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DEVELOPING AN ENVIRONMENTAL MANAGEMENT
INFORMATION SYSTEM TO FOSTER SUSTAINABLE
DECISION-MAKING IN THE ENERGY SECTOR

Complete Research

Nuss, Christian, University of Augsburg, Augsburg, Germany,
christian.nuss@wiwi.uni-augsburg.de

Abstract

We develop an environmental management information system (EMIS) that provides economic and
environmental data to suppliers and consumers of electrical energy. This information-sharing fosters
sustainable decision-making in accordance with individual preferences and results in time-shifting
energy consumption, which ultimately improves the alignment of power supply and demand. In turn,
this enhances the integration of renewable energy systems, reduces the use of fossil fuels, and increas-
es energy efficiency. We develop the EMIS based on established architectures and embed it into the
Energy Informatics Framework, where it is supposed to operate at the interface of energy supply and
demand in a smart grid environment. To conceptualize, design, and evaluate the developed system, we
rely on the well-acknowledged research methodology of design science. In line with that, we demon-
strate the utility of the EMIS and discuss its benefits regarding sustainability aspects by means of a
comprehensive scenario analysis. To sum up, the proposed EMIS applies the promising integration of
energy and IS research by means of Energy Informatics and responds to the necessity of incorporating
environmental sustainability aspects into both corporate and consumer decision-making.

Keywords: Environmental management information system, Energy Informatics, Sustainability, De-
sign Science.

1 Introduction

The pursuit for sustainable development is indisputably one of the great challenges of the 21st century.
It aims to permanently meet the basic needs of all and, thus, ensures present and future generations a
better life (Brundtland, 1987). Following the popular concept of the ‘triple bottom line’, sustainability
consists of economic, ecological, and social dimensions (Dyllick and Hockerts, 2002; Elkington,
1998). In this context, a major challenge is fostering the use of energy sources that are dependable,
safe, and environmentally sound. In particular, this urges for reducing the combustion of fossil fuels,
integrating renewable energies into energy supply chains, and increasing energy efficiency (Lund,
2007). These tasks pose a spectrum of new requirements to energy systems, which are supposed to
become more intelligent and experience a change towards so-called ‘smart grids’ (Farhangi, 2010).
Even though information systems (IS) are seen as a prerequisite for smart grids (Hadjsaid and
Sabonnadiere, 2012) and as a major enabler to meet the stated challenges of sustainability (Watson et
al., 2010), leveraging synergies from combining the research fields of IS and energy management
while explicitly including an environmental perspective has been widely neglected. Accordingly, a
need for “the design of innovative information systems for energy monitoring, [...] the antecedents of
use of energy optimization systems, and understanding of the impact of demand response on energy
markets and peak load requirements” exists (Melville, 2010, p. 2). To respond to these needs, only in
recent years the term ‘energy informatics’ (EI) has been established and defined as “analyzing, design-
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ing, and implementing systems to increase the efficiency of energy demand and supply systems”
(Watson et al., 2010). The ultimate goal of this interdisciplinary approach is unleashing the potentials
of merging information technologies and energy systems to achieve sustainability targets.

One way to address and support sustainable decision-making in a corporate context is introducing en-
vironmental management information systems (EMIS), which have already proven their value in the
discipline of (sustainable) supply chain management (Stindt et al., 2014). On the one hand, a look into
business practice reveals a dearth of energy management systems that explicitly gather, process, and
distribute environmental information to supplying and demanding actors (Connolly et al., 2010), alt-
hough it is mandatory to create more sustainable energy systems. On the other hand, approaches that
could serve as a basis for practical solutions to improve this situation are barely provided by academia.
Therefore, we concentrate on integrating the environmental dimension of sustainability into energy
management and state our guiding research question as follows:

How can environmental-oriented decision-making in the energy sector be fostered by an integration of
energy management and information systems?

Against this background, we propose the concept of an EMIS that expands established energy man-
agement systems (EMS) with an environmental perspective. The EMIS complements Demand Side
Management (DSM) systems that mostly rely on economic incentive setting. It operates at the inter-
face of power supply and demand and considers economic, ecological, technical, and legal factors.
The EMIS provides necessary economic and especially environmental data to participating actors (en-
ergy suppliers, ‘economic’ consumer segments, ‘green’ consumer segments), who make decisions on
that basis of information following individual preferences. In doing so, a time-shift of demands is in-
duced, which is an essential part of fostering sustainability in the energy sector (Corbett, 2011) as it
ultimately improves balancing of power supply and consumption. This leads to a better integration of
renewable energy sources, reduces the usage of fossil fuels, and increases energy efficiency. The
EMIS is developed based on literature following a well-known research methodology in IS, namely
the design science paradigm (Hevner et al., 2004; Peffers et al., 2007).

The remainder of the article is structured as follows: In section 2, we present the fields of El and
DSM, describe the concept of an EMIS for the energy sector, and review existent approaches that in-
corporate environmental aspects into 1S-based decision-making in energy systems. The underlying
research methodology is depicted in section 3. In section 4, we develop the EMIS and present its ar-
chitecture in detail. Subsequently, we demonstrate its applicability and discuss its benefits in section 5.
Finally, in section 6 we draw a conclusion, summarize key findings, and provide a research outlook.

2 Towards a new paradigm —the road to a more sustainable
energy sector

Developments in recent years have placed a new set of requirements to the electricity grid, which
forms a vital part of the energy sector. In particular, the integration of renewable energy supply sys-
tems, such as wind and solar energy, poses a spectrum of new challenges to grid management, includ-
ing uncertainty over production levels, increasingly distributed generation points of low voltages, and
short-term significant changes in network energy flows, amongst others (Coullon, 2012). The intro-
duction of smart grids, which are roughly defined as “an integration of electricity infrastructure and
the embedded/decentralized ICT (software, automation and information processing)” (Hadjsaid and
Sabonnadiere, 2012, p. 17), may provide solutions to the challenges stated above. Compared with tra-
ditional electricity grids that are operated “unidirectional and top-down oriented” (Palensky and
Dietrich, 2011, p. 381), one of the “most significant changes is the availability of new and multidirec-
tional information flows” (Corbett, 2011, p.2). To efficiently manage the interplay of power supply,
smart grids, and power consumption in terms of economic and ecological goals, an advanced integra-
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tion of energy management and IS is proposed, which leads to the emerging field of EI (Kossahl et al.,
2012; Watson et al., 2010).

