kuhlmann, “Strategische und konstruktive Technikfolgenabschatzung,” in Konzepte und
Verfahren der Technikfolgenabschétzung, G. Simonis, Ed. Wiesbaden: Springer Fachmedien
Wiesbaden, 2013, pp. 129-143.

M. Baumann, “A Constructive Technology Assessment of Stationary Energy Storage Systems - A
prospective Sustainability Analysis with the focus on electrochemical storage systems -,”
presented at the 3rd Winter School on Technology Assessment, Lisbon, 10-Dec-2012.

R. W. Scholz, H. . Mieg, and J. E. Oswald, “Transdisciplinarity in groundwater management -
towards mutual learning of science and society,” Water. Air. Soil Pollut., vol. 123, pp. 477-487,
2000.

D. J. Lang et al., “Transdisciplinary research in sustainability science: practice, principles, and
challenges,” Sustain. Sci., vol. 7, no. S1, pp. 25-43, Feb. 2012.

J. F. G. Bunders, J. E. W. Broerse, F. Keil, C. Pohl, R. W. Scholz, and M. B. M. Zweekhorst, “How
can transdisciplinary research contribute to knowledge democracy?,” in Knowledge Democracy,
R. J.in 't Veld, Ed. Berlin, Heidelberg: Springer Berlin Heidelberg, 2010, pp. 125-152.

J. Schot and A. Rip, “The past and future of constructive technology assessment,” Technol.
Forecast. Soc. Change, vol. 54, no. 2-3, pp. 251-268, Feb. 1997.

M. Weil, System Analysis in the Early Phase of Technology Development - Responsible
Development and Production of Carbon Nanotube Paper - Der Systemblick auf Innovation —
Technikfolgenabschétzung in der Technikgestaltung., Edition Sigma. Berlin: Publisher: Decker,
M.; Grunwald, A.; Knapp, M., 2012.

A. Rip and H. te Kulve, “SOCIO-TECHNICAL SCENARIOS TO SUPPORT CONSTRUCTIVE
TECHNOLOGY ASSESSMENT OF NANOTECHNOLOGY,” The Yearbook of Nanotechnology in
Society, Volume I: Presenting Futures, vol. 1, 2008.

A. Krisp, “DER DEUTSCHE STROMMARKT IN EUROPA - ZWISCHEN WETTBEWERB UND
KLIMASCHUTZ,” Justus-Liebig- Universitat GieRen, Giefslen Germany, 2007.

M. B. Karan and H. Kazdagli, “The Development of Energy Markets in Europe,” in Financial
Aspects in Energy, A. Dorsman, W. Westerman, M. B. Karan, and O. Arslan, Eds. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2011, pp. 11-32.

148



Bibliography

(23]

[24]

[25]

[26]

[27]

(28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

R. Haas, C. Panzer, G. Resch, M. Ragwitz, G. Reece, and A. Held, “A historical review of
promotion strategies for electricity from renewable energy sources in EU countries,” Renew.
Sustain. Energy Rev., vol. 15, no. 2, pp. 1003-1034, Feb. 2011.

B. Droste-Franke, R. Kliser, and T. Noll, Balancing renewable electricity energy storage, demand
side management, and network extension from an interdisciplinary perspective. Heidelberg; New
York: Springer, 2012.

The Economist, “E.ON and E.OUT - A German power-producer is breaking itself up to face the
future,” German utilities, Dec-2014. .

G. P. J. Verbong and F. W. Geels, “Exploring sustainability transitions in the electricity sector with
socio-technical pathways,” Technol. Forecast. Soc. Change, vol. 77, no. 8, pp. 1214-1221, Oct.
2010.

DLR Institut fir Technische Thermodynamik, “Langfristszenarien und Strategien fir den Ausbau
der Erneuerbaren Energien in Deutschland bei Berticksichtigung der Entwicklung in Europa und
global,” 2011. [Online]. Available: http://www.dIr.de/tt/desktopdefault.aspx/tabid-2885/4422 read-
15254/. [Accessed: 07-Mar-2015].

F. W. Geels and J. Schot, “Typology of sociotechnical transition pathways,” Res. Policy, vol. 36,
no. 3, pp. 399-417, Apr. 2007.

Reuters, dpa, AFP, “German energy giant E.ON to focus on renewables,” Deutsche Welle, 12-
Jan-2014. .

Bundesministerium fir Umwelt- und Reaktorschutz, “Der Weg zur Energie der Zukunft — sicher
bezahlbar und umweltfreundlich.”

Bundesnetzagentur, “Szenariorahmen fir den Netzentwicklungsplan 2012 - Eingangsdaten der
Konsultation -,” 2011.

Agora Energiewende, “Stromspeicher in der Energiewende - Untersuchung zum Bedarf an neuen
Stromspeichern in Deutschland flr den Erzeugungsausgleich, Systemdienst- leistungen und im
Verteilnetz,” Berlin, Sep. 2014.

Rat von Sachverstandigen fir Umweltfragen, Ed., Wege zur 100% erneuerbaren
Stromversorgung: Sondergutachten, Januar 2011. Berlin, DE: Erich Schmidt Verlag, 2011.

F. Adamek, T. Aundrup, W. Glaunsinger, and et al, “Energiespeicher fir die Energiewende,
Speicherungsbedarf und Auswirkungen auf das Ubertragungsnetz fiir Szenarien bis 2050,” VDE
Verband der Elektrotechnik Elektronik Informationstechnik e.V., Frankfurt am Main, Jun. 2012.
EUROPEAN COMMISSION, “COMMUNICATION FROM THE COMMISSION TO THE
EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL
COMMITTEE AND THE COMMITTEE OF THE REGIONS A Roadmap for moving to a competitive
low carbon economy in 2050.” EUROPEAN COMMISSION, 03-Aug-2011.

European Union, “Renewable energy: the promotion of electricity from renewable energy sources,”
20-Jan-2011. [Online]. Available:
http://europa.eu/legislation_summaries/energy/renewable_energy/I27035_en.htm. [Accessed:
29-Oct-2013].

Z. Yang, et al., “Electrochemical Energy Storage for Green Grid,” Chemical Reviews, 01-Sep-
2010.

M. Liserre, T. Sauter, and J. Hung, “Future Energy Systems: Integrating Renewable Energy
Sources into the Smart Power Grid Through Industrial Electronics,” IEEE Ind. Electron. Mag., vol.
4, no. 1, pp. 18-37, Mar. 2010.

International Information Technology Conference, V. Potdar, and D. Mukhopadhyay, Proceedings
of the CUBE International Information Technology Conference (CUBE 2012): 3-5 September
2012, Pune, Maharashtra, India. 2012.

IEA, “Technology roadmap: Smart Grids,” International energy Agency, Cedex/France, 2011.
consentec, “Description of load -frequency control concept and market for control reserves,”
consentec, Aachen, Feb. 2014.

G. Papaefthymiou, K. Grave, and K. Dragoon, “Flexibility options in electricity systems,” ECOFYS
Germany GmbH, Berlin, POWDE14426, 2014.

M. Baumann, B. Simon, H. Dura;, and M. Weil, “The contribution of electric vehicles to the changes
of airborne emissions,” presented at the 2nd IEEE ENERGY Conference 2012 & Exhibition,
Florence/ltaly, 2012, pp. 1189-1196.

Auer, J., Keil, J., and Stobbe, A., “Moderne Stromspeicher. Unverzichtbare Bausteine der
Energiewende,” DB Research, Jan. 2012.

M. Sache, “Abschlussbericht Netzintegrierte Stromspeicher zur Integration fluktuierender Energie
— Technische Anforderungen, 6konomischer Nutzen, reale Einsatzszenarien,” Fraunhofer-Institut
fur Umwelt-, Sicherheits- und Energietechnik UMSICHT, Berlin, Sep. 2011.

149



Bibliography

[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[59]

[56]

[57]

[58]

[59]
[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

D. Ritter, D. Bauknecht, and M. Koch, “Auswirkungen einer Sockellastreduktion auf den
Flexibilitdtsbedarf im deutschen Stromsystem,” presented at the Vortrag beim 13. SYMPOSIUM
ENERGIEINNOVATION, 12. bis 14. Februar 2014, Graz, 2014.

T. Klaus, C. Vollmer, and K. Werner, “Energieziel 2050: 100% Strom aus erneuerbaren Quellen,”
Umweltbundesamt, Dessau-Rof3lau, 2010.

M. Sterner and |. Stadler, Energiespeicher - Bedarf, Technologien, Integration. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2014.

F. Adamek, T. Aundrup, and W. Glaunsinger, “Energiespeicher fiir die Energiewende:
Speicherungsbedarf und Auswirkungen auf das Ubertragungsnetz fiir Szenarien bis 2050,” VDE
ETG, Frankfurt am Main, Jun. 2012.

M. Goulden, B. Bedwell, S. Rennick-Egglestone, T. Rodden, and A. Spence, “Smart grids, smart
users? The role of the user in demand side management,” Energy Res. Soc. Sci., vol. 2, pp. 21—
29, Jun. 2014.

C. Pape, “ROADMAP SPEICHER Bestimmung des Speicherbedarfs in Deutschland im
europaischen Kontext und Ableitung von technisch-6konomischen sowie rechtlichen
Handlungsempfehlungen fiir die Speicherférderung,” Fraunhofer-Institut fir Windenergie und
Energiesystemtechnik (Fraunhofer IWES), Kassel, Nov. 2014.

D. Doughty, H. Butler, A. Akhil, N. Clark, and J. Boyes, “Batteries for Large-Scale Stationary
Electrical Energy Storage,” The electrochemical Society Interface, pp. 49-53, 2010.

ESA, “Electric Storage Association (ESA),” Technology, 2011. [Online]. Available:
www.electricitystorage.org. [Accessed: 31-May-2012].

Bundesverband Energiespeicher e.V., “Stellungnahme des BVES zur Speich erstudie der AGORA

Energiewende: ‘Marktoptionen foérdern , lokale Wertschopfung starken, Abhangigkeiten
reduzieren,” Bundesverband Energiespeicher e.V., Berlin, Sep. 2014.
W.-P. Schill, “Integration von Wind- und Solarenergie: Flexibles Stromsystem verringert

Uberschiisse,” DIW Wochenbericht, vol. 34, pp. 3-14, 2013.

A. Agricola, C. Rehtanz, and G. Brunekreeft, “dena - Verteilnetzstudie. Ausbau- und
Innovataionsbedarf der Stromverteilnetze in Deutschland bis 2030,” Deutsche Energie-Agentur
GmbH, Berlin, Nov. 2012.

W.-P. Schill, J. Diekmann, and A. Zerrahn, “Stromspeicher: eine wichtige Option fir die
Energiewende,” DIW Wochenbericht, vol. 10, pp. 195-205, Oct-2015.

N. Gerhardt, F. Sandau, and B. Zimmermann, “Geschéaftsmodell Energiewende - Eine Antwort auf
das ,Die - Kosten - der - Energiewende” - Argument,” Fraunhofer - Inst itut flir Windenergie und
Energiesystemtechnik, IWES, Kassel, Jan. 2014.

W. Leonhard, U. Buenger;, F. Crotogino, and et. al, “VDE-Study: Energy storage in power supply
systems with a high share of renewable energy sources,” VDE, Frankfurt am Main, DE, 2008.

D.; Rastler;, “Electricity Energy Storage Technology Options: A White Paper Primer on
Applications, Costs, and Benefits,” Electric Power Research Institute, California, USA, 2010.
regelleistung.net, “Ausschreibungen,” 2011. [Online]. Available: https://www.regelleistung.net/ip/.
[Accessed: 03-Dec-2011].

Fussi, “Technisch-wirtschaftliche Analyse von Regelenergiemarkten.,” presented at the 7.
Internationale Energiewirtschaftstagung an der TU Wien: Technische Universtiat Graz, Wien,
2011.

“Abschlussbericht Netzintegrierte Stromspeicher zur Integration fluktuierender Energie -
Technische Anforderungen, 6konomischer Nutzen, reale Einsatzszenarien,” Fraunhofer-Institut
fur Umwelt-, Sicherheits- und Energietechnik UMSICHT, Technische Universitdt Darmstadt,
EnBW Energie Baden-Wurttemberg AG, Julich, Sep. 2011.

J. Dehler, D. Keles, T. Telsnig, W. Fichtner, M. Baumann, and et. al, “Self-consumption of
electricity from renewable sources,” Insight E, Rapid Response Energy Brief to the European
Commission, Jun. 2015.

Sandia National Laboratories, DOE Global Energy Storage Database. Washington DC, USA,
2016.

A. Evans, V. Strezov, and T. J. Evans, “Assessment of utility energy storage options for increased
renewable energy penetration,” Renew. Sustain. Energy Rev., vol. 16, no. 6, pp. 4141-4147, Aug.
2012.

C. . Naish, I. McCubbin, and Edberg, O., “Outlook of energy storage technologies,” Policy
Department Economic and Scientific Policy, (IP/A/ITRE/FWC/2006-087/Lot 4/C1/SC2), Jul. 2007.
M. Sterner and |. Stadler, Energiespeicher: Bedarf, Technologien, Integration. Berlin: Springer
Vieweg, 2014.

OECDI/IEA, “Technology Roadmap Energy storage,” International Energy Agency, Cedex/France,
2014.

150



Bibliography

[70]
[71]

[72]

[73]

[74]

[75]
[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]

[87]

[88]
[89]

[90]

[91]

[92]
[93]
[94]

[95]

M. Brettschneider, M. Bachl, and et. al, “Kommunikation bei GrofRprojekten Analyse des
Fallbeispiels Pumpspeicherkraftwerk Atdorf,” Universitat Hohenheim.

H. Chen, T. N. Cong, W. Yang, C. Tan, Y. Li, and Y. Ding, “Progress in electrical energy storage
system: A critical review,” Prog. Nat. Sci., vol. 19, no. 3, pp. 291-312, Mérz 2009.

BCG, “Marktpotenzial von Speichertechnologien bis 2030 (in Prozent),” statista.com, 2017.
[Online]. Available: https://de.statista.com/statistik/daten/studie/184885/umfrage/marktpotenzial-
von-speichertechnologien/. [Accessed: 03-Jul-2017].

NGK, “NAS Batteries—Making Renewables More Renewable,” NAS Sodium Sulfur Battery, 2017.
[Online]. Available: https://ngk.hs-sites.com/nas/library/articles/20160324.html. [Accessed: 12-
Aug-2016].

C. Daniel and J. Besenhard, Handbook of Battery Materials, 2. Wiley-VCH Verlag GmbH & Co.
KGaA., 2011.

D. Linden and T. B. Reddy, Eds., Handbook of batteries, 3rd ed. New York: McGraw-Hill, 2002.
J. L. Sullivan and L. Gaines;, “A Review of Battery Analysis: State of Knowledge and Critical
Needs,” Argonne National laboratory, Oak Ridge, Oct. 2010.

K. C. Divya and J. Qstergaard, “Battery energy storage technology for power systems—An
overview,” Electr. Power Syst. Res., vol. 79, no. 4, pp. 511-520, Apr. 2009.

Xiaochuan Lu, Guosheng Li, Jin Y. Kim*, John P. Lemmon, Vincent L. Sprenkle, Zhenguo Yang,
“The effects of temperature on the electrochemical performance of sodiumenickel chloride
batteries,” Journal of Power Sources, vol. 215, pp. 288—295, 2012.

P. Alotto, M. Guanieri, Moro F., and A. Stella, “Redox Flow Batteries For Large Scale Energy
Storage,” presented at the IEEE EnergyCon Conference & Exhibition 2012, Florence/ltaly, 2012,
pp. 344-349.

H., Kamath; S., Rajagopalan;, “Vanadium Redox Flow Batteries: An In-Depth Analysis,”
ELECTRIC POWER RESEARCH INSTITUTE, California, USA, Mar. 2007.

J. Durand, M. Duarte, and P. Clerens, “Joint EASE/EERA recommendations for a European
Energy Storage Technology Development Roadmap towards 2030,” European Association for
Storage of Energy, Europe, 2013.

S. Lichtner, R. Brindle, L. Kishter,L. Pack, “Advanced Materials and Devices for Stationary
Electrical Energy Storage Applications,” Sandia National Laboratories and Pacific Northwest
National Laboratory, Dec. 2010.

W. Thomas, S. Detlef, and Meister, Moritz, “Facilitating energy storage to allow high penetration
of variable Renewable Energy,” European Union, Feb. 2014.

A. . Bernardes, D. C. . Espinosa, and J. A. . Tendrio, “Recycling of batteries: a review of current
processes and technologies,” J. Power Sources, vol. 130, no. 1-2, pp. 291-298, Mai 2004.

