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Towards a descriptive Framework of Demand Side Flexibility

Abstract

The objective of this paper is to contribute to the understanding of Demand Side
Management (DSM) in future energy markets. DSM is considered one of the most
promising concepts to meet the challenge of balancing demand and supply in the
future power grid. In contrast to traditional electricity systems, where manageable
supply is used to ensure grid stability, DSM strives to influence demand in accordance
with current electricity production. From a market perspective, this generates a new,
turned-around supply chain: While electricity is traded from generation to
consumption, demand side flexibility (DSF) is offered by consumers to grid operators.
We address the requirement of a theoretical foundation for DSF by conducting the
first step towards a descriptive theory to classify different dimensions of DSF.
Further, we suggest an overarching, interdisciplinary unification for further
research in the topic and enable various research disciplines to join forces on this
challenge. The targeted descriptive theory shall be fundamental research on DSM
(e.g. electric vehicle charging, flexible industry processes).

Motivation

Over the past decades, the energy system faced a profound transformation as social,
environmental, and technical developments challenge existing structures (Coll-Mayor
et al. 2007). In common energy systems, the supply chain is typically directed towards
the energy customer and is oriented at delivering energy. However, in the past few
years, an additional turned-around flow of transaction emerged beside the
conventional flow. With an increasing share of automation in electricity distribution
grids through Information and Communication Technology (ICT), novel measures to
secure energy grid stability become accessible. While the decisive balance in electricity
grids is usually secured on the production side (e.g. dispatching generators), the
approach of Demand side management (DSM) strives to manage demand to follow
current electricity production. DSM is a portfolio of measures, such as smart energy
tariffs, sophisticated real-time control, which is directed at improving the energy
system at the side of consumption (Palensky, Dietrich 2011). In order to utilize the
advantages of DSM, the demanded energy load has to inherent flexibility from the
consumer’s perspective: This is described as Demand side flexibility (DSF), which is
given when the consumer has the ability, the willingness, and the right to adapt the
energy consumption. The efficient adaption of energy consumption to balance volatile
energy production bears enormous technical and economic potential (e.g., Wissner
2011).

Adapting the demand side is a process that offers a wide variety of starting points (e.g.
automated solutions, economic incentives), methods, and stakeholders that have to be
considered. As such, many disciplines are currently developing and exploring DSM.
Engineering disciplines focus on the structure and control mechanisms for the future
energy grid (Tsikalakis, Hatziargyriou 2011). Computer Science focuses on
requirements for devices and communication channels to participate in the grid of the
future (Niyato et al. 2011). Management Sciences concentrate on valuation
mechanisms of measures and pricing structures to manage demand side through
incentive structures (Strbac 2008). Social Sciences and Management Science analyze
the underlying preference structures in order to inform the development of adequately



information systems (cf. e.g. Diitschke, Paetz 2013; Kirschen 2003). Economics
focuses on the impacts of DSM on market prices and price volatility (Albadi, El-
Saadany 2008; Zhou et al. 2011) as well as on social welfare (Su, Kirschen 2009).

With DSM being developed from several disciplines separately, only partial and narrow
aspects of the greater research problem are addressed. Many researchers have focused
on single-perspective evaluations of DSM (e.g., from either supply or demand side) and
applied a wide range of methods (e.g., case-studies, simulations, empirical analysis).
Disparate terminology and concepts, complicate knowledge exchange between
disciplines and as such, the development of an integrated and comprehensive theory
that spans from technical requirements to management strategies for a successful
market integration. To date, interdisciplinary theoretical foundation and a uniform
terminology for researchers’ communication in the world of DSM is absent. Yet,
comprehensive design principles, a uniform terminology, and an integrated theory are
eminent for an interdisciplinary, beneficial research success in this area.

Methodology
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design principles for future DSM systems. To build a Design Theory of DSM, five types
of theory have to be passed, as described in Gregor's taxonomy (2002) in Figure 1.
These five types of theory represent our entire research agenda. The first step to tackle
this challenge is developing a Descriptive Theory of DSM. Descriptive Theory aims at
naming and classifying a phenomenon (Stevens 1984).

This paper provides the first step towards a comprehensive Descriptive Theory and
thus the first step towards a Design Theory on DSM. The focus of this paper is
developing a descriptive framework of different demand side flexibilities. The
structural dimensions of the proposed framework are derived deductively by using the
concept of “7Rs from logistics” (Shapiro and Heskett, 1985) as our kernel theory. We
examine the validity of these structural dimensions in the given context by associating
them with literature, own observations and by conducting expert interviews.