El is seen as a major enabler to properly incorporate sustainability issues into the energy sector
(Watson et al., 2010). Nevertheless, against the background of a generally observed disintegration of
research on (corporate) environmental sustainability and IS (Melville, 2010; Schmidt et al., 2009;
Thambusamy and Salam, 2010), the nascent field of EI is “a new domain of inquiry” (vom Brocke et
al., 2013, p. 1), yet producing a growing research output (e.g. Califf et al., 2012; Feuerriegel et al.,
2013). Several subtopics of El are proposed for future research (Kossahl et al., 2012). In the context of
developing adequate IT-architecture and related data transmission, research efforts focus on DSM sys-
tems, including Demand Response (DR) systems. The purpose of DR systems is altering consumption
patterns due to economic factors, such as price changes or incentive payments (FERC, 2012). Recent
publications underline the potential economic benefits of using such systems (Feuerriegel and Neu-
mann, 2014; Feuerriegel et al., 2013) and integrate DR into the El framework (Feuerriegel et al.,
2012). Nevertheless, a systematic sharing of environmental information and its effect on time-shifting
of electricity demand is not considered. In fact, the distribution of environmental data seems to be ne-
glected by contemporary DMS and DR systems (Aghaei and Alizadeh, 2013; Jalali and Kazemi,
2015). Consequently and to the best of our knowledge, IT solutions that explicitly provide environ-
mental data to all relevant stakeholders in the energy sector by means of an EMIS do not exist
(Connolly et al., 2010).

An EMIS is defined as an “organizational-technical system for the systematic gathering, processing,
and provision of environmental information in a company” (Loos et al., 2011, p. 247) to foster sus-
tainable development (Teuteberg and Marx Gémez, 2010). A tailored system for the energy sector can
be seen as an application of El and as a special form of a DSM system (Palensky and Dietrich, 2011).
Although EMIS are proposed for other domains and industry sectors, like sustainable supply chain
management in the electronics industry (Stindt et al., 2014), these systems cannot be transferred to the
energy sector without taking its specific characteristics into account. This includes, for instance, real-
time balancing of power supply and demand in electricity grids by means of adequate IS. To exploit
the multi-directional nature of smart grids, an EMIS that operates at the interfaces of energy demand
and supply should particularly provide environmental information not only to corporate decision-
makers, but also to consumers of electricity. The latter extends the above given definition of an EMIS.
Going beyond the technical dimension, such information-sharing aims at promoting eco-conscious
behavior, which alters consumption patterns of electricity (e.g. through time-shifting demands) to bet-
ter match current energy supply, which increases efficiency (Corbett, 2011). This is in line with re-
search suggesting the development of IS that actively influence individual consumption patterns
(Melville, 2010). Interestingly, few publications exist that investigate possible positive impacts on al-
tering energy demand patterns through IS-based communication of environmental data (Loock et al.,
2013), although the value of environmental information for consumer decision-making independent of
the considered product or services is stressed (Watson et al., 2012). The realization of a sustainable
lifestyle is difficult for consumers as “they lack information about the environmental consequences of
their choices” (Watson et al., 2012, p. 12). In the context of the energy sector, such information could
comprise, for example, CO, emissions that result from the current energy mix.

The proposed EMIS aims at solving the described discrepancy through distributing economic and en-
vironmental information to both suppliers and consumers of electricity. Hence, all participants are ul-
timately able to make decisions on that basis of information and in accordance to their individual pref-
erences and objectives. This may lead to an improved alignment of power supply and demand as well
as to more sustainable energy systems.
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3 Research methodology

To effectively answer the stated research question, we select the ‘applied design science research
model” (Bensch, 2012). It combines a well-known methodology, namely the ‘design-science research
methodology process model’ (Peffers et al., 2007), and guidelines for design-science research (Hevner
et al., 2004). The paradigm of design-science is well suited for the identified problem as it aims at
“creating and evaluating innovative IT artifacts that enable organizations to address important infor-
mation-related tasks™ (Hevner et al., 2004, p. 98). Moreover, it has proven its value in similar contexts
(e.g. Bodenbenner et al., 2013; Stindt et al., 2014). We describe the implementation of this generic
approach for the purpose of the present research in the following.

Step 1 — Identify problem and motivate: We select a problem-centered initiation as research entry
point. More specifically, we identify the urgency of incorporating environmental aspects into decision-
making processes within the energy sector. There is a broad consensus that IS play a major role in ul-
timately driving the energy sector towards a more sustainable development (Watson et al., 2010). Alt-
hough this positive lever is widely accepted in academia, up to now little efforts have been made to
propose actual IS to realize this potential (see sections 1 and 2).

Step 2 — Define Objectives of a Solution: Against the background of the stated research question, we
seek to develop an EMIS that fosters environmental-oriented decision-making among actors in the
energy sector. The overarching goal is to create more sustainable energy systems. In this context, we
define measurable objectives of a solution: The EMIS should improve the balancing of power supply
and demand, which in turn leads to a better integration of renewable energy systems, a reduced use of
fossil fuels, and increased energy efficiency.

Step 3 — Design and Development: The designed artifact is the proposed EMIS, which we integrate
into the Energy Informatics Framework (Watson et al., 2010). The conceptual model of the EMIS is
developed within section 4 and bases on three layers. Hereby, we rely on sustainability-oriented ap-
proaches in IT-architecture design (Stindt et al., 2014; Teuteberg and Marx Gémez, 2010). We de-
scribe each layer in detail against the background of specific requirements placed on an EMIS de-
signed for the energy sector.

Step 4 — Demonstration & Evaluation: To give first evidence about the utility of the designed artifact,
the value of the EMIS is demonstrated within a scenario-based setting that is partly based on real-
world data derived from secondary sources (e.g. scientific knowledge base, public databases) (section
5). This evaluation method is in line with approaches in similar contexts (e.g. Feuerriegel et al., 2013).
Within the presented study, the EMIS is assumed to operate at the interface of power supply and de-
mand and balances both sides by a systematic communication of economic and environmental infor-
mation. We exemplify the benefits of the EMIS in this realistic environment and discuss the achieve-
ment of the objectives set within Step 2.