Y. Yu et al., “Environmental characteristics comparison of Li-ion batteries and Ni—-MH batteries
under the uncertainty of cycle performance,” J. Hazard. Mater., vol. 229-230, pp. 455-460, Aug.
2012.

S. Leuthner, “Ubersicht zu Lithium-lonen-Batterien,” in Handbuch Lithium-lonen-Batterien, R.
Korthauer, Ed. Berlin, Heidelberg: Springer Berlin Heidelberg, 2013, pp. 13-19.

BMI Research, “Battery storage: Policy to be key growth accelerator,” Sep-2015. [Online].
Available: http://www.bmiresearch.com/articles/battery-storage-policy-to-be-key-growth-
accelerator.

Mauch et al., ELEKTRISCHE ENERGIESPEICHER Schliisseltechnologie fiir energieeffiziente
Anwendungen. \/DI-Verlag, Dusseldorf, 2009.

M. J. Baumann, J. F. Peters, M. Weil, and A. Grunwald, “CO2 footprint and costs of
electrochemical energy storage for stationary grid applications,” Energy Technol., Dec. 2016.

P. Stenzel, M. Baumann, J. Fleer, B. Zimmermann, and M. Weil, “Database development and
evaluation for techno-economic assessments of electrochemical energy storage systems,” in
Energy Conference (ENERGYCON), 2014 IEEE International, 2014, pp. 1334—-1342.

J. F. Peters, M. Baumann, B. Zimmermann, J. Braun, and M. Weil, “The environmental impact of
Li-lon batteries and the role of key parameters — A review,” Renew. Sustain. Energy Rev., vol. 67,
pp. 491-506, Jan. 2017.

E. Mahnke, J. MUhlenhoff, and L. Lieblang, “Strom speichern,” Agentur fir erneuerbare Energien,
Berlin, Dec. 2014.

E. Fertig and J. Apt, “Economics of compressed air energy storage to integrate wind power: A
case study in ERCOT,” Energy Policy, vol. 39, no. 5, pp. 2330-2342, May 2011.

E. A. Bouman, M. M. @berg, and E. G. Hertwich, “Environmental impacts of balancing offshore
wind power with compressed air energy storage (CAES),” Energy, vol. 95, pp. 91-98, Jan. 2016.
S. Inage, “Prospects for large-scale energy storage in decarbonised power grids,” Int. Energy
Agency IEA, 2009.

151



Bibliography

[96] D. Connolly, H. Lund, P. Finn, B. V. Mathiesen, and M. Leahy, “Practical operation strategies for
pumped hydroelectric energy storage (PHES) utilising electricity price arbitrage,” Energy Policy,
vol. 39, no. 7, pp. 4189—-4196, Jul. 2011.

[97] L. F. Diaz, G. M. Savage, and L. L. Eggerth, “Guidelines for social assessment of products,”
United Nations Environment Programme, 2009.

[98] S. Schoenung and W. Hassenzahl, “SANDIA REPORT - Long- vs. Short-Term Energy Storage
Technologies Analysis,” Sandia National Laboratories, Albuquerque, New Mexico, USA, Oct.
2015.

[99] J. Eichstadt, “Soziodkologische Analyse und mdgliche Akzeptanzprobleme von dezentralen
Batteriespeichern in elektrischen Verteilnetzen,” Hochschule flir Wirtschaft und Recht Berlin,
Freiburg, DE, Master Thesis, 2013.

[100] F. Samweber, A. Babin, and S. Koppl, “Umfrage zur Energiewende in Grafing,” Ffe
Forschungsstelle fir Energiewirtschaft e.V., Munich, Final Report, 2013.

[101] P. Goodwin, Decision analysis for management judgment, 3rd ed. Hoboken, NJ: Wiley, 2004.

[102] R. P. Hamalainen and T. O. Seppaldinen, “The analytic network process in energy policy
planning,” Socioecon. Plann. Sci., vol. 20, no. 6, pp. 399—405, Jan. 1986.

[103] D. Demirtas, “Evaluating the Best Renewable Energy Technology for Sustainable Energy
Planning,” Int. J. Energy Econ. Policy, vol. Vol 3, no. Special Issue, pp. 22-33, 2013.

[104] J., Oberschmidt, “Multikriterielle Bewertung von Technologien zur Bereitstellung von Strom und
Warme,” Universitat Goéttingen, Goéttingen, 2010.

[105] T. U. Daim, X. Li, J. Kim, and S. Simms, “Evaluation of energy storage technologies for integration
with renewable electricity: Quantifying expert opinions,” Environ. Innov. Soc. Transit., vol. 3, pp.
29-49, Jun. 2012.

[106] A. Barin, L. N. Canha, A. R. Abaide, K. F. Magnago, B. Wottrich, and R. Q. Machado, “Multiple
Criteria Analysis for Energy Storage Selection,” Energy Power Eng., vol. 03, no. 04, pp. 557-564,
2011.

[107] C. Kriiger, “Sustainable use of excess wind power shares,” presented at the 7th internation
renewable energy storage conference and exhibition (IRES), Berlin, 2012.

[108] M. Elena Arce, A. Saavedra, J. L. Miguez, and E. Granada, “The use of grey-based methods in
multi-criteria decision analysis for the evaluation of sustainable energy systems: A review,” Renew.
Sustain. Energy Rev., vol. 47, pp. 924-932, Jul. 2015.

[109] N. H. Afgan, M. G. Carvalho, and N. V. Hovanov, “Energy system assessment with sustainability
indicators,” Energy Policy, vol. 28, no. 9, pp. 603—612, Jul. 2000.

[110] M. Troldborg, S. Heslop, and R. L. Hough, “Assessing the sustainability of renewable energy
technologies using multi-criteria analysis: Suitability of approach for national-scale assessments
and associated uncertainties,” Renew. Sustain. Energy Rev., vol. 39, pp. 1173-1184, Nov. 2014.

[111] J. C. Mourmouris and C. Potolias, “A multi-criteria methodology for energy planning and
developing renewable energy sources at a regional level: A case study Thassos, Greece,” Energy
Policy, vol. 52, pp. 522-530, Jan. 2013.

[112] S. J. W. Klein and S. Whalley, “Comparing the sustainability of U.S. electricity options through
multi-criteria decision analysis,” Energy Policy, vol. 79, pp. 127-149, Apr. 2015.

[113] N. H. Afgan and M. G. Carvalho, “Multi-criteria assessment of new and renewable energy power
plants,” Energy, vol. 27, no. 8, pp. 739-755, Aug. 2002.

[114] M. Jovanovi¢, N. Afgan, P. Radovanovi¢, and V. Stevanovi¢, “Sustainable development of the
Belgrade energy system,” Energy, vol. 34, no. 5, pp. 532-539, May 2009.

[115] A. Maxim, “Sustainability assessment of electricity generation technologies using weighted multi-
criteria decision analysis,” Energy Policy, vol. 65, pp. 284-297, Feb. 2014.

[116] S. S. Raza, |. Janajreh, and C. Ghenai, “Sustainability index approach as a selection criteria for
energy storage system of an intermittent renewable energy source,” Appl. Energy, vol. 136, pp.
909-920, Dec. 2014.

[117] H. C. Doukas, B. M. Andreas, and J. E. Psarras, “Multi-criteria decision aid for the formulation of
sustainable technological energy priorities using linguistic variables,” Eur. J. Oper. Res., vol. 182,
no. 2, pp. 844-855, Oct. 2007.

[118] S. Sundararagavan and E. Baker, “Evaluating energy storage technologies for wind power
integration,” Sol. Energy, vol. 86, no. 9, pp. 2707-2717, Sep. 2012.

[119] C. Kruger, F. Merten, and S. Arjuna, “Nachhaltiger Umgang mit Uberschissigen
Windstromanteilen (Vorstudie),” Wuppertal Institut fir Klima, Umwelt, Energie GmbH
Forschungsgruppe Zukiinftige Energie- und Mobilitatsstukturen, Wuppertal, Endbericht, 2013.

[120] T. Fleischer and A. Grunwald, “Making nanotechnology developments sustainable. A role for
technology assessment?,” J. Clean. Prod., vol. 16, no. 8-9, pp. 889-898, May 2008.

152



Bibliography

[121] T. Versteeg, “CTA of Emerging Battery Technology for Grid-connected Storage,” Master thesis,
Karlsruhe Institute of Technology; Vrije Universiteit Amsterdam, Karlsruhe, 2014.

[122] F. Geels, “Co-evolution of technology and society: The transition in water supply and personal
hygiene in the Netherlands (1850-1930)—a case study in multi-level perspective,” Technol. Soc.,
vol. 27, no. 3, pp. 363-397, Aug. 2005.

[123] J. K. Musango and A. C. Brent, “A conceptual framework for energy technology sustainability
assessment,” Energy Sustain. Dev., vol. 15, no. 1, pp. 84-91, Marz 2011.

[124] S. Rayner, Ed., Human choice and climate change. 2: Resources and technology. Columbus,
Ohio: Battelle Press, 1998.

[125] F. W. Geels, “Technological transitions as evolutionary reconfiguration processes: a multi-level
perspective and a case-study,” Res. Policy, vol. 31, no. 8-9, pp. 1257-1274, Dec. 2002.

[126] F. W. Geels, “Processes and patterns in transitions and system innovations: Refining the co-
evolutionary multi-level perspective,” Technol. Forecast. Soc. Change, vol. 72, no. 6, pp. 681-696,
Jul. 2005.

[127] R. O. van Merkerk and H. van Lente, “Tracing emerging irreversibilities in emerging technologies:
The case of nanotubes,” Technol. Forecast. Soc. Change, vol. 72, no. 9, pp. 1094-1111, Nov.
2005.

[128] R. O. van Merkerk and R. E. H. M. Smits, “Tailoring CTA for emerging technologies,” Technol.
Forecast. Soc. Change, vol. 75, no. 3, pp. 312-333, Mar. 2008.

[129] J. Goldemberg and World Resources Institute, Eds., Energy for a sustainable world. Washington,
DC, USA: World Resources Institute, 1987.

[130] S. Bell, Engineers, society, and sustainability. San Rafael, Calif.: Morgan & Claypool, 2011.

[131] G. Brundtland, “Report of the World Commission on Environment and Development: Our Common
Future,” United Nations World Commission on Environment and Development (WCED), Oslo, Mar.
1987.

[132] T. Kuhlman and J. Farrington, “What is Sustainability?,” Sustainability, vol. 2, no. 11, pp. 3436—
3448, Nov. 2010.

[133] R. Gibson, Specification of sustainability-based environmental assessment decision criteria and
implications for determining “significance” in environmental assessment. Canada, 2001.

[134] “Perspectives on the Role of Science and Technology in Sustainable Development,” U.S.
Congress, Office of Technology Assessment, Washington D.C., OTA-ENV-609, Sep. 1994.

[135] J. Ravetz, “Factor four: doubling wealth-halving resource use by E. Von Weizsacker, A. B. Lovins
and L. H. Lovins, 1997. Earthscan, London, 320 pp, £15.99 (pbk). ISBN 1-85383-407-4,” Bus.
Strategy Environ., vol. 8, no. 2, pp. 146—-147, Mar. 1999.

[136] T. Fleischer, M. Decker, and U. Fiedeler, “Assessing emerging technologies—Methodological
challenges and the case of nanotechnologies,” Technol. Forecast. Soc. Change, vol. 72, no. 9,
pp. 1112-1121, Nov. 2005.

[137] D. E. Nye, Consuming power: a social history of American energies, 1. paperback ed., 3. print.
Cambridge, Mass.: MIT Press, 2001.

[138] A. Rip and H. te Kulve, “Constructive Technology Assessment and Socio-Technical Scenarios,” in
The Yearbook of Nanotechnology in Society, Volume I: Presenting Futures, vol. 1, E. Fisher, C.
Selin, and J. M. Wetmore, Eds. Dordrecht: Springer Netherlands, pp. 49-70.

[139] R. Garud and D. Ahlstrom, “Technology assessment: a socio-cognitive perspective,” J. Eng.
Technol. Manag., vol. 14, no. 1, pp. 25-48, Mar. 1997.

[140] A. Rip, “Nanoscience and Nanotechnologies: Bridging Gaps Through Constructive Technology
Assessment,” in Handbook of Transdisciplinary Research, G. H. Hadorn, H. Hoffmann-Riem, S.
Biber-Klemm, W. Grossenbacher-Mansuy, D. Joye, C. Pohl, U. Wiesmann, and E. Zemp, Eds.
Dordrecht: Springer Netherlands, 2008, pp. 145-157.

[141] J. Hochgerner and et. al, “Open Innovation,” Zentrum fir Soziale Innovation, Wien, Jun. 2008.

[142] A. Grunwald, Rationale Technikfolgenbeurteilung: Konzepte und methodische Grundlagen, vol. 1.
Berlin-Heidelberg: Springer, 1999.

[143] R. E. Dewey, The Philosophy of John Dewey a Critical Exposition of His Method, Metaphysics and
Theory of Knowledge. Dordrecht: Springer Netherlands, 1978.

[144] G. Goldkuhl, “Pragmatism vs interpretivism in qualitative information systems research,” Eur. J.
Inf. Syst., vol. 21, no. 2, pp. 135-146, Mar. 2012.

[145] G. Goldkihl, “Meanings of Pragmatism: Ways to conduct information systems research,”
presented at the 2nd International Conference on Action in Language, Organizations and
Information Systems, Link&ping University, Sweden, 2004.

[146] A. Schreuer, M. Ornetzeder, and H. Rohracher, “Participatory technology development and
assessment: In search of a sustainable use of fuel cell technology at the municipal level,” Austria,
unknown.

153



Bibliography

[147] D. Robinson, “Constructive Technology Assessment of Emerging Nanotechnologies Experiments
in Interactions,” University of Twente, Enschede, NL, 2010.

[148] T. Versteeg, M. J. Baumann, M. Weil, and A. B. Moniz, “Exploring emerging battery technology
for grid-connected energy storage with Constructive Technology Assessment,” Technol. Forecast.
Soc. Change, vol. 115, pp. 99-110, Feb. 2017.

[149] P. H. Grinewald, T. T. Cockerill, M. Contestabile, and P. J. G. Pearson, “The socio-technical
transition of distributed electricity storage into future networks—System value and stakeholder
views,” Energy Policy, vol. 50, pp. 449-457, Nov. 2012.

[150] D. H. Guston and D. Sarewitz, “Real-time technology assessment,” Technol. Soc., vol. 24, no. 1-
2, pp. 93-109, Jan. 2002.

[151] T. L. Saaty, The analytic hierarchy process: planning, priority setting, resource allocation.
Pittsburgh, PA: RWS Publications, 1990.

[152] T. L. Saaty, “A scaling method for priorities in hierarchical structures,” J. Math. Psychol., vol. 15,
no. 3, pp. 234-281, Jun. 1977.

[153] C.-L. Hwang and K. Yoon, Multiple attribute decision making: methods and applications ; a state-
of-the-art-survey. Berlin: Springer, 1981.

[154] D. Diakoulaki and S. Grafakos, “Externalities of energy: Extension of accounting framework and
policy applications - multicriteria analysis,” National Technical University Athens, Greece, Athens,
Technical report, 2004.

[155] I. Wilkens, “Multikriterielle Analyse zur Nachhaltigkeitsbewertung von Energiesystemen - Von der
Theorie zur praktischen Anwendung,” Doktor der Ingenieurswissenschaften, Technische
Universitat Berlin, Berlin, 2012.

[156] J. Alcamo, “Chapter Six The SAS Approach: Combining Qualitative and Quantitative Knowledge
in Environmental Scenarios,” in Developments in Integrated Environmental Assessment, vol. 2,
Elsevier, 2008, pp. 123-150.

[157] A. Grunwald, Technikfolgenabschétzung- eine Einfiihrung, vol. 1. Berlin: Edition Sigma, 2002.

[158] M. Baumann, “A constructive technology assessment of stationary energy storage systems - A
prospective orientated analysis,” IET Working Papers Series, 2013.

[159] ISO, “ISO 14040 — Environmental management — Assessment — Principles and framework,”
International Organization for Standardization, Geneva, Switzerland, 2006.

[160] ISO, “ISO 14044 — Environmental management — Assessment — Requirements and guidelines,”
International Organization for Standardization, Geneva, Switzerland, 2006.

[161] VDI, “VDI 2884: Beschaffung, Betrieb und Instandhaltung von Produktionsmitteln unter
Anwendung von Costing (LCC) Purchase, operating and maintenance of production equipment
using Costing (LCC),” VEREIN DEUTSCHER INGENIEURE, Berlin, 2006.

[162] IEC, “IEC 60300-3-3, Part 3-3: Application guide — costing,” International Electrotechnical
Commission, Geneva, Switzerland, 2004.