A descriptive Framework of Demand Side Flexibility

For structuring different dimensions of DSF, we use and adapt the “7R’s” from the
discipline of supply chain management. The “7R’s” are a common concept that entails
the success criteria: right customer, right time, right quantity, right quality, right
product, right location, at the right price (Shapiro, Heskett 1985). The “7R’s” is an
applicable categorization framework as energy is a commodity to be delivered to the
consumer. We adapt the concept as we make a generalization by using these criteria as
degrees of freedom. Consequently, the knowledge contribution of this article comprises
the extension of known solutions to new problems, which can be classified as an

exaptation in the DSR Knowledge Contribution Framework (Gregor and Hevner 2013).



The concept of “7R’s” shapes the core (5) of our descriptive framework which is shown
in figure 1. The traditional energy supply chain (1) points from energy production (3)
over markets (4) to consumption (6) where it generates output (7), e.g. physical
products in the manufacturing industry. DSM adds an additional, turned-around
supply chain (2): Flexibility in output (7) generates flexible energy consumption (6)
along certain flexibility dimensions (5) that is offered on energy markets (4) to cope
with varying energy production (3). The success factors “right customer” and “right
price” are captured by the two components “energy markets” and “energy
consumption”. According to the direction of the considered supply chain, one of the
two components represents the customer, while the price is determined by the other
component. Due to the high complexity of these component’s composition and
interrelations, we focus this article on the five factors which represent the actual
flexibility dimensions: Time (temporal flexibility), quantity (quantitative flexibility),
quality (qualitative flexibility), product (product flexibility) and location (flexibility of
location).
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Figure 2: The five dimensions of Demand Side Flexibility in the center of the energy supply chain

We interpret temporal flexibility as the flexibility to shift a scheduled load to a later or
earlier point in time. For many technical applications, the load can be shifted in time
depending on current and expected electricity prices. From a demand perspective, the
utilization of temporal flexibility can be offered as balancing power, used to bridge high
electricity prices (decrease), or to exploit negative prices (increase). A simple example
of providing such temporal flexibility is the use of plug-in electric vehicles. Instead of
charging them as soon as they are plugged in, there is the possibility to charge them
when prices are low or defer loading when prices are high (He et al. 2012; Kang et al.
2013; Fridgen et al. 2014; Fridgen et al. 2016). In order to clearly distinguish temporal
flexibility from the other dimensions, we appoint that temporal flexibility only changes
the temporal consumption pattern, while the overall amount of consumed energy
remains steady.

We interpret quantitative flexibility as the flexibility to increase or decrease the overall
amount of consumed electricity. In contrast to temporal flexibility, an increase
(decrease) of consumed energy at one point in time does not imply a decrease
(increase) of the same amount at another point in time. Quantitative flexibility is
utilizable in balancing and spot markets and therefore, comprises an immense impact
on the electricity grid. Quantitative flexibility can be utilized for instance by an overall
reduction (increase) of production output in case of undersupply (oversupply).
Nevertheless, this setting can be difficult in situations where employees (e.g. working
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hours) or contract fulfillment are affected. Increasing overall consumption can be e.g.
offered as an emergency measure that “burns” electricity in times of oversupply (e.g.
immersion heaters). This direction of quantitative flexibility is established on
balancing power markets but not very desirable from the perspective of total energy
use, as it often comes with an inefficient use of electricity or energy in general. A special
setting of quantitative flexibility has been examined for instance in the case of “energy
disposal when prices are negative (Huntowski et al. 2012; Zhou et al. 2016).

The dimension of qualitative flexibility can be interpreted in various ways: From a
technical perspective, the quality of energy can be associated with certain attributes of
the energy carrier, like the maximum available currency or voltage and frequency
deviations in the case of electricity. A different perspective on quality refers to the
energy service-level, which describes the percentage of time in which the availability of
energy supply is guaranteed. We focus our research on the latter perspective, as it offers
an interesting approach to incentive consumers to invest in their own energy storage
facilities and is thus an appealing economic decision. Within this perspective,
qualitative flexibility means to differentiate among the service level for different
consumers, which allows spontaneous electricity cut-offs. Measures of Direct Load
Control (DLC) are examples of qualitative flexibility. By such measures, an energy
consumer grants the permission of controlling certain appliances to an intermediary.
One use-case for DLC is the centralized dispatching of air conditioners by the grid
operator in order to increase grid stability which has been examined for instance by
Wei and Chen (1995). In delimitation towards quantitative flexibility, the dimension of
qualitative flexibility refers to the unpredictability of electricity cutoffs and does not
make a statement about the overall energy amount which is consumed.