Step 5 — Communication: By means of the present article, we communicate our key research findings
that are summarized within section 6 to the IS community. In addition, we critically assess our work
and give ideas for further research efforts.

4 Conceptual model of EMIS

The subsequently developed EMIS is supposed to operate at the interface of energy demand and sup-
ply as both sides “should share a common information system to ensure a cohesive solution” (Watson
et al., 2010, p. 25). Hence, we embed the EMIS into the Energy Informatics Framework where it links
energy generation and transmission/distribution with energy consumption. Specific entities are located
on both sides, namely plant control, sensor networks, flow networks, and corporate IS are located on
the supply side. On the demand side, sensitized objects, like smart metering systems and energy con-
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trollers, represent consumers’ assets. To share information with the EMIS, entities are interconnected
and linked to the EMIS via data buses and field buses. As already mentioned, the proposed EMIS ex-
ploits the benefits of multi-directional communication in smart grids. Thus, information flows are con-
tinuously looped to the entities of both the supply and the demand side. On the supply side, the deci-
sion data and information of the EMIS are used to adjust power plant outputs as well as to control
electricity flow networks. For data exchange and communication between entities on the supply side
and the EMIS we propose TCP/IP Transport with IEC 61850 and its associate standards (Farhangi,
2010). On the demand side, we suggest implementing an advanced metering infrastructure using a
standard for smart metering, e.g. ANSI 12.22 (Farhangi, 2010). In this way, EMIS information is
shared with consumers respectively with their sensitized objects to provide decision-support regarding
demand patterns. The overall system with the embedded EMIS is depicted within Figure 1.

Energy Energy
generation consumption

____________________________

Energy
transmission/distribution

____________

Data warehouse ! Sensitized
management layer objects
Source | i Source |
system layer | ! system layer i

supply side demand side E
I & e L R
' Proposed EMIS |

Supply Side | Demand Side

<:> Information flows between supplier‘s physical assets ﬁ EMIS-internal data exchange
---» Information flows between IS and physical assets

Figure 1. EMIS embedded into the Energy Informatics Framework following Watson et al.
(2010).

The EMIS is based on reference architectures for such systems (Stindt et al., 2014; Teuteberg and
Marx Gomez, 2010). It addresses the explicit need for developing an IT-architecture with its respec-
tive layers to process, analyze, and transmit data flows in an effective and efficient way (Kossahl et
al., 2012). During the development of the conceptual model, we particularly emphasize componentiza-
tion and standardized data exchange formats between EMIS-internal layers, as such aspects “improve
the reuse and integration of EMIS with other systems within the organization” (El-Gayar and Fritz,
2006, p. 773). This facilitates, for instance, the integration of additional source systems. We note that
the EMIS is designed as an automatically operating system that expands established EMS and, thus, is
owned and operated by the energy supplier. We describe the architecture of the EMIS, especially its
three-tier layer structure as well as its intra-system interfaces and communication flows, in the follow-
ing. The EMIS architecture is illustrated in detail in Figure 2.
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Figure 2. Architecture of EMIS.

4.1 Source system layer

Within the source system layer all relevant information is integrated into the EMIS. Owing to the in-
terfacial character of the system, the layer is split to link to data sources from both the supply and de-
mand side.

On the supply side, corporate IS and sensor networks are linked to the EMIS. In this way, business
intelligence (BI) systems, technical databases, and environmental data are integrated. Bl-systems may
comprise both the enterprise resource planning (ERP) system and existing EMS. Relevant information
obtained from these sources mainly encompasses revenue and cost data, which consist of cost struc-
tures regarding electricity generation, transmission, and transformation (e.g. losses from high-voltage
to medium-voltage transformation). The link to technical databases feeds the EMIS with infrastructur-
al information regarding all technical assets that are needed to properly generate, control, and transmit
electricity. This includes the general grid topology and available power plants, power generation ca-
pacities of different sources and their degree of scalability, and available energy storages like pumped-
storage plants or a network of electric vehicles (Brown et al., 2010). For instance, energy produced
with renewable sources is exogenously determined and only partly capable of providing base load
power, while base-load plants are inflexible, hardly adjustable in the short term, and work at decreased
efficiency when operated at part-load levels (Troy et al., 2010). In addition, collected technical data
emanating from the sensor network are integrated, which provide information concerning current plant
loads and grid loads. This is mandatory for subsequent flow optimization (Watson et al., 2010) and for
ensuring grid stability. Environmental data are mostly provided to the EMIS through connecting to
sensor networks. Related information includes weather forecasts that are important to predict renewa-
ble energy supply (Hammons, 2008; Potter et al., 2009) and, in particular, pollutant emissions (e.g.
CO,, SO,, NO,) from used energy sources, which are mandatory for the concept of an EMIS.

On the demand side, the consumers’ sensitized objects transfer power demand data to the EMIS,
which comprise real-time loads, forecasted load profiles, and historical load profiles. These data are
vital to balance power generation and demand. Technical databases linked to the EMIS from the de-
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mand side provide information regarding the consumers’ micro-grid and smart home grid topologies
(Privat, 2012), sensitized objects, and electrical appliances.

4.2 Data warehouse management layer

The data warehouse management layer is responsible for the processes of extracting, transferring, and
loading (ETL) data from the source system layer. Furthermore, data is enriched with additional infor-
mation to eventually being fed into the decision support layer.

In general, the ETL process links to heterogeneous data sources, which urges for standardized data
formats (e.g. XML), the verification of data quality, and the definition of adequate interfaces
(Teuteberg and Marx Gomez, 2010). This is especially true for an EMIS designed for the energy sec-
tor, as in smart grid environments “the absence of [...] universally accepted interfaces, messaging and
control protocols, and standards” combined with “ever-changing technologies in communications, IT,
and power systems” (Farhangi, 2010, p. 25, 27) poses special challenges to interface design and data
exchange of connected components and assets. Here, recent developments of common information
models (e.g. IEC 61970) may facilitate the integration of heterogeneous data into the EMIS and could
improve data consistency.