[163] M. Finkbeiner, E. Schau, A. Lehmann, and M. Traverso, “Towards Sustainability Assessment,”
Sustainability, no. 2, pp. 3309-3322, 2010.

[164] E. Gaasbeek and A. Meijer, “Handbook on novel methodology for the sustainability impact
assessment of new technolgies,” Prosuite, Utrecht University, 2013.

[165] M. Schwab, Ed., “Mann—Whitney U-test,” in Encyclopedia of Cancer, Berlin, Heidelberg: Springer
Berlin Heidelberg, 2009, pp. 1764—-1764.

[166] T. W. MacFarland and J. M. Yates, Introduction to Nonparametric Statistics for the Biological
Sciences Using R. Cham: Springer International Publishing, 2016.

[167] B. Rémer, P. Reichhart, J. Kranz, and A. Picot, “The role of smart metering and decentralized
electricity storage for smart grids: The importance of positive externalities,” Energy Policy, vol. 50,
pp. 486—495, Nov. 2012.

[168] C. Wimmler, G. Hejazi, E. de O. Fernandes, C. Moreira, and S. Connors, “Multi-Criteria Decision
Support Methods for Renewable Energy Systems on Islands,” J. Clean Energy Technol., vol. 3,
no. 3, pp. 185-195, 2015.

[169] E. Triantaphyllou, B. Shu, S. Nieto Sanchez, and T. Ray, “Multi-Criteria Decision Making: An
Operations Research Approach,” Encycl. Electr. Electron. Eng., vol. Vol 15, pp. 175-186, 1998.

[170] N. Perera and M. Sutrisna, “The Use of Analytic Hierarchy Process (AHP) in the Analysis of Delay
Claims in Construction Projects in the UAE,” Built Hum. Environ. Rev., vol. Volume 3, no. Special
Issue 1, pp. 29-48, 2010.

[171] M. Majumder, “Multi Criteria Decision Making,” in Impact of Urbanization on Water Shortage in
Face of Climatic Aberrations, Singapore: Springer Singapore, 2015, pp. 35-47.

[172] A. Guitouni and J.-M. Martel, “Tentative guidelines to help choosing an appropriate MCDA
method,” Eur. J. Oper. Res., vol. 109, no. 2, pp. 501-521, Sep. 1998.

154



Bibliography

[173] J. Figueira, S. Greco, M. Ehrgott, and C. Henggeler-Antunes, Eds., Multiple criteria decision
analysis: state of the art surveys. New York, NY: Springer, 2005.

[174] W. Edwards, “Social utilities. In Engineering Psychologist,” Proc. Symp. Decis. Risk Anal. Ser.,
vol. U.S. Naval Academy, MD, 1971.

[175] E. Loken, “Use of multicriteria decision analysis methods for energy planning problems,” Renew.
Sustain. Energy Rev., vol. 11, no. 7, pp. 1584-1595, Sep. 2007.

[176] University of Pittsburgh, “Introductory Mathematics of the Analytic Hierarchy Process.” Unknown.

[177] R. W. Saaty, “The analytic hierarchy process—what it is and how it is used,” Math. Model., vol. 9,
no. 3-5, pp. 161-176, 1987.

[178] J. Aguaron and J. M. Moreno-Jiménez, “The geometric consistency index: Approximated
thresholds,” Eur. J. Oper. Res., vol. 147, no. 1, pp. 137-145, May 2003.

[179] K. Goepel, “1 IMPLEMENTING THE ANALYTIC HIERARCHY PROCESS AS A STANDARD
METHOD FOR MULTI-CRITERIA DECISION MAKING IN CORPORATE ENTERPRISES - A
NEW AHP EXCEL TEMPLATE WITH MULTIPLE INPUTS,” in Proceedings of the International
Symposium on the Analytic Hierarchy Process 2013, Kuala Lumpur Malaysia, 2013.

[180] G. . Crawford, “The geometric mean procedure for estimating the scale of a judgement matrix,”
Math. Model., vol. 9, no. 3-5, pp. 327-334, 1987.

[181] T. L. Saaty and L. G. Vargas, “Dispersion of group judgments,” Math. Comput. Model., vol. 46, no.
7-8, pp. 918-925, Oct. 2007.

[182] T. L. Saaty and L. G. Vargas, “The possibility of group choice: pairwise comparisons and merging
functions,” Soc. Choice Welf., vol. 38, no. 3, pp. 481-496, Mar. 2012.

[183] L. Jost, “Entropy and diversity,” Oikos, vol. 113, no. 2, pp. 363-375, May 2006.

[184] C. E. Shannon, “A Mathematical Theory of Communication,” The Bell System Technical Journall,
vol. Vol. 27, pp. 379-423, Oct-1948.

[185] Institute of Electrical and Electronics Engineers, Ed., “Probabilistic AHP and TOPSIS for Multi-
Attribute Decision-Making under Uncertainty,” in 2011 IEEE Aerospace Conference: Big Sky,
Montana, USA, 5 - 12 March 2011, Piscataway, NJ: IEEE, 2011.

[186] M. S. Garcia-Cascales and M. T. Lamata, “On rank reversal and TOPSIS method,” Math. Comput.
Model., vol. 56, no. 5-6, pp. 123—-132, Sep. 2012.

[187] A. A. Zaidan, B. B. Zaidan, A. Al-Haiqgi, M. L. M. Kiah, M. Hussain, and M. Abdulnabi, “Evaluation
and selection of open-source EMR software packages based on integrated AHP and TOPSIS,” J.
Biomed. Inform., vol. 53, pp. 390—-404, Feb. 2015.

[188] Y.-M. Wang and Y. Luo, “On rank reversal in decision analysis,” Math. Comput. Model., vol. 49,
no. 5-6, pp. 1221-1229, Mar. 2009.

[189] M. Baumann, B. Zimmermann, H. Dura, B. Simon, and M. Weil, “A comparative probabilistic
economic analysis of selected stationary battery systems for grid applications,” in 2013
International Conference on Clean Electrical Power (ICCEP), 2013, pp. 87-92.

[190] M. Baumann, J. Peters, M. Weil, and A. Grunwald, “CO2 footprint and costs of electrochemical
energy storage for stationary grid applications,” Energy Technology, no. Submitted, 2016.

[191] J. Leadbetter and L. G. Swan, “Selection of battery technology to support grid-integrated
renewable electricity,” J. Power Sources, vol. 216, pp. 376-386, Oct. 2012.

[192] D. Schoén, “The Fear of Innovation,” International Science and Technology, vol. 59, pp. 70-78,
Nov-1966.

[193] R. S. Campbell, “Patent trends as a technological forecasting tool,” World Pat. Inf., vol. 5, no. 3,
pp. 137-143, Jan. 1983.

[194] H. Ernst, “The Use of Patent Data for Technological Forecasting: The Diffusion of CNC-
Technology in the Machine Tool Industry,” Small Business Economics, vol. 9, pp. 361-381, 1997.

[195] L. F. Chanchetti, S. M. Oviedo Diaz, D. H. Milanez, D. R. Leiva, L. I. L. de Faria, and T. T. Ishikawa,
“Technological forecasting of hydrogen storage materials using patent indicators,” Int. J. Hydrog.
Energy, vol. 41, no. 41, pp. 18301-18310, Nov. 2016.

[196] Deutsches Patent- und Markenamt, “Recherchen zum Stand der Technik in Patentdokumenten
aus aller Welt,” DEPATISnet, 17-Sep-2015. [Online]. Available:
http://dpma.de/service/e_dienstleistungen/depatisnet/index.html.

[197] IEA, Energy Technology Perspectives 2015. OECD Publishing, 2015.

[198] X. Luo, J. Wang, M. Dooner, and J. Clarke, “Overview of current development in electrical energy
storage technologies and the application potential in power system operation,” Appl. Energy, vol.
137, pp. 511-536, Jan. 2015.

[199] H. L. Ferreira, R. Garde, G. Fulli, W. Kling, and J. P. Lopes, “Characterisation of electrical energy
storage technologies,” Energy, vol. 53, pp. 288—-298, May 2013.

[200] K. Cavanagh, J. K. Ward, S. Behrens, E. L. Ratnam, E. Oliver, and J. Hayward, “Electrical energy
storage: technology overview and applications,” CSIRO, Australia, 2016.

155



Bibliography

[201] D. Gallego Carrera and A. Mack, “Sustainability assessment of energy technologies via social
indicators: Results of a survey among European energy experts,” Energy Policy, vol. 38, no. 2, pp.
1030-1039, Feb. 2010.

[202] R. Wistenhagen, M. Wolsink, and M. J. Birer, “Social acceptance of renewable energy
innovation: An introduction to the concept,” Energy Policy, vol. 35, no. 5, pp. 2683-2691, May
2007.

[203] A. B. Jaffe, R. G. Newell, and R. N. Stavins, “A tale of two market failures: Technology and
environmental policy,” Ecol. Econ., vol. 54, no. 2-3, pp. 164—174, Aug. 2005.

[204] P. Elsner and D. U. Sauer, “Energiespeicher Technologiesteckbrief zur Analyse
~Flexibilitatskonzepte fur die Stromversorgung 2050“,” Nationale Akademie der Wissenschaften
Leopoldina acatech — Deutsche Akademie der Technikwissenschaften Union der deutschen
Akademien der Wissenschaften, Germany, Nov. 2015.

[205] E. Borden, “Expert Views on the Role of Energy Storage for the German Energiewende,” DIW
Berliln, Germany, Final Report, 2014.

[206] G. Kieffer, S. Vinci, T. Hodges, and et al., “The Socio-economic Benefits of Solar and Wind
Energy,” IRENA, Abu Dhabi, 2014.

[207] N. M. A. Huijts, E. J. E. Molin, and L. Steg, “Psychological factors influencing sustainable energy
technology acceptance: A review-based comprehensive framework,” Renew. Sustain. Energy
Rev., vol. 16, no. 1, pp. 525-531, Jan. 2012.

[208] E. Molin, “Causal Analysis of Hydrogen Acceptance,” Transp. Res. Rec. J. Transp. Res. Board,
vol. 1941, pp. 115-121, Jan. 2005.

[209] S. M. Schoenung, “Energy storage systems cost update,” Sandia Natl. Lab. Albuq., 2011.

[210] B. Battke, T. S. Schmidt, D. Grosspietsch, and V. H. Hoffmann, “A review and probabilistic model
of life cycle costs of stationary batteries in multiple applications,” Renew. Sustain. Energy Rev.,
vol. 25, pp. 240-250, Sep. 2013.

[211] A. Malhotra, B. Battke, M. Beuse, A. Stephan, and T. Schmidt, “Use cases for stationary battery
technologies: A review of the literature and existing projects,” Renew. Sustain. Energy Rev., vol.
56, pp. 705-721, Apr. 2016.

[212] C. Marcelino, M. Baumann, and et. al, “Battery storage for hybrid smart grids: Optimization and
decision making analysis using C-DEEPSO and AHP+TOPSIS,” IEEE Transactions on Smart
Grid, Submitted-2017.

[213] O. Grothe and F. Musgens, “The influence of spatial effects on wind power revenues under direct
marketing rules,” Energy Policy, vol. 58, pp. 237-247, Jul. 2013.

[214] A. Agarwal, “Risk Sharing in CO2 Delivery Contracts for the CCS-EOR Value Chain,” MIT Center
for Energy and Environmental Policy Research, Massachusetts, USA, Jan. 2014.

[215] EXAA, “Energy Exchange Austria,” 2016. [Online]. Available:
http://www.exaa.at/de/marktdaten/historische-daten. [Accessed: 04-Mar-2016].

[216] Electric Power Research Institute, “Electricity Energy Storage Technology Options A White Paper
Primer on Applications, Costs, and Benefits,” ELECTRIC POWER RESEARCH INSTITUTE,
California, 2010.

[217]U. Biunger, F. Crotogino, S. Donadai, C. Gatzen, et. al, “Energiespeicher in
Stromversorgungssystemen mit hohem Anteil erneuerbarer Energietréger,” Energietechnische
Gesellschaft im VDE, Frankfurt, 2010.

[218] P. Stenzel, “Project "Helmholtz-Portfolio Elektrochemische Speicher im System - Zuverlassigkeit
und Integration - presentation Kenndaten Einsatzgebiet PV-BatteriespeicherKenndaten
&Einsatzgebiet Primarregelleistung - Arbeitspaket Systemanalyse SP 1,” Forschungszentrum
Julich, Karlsruhe, 2013.

[219] M. Baumann, B. Zimmermann, and M. Weil, “Project "Helmholtz-Portfolio Elektrochemische
Speicher im System - Zuverlassigkeit und Integration - presentation Techno-d6konomische-
Okologische Analyse batteriespeichergestitzter Direktvermarktung von Windenergie zur
bedarfsgerechten Stromerzeugung - Arbeitspaket Systemanalyse SP 1,” Karlsruhe Institut fir
Technologie, Karlsruhe - KIT Campus North, Final report, Oct. 2014.

[220] Fraunhofer ICT, “GrofRprojekt »RedoxWind«,” bundesministerium der Finanzen, Berlin, DE, 2016.

[221]U. Nestle and C. Kunz, “Studienvergleich: Stromgestehungskosten verschiedener
Erzeugungstechnologien,” Agentur fir erneuerbare Energien, Berlin, DE, Sep. 2014.

[222] L. Barelli, G. Bidini, and F. Bonucci, “A micro-grid operation analysis for cost-effective battery
energy storage and RES plants integration,” Energy, vol. 113, pp. 831-844, Oct. 2016.

[223] M. Baumann, C. Marcelino, J. Peters, M. Weil, P. Almeida, and E. Wanner, “Environmental
impacts of different battery technologies in renewable hybrid micro grid systems,” presented at the
IEEE International Conference on Innovative Smart Grid Technologies, Torino Italy, 2017.

156



Bibliography

[224] H. Borhanazad, S. Mekhilef, V. Gounder Ganapathy, M. Modiri-Delshad, and A. Mirtaheri,
“Optimization of micro-grid system using MOPSO,” Renew. Energy, vol. 71, pp. 295-306, Nov.
2014.

[225] C. G. Marcelino, P. E. M. Almeida, E. F. Wanner, L. M. Carvalho, and V. Miranda, “Fundamentals
of the C-DEEPSO algorithm and its application to the reactive power optimization of wind farms,”
2016, pp. 1547-1554.

[226] Statista, “Anzahl der Gemeinden in Deutschland nach GemeindegréRenklassen (Stand
31.12.2015),” Gemeinden in Deutschland nach Gemeindegré3enklassen 2015, 2015. [Online].
Available: https://de.statista.com/statistik/daten/studie/1254/umfrage/anzahl-der-gemeinden-in-
deutschland-nach-gemeindegroessenklassen/. [Accessed: 01-Oct-2017].

[227] EDNetze, “Lastprofile der ED Netze GmbH,” 2016. [Online]. Available: https://www.ednetze.de.

[228] ETG-Taskforce, “Smart Distribution 2020 Virtuelle Kraftwerke in Verteilungsnetzen Technische,
regulatorische und kommerzielle Rahmenbedingungen,” Verband der Elektrotechnik Elektronik
Informationstechnik e.V., Frankfurt am Main, DE, Final report, Jul. 2008.

[229] DWD, “Deutscher Wetterdienst: Wetter und Klima aus einer Hand,” Deutscher Wetterdienst:
Wetter und Klima aus einer Hand, 2016. [Online]. Available:
http://www.dwd.de/DE/leistungen/windkarten/windkarten.html. [Accessed: 01-Feb-2016].

[230] “Time Series of Solar Radiation Data - for Free,” SoDa solar radiation data - Solar Energy Services
for Professionals, 2016. [Online]. Available: http://www.soda-is.com/eng/index.html. [Accessed:
08-May-2016].

[231] M. Bortolini, M. Gamberi, A. Graziani, R. Manzini, and F. Pilati, “Performance and viability analysis
of small wind turbines in the European Union,” Renew. Energy, vol. 62, pp. 629-639, Feb. 2014.

[232] H. Janssen, “Monte-Carlo based uncertainty analysis: Sampling efficiency and sampling
convergence,” Reliab. Eng. Syst. Saf., vol. 109, pp. 123-132, Jan. 2013.

[233] Norbert Feck, “Monte-Carlo-Simulation bei der Lebenszyklusanalyse eines Hot-Dry-Rock-
Heizwerkes,” Fakultat fir Maschinenbau der Ruhr-Universitat Bochum, Bochum, 2007.

[234] J.Werhahn, “Kosten von Brennstoffzellensystemen auf Massenbasis in Abhangigkeit von der
Absatzmenge,” PhD thesis, RWTH Aachen, Forschungszentrum Jilich, 2008.