We interpret product flexibility as the flexibility to dynamically decide on the energy
carrier used (e.g. between electricity and gas). Hence, product flexibility depicts the
satisfaction of energy demand using more than one energy carrier. As a result, product
flexibility makes a monetarization of price differences for dissimilar energy carriers
possible. To utilize this potential, a dynamic decision about the employed energy
carrier is required. This decision is mainly influenced by energy prices and their
expected developments, as well as energy carrier shortages and efficiencies. In this
dimension, technical infrastructure is necessary to enable the interchangeability of
energy carriers during the application. This infrastructure encompasses the functional
components which have to be redundant for an interchangeability (e.g. one electric and
one gas heater). The value of using the flexibility to switch between two different energy
carriers has been examined first for the energy carriers of oil a gas by Kulatilaka 1993.
Over the last years, the usage of electricity as an alternative energy carrier for heating
purposes (Power-to-Heat) has gained attraction in research, since price fluctuations
increased and negative prices appeared more frequently (Bottger et al. (2014); Bottger
et al. (2015); Ehrlich et al. (2015)).We interpret flexibility of location as the flexibility
to shift the electricity demand between locations, i.e. to spatially shift load.
Independently considered, the overall energy demand for a certain task remains
constant, but the load becomes spread over more than one consumption site. By
shifting load over grid delimitations or even across national borders, it is possible to
arbitrage different energy markets. In contrast to temporal load shifting (e.g. right
time), flexibility is restricted to industries in which the electricity demand is not
assigned to a certain location. Therefore, this dimension of flexibility is very rare, as it
requires very complex coordination and necessary infrastructure. Presumably, only
information goods and services perfectly fulfill that requirement. For example, in the
area of service provision through cloud computing, an operation of two geographically
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distributed data centers enables the opportunity to dispatching incoming workload to
the data center with lower energy prices (Chiu et al. 2012; Rao et al. 2012; Wang et al.
2014; Fridgen et al. 2015). For the consumer, it is necessary to install the required
dispatching capacity at various locations. From a research perspective, flexibility of
location enables new paths of shifting loads across regions, and therefore, an
alternative to importing and exporting electricity or the construction of power lines.
Thus, there is a need for the development of methods to assess the value of that
flexibility dimension, which is very complex due to the high variety of different market
structures in different locations. Generally, flexibility of location is becoming
increasingly important, as tasks are becoming geographically more independent and
as physical goods can increasingly be encompassed by information.

The five dimensions of DSF can occur alone or in combination with other flexibility
dimensions. For five dimensions, we already get 31 different compositions of DSF. In
addition, considering the ability to provide a single dimension of DSF with several
different measures, shapes a nearly infinite number of possible outcomes that have to
be valuated and rated against each other in future research.

Conclusion, Limitations and Further Research

Our energy system will be subject to major changes in the upcoming years. To date,
research disciplines have not addressed the core of this challenge and lack
interdisciplinary structures as well as understanding. In this work, we described the
emergence of a turned-around value chain and the necessity to allocate and market
DSM in future energy systems. As the exchange of information and associated ICT gain
a key role, the IS discipline can significantly contribute to solve the challenges of the
future. In order to reach the overarching goal of a design theory for DSM, our
framework of DSF provides the first step towards the understanding of the field.
Following papers shall further emphasize on the consolidation of existing research that
can serve as a specification of DSM approaches (Descriptive Theory). Applying this
knowledge, the mechanisms of DSM in a sociotechnical system need to be explained,
the most successful approaches of DSM need to be identified, and DSF and its
constraints need to be described (Explanatory and Predictive Theory). Subsequently,
the coherent body of knowledge needs to be formalized (Design Theory) and evaluated.

In addition to the contribution and the impact provided by this paper, next steps need
to address the following topics: First, although the framework has already been
evaluated through few expert interviews, it needs an additional foundation in literature
and a broader set of interviewees. Second, the suggested framework depicts only a brief
— but initial — approach to unify research in this field, to harmonize existing concepts
and different terminologies. This endeavor needs to be expanded across disciplines.
Third, new market instruments, products, and incentive schemes that foster DSM need
to be evaluated to help and shape the energy market of the future. And fourth,
especially for IS disciplines, the application and-utilization of information systems to
enable reliable, secure, efficient, and transparent solutions for the energy system of the
future need to be addressed.

Existing research on DSM mostly considers purely technical or purely economic
aspects of DSM. Our approach shall be interdisciplinary by design. It shall offer a
comprehensive overview, clarification and classification of different concepts on DSM
that currently exist. So far, there are a wide variety of different starting points and
methods that evolved in various disciplines in parallel. Existing research on DSM is
mostly focused on single dimensions of DSF or single electricity markets. Our Design
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Theory shall consider all dimensions of DSF and all markets. Therefore, it needs to
cope with the enormous complexity which is inherent to the combination of the
different flexibility dimensions, the various markets and the high variety of consumers.
It shall help all disciplines to apply DSM in research. Derived design principles shall
help catalyze future research on specific issues and thus help the energy transition
become a success.
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