This layer also contains a metadata repository, which provides structural information concerning the
heterogeneous data that are integrated from the various data sources. Furthermore, policies and regula-
tory requirements are a vital part of an EMIS (Teuteberg and Marx Gomez, 2010). Here, for instance,
thresholds for noxious substances, limits to pollutant emissions (e.g. CO,, SO,, NO,), and priority
feed-in regulations for renewable energies complement the data. Generally, this information represents
constraints for the superordinate decision support layer. The sustainability assessment framework is
unique to the concept of an EMIS, as it “supports capturing data for reporting business performance on
sustainability measures” (Ahmed and Sundaram, 2007, p. 3). Such a framework provides logics to ag-
gregate the poly-structured data to compute sustainability indicators. For instance, the various emitted
pollutants are converted to CO, equivalent to determine the overall environmental burden of power
generation and energy distribution for the atmosphere. Ahmed and Sundaram (2007) present a generic
sustainability framework that could be applied for the purpose of the presented EMIS. The event en-
gine aims at reacting to unforeseen changes of state. This includes, for instance, triggering self-healing
capabilities of the grid by focusing on restoring electricity supply in case of a fault event, e.g. short
circuits (Bésanger et al., 2012).

The interface to the superordinate decision support layer is designed by means of an online analytical
processing (OLAP) service and, thus, represents a central component of this layer. It converges data
provided by the upstream source systems, enriches them with additional information (e.g. legal condi-
tions, sustainability indicators), and prepares them in the required granularity for feeding in the deci-
sion support layer. The OLAP service supports instant information flows to all actors and, thus, instant
real-time energy management.

4.3 Decision support layer

Energy management, as any other form of management activity, needs decision-making. Therefore,
the decision support layer is located at the top of the proposed IT-architecture. The connection to the
data warehouse management layer is achieved by standardized data formats (e.g. XML, CSV). The
decision support layer aims at giving software-aided, automated real-time decision support to corpo-
rate actors, namely the energy supplier who is the system operator, by means of well-acknowledged
tools for optimization (e.g. CPLEX), simulation for reliability assessments (e.g. Plant Simulation), and
statistical analysis that, for instance, is used for load forecasts (e.g. R).

The energy supplier has a multi-criteria objective function to incorporate both economic (e.g. cost
minimization) and environmental goals (e.g. emission minimization) as usual in the context of sustain-
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able decision-making that considers multiple dimensions by nature (Quariguasi Frota Neto et al.,
2008). The objectives must be carefully weighed against each other. All data which is necessary to
execute the multi-criteria optimization is provided by the data warehouse management layer of the
EMIS. The decisions that result from the optimization procedures are subsequently transferred to the
entities of the energy supplier to manage the provision of power by adjusting electricity generation and
flows. Furthermore, economic and environmental information that result from these decisions (e.g.
energy prices and CO, emissions) are communicated to the consumers on the demand side. This way,
decision-support is also provided to them, as they are able to decide on individual energy demands on
that basis, either manually, or within local optimization procedures, or by setting decision rules within
their sensitized objects in smart home grids (Palensky and Dietrich, 2011; Privat, 2012). The infor-
mation sharing is supposed to induce a behavioral change compared to a case where no data is provid-
ed, as it enables consumers to follow their individual preferences regarding both economic and envi-
ronmental aspects of energy consumption and to align them with their convenient demand patterns.

Energy suppliers seek to meet standards for environmental management, such as 1SO 14001 certifica-
tion and the European Eco-management and Audit System (EMAS) (El-Gayar and Fritz, 2006), and
are increasingly forced to create sustainability reports in the context of stakeholder information and
legal compliance (Teuteberg and Marx Gémez, 2010). This is also supported by the EMIS, as it pro-
vides a module to create reports concerning environmental key performance indicators, based on data
provided by the sustainability assessment framework located on the subordinate layer.

5 Demonstration of EMIS

We demonstrate the value of the proposed EMIS within an evaluation setting that is partly based on
real-world data derived from secondary sources (e.g. scientific knowledge base, public databases) and
construct scenarios around the artifact. We select this descriptive design evaluation method to demon-
strate the utility of the designed artifact (Hevner et al., 2004).

5.1 Problem description

Following the conceptual model, in the focal setting an EMIS is assumed to work at the interface of an
energy supplier, who operates the EMIS to manage the production and transmission of electrical ener-
gy, and a network of consumers, who demand electrical energy. This setting requires periodic deci-
sion-making of both acting stakeholder groups. In line with Figure 1, decisions of suppliers concern
feed-in of energy sources and related plant control, flow network control, balancing energy supply and
demand, and energy pricing. In our case the supplier relies on centralized and structured decision-
making by means of EMIS-integrated optimization (e.g. CPLEX). On the demand side, consumers
mainly decide upon their individual, period-specific energy consumption. In contrast to the supplier,
consumers, respectively their sensitized objects, are decentralized by nature and follow individual de-
cision and optimization rules. For this purpose, smart metering systems or energy controllers are in-
stalled, which “switch[...] off equipment, based on certain priorities and other rules” (Palensky and
Dietrich, 2011, p. 383). Their configuration reflects the individual preferences of each consumer. For
the purpose of this demonstration, we model two distinct consumer segments: One group is more sen-
sitive to economic factors, namely energy prices (price-elastic behavior), and the other group is more
sensitive to environmental factors, namely CO, emissions (emission-elastic behavior). Such a distinc-
tion of consumers into ‘economic’ and ‘green’ segments is common in other research fields, e.g. in the
remarketing of remanufactured products (Atasu et al., 2008). Within our modeled setting, each group
comprises 500 fictitious households.

Energy prices as well as CO, emissions are a direct result of the underlying energy mix. Electrical en-
ergy is generated by conventional coal plants (base loads), conventional combustion turbines fired
with natural gas (medium and peak loads), and photovoltaics as renewable energy source. Electricity
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generated by the latter is hardly controllable as it is mostly determined by solar irradiance. For the
purpose of this demonstration, we take irradiation data from Wang and Nehrir (2008). Each energy
source shows specific levelized costs of electricity and CO, emissions (see Table 1), which ultimately
result in electricity prices and emissions depending on the selected energy mix.