[235] M. Baumann, D. Poncette, and B. Zimmermann, “Evaluation of calculation methods, models and
data sources for costing on the example of stationary battery systems,” presented at the 8th
Society and Materials International Conference - SAM 8, Belgium, 21.05-2014.

[236] S. Kamarianakis, “Ein multikriterielles fuzzy- und ri sikobasiertes Entscheidungsmodell fur die
Planung unterirdischer Infrastruktur,” Ruhr-Universitat Bochum, Bochum, 2013.

[237] A. Keprate and R. M. C. Ratnayake, “Enhancing offshore process safety by selecting fatigue
critical piping locations for inspection using Fuzzy-AHP based approach,” Process Saf. Environ.
Prot., vol. 102, pp. 71-84, Jul. 2016.

[238] J. Niemann and E. Westkdmper, ‘“Investitionsplanung, Produktionsmanagement,
Fertigungsplanung Investitionskosten versus Betriebskosten - Nicht Preisschild sondern
Lebenslaufkosten entscheiden Uber den Produktnutzen,” Werkstattstech. Online, vol. Jahrgang
94 (2004), no. 43-47, 2004.

[239] M. Baumann, B. Zimmermann, H. Dura, B. Simon, and M. Weil, “A comparative probabilistic
economic analysis of selected stationary battery systems for grid applications,” 2013, pp. 87-92.

[240] R. Brugger, Der IT Business Case Kosten erfassen und analysieren, Nutzen erkennen und
quantifizieren, Wirtschaftlichkeit nachweisen und realisieren. Berlin: Springer, 2005.

[241] S. Fuller and A. Boyles, “LIFE-CYCLE COSTING WORKSHOP FOR ENERGY CONSERVATION
IN BUILDINGS: STUDENT MANUAL,” U.S. DEPARTMENT OF COMMERCE, Gaithersburg, Apr.
2000.

[242] Davis Langdon Management Consulting, “Literature review of costing (LCC) and assessment
(LCA),” Davis Langdon Management Consulting, Working Paper, Jul. 2005.

[243] V. Viswanathan, M. Kintner-Meyer, P. Balducci, and C. Jin, “National Assessment of Energy
Storage for Grid Balancing ans Arbitrage Phase Il Volume 2: Cost and Performance
charaterization,” Pacific Northwest National Laboratory, USA, PNNL-21388, Sep. 2013.

[244] T. Mayer, D. Kreyenberg, J. Wind, and F. Braun, “Feasibility study of 2020 target costs for PEM
fuel cells and lithium-ion batteries: A two-factor experience curve approach,” Int. J. Hydrog.
Energy, vol. 37, no. 19, pp. 14463-14474, Oct. 2012.

[245] C. Pillot, “Battery Market Development for Consumer Electronics, Automotive, and Industrial:
Materials Requirements and Trends,” presented at the 5th Israeli Power Sources Conference,
Herzelia Israel, May-2015.

[246] C. Cluzel and C. Douglas, “Cost and performance of EV batteries,” Element Energy Limited,
Cambridge, 21.03.20112.

157



Bibliography

[247] F. Kalhammer, B. Kopf, and D. Swan, “Status and Prospects for Zero Emissions Vehicle
Technology, Report of the ARB Independent Expert Panel 2007,” California Environmental
Protection Agency, California, Final Report, Apr. 2007.

[248] D. Nagelhout and J. P. M. Ros, “Elektrisch autorijden Evaluatie van transities op basis van
systeemopties,” Planbureau voor de Leefomgeving, Bilthoven, NL, Beleidsstudies PBL-
publicatienummer 500083010, Jan. 2009.

[249] S. J. Gerssen-Gondelach and A. P. C. Faaij, “Performance of batteries for electric vehicles on
short and longer term,” J. Power Sources, vol. 212, pp. 111-129, Aug. 2012.

[250] R. Baxter, Energy storage: a nontechnical guide. Tulsa, Oklahoma, USA: Pennwell Corp, 2006.

[251] L. Ortiz, “Grid-Scale Energy Storage Balance of Systems 2015-2020: Architectures, Costs and
Players,” GTM Research, USA, Market Report, Jan. 2016.

[252] G. Fitzgerald and J. Morris, “Battery Balance of System Charrette,” Rocky Mountain Institute, USA,
Report or White Paper, 2015.

[253] A. Abbas, G. Huff, B. Currier, Benjamin C. Kaun, Dan M. Rastler, and Stella Bingging Chen,
Andrew L. Cotter, Dale T. Bradshaw, and Wiliam D. Gauntlett, “DOE/EPRI 2013 Electricity
Storage Handbook in Collaboration with NRECA,” Sandia National Laboratories, Albuquerque and
Livermore, USA, Jul. 2013.

[254] M. Hajek, “Analyse potentieller Einsatzbereiche von LIQHYSMES im deutschen Stromnetz,” KIT,
Karlsruhe, Bachelor thesis, 2014.

[255] F. Bizzarri, “Interfacing with DSO and evaluating the economical viability of installing energy
storage in renewables farms,” presented at the Energy Storage World Forum, London, 2014.
[256] N. Di Orio, A. Dobos, and S. Janzou, “Economic Analysis Case Studies of Battery Energy Storage

with SAM,” National Renewable Energy Laboratory, Golden, California, USA, Nov. 2015.

[257] D. Steward, G. Saur, M. Penev, and T. Ramsden, “Life cycle Cost Analysis of Hydrogen Versus
Other Technologies for Electrical Energy Storage,” National Renewable Energy Laboratory,
Colorado USA, Technical Report DE-AC36-08-G028308, Nov. 2009.

[258] M. Baumann, B. Zimmermann, and H. Dura, “A comparative probabilistic economic analysis of
selected stationary battery systems for grid applications,” presented at the International
Conference on CLEAN ELECTRICAL POWER Renewable Energy Resources Impact, Alghero,
Sardinia — Italy, 2013.

[259] D. Yang, C. Lu, and G. Qi, “An Improved Electric Model with Online Parameters Correction for
Large Li-lon Battery Packs,” Int. J. Comput. Electr. Eng., pp. 330-333, 2013.

[260] C. Weng, J. Sun, and H. Peng, “A unified open-circuit-voltage model of lithium-ion batteries for
state-of-charge estimation and state-of-health monitoring,” J. Power Sources, vol. 258, pp. 228—
237, Jul. 2014.

[261] R. Ball, N. Keers, M. Alexander, and E. Bower, “Modelling Electric Storage Devices for EV,”
European Commission, EU, 2010.

[262] M. R. Mohamed, H. Ahmad, and M. N. Abu Seman, “Estimating the State-of-Charge of all-
Vanadium Redox Flow Battery using a Divided, Open-circuit Potentiometric Cell,” Electron. Electr.
Eng., vol. 19, no. 3, Mar. 2013.

[263] J. Noack, L. Wietschel, N. Roznyatovskaya, K. Pinkwart, and J. Tubke, “Techno-Economic
Modeling and Analysis of Redox Flow Battery Systems,” Sciprints, Aug. 2016.

[264] J.-Y. Chen, C.-L. Hsieh, N.-Y. Hsu, Y.-S. Chou, and Y.-S. Chen, “Determining the Limiting Current
Density of Vanadium Redox Flow Batteries,” Energies, vol. 7, no. 9, pp. 5863-5873, Sep. 2014.

[265] C. J. Rydh, “Environmental assessment of vanadium redox and lead-acid batteries for stationary
energy storage,” J. Power Sources, vol. 80, no. 1-2, pp. 21-29, Jul. 1999.

[266] O. Veneri, C. Capasso, and S. Patalano, “Experimental study on the performance of a ZEBRA
battery based propulsion system for urban commercial vehicles,” Appl. Energy, vol. in Press, Feb.
2016.

[267] European Commission, “Analysis of existing Environmental Impact Assessment methodologies
for use in Assessment,” Joint Research Center & Institute for Environment and Sustainability,
Ispra, 2010.

[268] M. Goedkoop, R. Heijungs, and M. Huijbregts, “ReCiPe 2008; A impact assessment method
which comprises harmonised category indicators at the midpoint and the endpoint level,” Riumte
en Milieu, Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer, Leiden, 2008.

[269] M. Goedkoop, R. Heijungs, M. Huijbregts, A. De Schryver, J. Struijs, and R. Van Zelm, “ReCiPe
2008, Life, 2009.

[270] J. F. Peters and M. Weil, “Providing a common base for assessments of Li-lon batteries,” J. Clean.
Prod., no. submitted, 2016.

158



Bibliography

[271] C. Spanos, D. E. Turney, and V. Fthenakis, “Life-cycle analysis of flow-assisted nickel zinc-,
manganese dioxide-, and valve-regulated lead-acid batteries designed for demand-charge
reduction,” Renew. Sustain. Energy Rev., vol. 43, pp. 478-494, Mar. 2015.

[272] S. Longo, V. Antonucci, M. Cellura, and M. Ferraro, “ assessment of storage systems: the case
study of a sodium/nickel chloride battery,” J. Clean. Prod., vol. 85, pp. 337-346, Dec. 2014.

[273] R. C. Galloway and C.-H. Dustmann, “ZEBRA Battery - Material Cost Availability and Recycling,”
EVS, vol. 20, Nov. 2003.

[274] J. Sudworth, “The sodium/nickel chloride (ZEBRA) battery,” J. Power Sources, vol. 100, no. 1-2,
pp. 149-163, Nov. 2001.

[275] V. Viswanathan et al., “Cost and performance model for redox flow batteries,” J. Power Sources,
vol. 247, pp. 1040-1051, Feb. 2014.

[276] U. Ulmer et al., “Cost reduction possibilities of vanadium-based solid solutions — Microstructural,
thermodynamic, cyclic and environmental effects of ferrovanadium substitution,” J. Alloys Compd.,
vol. 648, pp. 1024—-1030, Nov. 2015.

[277] Swiss Center for Inventories, “ecoinvent centre,” Swiss Center for Inventories, Zirich, CH, 2012.

[278] G. Majeau-Bettez, T. R. Hawkins, and A. H. Stramman, “ Environmental Assessment of Lithium-
lon and Nickel Metal Hydride Batteries for Plug-In Hybrid and Battery Electric Vehicles,” Environ.
Sci. Technol., vol. 45, no. 10, pp. 4548—4554, May 2011.

[279] M. Zackrisson, L. Avellan, and J. Orlenius, “ assessment of lithium-ion batteries for plug-in hybrid
electric vehicles — Critical issues,” J. Clean. Prod., vol. 18, no. 15, pp. 1519-1529, Nov. 2010.

[280] C. Bauer, “Okobilanz von Lithium-lonen Batterien,” Paul Scherrer Inst. Labor Fiir Energiesystem-
Anal. LEA Villigen Switz., 2010.

[281] L. A.-W. Ellingsen, G. Majeau-Bettez, B. Singh, A. K. Srivastava, L. O. Valgen, and A. H.
Stremman, “ Assessment of a Lithium-lon Battery Vehicle Pack: LCA of a Li-lon Battery Vehicle
Pack,” J. Ind. Ecol., vol. 18, no. 1, pp. 113-124, Feb. 2014.

[282] J. L. Sullivan and L. Gaines, “A Review of Battery Life-Cycle Analysis: State of Knowledge and
Critical Needs,” Center for Transportation Research Energy Systems Division, Argonne National
Laboratory, 01.10.2010, ANL/ESD/10-7.

[283] T. Oshima, M. Kajita, and A. Okuno, “Development of Sodium-Sulfur Batteries,” Int. J. Appl.
Ceram. Technol., vol. 1, no. 3, pp. 269-276, Jan. 2005.

[284] E. Moreno Ruiz, T. Lévova, G. Bourgault, and G. Wernet, “Documentation of changes
implemented in ecoinvent database 3.2,” Ecoinvent Centre, Zirich, Switzerland, 2015.

[285] B. Zimmermann, M. Baumann, B. Simon, H. Dura, and M. Weil, “A comparative analysis of the
cumulative energy demand of stationary grid-integrated battery systems,” presented at the 4th
International Conference on Clean Electrical Power: Renewable Energy Resources Impact,
ICCEP 2013, Alghero, Italy, 2013, pp. 248-253.

[286] M. J. Baumann, J. F. Peters, M. Weil, and A. Grunwald, “CO2 footprint and costs of
electrochemical energy storage for stationary grid applications,” Energy Technol., Dec. 2016.

[287] US Geological Survey, Mineral commodity summaries 2016. US Geological Survey, 2016.

[288] M. Hiremath, K. Derendorf, and T. Vogt, “Comparative Assessment of Battery Storage Systems
for Stationary Applications,” Environ. Sci. Technol., vol. 49, no. 8, pp. 4825-4833, Apr. 2015.
[289] H. Appel, A. Ardilio, and T. Fischer, Professionelles Patentmanagement fiir kleine und mittlere

Unternehmen in Baden-Wiirttemberg. Stuttgart: Fraunhofer Verlag, 2015.

[290] M. Kastner, “Patentrecherche und Bewertung, Seminar Future Internet,” Fakultat fur Informatik,
TU Minchen, Lehrstuhl Netzarchitekturen und Netzdienste, 2011.

[291] O. Offenburger, Patent und Patentrecherche: Praxisbuch fiir KMU, Start-ups und Erfinder.
Wiesbaden: Springer Gabler, 2014.

[292] WIPO, “International Patent Classification (IPC),” World Intellectual Property Organization, 2017.
[Online]. Available: http://www.wipo.int/classifications/ipc/en/.

[293] EPO, “European Patent Office,” 2017. [Online]. Available: https://www.epo.org/index.html.

[294] S. C. Mueller, P. G. Sandner, and |. M. Welpe, “Monitoring innovation in electrochemical energy
storage technologies: A patent-based approach,” Appl. Energy, vol. 137, pp. 537-544, Jan. 2015.

[295] B. Jurgens and V. Herrero-Solana, “Espacenet, Patentscope and Depatisnet: A comparison
approach,” World Pat. Inf., vol. 42, pp. 4-12, Sep. 2015.

[296] EPO, “Patent databases, registers and gazettes,” 2017. [Online]. Available:
https://www.epo.org/service-support/useful-links/databases_de.html.

[297] S. Greif, in Strukturen und Entwicklungen im Patentgeschehen, Marburg: Forum Wissenschaft
Studien, 1997, pp. 97—-136.

[298] S. Mller, P. Sandner, and |. Welpe, “Monitoring Innovation in Electrochemical Energy Storage
Technologies: A Patent-based Approach,” Energy Procedia, vol. 61, pp. 2293-2296, 2014.

159



Publications in frame of the PhD

Publications in frame of the PhD

Journal contributions:

Baumann M., J. Peters, M. Weil, and A. Grunwald. CO2 footprint and life cycle costs of electrochemical

energy storage for stationary grid applications. Energy Technology, 2017.

Baumann, M.; Prospective system analysis of stationary systems under the frame of constructive

technology assessment. Enterprise and Work Innovation Studies (IET) (2015)9, S. 9-27

Baumann, M.; Zimmermann, B.; Weil, M.; Emergente Energiespeicher fiir stationare
Anwendungsgebiete im Fokus der prospektiven Systemanalyse. Technikfolgenabschatzung - Theorie
und Praxis 23(2014)3, S. 77-82

Fournier, G.; Baumann, M.; Lindenlauf, F. Vehicle-to-Grid und Power-to-Gas-Technologien. Bindeglied
zwischen Erneuerbaren und zukiinftiger Mobilitdt. BWK - Das Energie-Fachmagazin 66(2014)1-2, S.
59-63

J. F. Peters, M. Baumann, B. Zimmermann, J. Braun, and M. Weil, “The environmental impact of Li-lon
batteries and the role of key parameters — A review,” Renew. Sustain. Energy Rev., vol. 67, pp. 491-
506, Jan. 2017.

Versteeg, M. J. Baumann, M. Weil, and A. B. Moniz, “Exploring emerging battery technology for grid-
connected energy storage with Constructive Technology Assessment,” Technol. Forecast. Soc.
Change, vol. 115, pp. 99-110, Feb. 2017.

Zimmermann, B.; Dura, H.; Baumann, M.; Weil, M. Prospective time-resolved LCA of fully electric
supercap vehicles in Germany. Integrated Environmental Assessment and Management 11(2015)3, S.
425-434, publ. online, DOI: 10.1002/ieam.1646

Book chapters:

Dehler, J.; Keles, D.; Telsnig, T.; Fleischer, B.; Baumann, M.; Fraboulet, D.; Faure, A.; Fichtner, W. Self-
consumption of electricity from renewable sources. In Europe’s Energy Transition - Insights for Policy
Making, Edition: 1st Edition, Chapter: Chapter 27, Publisher: Elsevier, Editors: Manuel Welsch, Steve
Pye, Dogan Keles, Aurélie Faure-Schuyer, Audrey Dobbins, Abhishek Shivakumar, Paul Deane, Mark
Howells, pp.225-235

Conference publications:

Baumann, M.; Marcelino, C.; Peters, J.; Weil, M., Almeida, P.; Wanner, E.
Environmental impacts of different battery technologies in renewable hybrid micro-grids. In: IEEE PES
(Hrsg.): Proceedings of the IEEE International Conference on Innovative Smart Grid Technologies IEEE
ISGT Europe 2017, Turin, Italien, 26.-29.09.2017. 2017, publ. online

160



Publications in frame of the PhD

Baumann, M.; Simon, B.; Dura, H.; Weil, M. 2012. “The Contribution of Electric Vehicles to the Changes
of Airborne Emissions.” In, 1049-1054. IEEE. doi:10.1109/EnergyCon.2012.6347724.

Baumann, M.; Zimmermann, B.; Dura, H.; Simon, B.; Weil, M. A comparative probabilistic economic
analysis of selected stationary battery systems for grid applications. In: ICCEP (Hrsg.): Proceedings of
the 4th International Conference on Clean Electrical Power Renewable Energy Resources Impact
(ICCEP) in Alghero, Sardinien, 11.-13.06.2013. Italien: IEEEXplore 2013, S. 87-92

Foley, RW.; Weil, M.; Baumann, M.; Zimmermann, B.; Buchgeister, J.; Wender, B.A. Advancing future-
oriented life cycle assessment for responsible innovation: A workshop report. Arizona, USA: Center for
Nanotechnology in Society - Arizona State University 2015, DOIl: 10.13140/RG.2.1.1939.7288
(Technical report number; R15-0001)

Fournier, G.; Baumann, M.; Buchgeister, J.; Weil, M.; Seign, R. Elektrofahrzeuge als virtuelle Speicher
zur Kompensierung volatiler erneuerbarer Energien in Deutschland - Ein neues Geschaftsmodell? In:
Proff, H.; Schonharting, J.; Schramm, D.; Pascha, W. (Hrsg.): Schritte in die kinftige Mobilitat -
technische und betriebswirtschaftliche Aspekte. Konferenzband zum 4. Wissenschaftsforum Mobilitat.
Wiesbaden: Springer Gabler 2013, S. 253-271

Fournier, G,; Baumann, M.; Dittes, S,; Lindenlauf, M.; Weil, M.
V2G und P2G als Bindeglied zwischen Erneuerbaren Energien und zukunftiger Individualmonbilitat. In:
Proff, H. (Hrsg.): Entscheidungen beim Ubergang in die Elektromobilitdt. Technische und
betriebswirtschaftliche Aspekte. Wiesbaden: Springer Fachmedien 2015, S. 115-128, DOI:
10.1007/978-3-658-09577-2_8

Fournier, G.; Baumann, M.; Seign, R. Carsharing with electric vehicles and vehicle-to-grid: A future
business model? Vortrag auf dem 5. Wissenschaftsforum Mobilitdt "Radical innovation in mobility" an
der Universitat Duisburg/Essen, 18.06.2013

Stenzel, P.; Baumann, M.; Fleer, J.; Zimmermann, B.; Weil, M. Database development and evaluation
for techno-economic assessments of electrochemical energy storage systems. In: IEEE International
Energy Conference (Hrsg.): Energycon 2014. Dubrovnik, Kroatien: 2014, S. 1334-1342 T.

Zimmermann, B., Baumann, M., Simon, B., Dura, H., und Weil, M. 2013. “A Comparative Analysis of
the Cumulative Energy Demand of Stationary Grid-integrated Battery Systems.” In , 248-253. |IEEE.
doi:10.1109/ICCEP.2013.6586997.

Technical reports:

Dehler, J.; Keles, D.; Telsnig, T.; Fleischer, B.; Baumann, M.; Fraboulet, D.; Faure, A.; Fichtner, W. Self-
consumption of electricity from renewable sources. Rapid Response Energy Brief - European

Commission (2015)6, publ. Online

161



Publications in frame of the PhD

Presentations:

Baumann, M. A constructive technology assessment of stationary energy storage systems. A
prospective sustainability analysis with the focus on electrochemical storage systems. Vortrag auf der

3. Winter School on Technology Assessment der Universitat Lissabon, 10.12.2012

Baumann, M. A constructive technology assessment of stationary electrochemical energy storage
systems - methodological developments and first outcomes. Vortrag auf der 3rd Doctoral Conference

on Technology Assessment der Nova Universidade de Lisboa. Lissabon, Portugal, 04.07.2013

Baumann, M. Newest insights from the prospective analysis of stationary battery systems under the
frame of constructive technology assessment. Vortrag auf der 4th Doctoral conference on Technology
assessment, Lisbon, Portugal, 26.06.2014

Baumann, M. Prospective system analysis of stationary battery systems under the frame of constructive
technology assessment. Vortrag auf der 6th Winterschool on Technology Assessment der Universidade
Nova de Lisboa, Lissabon, Portugal, 09.12.2015

Baumann, M. Grid battery energy storage in future electricity grids: techno-economic-ecologic potentials
and market diffusion obstacles. Vortrag auf der 5th Escola de Inverno em Avaliagao de Tecnologia,

Winterschool on Technology Assessment, Lisbon, Portugal, 10.12.2014

Baumann, M. Streamlined LCA stationarer elektrochemischer Energiespeicher als Komponente einer
auf Constructive Technology Assessment (CTA) basierten multikriteriellen Analyse. Vortrag in der
Okobilanzwerkstatt 2013 der TU Graz, Osterreich, 23.-25.09.2013

Baumann, M.; Moniz, A. Brandao; Weil, M. Emerging energy storage systems in future electricity
systems: Potential technology transition paths. Vortrag auf der 1. Encontro de Prospetiva 2015, Evora,
Portugal, 11.09.2015

Baumann, M.; Zimmermann, B.; Boavida, N.; Moniz, A. Brandao; Reichenbach, M.; Schippl, J.; Weil, M.
Technology transition pathways towards electric mobility: the reconfiguration of stakeholder networks
and impact on battery development. Vortrag auf dem Gerpisa International Colloquium 2015, Paris,
Frankreich, 10.06.2015

Baumann, M.; Zimmermann, B.; Dura, H.; Simon, B.; Well, M.
A comparative probabilistic economic analysis of selected stationary battery systems for grid
applications. Vortrag auf der 4th International Conference on Clean Electrical Power Renewable Energy
Resources Impact (ICCEP) in Alghero, Sardinien, 11.-13.06.2013

Baumann, M.; Poncette, D.; Zimmermann, B.; Weil, M. Evaluation of calculation methods, models and
data sources for life cycle costing on the example of stationary battery systems. Vortrag auf der 8th
Society and Materials International Conference - SAM 8. Liege, Belgien, 20.-21.05.2014

Baumann, M.; Dura, H.; Simon, B.; Frankenberg, A.; Zimmermann, B.; Weil, M. Systemanalytische
Untersuchungen fir elektrochemische Speicher. Prasentation am Workshop fir "Alternative
Antriebstechnologien bei sich wandelnden Mobilitatsstilen". KIT Campus Sid. Karlsruhe, 08.-
09.03.2012

162



Publications in frame of the PhD

Posters:

Baumann, M. A constructive technology assessment of stationary energy storage systems. A
prospective life cycle analysis with the focus on electrochemical storage systems. Posterprasentation
auf der PACITA European Technology Assessment Conference "Technology assessment and policy

areas of great transitions". Prag, Tschechien, 13.-15.03.2013

Baumann, M. Zimmermann, B. Peters, J. Weil, M. Chibeles-Martins, N.; Environmental performance of
Li-ion batteries for direct marketing of wind power — intermediate results Poster - May 2017 05/2017, ,

At: Trondheim, Norway, Conference: 11th Society and Materials International Conference (SAM 11)

Baumann, M.; Weil, M.; Moniz, A. Brandao; Hauser, Chr. Sustainability of energy storage technologies.
A concept for a life cycle orientated constructive technology assessment. Posterprasentation auf der 4th
International Conference on Sustainability Transitions - IST 2013. Zurich, Schweiz, 18.-21.06.2013. -
Book of Extended Abstracts

Baumann, M.; Zimmermann, B.; Weil, M.; 2013, Probabilistische life cycle costs elektrochemischer
Energiespeichertechnologien auf Basis eines deterministischen Vollkostenmodells. Posterprasentation
im Wissenschaftszentrum Bonn "Energiewende - zwischen Konzept und Umsetzung”. Bonn, 03.-
04.06.2013

Peters, F. Fulton J.; Baumann M., Weil M.; Life Cycle Cost Model for Vanadium Redox Flow Batteries;
Poster - May 2017 05/2017, Conference: 11th Society and Materials International Conference (SAM 11)

Poncette, D.; Baumann, M.; Wagner, C.; Patyk, A.; Pfeifer, P. Simulation of a CSP-powered hybrid
storage network. Posterprasentation auf der 9th International Renewable Energy Storage Conference
(IRES) 2015, Disseldorf, 09.-11.03.2015

Others (working papers):

Baumann, M. A constructive technology assessment of stationary energy storage systems - A
prospective life cycle orientated analysis. Lissabon, Portugal: Universidade Nova de Lisboa, Faculty of
Science and Technology 2013 - WPS01/2013 ISBN 1646-8929
(IET Working Papers Series)

Baumann, M. Analysis of a controversial decision process: The case of the pumped hydro storage power
plant Atdorf in Germany. Lissabon, Portugal: Universidade Nova de Lisboa, Faculty of Science and
Technology 2015 - WPS04/2015 ISBN 1646-8929 (IET Working Papers Series)

Baumann, M. Historic and potential technology transition paths of grid battery storage: Co-evolution of
energy grid, electric mobility and batteries. Lissabon, Portugal: Universidade Nova de Lisboa, Faculty
of Science and Technology 2015 - WPS02/2015 ISBN 1646-8929 (IET Working Papers Series)

163



cv

Manuel Baumann
Essenweinstralle 28
76131 Karlsruhe

Germany
Tel: 015739494436
Email: di.mbaumann@gmail.com

Current position:

Since Jan. 2012-: Researcher (full time) at the Institute for Technology Assessment and Systems
Analyses (ITAS) / Karlsruhe Institute of Technology (KIT). Research area: Electrochemical energy
storage, techno-economic modeling and life cycle assessment.

Research experience:

Since Sept. 2015: KIT-ITAS, Helmholtz Association Project Energy System 2050 — “A Contribu-
tion of the Research Field Energy” - Identification of technical and scientific, ecological, economic,
and social aspects of energy storage within the German energy transformation.

Since Jan. 2013: CICS.NOVA Lisbon, Member of C/ICS.NOVA - Centro de Estudos de Sociologia
da Universidade Nova de Lisboa and Observatério de Avaliagdo de Tecnologia.

Jan. 2012 — Dec. 2016: KIT-ITAS, Helmholtz Portfolio project: “Electrochemical energy storage in
the system — reliability and integration” - | Techno-economic analyses, life cycle assessment.

Nov. 2010- March 2011: Laboratério Nacional de Energia e Geologia (LNEG), Erasmus research
internship, working area: “Technical and economic viability of H2 production by biomass gasifica-
tion with and without CCS”.

Education:

Dec. 2012 —January 2018: PhD student— Nova Universidade de Lisboa (UNL); Faculdade de
Ciéncias e Tecnologia (FCT). PhD-program for technology assessment; Title of PhD: “Battery
storage systems as balancing option in intermittent renewable energy systems—A transdiscipli-
nary approach under the frame of Constructive Technology Assessment” - Supervisor: Dr.-Ing.:
Marcel Weil (ITAS-KIT); Co-supervisor: Prof. Lia Vasconselos (FCT-UNL)

Sept. 2009 - Dec. 2011: Master of Science, University of Applied Sciences Pinkafeld Austria ,En-
ergy and environmental management, Title of the thesis: “Smart grid integration of electric vehi-
cles as energy storage units for renewable based energy systems”. (Average grade level 1.8)

Nov. 2010- March 2011: Faculdade de Ciéncias da Universidade de Lisboa / Portugal, Exchange
semester

Oct. 2005- Aug. 2009: Bachelor of Arts in Business, University of Applied sciences Kufstein /
Austria, ,European Energy economics®, Title of thesis: “National and international investments
into ground-mounted multi-MW PV power plants through municipal utilities”. (Average grade level
2.1)

July 2008- Feb. 2009: Universidad Catolica de Cérdoba in Argentina, Exchange semester (polit-
ical sciences, system and organization theory, international business and logistics and others)

Scientific activities:

Jan. 2015: Cooperation with the Arizona State University — research & publication in the field of
life cycle assessment

Sept. 2014: Co-organisation of a session within the 6th S.Net Conference in Karlruhe ,Better
Technologies With No Regret?*, Life cycle Assessment, and interactive workshops

Since 2012: Reviewer for multiple conferences and journals (e.g. IEEE- EnergyCon, Journal of
responsible Innovation etc.)

164



Aug. 2012: Participation at “1st Summer School on Renewable Energy Systems. Role and Use
of Parliamentary Technology Assessment in Lieége/Belgium”

Participation at the doctoral program at ITAS

Teaching and supervision activities (selection):

Internal supervision and co-supervision of several master and bachelor thesis at ITAS:

. Martin Hajek: ,Analysis of potential Application areas of LIQHYSMES in the German
energy grid“ - Technische Hochschule Ingolsadt

B Thom Versteeg: Master thesis “Constructive Technology Assessment of emerging bat-
ter technology for grid-connected storage” - VU (University Amsterdam)

. Jonas Graus: Bachelor thesis: ,,Evaluation of electrochemical energy storage technolo-
gies for decentral applications* — Hochschule Furtwangen University

Co-supervision of multiple interdisciplinary projects / students from the applied university of Pforz-
heim (2012-2015) / highlight: 2013 cooperation with lllinois Institute of Technology on V2G system
research

Lecture about “Decision making” within the ITAS doctoral program
Administrative activities:

Jan. 2015 —Dec 2015: PhD-spokesman for ITAS

Professional associations

Institute of Electrical and Electronics Engineers (IEEE) — Student member
IEEE Power & Energy society (PES)

Verband der Elektrotechnik (VDE) — Young professional member,
LIAISE-KIT — Knowledge for Decision Making / Expert

Grupo de Estudo sobre Avaliacao de Tecnologia (GrEAT)

Scientific grants & awards:

2010: Excellence scholarship of the FHS-Burgenland
Internships:
Apr.-Sept. 2009: Trianel GmbH Aachen / Project development

Working area: ground-mounted PV systems, offshore wind power project — Borkum West I, coal
power plants Linen and Krefeld in Germany

2000-2006: Others

Software skills:

MS Office, Visual Basic Application, PV Syst. PV-Sol, Matlab, EnergyPlan, SPSS, OpenLCA

Additional qualifications:

Investment analysis on renewable energy systems (Fh-Kufstein)

Languages:
German: mother tongue
English: fluent (C1)
Portuguese : good (2 school years)
Spanish: good (A2)
French: basic (DELF B2)

165


https://de.wikipedia.org/wiki/Institute_of_Electrical_and_Electronics_Engineers

Annex A

The following pages provide an overview of the conducted survey including all questions and the

pairwise comparison within AHP.

Welcome to the survey on stationary battery systems

Dear participant,

thank you for your interest and participation in this research on energy storage technologies. The following survey takes about 15 minutes and is completely
anonymous. The results will only be used in line of this research. You can also receive a summary of the results if required.

This research is carried out by the Faculty of Science and Technology (FCT) of the Universidade Nova de Lisboa (UNL) in collaboration with the Institute of
Technology Assessment and System Analysis (ITAS) of the Karlsruhe Institute of Technology (KIT).

The aim of this work is to carry out a life-cycle-based prospective system analysis under the frame of Constructive Technology Assessment (CTA) aiming to
identify hotspots that influence the acceptance and sustainability of emerging battery energy storage technologies. At its core, CTA entails the involvement
of stakeholders in an interactive feedback process as part of the design practices during the development of a technology. The results may provide a broader
basis for decision making, technology development and market integration support.

Research abstract: Prospective system analysis of stationary battery systems under the
frame of Constructive Technology Assessment

The ongoing German energy transition causes higher demand for reliable flexible energy balancing technology options (e.g. energy storage, demand side
management and new power plants) in the future. This includes the demand for sustainable, cheap, safe and efficient energy storage systems and has
caused a stronger public debate about the potential benefits of grid battery storage.