Energy source Levelized cost of CO, emissions
electricity [$ / kwh] [g CO, eq / kWh]
Conv. coal 0.0956 1,001
Conv. combustion turbine 0.1284 469
Photovoltaics 0.1186 46
Table 1. Source-specific cost and CO, emissions, data base on U.S. Energy Information Ad-

ministration (2014) and Moomaw et al. (2011).

In the next subsection, we conduct an analysis computing three scenarios each covering a day in one-
hour periods. Every period, scenario-dependent EMIS information is communicated to the consumers,
who decide about their segment-specific energy demand on that basis. These demand patterns are
looped back to the system operator, who selects the optimal energy mix by minimizing his scenario-
specific objective function, which in turn results in next-period’s electricity prices and CO, emissions.
While the size of the distinct consumer segments is equal in each scenario, significant differences re-
late to transferred information by means of the EMIS, underlying consumers’ decision rules and, thus,
resulting energy demand patterns (see Figure 3).

In general, decision rules reflect both consumers’ price and emission elasticities of electricity demand
(Allcott, 2011; Kirschen, 2003). While the general effect of providing information on demand shifting
is documented (e.g. Corbett, 2011), determining the exact trade-off between consumers’ convenient
demand patterns and prices/emissions is quite difficult. As a result, to the best of our knowledge, gen-
eralizable results regarding these elasticities do not exist. For our demonstration case we choose an
approach consisting of stepwise elasticities around average values. In this context, decision rules,
which control individual electricity demand, are initially defined within the consumers’ sensitized ob-
jects. These rules consist of both current and average prices and emissions, decision coefficients, and
parameters for shifting demands. Current prices and emissions are a result of optimization procedures,
while average prices and emissions are computed based on historical data. Both information is gener-
ated by components of the top decision support layer of the EMIS and is communicated to the con-
sumers periodically. Decision coefficients (e.g. 0.95, 0.98, etc.; see Figure 3) are set based on the
relative standard deviation of prices (o,/p, = 3.6%) and emissions per kWh (o./p. = 31.5%) ina
case where no information is shared. We select decision coefficients symmetrically around the related
relative standard deviation for both the economic consumer segment (0.95 * a <(1—o,/py) * a<
0.98 * a<a<1.02 * a<(l+o,/p)* a <1.05 * a)and the green consumer segment (0.6
* p<(l—-0./p) * b <0.8 * b<b<1.2 * b<(1+o0./u)* b<1.4 * Db). To set the pa-
rameters regarding shiftable demand (e.g. (0.25 * currentShiftableDemand); see Figure 3), we
first determine the non-shiftable base-demand of a household, which equals the absolute minimum of
hourly consumption. We estimate this value to be 80 Wh based on Paatero and Lund (2006). The dif-
ference between the actual hourly demand and this base-demand is assumed to be potentially shiftable,
but only a part of this is, at least to some extent, realistically shiftable as it stems from the use of wash-
ing machines, laundry dryers, and dish washers. These appliances represent shiftable loads (De Ridder
et al., 2009), as their rescheduling is more convenient than shifting the use of other electrical applianc-
es, such as lighting, freezers, and entertainment devices. Following Paatero and Lund (2006), the share
of shiftable appliances in a household accounts up to 30-40%. According to this, the selected parame-
ters of shiftable demand ensure that a maximum of roughly 38% of hourly demand is shifted.
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Within Scenario I, the EMIS communicates economic data to the supplier while it neither provides
information about electricity prices nor about CO, emissions to consumers. Thus, they will follow a
predetermined ‘convenient” demand pattern in line with Paatero and Lund (2006). In Scenario I, real-
time prices of electricity are communicated and price-elastic users will either shift a part of their future
convenient energy demand to the current period (if the price is below the average/default price) or
shift a part of the current period’s energy demand to future periods (if the price is above the aver-
age/default price). In Scenario 11, additional information regarding CO, emissions is provided to all
actors, which induces the supplier to set a multi-criteria objective function. Furthermore, environmen-
tally-sensitive consumers will now reduce energy demands in periods of high emissions, and instead
move to periods of low emissions and vice versa. Figure 3 gives an overview about the scenario con-
figurations, including the scenario-dependent objective function of the supplier and the underlying
decision rules of the consumer segments in pseudo-code for each period.

Scenario | — Economic information are provided to supplier, no information are provided to consumers

Objective function supplier:
min((specificCosts + transmissionCostg) - generatedElectricityg); s € Sources

Decision rules for both consumer segments:
Follow convenient demand pattern (resulting relative standard deviations: o,/p, = 3.6%; o./p. = 31.5%)

Scenario Il — Economic information are provided to supplier and consumers

Objective function supplier:
min((specificCostg + transmissionCost;) * generatedElectricitys); s € Sources

Decision rules for economic consumer segment:

Starting point each day is convenient demand pattern

p = current price, a = average/default price

If (p <= 0.95 * a) Then shift (1/(50 - 2 * currentPeriod)) of remaining daily demand to current period
ElseIf(p <= 0.98 * a) Then shift (1/(100 - 4 * currentPeriod)) of remaining daily demand to current period
ElseIf(p <= 1.02 * a) Then do nothing

ElseIf(p <= 1.05 * a) Then shift (0.25 * currentShiftableDemand) to remaining periods, distribute evenly
ElseIf(p > 1.05 * a) Then shift (0.50 * currentShiftableDemand) to remaining periods, distribute evenly

Decision rules for green consumer segment:
Follow convenient demand pattern

Scenario 111 — Economic and environmental information are provided to supplier and consumers

Objective function supplier:
min[tx . ((specificCostS + transmissionCosty) - generatedElectricitys) + B - (specificEmissiong -generatedElectricitys)];
s € Sources; a, & weighting factors

Decision rules for economic consumer segment:
Same as in Scenario II

Decision rules for green consumer segment:
Starting point each day is convenient demand pattern
e = current emissions/kWh, b = average/default emissions/kWh

If (e <= 0.6 * b) Then shift (1/(50 - 2 * currentPeriod)) of remaining daily demand to current period

ElseIf(e <= 0.8 * b) Then shift (1/(100 - 4 * currentPeriod)) of remaining daily demand to current period

ElseIf(e <= 1.2 * b) Then do nothing

ElseIf e <= 1.4 * b) Then shift (0.25 * currentShiftableDemand) to remaining periods, distribute evenly

ElseIf(e > 1.4 * b) Then shift (0.50 * currentShiftableDemand) to remaining periods, distribute evenly
Figure 3. Scenario configurations including objective functions and decision rules.