This circumstance led to the preposition that there is a need for the development of a proper ex-ante assessment strategy to identify challenges for
technology uptake and sustainability. The developed approach represents a framework for prospective system analysis (PSA) using the heuristics of
constructive technology assessment to identify consequences, application possibilities or threats in the technological trajectory of grid battery storage in
relation to other balancing technologies. Within this framework PSA is used to identify hotspots according to sustainability by quantitatively assessing
economic, environmental and social aspects along the entire life cycle of electrochemical energy storage technologies. The incoorporation of specific
stakeholder group preferences from the industry represents a major pillar of this research. The Analytic Hierarchic Process (AHP) supports multiple
methods in data collection and enables the analyst to combine results from PSA with qualitative actor notions about the technology according to the “world™
where it is embodied. In this sense AHP enables to achieve an optimum construct of technology from a stakeholder view point. The developed approach
represents an efficient research strategy to shape technology in a sustainable way within the frame of _Responsible Research and Innovation®.

A detailed overview of the entire research design is given in the following figure.
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1. Please indicate how high you consider your experience level regarding grid energy storage.

O O O O
None Litle ~ Medium  Expert

2. In which sector(s) or company type(s) are you mainly working? You can fill out “other” if non of the fields applies to you. Only one response
possible?

[] Network operator

[] Renewable energy production/retail

[[] Battery research & development (University, research center etc.)

[] Regulation

[] Battery manufacturer

[] Public body & policy making

Seite 04
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Energy System and Balancing technologies

The following questions are related to general issues regarding the energy system and balancing technologies.

3. Please indicate how much you agree with each statement regarding energy storage.

Do mot agree Anzolsely
atal agree
el Nocomon
Sustainability aspects (environmental, economic and social factors) should play a bigger role in O0000 O
critical investment & research decisions.
Politics, industry and available studies underestimate the mid-term impacts of fluctuating O0000 @)
renewables on the energy system architecturs (2.g. markets, ownership relations and on system
stability etc.).
The energy system after 2035 will be strongly decentralized. O0000 @)
4. Please rate the perceived relevance of different balancing technologies for a renewable energy source based electricity system.
LOow relevance High relevance
Centralzed energy storage (pumped hydro, CAES etc.) '
Flexible power plants (e.g. conventional combined cycle gas turbine) '
Grid extension measures '
Modular technologies (2.g. batteries usable in de- and centralized applications) '
Other relevant technologies |
5. Please rate the level of pelitical suppert to establish adequate market and legal requlations regarding the following techologies.
Poor Very Good
U R—
Centralized storage technologies (e.g. Pumpad hydro storage, Compressed air energy storage etc.) O0000 O
Flexible power plants (2.g. gas turbines, combined cycle gas turbing) OOOOO O
Stationary battery storage (e.g. Li-lon-, Redox-Flow-, High-temperature-batteries) O0000 O
Grid extension O0000 O
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6. Please rate in general the public acceptance of different storage and balancing technologies (regarding e.g. impact on landscape,

perceived danger).
Poor Very good
el oo
Centralzad storage technologies (Pumpsad hydro storage, compressed air energy storage, etc.) O O O O O O
Flexible power plants (gas turbines, combined Cycle gas turbing) O0000 O
Stationary battery storage (Li-lon-, high-temperature-, Vanadium-Redox-Flow-battery etc.) O0000 O
Grid extension O O O O O O
Seite 05

7. Please rate the contribution of different technologies regarding their secio-economic value (e.g. job creation, fair distribution of

costs and benefits) on a regional level (major socio-economic regions — NUTS 1).

Centralzad balancing technologies (2.g. Pumped hydro storage, Compressed air energy storage etc.)
Flexible power plants (2.g. gas turbines)
Grid Battery Storage (Li-lon, High Temperature, Redox-Flow etc.)

Demand Side Response

Grid Extension
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Analytic Hierarchy Process (AHP)

Information: AHP Pairwise comparison

Dear participant,

in the following section we kindly ask you to please conduct pairwise comparisons based on your preferences as a part of 3
Analytical Hierarchic Process (AHP®). Your preferences will be usad to calculate criteria weights for technology selection. AHP is 3
mathematical method used for decision making support and is based on the comparison of the criteria and sub-criteria.

11. Please state your preferences regarding sustainability aspects of storage or balancing technologies (e.g. battery storage, gas
turbines, pumped hydro storage, etc). Rate the following aspects by pairwise comparisons for the AHP evaluation. The categories
represent the three pillars of sustainability and are supplemented with a fourth category "technology™.

Sustainability criteria overview:

Ecology = Subcriteria: Damage to ecosystem diversity, damage to human health and ressource availability
Economy = Subcriteria: Capital cost and lifecycle costs

Society & Policy = Subcriteria: Social acceptance, availability of regulations, compliance with political goals
Technology = Subcriteria: Technological maturity, performance and flexibility

Extremely | Strongly | Moderately |  Slightly Slightly | Moderately | Strongly | Extremedy
more maee more more Equal maee more maee more
L 7 s 4 3 2 1 4 5 6 7T 8

L

Ecology % Economy
Ecology - Society & Foiitics
Ecology % Technology
Economy 3 Society & Poiitics
Technology ) Society & Politics
Economy ) Technology

0 Please click on the cursor if your preference is "Equal’ otherwise the survey will not procesed.

*Additional Information: The Analytic Hierarchy Process (AHF) was developed by Prof. Saaty (see Saaty 1380). It is 3 compensatory Multi-Criteria
Decision Analysis method (MCDA) allowing numerical trade-offs among various dimensions. It allows to grasp physical - tangible factors related to an
objective reality. By contrast it also enables to capture the psychological realm which is intangible as it is related to subjective ideas based on beliefs
of the individual about himself or herself and the world of experience. For more information see: Thomas L. Saaty: Multicriteria decision making - the
analytic hierarchy process. Planning, priority setting, resource allocation; 2. Auflage. RWS Fublishing, Pittsburgh 1530, ISEN 0-8820217-2-0. Thomas
L. Saaty: Decision Making for Leaders: The Analytic Hierarchy Process for Decisions in 3 Complex World. 2. Auflage. RWS FPublishing, Pittsburgh
2001, ISBN 0-8620317-8-X
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12. Please weight the importance of ecological impaets regarding storage and balancing technology choice.

Ecological criteria overview:

Damage to Ecosystem diversity = Diversity of species .g. land use, fresh water sutrophication etc. based on database

Damage to Human health = Impact on human health e.g. climate change, jonzing radiation, particulate formation based on database.
Damage to Ressource availability = Use of minerals, water use, fossil fuel consumption based on database.

more mece more more Equal moee more moee more
i T 6 s 4 3 2 14 2 3 4 5 6 1 8
Ecosystem ‘ Human health
Ecosystem x R o2 use
Human health ‘ Resource use

0 Flzase click on the cursor if your preference is "Equal’ otherwise the survey will not procesd.

13. Please weight the importance of secial facters regarding technology choice storage / balancing technology choice.
Social & policy criteria overview:

Social acceptance = e.g. effects on landscape, perceived danger based on expert judgement

Requlatory frame = e.g. availability of market rules, political support based on expert judgement

Socio-economic value = e.g. creation of jobs, contribution to local welfare based on expert judgement

more moce more more Equal moee more moce more
9r 8 'I' 6 5 4 3r 2 1 2 3 47 s 6' 7T 8
Social acceptance ‘ Socio-economic value
Socio-economic value y Regulatory frame

o Plzase click on the cursor if your preference is "Equal’ otherwise the survey will not procesd.

Seite 08
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14. Please weight the relative importance of technical aspeets regarding storage technology / balancing technology choice.
Technological criteria overview:
Technological maturity = Ease of use, track record represented by total global installations, no. of patents and citations in scientific literature

Technology performance = Service time (2.g. cycles and years), energy & power density and charge/discharge efficiency based on technology
database

Technological flexibility = Response time (KW/min), No. of application possibilities based on technology database

more mace more more Equal maoee more moce more
i 5' El 3' 2 j " 5 6' 7 8'

9 8 7' 6 1 2 3 9
Technological maturity % Technological flexibility
Technology performance - Technological flexibility
Technological maturity = Technology performance

0 Please click on the cursor if your preference is "Equal’ otherwise the survey will not proceed.

15. Please weight the relative importance of economic performance regarding storage technology / balancing technology choice
Criteria overview:
Investment cost = Initial investmeant until operable status based on technology database

Life Cycle Cost = Stands for the “total” costs generated by a system including initial investment, capital, replacement, operation, energy and
disposal costs etc. based on technology databass.

Investment Cost ‘ Life Cycle Cost

o Please click on the cursor if your preference is "Equal” otherwise the survey will not proceed.

Seite 09
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16. Would you be willing to participate in a workshop presenting the results of the research?

‘We will contact you if you are interested to participate in 3 workshop

17. Would you be willing to take part in a follow-up interview to discuss certain aspects of the survey? .
We would like to follow up with an in-depth interview to get 3 clear view of your insights regarding the topic.This interview could take place via Skype
or over the phone at your convenience and would take up to 15 minutes.

18. Please fill out the following contact form if you are interested in participating in the workshop, follow-up interview or in receiving a
summary of the survey results. Your contact details are saved separatly in order to keep the survey anonymous.

Letzte Seite

Thank you for completing this questionnaire!
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Annex B

The applied patent research methodology is highly dependent on the study goal, available time and
money as well as topic [289]. It is possible to generally divide quantitative and qualitative patent
research. The first includes the evaluation of patents by reading single patents and to e.g. determine
their value which is not considered as recommendable due to the vast amount of available patent
documents. Quantitative methods are carried out by the use of bibliometric approaches and indicators.
The first represents merely the statistical analysis of bibliometric data, and the latter a measure to derive
information about specific situations and developments regarding patents [290], [291]. In this case the
latter is used as these approaches allow it to unveil e.g. certain technology development trends, to
identify market leaders or to search for key markets for specific technology solutions. Such statistical
analyses can be based on the available number of patents related to a certain IPC-class, one inventor
or a certain time period [290]. It does however not substitute in-depth patent analysis as it is not possible

to accurately evaluate real importance of a patent only by the use of quantitative approaches.

There are worldwide over 100 patent data sources available each with a different data range and
suitable for different purposes. Most of these sources are freely available and provide access to patents
and bibliographic data [290]. The most popular ones will be briefly introduced here. The World
intellectual property organization (WIPO) provides a global data base named Patentscope [292],
Esp@cenet is a database provided by the European patent office [293] and the German patent office

DPMA provides Depatisnet [196]. All three provide patent collections from a multitude of countries.

However, there are differences between the sources regarding: data coverage, search functionality,
result list of records, bibliographic view and patent data export. The search modes in the three databases
are similarly based on command line searching and search fields. Searches can be conducted either by
the use of keywords or technological classifications or the combination of both to identify patents of
certain patents [294]. Patentscope owns a high magnitude of patent collections with full text searching
capability, whereas the other are very limited. A good in-depth comparison of differences between
Patenscope, Espacenet and Depatisnet is given in [295]. A brief overview of different patent data

sources is given in table 1.

Tab. 1: Brief overview of Patentscope, Espacenet and Depatis based on [295]

Name Patent /Available patem‘JPatent collections with| Sourc
records collections full text search capability] e
(countries)
Germany patent office - Depatisnet ~90 Mil. 101 1 [196]
European patent office - Espacenet | ~ 90 Mil. 101 2 [293]

World intellectual property

organization (WIPO) Patentscope ~37 mil. 39 19 [292]

Overview for more databases - - [296]

A pure keyword based search inhibits the risk of potentially excluding patents through a too narrow
combination of keywords related to a certain area. Or vice versa to include wrong patents by a too loose
formulation. Another associated problem to this kind of research are differences in the wording used in
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patent applications within different jurisdictions [290]. Changing a keyword or logical operator may lead
to completely different results. However, a purely IPC based search allows only a certain resolution
regarding technology classification (e.g. batteries to HO1M*32), It is worth to mention that patents are
categorized within the international patent classification (IPC) into different units. Each patent is
classified in up to 70.000 subcategories. Categorization is normally organized by choosing a main group,

a subclass, a group and finally a subgroup. There are in total eight section defined based on [292], [297].

The combination of both can circumvent these challenges. The recently introduced cooperative patent
classifications (CPC) between the United States Patent and Trademark Office (USPTO) and EPO allows
even a more refined search manner of technologies in a certain area e.g. related to transmission or
distribution, transport etc. [298], [294]. The search combination in frame of this work consists the IPC
main classes, country codes for priority countries and keywords for technology.Table 2 provides an

overview of used classifications in frame of this work and the mentioned CPC groups.

Tab. 2: Considered technologies and their corresponding keywords, CPC and IPC [294], [298] and [292]

Technology keyword CPC subclass and IPC main class
Groups & subgroups
Lithium HO1M 10/052
YO02E 60/122
Y02T 10/7011
High-temperature HO1M 10/39
batteries (NaS, NaNiCl)
Regenerative fuel cells | HO1M 8/188
(redox-flow batteries) YO02E 60/528
Lead Acid, PbA, VRLA, | HO1M 2/28, 4/14-4/23, 4/73-4/84, 10/12?°, 10/06-10/18, 10/342
AGM YO02E 60/126
Y02T 10/7016

Depatisnet is used for this research as it allows to gather in-depth information about patents by a unique
feature — it's IKOFAX search mode. IKOFAX is a command line search interface where searches can
be constructed by an internal search language. It allows to conduct complex search queries e.g. by
combination of IPC and CPC entries as well as relevant keywords within a certain period related to a
priority country. An example for redox flow battery patents from Japan max be as follows:
“01.01.1997<=/PUB<=01.01.2018 AND (H0O1M8/18?)/ICB AND (Vanadium)/BI AND (JP/PRC)". The
ability to conduct complex search requests by logic combination outbalances the relatively low abilities
of full text search in Depatisnet. The evaluation of the gathered data is carried out by the use of Excel.
It is recommended to use professional text mining software for future research as Excel only provides

restricted possibilities to conduct bibliometric analyses.

%2 H01M — “PROCESSES OR MEANS, e.g. BATTERIES, FOR THE DIRECT CONVERSION OF CHEMICAL ENERGY INTO
ELECTRICAL ENERGY” [292]
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Tab. 3: Results of the literature review regarding the maturity degree of different energy storage technologies

Sterner et al
CSIRO 2016 Fereiraetal 2015 |Luo et al 201/2014 Delooitte 20(EASE 2017
TRL MRL Market trends Maturity levels 1to 5 [Maturity lev{TRL Maturity level

Robust chem. Market leader,
LFP 9 9 strong growth increasing no. 4 3 7.8 4.6 5
VRFB 8 7 Env. Concerns, short life in demo 3 2.5 6.3 4.6 4
NaNiCl 8 7 Anticipate growth GE & FIAMM 4 4 7.8 4.7 5
Nas 6 6 N/A Niche Applications 4 4 7.8 4.7 5
CAES 9 7 stable round trip efficiency 5 4 6.8 4.8
PHS 9 10 decline Limited areas 5 5 9 5
VRLA 9 10 marg. Growth Benchmark technology 5 5 9 4.6 6
NCA 9 9 strong growth Teslael. Veh 4 3 7.8 4.6 5

redidential and commercial
NMC 9 9 strong growth storage, e.g. Tesla powerwall 4 3 7.8 4.6 5
LTO N/A N/A N/A N/A 4 3 7.8 4.6 5

significant pot. Based on ex.
Advanced PH 8 7 Anticipate growth Techn. 5 N/A N/A

Decline due to env. Probl. &
Nicd 9 9 decline memory effect 4 N/A N/A
Zinc bromidg 9 8 Growth N/A 2 N/A N/A
Flywheel 7 8 Stable Off-grid appl. Deployment 4 N/A N/A
Super/Doub 7 8 stable Niche Applications 3 N/A N/A
SMES 7 5 N/A Complex technology 3 N/A N/A
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Annex C

The following figure provide an overview about calculated learning curves and scale effects of the power

conversion system. Details can be obtained from the literature provided in the main text.
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2 1,000000 = NiMH
g 500,000 = NiCd
o

Fig. 4: Cumulated battery production rate for learning curve calculus
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Annex D

Tab. 4: Numeric LCC-MCS results for ETS (Energy time shift / Load levelling) and WES (Wind energy support)

Load leveling

Wind energy support

LFP Nas VRLA NCA VRFB NaNicl CAES PHS LFP LTO LMO NCA NCM NaNicl VRLA VRFB
Mean 31.23055021 44.2850075  79.44413626  31.94732201  32.03396838  34.74968623  15.96168351  8.187883884 Mean 46.6714635 84.8536796 59.7597882 46.8952015 51.6943301 52.8097109 101.429027 51.1826972
Standard err| 0.276285275 0.4288421  0.930119113  0.302156764  0.284887602  0.377005724  0.123159847  0.067127087 Standard err 0.29019321 0.72232847 0.67006406 0.32671529 0.40891449 0.41056172 1.0086534 0.33578835
Median 29.70891126 41.196811  71.86293139  30.37351397  30.97798883  32.64139532  15.73467093  8.202787574 Median 43.7355684 78.0068404 54.0000534 44.3144882 48.4247275 50.0162673 92.8530007 48.5897333
Standard de 8.736907536  13.56117792  29.41294891  9.555035855  9.008936999  11.92196779  3.894656332  2.122744869 Standard dev 9.17671509 22.8420319 21.1892861 10.3316447 12.9310115 12.9831015 31.8964212 10.61856
Variance 76.33355329  183.9055465  865.1215635 91.2987102  81.16094586  142.1333161  15.16834794  4.506045777 Variance 84.2120998  521.75842 448.985843 106.742882 167.211057 168.560925 1017.38168 112.753816
Skewness 1546046389  1.78194462  2.005723709  1.77484352  1.229581823  2.284003419  0.278492208  0.242720957 Skewness  1.81505304 1.77080624 2.57301236 1.96067734 2.08700186 1.58877072 2.32783538 1.64054513
Kurtosis 7.388552673  7.762673515  8.809571728  8.716682711  6.623890951  13.88164142  2.739559444  3.212322328 Kurtosis 6.8390646 6.83354912 13.7847773 8.05614957 10.5063461 6.62410768 13.6628057 7.02772979
Maximum 86.60171672  123.4916161 254.8526176  92.63633111  89.25820493  142.0940084  27.33681591  17.10480158 Maximum  89.8463321 201.972299 232.981195 105.373276 152.283815 121.01063 397.834288  118.6911
Minimum 15.35197842  23.51623933  33.39131752  14.71195513  11.69793332  13.27633229  6.662832161  3.182200417 Minimum 35.4598787 47.9680169 35.8200005 32.843763 33.6808952 32.1706818 53.9654554 34.5010388
lquartile 25.67334365  35.40134825  60.53294243  25.95047291  26.09078396  27.49520843 13.1100756  6.670098428 Iquartile 40.5347062 70.1259452 45.3951213 39.8947608 43.1456404 44.0349779 80.9531275 43.9742133
uquartile 36.74897638  52.17937519  96.62765981 37.3179556  38.00052253  41.04686657 19.2510547  9.925589099 uquartile 52.0167581 97.5458895  71.032688 52.0035023 58.8994805 60.5248248 120.330133 57.8116303
upercentile 48.50571667  72.40151041  136.4512873  50.68679809  47.95330783  57.0025841  22.80429873  11.51383213 upercentile 64.8906852 134.091018 99.3755413 67.8913007 77.2505707 79.0932821 164.636409 73.7278058
Ipercentile 20.23559857  28.88951958 483113108  20.41175859  19.91763777  20.76358672  9.939991462  4.691778687 Ipercentile  37.6909798 60.9462833 39.7057631 36.409634 38.0022648 37.7809103 67.9232276 39.2559265
Botton 2567334365 3540134825  60.53294243  25.95047291  26.09078396  27.49520843  13.1100756  6.670098428 Botton 40.5347062 70.1259452 453951213 39.8947608 43.1456404 44.0349779 80.9531275 43.9742133
2Q 4.035567605  5.795462753  11.32998896  4.423041063  4.887204863  5.146186889  2.624595326  1.532689146 2Q 3.20086219 7.88089513 8.60493206 4.41972744 5.27908718 5.98128942 11.8998732 4.61551998
3Q 7.04006512  10.98256419  24.76472842  6.944441627  7.022533704 8.405471256  3.516383769 1722801525 3Q 828118968 19.5390491 17.0326346 7.68901407 10.4747529 10.5085574 27.4771324 9.22189696
W+ 11.75674029  20.22213522  39.82362754  13.36884249  9.952785298  15.95571753  3.553244028  1.588243032 W+ 12.8739271 36.5451286 28.3428533 15.8877984 18.3510903 18.5684573  44.306276 15.9161755
w- 5.437745088  6.511828672  12.22163163  5.538714319  6.173146191 6.731621709  3.170084142  1.978319741 w- 2.84372639 9.17966198 5.68935828 3.48512679 5.14337551 6.25406767 13.0298999 4.71828684
Tab. 5: Numeric LCC-MCS results for PR (Primary regulation) and HMGS (hybrid micro grid system)
Primary regulation HMGS
LFP LTO LMO NCA NCM NaNicCl VRLA VRFB LFP LTO LMo NCA NCM NaNicCl VRLA VRFB
37.1110714 0 47.486794 44.3755601 45.7676074 20 46.6273785 20
Mean 103.659262 137.580266 154.155845 104.064432 107.901485 114.662646 187.412783 286.064241 Mean 41.8859277 81.7308628 68.6732834 43.4947664 50.6471956 48.4228546 91.3223829  63.745064
Standard err| 2.52015371 3.46292142 4.23218041 2.51942477 2.56481477 2.94130661 5.19746543 7.15112607 Standard err| 0.21560165 0.55659028 0.43765121 0.23254207 0.32879746 0.3047374 0.78392595 0.44231761
Median 81.4352769 106.377581 116.337094 82.2543246 85.1125089 90.5574488 143.913739  217.12798 Median 40.1719908 77.0724216 65.3250621 41.9506595 48.2253788 46.2597056 84.9756037 60.6082742
Standard dey 79.6942578 109.50719 133.833296 79.6712066 81.1065645 93.0122819 164.358288 226.138462 Standard dey 6.81792273 17.6009301 13.8397463 7.35362596 10.3974885 9.63664265 24.7899151 13.987311
Variance 6351.17472 11991.8247 17911.351 6347.50116 6578.27481 8651.28458 27013.6469 51138.6041 Variance 46.4840703 309.792741 191.538578 54.0758147 108.107767 92.8648815 614.53989 195.644868
Skewness 4.53501204 4.70192244 4.79793492 4.35080569 4.13923686 5.18048324 5.36858059 3.71993845 Skewness 1.26666634 1.34157005 1.18100951 1.28592164 1.30594444 1.22484889 1.53404805 1.15277881
Kurtosis 33.2679968 35.6270238 35.6843294 30.6194668 27.4809746 43.8799405 44.6449447 22.6506134 Kurtosis 4.63827481 5.1252759  4.3669037 5.35268688 5.34901836 4.94031623 6.14313346 4.56763694
Maximum 922.988525 1291.50772 1573.05972 918.527568 840.674413 1239.56393  2050.4872 2176.57642 Maximum 75.2072405 172.466943  126.97235 82.9030694 105.220499 91.1854773  223.09983 127.994917
Minimum 38.7064172 45.1080062 47.5818897 36.6435886 36.5589744 35.3969321 57.5285548 72.1801716 Minimum 31.8119661 53.7079546 45.4478762 30.5347375 34.3802823 31.0665357 53.3530986 40.5586445
Iquartile 62.5470715 82.5485476 88.5747185 62.3781999 64.5613921 68.7391281 108.66265 162.396335 Iquartile 36.9600869 69.4679857 58.7018127 38.2037679 42.9086129 41.3798765 74.0443842 53.8022945
uquartile 124.218508 165.284412 191.377505 125.091613 131.808367 139.096167 226.114512 356.744575 uquartile 46.5852667 93.4537152 78.3009214 48.4941918 57.9700987 55.029566 108.138403 73.9606778
upercentile [ 224.161226 302.796629 357.913198 232.653613 246.424956 246.621922 407.132689 713.494705 upercentile [ 56.8160105 118.132627 97.5335321 57.405707 71.8669103 68.572414 143.850066 91.7094351
Ipercentile | 48.7123123 61.7378493 62.3240554 47.6152384 49.7969366 51.3312283 80.3616285 113.800915 Ipercentile | 34.1294638 61.234257 52.2747439 34.669461 38.3862371 36.5831703  63.308289 46.4234102
Botton 62.5470715 82.5485476 88.5747185 62.3781999 64.5613921 68.7391281 108.66265 162.396335 2Q 36.9600869 69.4679857 58.7018127 38.2037679 42.9086129 41.3798765 74.0443842 53.8022945
2Q 18.8882054 23.8290329 27.7623757 19.8761248 20.5511168 21.8183207 35.2510887 54.7316448 3Q 3.21190389 7.60443594 6.62324941 3.7468916 5.31676587 4.87982906 10.9312195 6.80597968
3Q 42.7832306 58.9068319 75.0404104 42.8372883 46.695858 48.5387179 82.2007732 139.616595 W+ 6.41327594 16.3812936 12.9758593 6.54353229 9.74471994 8.76986039 23.1627997 13.3524036
W+ 99.9427182 137.512216 166.535693 107.562 114.616589 107.525755 181.018177 356.75013 w- 10.2307437 24.6789121 19.2326107 8.91151522 13.8968116 13.5428481 35.7116626 17.7487573
w- 13.8347592 20.8106983 26.2506631 14.7629614 14.7644555 17.4078997 28.301022 48.5954206 2.83062311 8.23372869 6.42706882 3.53430685 4.52237575 4.79670623 10.7360952 7.37888437
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Annex E

Tab. 6: Numeric LCA-MCS results for ETS (Energy time shift) and the three recipe endpoints

Mean
Standard error
Median
Standard deviation
Variance
Skewness
Kurtosis
Maximum
Minimum
Iquartile
uquartile
upercentile
Ipercentile

Botton
2Q

3Q
W+

w-

ETS

LFP Nas CAES NCA PHS NaNiCl VRLA VRFB LFP Nas CAES NCA PHS NaNiCl VRLA VRFB LFP Nas CAES NCA PHS NaNiCl VRLA VRFB

DRA DRA DRA DRA DRA DRA DRA DRA DE DE DE DE DE DE DE DE DHH DHH DHH DHH DHH DHH DHH DHH
0.0189 0.0261 0.0616 0.0221 0.0217 0.0285 0.0423 0.0266 0.0121 0.0152 0.0293 0.0137 0.0266 0.0233  0.0273 0.0242 0.0245 0.0311 0.0548 0.0274 0.0264 0.0291 0.0346  0.0300
0.0228 0.0286 0.0608 0.0237 0.0215 0.0288 0.0548 0.0303 0.0135 0.0162 0.0278 0.0141 0.0174 0.0156 0.0192 0.0176 0.0281 0.0334 0.0525 0.0286 0.0329 0.0353 0.0477 0.0426
0.0005 0.0008 0.0013 0.0005 0.0003 0.0009 0.0037 0.0007 0.0002 0.0003 0.0006 0.0002 0.0002 0.0002 0.0005 0.0003 0.0005 0.0006 0.0011 0.0004 0.0003 0.0010 0.0021 0.0013
0.0213 0.0274 0.0591 0.0230 0.0213 0.0269 0.0496 0.0299 0.0133 0.0157 0.0268 0.0139 0.0171 0.0152 0.0188 0.0173 0.0272 0.0323 0.0509 0.0281 0.0329 0.0332 0.0448 0.0411
0.0024 0.0034 0.0058 0.0022 0.0012 0.0040 0.0164 0.0030 0.0008 0.0012 0.0026 0.0007 0.0011 0.0010 0.0023 0.0011 0.0023 0.0029 0.0048 0.0018 0.0016 0.0044 0.0092 0.0056
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000
11995 1.3192 0.2352 2.0577 03737 13490 1.6428 0.9069 0.7816 1.1707 0.1899 2.0133 0.5176 1.3570 0.9763 0.4194 1.0028 1.2542 0.2350 2.0428 0.1051 1.3508 1.5028 1.0560
3.5522 3.8527 1.6989 7.6036 2.6644 4.0605 57417 2.8380 25478 3.8513 1.6881 7.4856 2.8445 4.3210 3.7151 2.1533 29512 3.9076 1.6319 7.5916 2.3092 4.0911 5.2540 3.1149
0.0293 0.0370 0.0715 0.0314 0.0244 0.0400 0.1068 0.0373 0.0153 0.0193 0.0325 0.0167 0.0201 0.0186 0.0253 0.0197 0.0334 0.0408 0.0615 0.0350 0.0362 0.0476 0.0760  0.0563
0.0202 0.0246 0.0526 0.0213 0.0195 0.0248 0.0376 0.0271 0.0124 0.0145 0.0238 0.0133 0.0157 0.0145 0.0163 0.0157 0.0253 0.0296 0.0461 0.0266 0.0302 0.0310 0.0371 0.0367
0.0210 0.0262 0.0546 0.0225 0.0205 0.0254 0.0426 0.0275 0.0127 0.0153 0.0252 0.0137 0.0166 0.0146 0.0173 0.0166 0.0263 0.0313 0.0476 0.0276 0.0313 0.0315 0.0411 0.0380
0.0243 0.0299 0.0662 0.0248 0.0225 0.0311 0.0615 0.0317 0.0139 0.0167 0.0303 0.0144 0.0183 0.0163 0.0200 0.0187 0.0294 0.0346 0.0570 0.0295 0.0339 0.0379 0.0512 0.0448
0.0268 0.0364 0.0696 0.0264 0.0231 0.0362 0.0815 0.0360 0.0149 0.0187 0.0312 0.0150 0.0187 0.0173 0.0233 0.0195 0.0326 0.0397 0.0590 0.0308 0.0351 0.0433 0.0636  0.0532
0.0202 0.0246 0.0526 0.0213 0.0195 0.0248 0.0376 0.0271 0.0124 0.0145 0.0238 0.0133 0.0157 0.0145 0.0163 0.0157 0.0253 0.0296 0.0461 0.0266 0.0302 0.0310 0.0371 0.0367
0.0210 0.0262 0.0546 0.0225 0.0205 0.0254 0.0426 0.0275 0.0127 0.0153 0.0252 0.0137 0.0166 0.0146 0.0173 0.0166 0.0263 0.0313 0.0476 0.0276 0.0313 0.0315 0.0411 0.0380
0.0003 0.0012 0.0045 0.0005 0.0008 0.0016 0.0070 0.0025 0.0006 0.0003 0.0016 0.0002 0.0005 0.0006 0.0015 0.0007 0.0009 0.0010 0.0033 0.0005 0.0017 0.0017 0.0037 0.0031
0.0030 0.0025 0.0071 0.0018 0.0012 0.0042 0.0119 0.0017 0.0006 0.0011 0.0035 0.0005 0.0012 0.0011 0.0012 0.0014 0.0022 0.0023 0.0061 0.0014 0.0010 0.0047 0.0063 0.0037
0.0025 0.0066 0.0034 0.0016 0.0006 0.0051 0.0200 0.0043 0.0010 0.0020 0.0009 0.0006 0.0004 0.0010 0.0033 0.0008 0.0032 0.0052 0.0021 0.0013 0.0011 0.0054 0.0124 0.0084
0.0008 0.0017 0.0020 0.0012 0.0010 0.0006 0.0050 0.0004 0.0004 0.0008 0.0014 0.0004 0.0009 0.0001 0.0010 0.0009 0.0010 0.0018 0.0015 0.0010 0.0011 0.0006 0.0040 0.0013
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Mean

PR
LFP
DRA

Nas
DRA

Tab. 7: Numeric LCA-MCS results for ETS (Energy time shift) and the three recipe endpoints

LTO
DRA

NCA
DRA

NCM
DRA

NaNicl
DRA

VRLA
DRA

RFB
DRA

LFP Nas
DE DE

LTO
DE

NCA
DE

NCM
DE

NaNiCl
DE

VRLA
DE

RFB
DE

LFP
DHH

Nas
DHH

LTO
DHH

NCA
DHH

NCM
DHH

NaNicl
DHH

VRLA
DHH

RFB
DHH

Standard error
Median
Standard deviation
Variance
Skewness
Kurtosis
Maximum
Minimum
Iquartile
uquartile
upercentile
Ipercentile

Botton
2Q

3Q
W+

w-

Mean

0.025263
0.000822
0.024449
0.003677
1.35E-05
0.853063
2.846338
0.034027
0.020216
0.021999
0.027113
0.031926
0.020216

0.021999

0.00245
0.002663
0.004813
0.001783

WES
LFP
DRA

0.08903

0.00693
0.081442
0.030993
0.000961
0.479631
2.147577
0.152714
0.048833
0.059791

0.11351
0.145721
0.048833

0.059791
0.021652
0.032068
0.032211
0.010958

Nas
DRA

0.021043
0.000549

0.02049
0.002456
6.03E-06
0.977157
3.201908
0.027272
0.018341
0.018627
0.022077
0.025427
0.018341

0.025992
0.000675
0.025257

0.00302
9.12E-06
0.528408
2.269737
0.031951

0.02159
0.022912
0.028462
0.031193

0.02159

0.018627
0.001864
0.001587
0.003349
0.000286

0.022912
0.002345
0.003204
0.002731
0.001323

0.032042
0.001355
0.029982
0.006059
3.67E-05
0.712365
2.583837
0.045973
0.024338
0.026498
0.036749
0.042256
0.024338

0.026498
0.003484
0.006767
0.005508

0.00216

0.035086
0.001671
0.034084
0.007475
5.59E-05
0.759386
2.612012
0.052503
0.025238
0.028956
0.043295
0.048267
0.025238

0.028956
0.005128
0.009211
0.004971
0.003718

0.072031
0.007133

0.05832
0.031899
0.001018
1.512024
5.283388
0.171557
0.037349
0.049289
0.094351
0.119552
0.037349