5.2 Results of scenario analysis and discussion

The time-shifting of demands is an essential part of fostering sustainability in the energy sector
(Corbett, 2011). In the context of the demonstration case, we could exemplify how the developed
EMIS may induce a shifting of demands through providing behavior-changing economic and envi-
ronmental information to the energy supplier and the consumers. Along the scenarios, we observe a
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change of consumption patterns, which increasingly converge towards the non-adjustable supply curve
consisting of energy provided by base load plants and renewable energy systems (see Figure 4). On
the one hand, the energy difference between the scenario-specific demand curve and the supply curve
must be provided by adjustable medium and peak load plants (e.g. the energy difference between
curve “Scenario Il Demand” and curve “Non-adjustable Supply” between 00:00 and 10:00). On the
other hand, all surpluses regarding renewable energies are lost as no energy storages are modeled (e.g.
the energy surplus as the difference between curve “Non-adjustable Supply” and curve “Scenario 111
Demand” between 10:00 and 14:00). Hence, the more the curves match, the better is the balancing of
power supply and demand. Against this background, we observe that information-sharing by means of
the EMIS significantly improves the alignment of power supply and demand (see Figure 4).

We discuss the evaluation’s results (see Table 2) and their interpretation in detail in the following.
First and not surprisingly, due to the fact that no impact on energy conservation behavior is modeled,
the overall energy demand is constant at 4,973 kWh within each scenario. Nevertheless, all other indi-
cators differ significantly.
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Figure 4. Scenario-dependent energy demand patterns and non-adjustable supply curve.

The share of energy demand that is met by renewable energy increases along the three scenarios from
1,783 kWh to 2,366 kWh (+32.70%). Hence, using the EMIS leads to a better integration of renewable
energy sources in the context of the demonstration case. At the same time, the share of electricity de-
mand that is satisfied by burning fossil fuels decreases from 3,190 kWh to 2,607 kWh (—18.28%).
Thus, the EMIS is also successful in reducing the use of fossil fuels. Regarding energy efficiency, we
refer to the continuously decreasing losses of renewable energies owing to an improved balancing of
energy supply and demand, which in turn increases the quotient of constant energy consumption and
energy expenditure and, thus, energy efficiency. In terms of economic and ecological efficiency posi-
tive results are observable, as overall costs and CO, emissions necessary to provide the same utility
decrease along the three scenarios (—1.02% respectively —9.47%). The detailed results of the scenario
analysis are also illustrated in Table 2.
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Indicator Scen. | Scen. 1l Scen. 11l Best Case

Scenario
Overall energy demand [kWh] 4,973 4,973 4,973 4,973
Demand met by renewable energy [kKWh] 1,783 1,971 2,366 2,600
(Share of overall demand [%]) (35.85) (39.63) (47.58) (52.28)
Overall surplus of (lost) renewable energy [kWh] 817 630 234 0
Demand met by burning fossil fuels [kWh] 3,190 3,002 2,607 2,373
(Share of overall demand [%]) (64.15) (60.37) (52.42) (47.72)
Overall CO, emissions [kg] 2,599 2,520 2,353 2,254
Overall costs for electricity [$] 558.08 556.25 552.37 550.07
Table 2. Results of scenario analysis.

Finally, we compare the set of scenarios against a best case, in which all actors make optimal deci-
sions regarding economic and environmental criteria. Hence, power supply and demand are matched
in a way that leads to an optimal solution in terms of lowest realizable costs and CO, emissions at giv-
en weighting factors a and g for both target criteria in the supplier’s objective function (see Figure 3).
We point out that along the scenarios all investigated indicators converge towards the respective opti-
mal solution of the Best Case Scenario. Analogously, especially Scenario 111, which exploits the full
functionality of the EMIS, shows good results (see Table 2).

Summing up, the demonstration case shows that the EMIS has the potential to fulfill its intended pur-
pose and particularly achieves the objectives set within Step 2 of the research methodology. We were
able to give first evidence about the practical utility of this designed artifact.

6 Conclusion

The present article develops an EMIS that provides economic and environmental data to actors in the
energy sector. On the basis of that information, environmental-oriented decisions are fostered, which
ultimately lead to an improved balancing of power supply and demand and to more sustainable energy
systems. This approach applies the promising integration of energy and IS research by means of El
and responds to the necessity of incorporating environmental aspects into both corporate and consum-
er decision-making. Overall, we could answer the research question by means of the EMIS.

Within our evaluation setting, we demonstrated how decision-making based on information provided
by the proposed EMIS fosters environmental sustainability. It improves the integration of renewable
energy sources, reduces usage of fossil fuels, and increases energy efficiency through a better balanc-
ing of energy supply and demand. This is achieved by realizing the full possibilities of multi-
directional communication of information in smart grids by means of a tailored, central IS. In this con-
text, the EMIS flanks existing EMS and continuously exchanges economic and environmental infor-
mation with both the supply and demand side. This induces behavioral changes: On the one hand, the
EMIS systematically integrates environmental data and constraints into a corporate 1S, which enables
the energy supplier to perform structured environmentally-oriented decision-making by means of a
multi-criteria objective function. On the other hand, providing not only economic information but also
environmental information to consumers of electrical energy creates incentives for eco-conscious con-
sumers to shift energy demands to periods of low CO, emissions, as the lack of such information often
prevents people from such a more sustainable behavior (Watson et al., 2012).
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Nevertheless, the present article leaves room for further research. Although our evaluation setting uses
realistic data, we could only give first evidence of the practical utility of the proposed EMIS. We sug-
gest implementing the EMIS in comprehensive field studies in collaboration with suppliers of electri-
cal energy, for example to analyze the cost structure of such a system and to quantify the trade-off be-
tween costly information-sharing and economic benefits (Feuerriegel et al., 2013). In addition, we did
not model possible reductions of total electricity consumption that could result from a shift of de-
mands within our demonstration case. As previous research indicates that energy conservation is fea-
sible in such settings (Allcott, 2011), their consideration could further increase the value provided by
the developed EMIS and, thus, represents a promising area for future research. This could also be true
for the incorporation of energy storages, in particular for the inclusion of decentralized energy storage
devices. In this context, taking into account emerging networks of electric vehicles seems to be prom-
ising (Brown et al., 2010). Furthermore, we generally imply a positive effect of providing environmen-
tal information on consumers’ behavior in terms of time-shifting demands. This assumption is in line
with prior research (Watson et al., 2012), although the actual degree of influence and related elastici-
ties are rather unknown. Hence, we suggest examining this interdependence empirically within field
studies. As a last promising research field we emphasize the growing importance of cloud-based data
in smart grids (Privat, 2012). This opens up a considerable pool of accessible data and could enable
large-scale usage of the developed EMIS.