0.049289

0.00903
0.036031
0.025202
0.011941

0.032629

0.00105
0.030803
0.004694

2.2E-05

0.92102
2.821265
0.043542
0.027009
0.028738
0.035656
0.041642
0.027009

0.028738
0.002065
0.004853
0.005986
0.001729

0.014939 0.036712
0.000384 0.002352
0.014571 0.033894
0.001719 0.010517
2.95E-06 0.000111
0.961938 0.484407
3.198149 2.164598
0.019272 0.058469
0.012747 0.023266
0.013486 0.026851
0.016174 0.045051
0.018224 0.055926
0.012747 0.023266

0.013486 0.026851
0.001085 0.007043
0.001603 0.011156
0.00205 0.010875
0.000739 0.003585

0.011982

0.00017
0.011866
0.000758
5.75E-07
0.741122
2.864058
0.013853

0.01109
0.011179
0.012605
0.013196

0.01109

0.011179
0.000687
0.000739
0.000591
8.88E-05

0.015606
0.000307
0.015414
0.001373
1.88E-06

0.5859
2.387439
0.018528
0.013624
0.014279
0.016569
0.017936
0.013624

0.014279
0.001135
0.001155
0.001367
0.000655

0.016364
0.000419
0.016031
0.001876
3.52E-06
0.717877

2.64052
0.020622
0.014001
0.014553
0.017652
0.019998
0.014001

0.014553
0.001478
0.001621
0.002346
0.000552

0.017918
0.000511
0.017719
0.002285
5.22E-06
0.714337
2.643405
0.023151
0.014829
0.015894

0.01996
0.022133
0.014829

0.015894
0.001824
0.002241
0.002174
0.001065

0.022114
0.001038
0.020266

0.00464
2.15E-05
0.950951
3.391018
0.034389
0.016298
0.019022
0.025791
0.030209
0.016298

0.019022
0.001243
0.005526
0.004417
0.002725

0.018717
0.000423
0.018287
0.001891
3.58E-06
0.826687
2.669451
0.022866
0.016354
0.017168
0.020412
0.022496
0.016354

0.017168
0.001118
0.002126
0.002084
0.000814

0.03097
0.000914
0.029937
0.004086

1.67E-05
0.968553
3.166938
0.041129
0.025734
0.027623
0.033701
0.038926
0.025734

0.027623
0.002314
0.003764
0.005226
0.001889

0.084082
0.005812
0.077366
0.025991
0.000676
0.480827
2.154726
0.137598

0.05064
0.059506
0.104652
0.131705

0.05064

0.059506
0.017859
0.027286
0.027053
0.008866

Tab. 8: Numeric LCA-MCS results for WES (Wind energy support) and the three recipe endpoints

LTo
DRA

NCA
DRA

NCM
DRA

NaNicCl
DRA

VRLA
DRA

RFB
DRA

LFP Nas
DE DE

LTO
DE

NCA
DE

NCM
DE

NaNiCl
DE

VRLA
DE

RFB
DE

LFP
DHH

Nas
DHH

0.032728

0.00082
0.031886
0.003665
1.34E-05
1.000079
3.295513

0.04217
0.028735
0.029103
0.034335
0.039235
0.028735

0.029103
0.002782
0.00245
0.0049
0.000368

LTo
DHH

0.031035

0.00062
0.030508
0.002771
7.68E-06
0.546189

2.31225
0.036671
0.026978
0.028236
0.033219
0.035724
0.026978

0.028236
0.002272
0.002711
0.002505
0.001257

NCA
DHH

0.04379
0.001581
0.041124
0.007071

5E-05
0.614434
2.408158
0.058069
0.034271
0.037853
0.047948
0.058062
0.034271

0.037853

0.00327
0.006825
0.010114
0.003582

NCM
DHH

0.04261
0.001864
0.041554
0.008336
6.95E-05
0.754074
2.617942
0.061984
0.031574
0.035686

0.05181
0.057456
0.031574

0.035686
0.005868
0.010255
0.005646
0.004112

NaNicCl
DHH

0.051076
0.004052
0.042473
0.018122
0.000328
1.389322
4.825757
0.105962

0.03117
0.038329
0.064132
0.079107

0.03117

0.038329
0.004144
0.021659
0.014976
0.007158

VRLA
DHH

0.041293
0.002025
0.036818
0.009055

8.2E-05
0.937637
2.848308
0.062918
0.030814
0.034966
0.045267
0.057519
0.030814

0.034966
0.001852
0.008449
0.012251
0.004153

RFB
DHH

Standard error
Median
Standard deviation
Variance
Skewness
Kurtosis
Maximum
Minimum
Iquartile
uquartile
upercentile
Ipercentile

Botton
2Q

3Q
W+

w-

0.006304
0.000216

0.00606
0.000965

9.3E-07
0.573184
2.139416
0.008083
0.004849
0.005487
0.006928
0.007966
0.004849

0.005487
0.000573
0.000868
0.001038
0.000638

0.008634
0.000331
0.008604
0.001482

2.2E-06
2.032561
8.380748

0.01391
0.006829

0.00728
0.009063
0.009923
0.006829

0.00728
0.001324
0.000459

0.00086
0.000452

0.00487
0.000375
0.004918
0.001678
2.81E-06
0.037682
2.278273
0.008048
0.002405
0.002546
0.006426
0.007818
0.002405

0.00686
0.000345
0.006326
0.001542
2.38E-06
0.450733
1.992483
0.009541
0.004678
0.005486
0.008106
0.009527
0.004678

0.002546
0.002372
0.001508
0.001392
0.000141

0.005486
0.000841
0.001779
0.001421
0.000808

0.008233
0.000605
0.007558
0.002708
7.33E-06

2.45296

9.55618
0.018246
0.005846
0.006413
0.009087
0.011147
0.005846

0.006413
0.001145
0.001529

0.00206
0.000567

0.009398
0.00062
0.008018
0.002774
7.7E-06
0.988568
2.83464
0.015312
0.006376
0.00691
0.010868
0.01507
0.006376

0.00691
0.001108
0.00285
0.004202
0.000534

0.027365
0.001739
0.025332
0.007775
6.05E-05
0.739128
2.631412
0.045134
0.017968
0.020121
0.033586
0.042501
0.017968

0.020121
0.005211
0.008254
0.008916
0.002154

0.013035
0.000879
0.012126
0.003931
1.55E-05
2.205286
8.764826
0.027241
0.008773

0.01014
0.014422
0.016595
0.008773

0.01014
0.001986
0.002296
0.002173
0.001368

0.002106 0.002746
8.81E-05 0.000112
0.001973 0.002718
0.000394 0.000501
1.55E-07 2.51E-07
0.719483 2.053784
2.542658 8.407265
0.003037 0.004532
0.00162 0.002147
0.001719 0.002293

0.0024 0.002907
0.002707 0.003194
0.00162 0.002147

0.001719 0.002293
0.000255 0.000426
0.000426 0.000188
0.000307 0.000287
9.94E-05 0.000145

0.001151
6.41E-05
0.001132
0.000287
8.21E-08
0.166316
2.356213
0.001699
0.000731
0.000775
0.001424
0.001691
0.000731

0.000775
0.000357
0.000292
0.000267

4.4E-05

182

0.00218
0.000115
0.001992
0.000516
2.66E-07
0.450595
1.983487
0.003079
0.001452
0.001714
0.002619

0.00307
0.001452

0.001714
0.000278
0.000627
0.000451
0.000263

0.002375
0.000178
0.002175
0.000797
6.36E-07
2.498411
9.74927
0.00534
0.001633
0.001815
0.0026
0.003177
0.001633

0.001815
0.000361
0.000425
0.000577
0.000182

0.002548
0.000161
0.002206
0.000718
5.16E-07
0.997111
2.852613
0.004062
0.001765
0.001898
0.002912
0.004053
0.001765

0.001898
0.000308
0.000706
0.001141
0.000133

0.003905
0.000213
0.003679
0.000954
9.09E-07
0.739306
2.662034
0.006107
0.002772
0.002986
0.004675
0.005752
0.002772

0.002986
0.000693
0.000997
0.001077
0.000214

0.004135
0.000287
0.003841
0.001284
1.65E-06
2.23374
8.870471
0.008789
0.002754
0.0032
0.004598
0.005299
0.002754

0.0032
0.000641
0.000757
0.000702
0.000446

0.007202
0.000254
0.006729
0.001136
1.29E-06
0.713383
2.466414
0.009824
0.005759
0.006169
0.008094
0.008987
0.005759

0.006169
0.00056
0.001366
0.000893
0.00041

0.008636
0.000279
0.008601
0.001247
1.56E-06
1.9689
8.204985
0.013049
0.007082
0.007457
0.00898
0.009727
0.007082

0.007457
0.001144
0.000379
0.000747
0.000375

0.008379

0.00036
0.007588

0.00161
2.59E-06
1.245419
3.454027
0.012349
0.006842
0.007242
0.009883
0.011994
0.006842

0.007242
0.000346
0.002295
0.002111

0.0004

0.007028
0.000288

0.00657
0.001286
1.65E-06
0.443302
1.996607
0.009261
0.005199
0.005887

0.00805
0.009246
0.005199

0.005887
0.000683

0.00148
0.001196
0.000688

0.012712
0.000848
0.012285
0.003793
1.44E-05
1.901338
7.297092
0.025727
0.008782
0.009566
0.013968
0.017537
0.008782

0.009566
0.002719
0.001683
0.003569
0.000785

0.010804
0.000675
0.009308
0.003019
9.11E-06
0.988324
2.836353
0.017233
0.00751
0.008085
0.012399
0.017
0.00751

0.008085
0.001224

0.00309
0.004601
0.000574

0.016654
0.000965
0.015613
0.004316
1.86E-05
0.732182
2.628007
0.026514
0.011482
0.012556
0.020124
0.025056
0.011482

0.012556
0.003056
0.004511
0.004932
0.001074

0.021606
0.001668
0.020036

0.00746
5.56E-05
2.276506
9.042514
0.048791
0.013639
0.016133
0.024352
0.028369
0.013639

0.016133
0.003904
0.004315
0.004018
0.002494



Mean

HMGS
LFP
DRA

Nas
DRA

Tab. 9: Numeric LCA-MCS results for HMGS (hybrid micro grid system) and the three recipe endpoints

LTO
DRA

NCA
DRA

NCM NaNicl
DRA DRA

VRLA
DRA

RFB
DRA

LFP
DE

Nas
DE

LTO
DE

NCA
DE

NCM
DE

NaNiCl
DE

VRLA
DE

RFB LFP
DE DHH

Nas
DHH

LTO
DHH

NCA
DHH

NCM
DHH

NaNicl
DHH

VRLA
DHH

RFB
DHH

Standard error
Median
Standard deviation
Variance
Skewness
Kurtosis
Maximum
Minimum
Iquartile
uquartile
upercentile
Ipercentile

Botton
2Q

3Q
W+

w-

0.00695
0.000266
0.006473
0.001188

1.41E-06
0.595029
2.208989
0.009514
0.005352
0.005983
0.007896

0.00897

0.005352

0.005983

0.00049
0.001423
0.001075
0.000631

0.015298
0.000952
0.013826
0.004257
1.81E-05
1.508659
4.741495
0.027936
0.010779
0.012236
0.017303
0.022974
0.010779

0.012236

0.00159
0.003476
0.005671
0.001457

0.005572
0.000201
0.005198
0.000901
8.11E-07
0.842842
3.050747
0.007649
0.004354
0.004893
0.006237
0.007529
0.004354

0.004893
0.000305

0.00104
0.001292
0.000539

0.007028
0.000357
0.006595
0.001597
2.55E-06
0.847758
2.961224
0.011084
0.005015
0.005631
0.008324

0.00952
0.005015

0.005631
0.000964
0.001729
0.001196
0.000616

0.009789 0.010467
0.000585 0.000689
0.008841 0.009639
0.002617 0.003083
6.85E-06 9.51E-06
1.185137 1.027605
3.690968 3.22789
0.016947 0.018084
0.006665 0.006022
0.007833 0.008288
0.012045 0.011924
0.014437 0.016414
0.006665 0.006022

0.007833 0.008288
0.001008 0.00135
0.003204 0.002285
0.002392 0.00449
0.001168 0.002266

0.0293
0.00165
0.026898
0.00738
5.45E-05
0.724266
2.339152
0.044343
0.019848
0.023198
0.033586
0.041785
0.019848

0.023198
0.0037
0.006688
0.008199
0.00335

0.009745
0.000474
0.008973
0.002121

4.5E-06
1.023334
2.696656
0.014651
0.007473
0.008116
0.011399
0.013322
0.007473

0.008116
0.000857
0.002426
0.001923
0.000644

0.003971
0.000113
0.003755
0.000506
2.56E-07
0.528723
2.136625
0.004954
0.003209

0.00353

0.00457
0.004905
0.003209

0.00353
0.000224
0.000815
0.000335
0.000321

0.006858
0.000337
0.006381
0.001506
2.27E-06
1.331462
4.177747
0.011168

0.0051
0.005678
0.007797
0.009285

0.0051

0.005678
0.000704
0.001416
0.001488
0.000578

0.002808
6.69E-05
0.002716
0.000299
8.96E-08
0.044529
1.846632
0.003327
0.002297
0.002558
0.003086
0.003256
0.002297

0.002558
0.000158
0.00037
0.00017
0.000261

183

0.004034
0.000148
0.003819

0.00066
4.36E-07
0.704628
2.820735
0.005607
0.002999
0.003585
0.004458
0.005113
0.002999

0.003585
0.000233

0.00064
0.000654
0.000586

0.004528

0.00017
0.004271
0.000762

5.8E-07
1.012185
3.272532
0.006461
0.003523
0.003846
0.004947
0.005991
0.003523

0.003846
0.000425
0.000676
0.001044
0.000322

0.00476
0.000193
0.004511
0.000863
7.45E-07
0.409888
2.305458
0.006415
0.003198
0.004037
0.005476
0.006373
0.003198

0.004037
0.000474
0.000965
0.000897
0.000838

0.006456
0.000221
0.006137
0.000987
9.75E-07
0.698792
2.421018
0.008607
0.004983
0.005742
0.007483
0.008087
0.004983

0.005742
0.000394
0.001346
0.000604
0.000759

0.00499 0.007738
0.000156 0.000278
0.004733 0.007194
0.000697 0.001242
4.86E-07 1.54E-06
0.555117 0.77945
1.845166 2.181222
0.006235 0.010265
0.004049 0.006393
0.004349 0.006628
0.005783 0.009212
0.006073 0.010039
0.004049 0.006393

0.004349 0.006628
0.000384 0.000567
0.00105 0.002018
0.000291 0.000827
0.000299 0.000234

0.014074
0.000803
0.012804

0.00359
1.29e-05
1.520515
4.803633
0.024824
0.010336
0.011435
0.015793
0.020141
0.010336

0.011435
0.001368
0.002989
0.004348
0.001099

0.008207
0.000313
0.007697
0.001401
1.96E-06
0.791345
2.757915
0.011448
0.006436

0.00714
0.009153
0.011002
0.006436

0.00714
0.000557
0.001456
0.001849
0.000704

0.00712
0.000307
0.006625
0.001374

1.89E-06
0.830787
2.904214
0.010527
0.005339

0.00605
0.008242

0.00951
0.005339

0.00605
0.000575
0.001618
0.001268
0.000711

0.014037
0.000817
0.012482
0.003653
1.33E-05
1.287722
4.223322
0.024603
0.009773
0.011416
0.015707
0.019655
0.009773

0.011416
0.001066
0.003225
0.003948
0.001643

0.011751
0.000745
0.010943

0.00333
1.11E-05
0.936437
3.005077
0.019841
0.006881
0.009383
0.013782
0.017921
0.006881

0.009383

0.00156
0.002839
0.004139
0.002502

0.018126

0.00091
0.016927
0.004069
1.66E-05
0.717731
2.354306
0.026369
0.012807
0.014946
0.020613

0.02495
0.012807

0.014946
0.001981
0.003686
0.004337
0.002139

0.015254
0.000929
0.013693
0.004157
1.73E-05
1.031598

2.60591

0.02447
0.011064
0.011941
0.018296
0.022671
0.011064

0.011941
0.001752
0.004604
0.004375
0.000877
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