To sum up, the EMIS seems to be suitable to foster environmental-oriented decision-making in the
energy sector. It achieves the stated objectives and fulfills important functions that constitute “an inte-
grated system for an energy system” as it “ties together the various elements to provide a complete
solution” (Watson et al., 2010, p. 27). Nevertheless, much work still has to be done to transform the
energy sector into a sustainable business. We believe that the developed EMIS represents a small
building block to sensitize suppliers and consumers of electrical energy to consider environmental di-
mensions in their decision-making processes.

References

Aghaei, J. and M.-1. Alizadeh (2013). “Demand response in smart electricity grids equipped with re-
newable energy sources: A review.” Renewable and Sustainable Energy Reviews 18, 64-72.

Ahmed, M. D. and D. Sundaram (2007). “A Framework for Sustainability Decision Making System:
A Proposal and an Implementation.” In: International Conference on Decision Support Systems
Proceedings, Paper 18.

Allcott, H. (2011). “Rethinking real-time electricity pricing.” Resource and Energy Economics 33 (4),
820-842.

Atasu, A., Sarvary, M. and L. N. Van Wassenhove (2008). “Remanufacturing as a Marketing Strate-
gy.” Management Science 54 (10), 1731-1746.

Bensch, S. (2012). “Recommended Systems for Strategic Procurement in Value Networks.” In: Pro-
ceedings of the 18th Americas Conference on Information Systems, Paper 13.

Bésanger, Y., Raison, B., Caire, R. and T.-Q. Tuan (2012). “Energy Management and Decision-aiding
Tools.” In: Hadjsaid, N. and J.-C. Sabonnadiere (Eds.), Smart Grids. London / Hoboken: ISTE /
John Wiley, 197-241.

Bodenbenner, P., Feuerriegel, S. and D. Neumann (2013). “Design Science in Practice: Designing an
Electricity Demand Response System.” In: vom Brocke, J., Hekkala, R., Ram, S. and M. Rossi
(Eds.), Design Science at the Intersection of Physical and Virtual Design. Proceedings of the 8th
DESRIST. Berlin / Heidelberg: Springer, 293-307.

Brown, S., Pyke, D. and P. Steenhof (2010). “Electric vehicles: The role and importance of standards
in an emerging market.” Energy Policy 38 (7), 3797-3806.

Brundtland, G. H. (1987). Our Common Future. Oxford: Oxford University Press.

Califf, C., Lin, X. and S. Sarker (2012). “Understanding Energy Informatics: A Gestalt-Fit Perspec-
tive.” In: Proceedings of the 18th Americas Conference on Information Systems, Paper 13.

Twenty-Third European Conference on Information Systems (ECIS), Miinster, Germany, 2015 13



Nuss /EMIS for the Energy Sector

Connolly, D., Lund, H., Mathiesen, B.V. and M. Leahy (2010). “A review of computer tools for ana-
lyzing the integration of renewable energy into various energy systems.” Applied Energy 87 (4),
1059-1082.

Corbett, J. (2011). “Demand Management in the Smart Grid: An Information Processing Perspective.”
In: Proceedings of the 17th Americas Conference on Information Systems, Paper 110.

Coullon, J.-L. (2012). “SmartGrids and Energy Management Systems.” In: Hadjsaid, N. and J.-C.
Sabonnadiere (Eds.), Smart Grids. London / Hoboken: ISTE / John Wiley, 79-113.

De Ridder, F., Hommelberg, M. and E. Peeters (2009). “Four potential business cases for demand side
integration.” 6th International Conference on the European Energy Market, 1-6.

Dyllick, T. and K. Hockerts (2002). “Beyond the business case for corporate sustainability.” Business
Strategy and the Environment 11 (2), 130-141.

El-Gayar, O. and B. D. Fritz (2006). “Environmental Management Information Systems (EMIS) for
Sustainable Development: A Conceptual Overview.” In: Communications of the Association for In-
formation Systems 17, Article 34.

Elkington, J. (1998). Cannibals with forks: The triple bottom line of 21st century business. Gabriola
Island: New Society Publishers.

Farhangi, H. (2010). “The Path of the Smart Grid.” IEEE power & energy magazine, January
[February, 18-28.

FERC (2012). “Assessment of Demand Response and Advanced Metering.” Federal Energy Regulato-
ry Commission, Staff Report.

Feuerriegel, S., Bodenbenner, P. and D. Neumann (2013). “Is More Information Better Than Less?
Understanding The Impact Of Demand Response Mechanisms In Energy Markets.” In: Proceed-
ings of the 21th European Conference on Information Systems, Paper 167.

Feuerriegel, S. and D. Neumann (2014). “Measuring the financial impact of demand response for elec-
tricity retailers.” Energy Policy 65, 359-368.

Feuerriegel, S., Striker, J. and D. Neumann (2012). “Reducing Price Uncertainty Through Demand
Side Management.” In: Proceedings of the 33th International Conference on Information Systems.

Hadjsaid, N. and J.-C. Sabonnadiére (2012). “SmartGrid: Motivation, Stakes and Perspectives.” In:
Hadjsaid, N. and J.-C. Sabonnadiére (Eds.), Smart Grids. London / Hoboken: ISTE / John Wiley,
1-32.

Hammons, T. J. (2008). “Integrating renewable energy sources into European grids.” International
Journal of Electrical Power & Energy Systems 30 (8), 462—-475.

Hevner, A. R., March, S. T., Park, J. and S. Ram (2004). “Design Science in Information Systems Re-
search.” MIS Quarterly 28 (1), 75-105.

Jalali, M. M. and A. Kazemi (2015). “Demand side management in a smart grid with multiple electric-
ity suppliers.” Energy 81, 766—776.

Kirschen, D. S. (2003). “Demand-Side View of Electricity Markets.” IEEE Transactions on Power
Systems 18 (2), pp. 520-527.

Kossahl, J., Busse, S. and L. M. Kolbe (2012). “The Evolution of Energy Informatics in the Infor-
mation Systems Community — a Literature Analysis and Research Agenda.” In: Proceedings of the
20th European Conference on Information Systems, Paper 172.

Loock, C.-M., Staake, T. and F. Thiesse (2013). “Motivating energy-efficient behavior with Green IS:
An investigation of goal setting and the role of defaults.” MIS Quarterly 37 (4), 1313-1332.

Loos, P., Nebel, W., Gémez, J. M., Hasan, H., Watson, R. T., vom Brocke, J., Seidel, S. and J. C.
Recker (2011). “Green IT: a matter of business and information systems engineering?” Business &
Information Systems Engineering 3 (4), 245-252.

Lund, H. (2007). “Renewable energy strategies for sustainable development.” Energy 32 (6), 912-919.

Melville, N. P. (2010). “Information Systems Innovation for Environmental Sustainability.” MIS
Quarterly 34 (1), 1-21.

Moomaw, W., Burgherr, P., Heath, G., Lenzen, M., Nyboer, J. and A. Verbruggen (2011). “Annex II:
Methodology.” In: Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Seyboth, K., Matschoss, P.,

Twenty-Third European Conference on Information Systems (ECIS), Miinster, Germany, 2015 14



Nuss /EMIS for the Energy Sector

Kadner, S., Zwickel, T., Eickemeier, P., Hansen, G., Schlémer, S. and C. von Stechow (Eds.),
IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation. Cambridge
and New York: Cambridge University Press, 973-1000.

Paatero, J. V. and P. D. Lund (2006). “A model for generating household electricity load profiles.”
International Journal of Energy Research 30 (5), 273-290.

Palensky, P. and D. Dietrich (2011). “Demand Side Management: Demand Response, Intelligent En-
ergy Systems, and Smart Loads.” IEEE Transactions on Industrial Informatics 7 (3), 381-388.

Peffers, K., Tuunanen, T., Rothenberger, M. and S. Chatterjee (2007). “A Design Science Research
Methodology for Information Systems Research.” Journal of Management Information Systems 24
(3), 45-77.

Potter, C. W., Archambault, A. and K. Westrick (2009). “Building a smarter smart grid through better
renewable energy information.” Power Systems Conference and Exposition.

Privat, G. (2012). “How Information and Communication Technologies Will Shape SmartGrids.” In:
Hadjsaid, N. and J.-C. Sabonnadiere (Eds.), Smart Grids. London / Hoboken: ISTE / John Wiley,
263-280.

Quariguasi Frota Neto, J., Bloemhof-Ruwaard, J. M., van Nunen, J. A. E. E. and E. van Heck (2008).
“Designing and evaluating sustainable logistics networks.” International Journal of Production
Economics 111 (2), 195-208.

Schmidt, N.-H., Erek, K., Kolbe, L. M. and R. Zarnekow (2009). “Towards a Procedural Model for
Sustainable Information Systems Management.” In: Proceedings of the 42nd Hawaii International
Conference on System Sciences.

Stindt, D., Nuss, C., Bensch, S., Dirr, M. and A. Tuma (2014). “An Environmental Management In-
formation System for Closing Knowledge Gaps in Corporate Sustainable Decision-Making.” In:
Proceedings of the 35th International Conference on Information Systems.

Teuteberg, F. and J. Marx Gémez (2010). “Green Computing and Sustainability.” HMD Praxis der
Wirtschaftsinformatik 274, 6-17.

Thambusamy, R. and A. F. Salam (2010). “Corporate Ecological Responsiveness, Environmental
Ambidexterity and IT-enabled Environmental Sustainability Strategy.” In: Proceedings of the 31th
International Conference on Information Systems, Paper 191.

Troy, N., Denny, E. and M. O’Malley (2010). “Base-Load Cycling on a System With Significant
Wind Penetration.” IEEE Transactions on Power Systems 25 (2), 1088-1097.

U.S. Energy Information Administration (EIA) (2014). Levelized Cost and Levelized Avoided Cost of
New  Generation Resources in the Annual Energy Outlook 2014. URL:
http://www.eia.gov/forecasts/aeo/electricity_generation.cfm (visited on 07/11/2014).

vom Brocke, J., Fridgen, G., Hasan, H. and W. Ketter (2013). “Energy Informatics: Designing a Dis-
cipline (and possible lessons for the IS community).” In: Proceedings of the 34th International
Conference on Information Systems.

Wang, C. and M. H. Nehrir (2008). “Power Management of a Stand-Alone Wind/Photovoltaic/Fuel
Cell Energy System.” IEEE Transactions on Energy Conversion 23 (3), 957-967.

Watson, R. T., Boudreau, M.-C. and A. J. Chen (2010). “Information Systems and Environmentally
Sustainable Development: Energy Informatics and New Directions for the IS Community.” MIS
Quarterly 34 (1), 23-38.

Watson, R. T., Lind, M. and S. Haraldson (2012). “The Emergence of Sustainability as the new Domi-
nant Logic: Implications for Information Systems.” In: Proceedings of the 33th International Con-
ference on Information Systems.

Twenty-Third European Conference on Information Systems (ECIS), Miinster, Germany, 2015 15



	Association for Information Systems
	AIS Electronic Library (AISeL)
	Spring 5-29-2015

	Developing an Environmental Management Information System to Foster Sustainable Decision-Making in the Energy Sector
	Christian Nuss
	Recommended Citation


	tmp.1434450410.pdf.zoKK7

