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HIGHLIGHTS:

e Areview of the use of Smart Energy Systems in scientific papers

e The term Smart Energy Systems was first mentioned in 2009.

e In recent years, used mostly to express a holistic systems approach as opposed to a single
sector approach

e The Smart Energy Systems concept represent a radical shift in approach and understanding

e The Smart Energy Systems approach has the potential to identify more efficient and affordable
solutions.

Abstract

In recent years, the terms “Smart Energy” and “Smart Energy Systems” have been
used to express an approach that reaches broader than the term “Smart grid”.
Where Smart Grids focus primarily on the electricity sector, Smart Energy Systems
take an integrated holistic focus on the inclusion of more sectors (electricity,
heating, cooling, industry, buildings and transportation) and allows for the
identification of more achievable and affordable solutions to the transformation
into future renewable and sustainable energy solutions. This paper first makes a
review of the scientific literature within the field. Thereafter it discusses the term
Smart Energy Systems with regard to the issues of definition, identification of
solutions, modelling, and integration of storage. The conclusion is that the Smart
Energy System concept represents a scientific shift in paradigms away from single-
sector thinking to a coherent energy systems understanding on how to benefit from
the integration of all sectors and infrastructures.

Key words: Renewable Energy Systems, Smart Grid, Energy system modelling, Electro fuels, Power-to-Gas,
Power-to-heat

1. Introduction

In recent years, several new definitions and terms have been put forward to develop new approaches and
understandings on how to design future sustainable energy systems such as e.g. smart grid [1], Net Zero
Energy Buildings (NZEB) [2] and power to gas [3]. These terms are typically defined and applied within the
limits of sub-sectors and sub-infrastructures and therefore often represent a single-sector approach, which
cannot be fully understood or analysed if not properly placed in the context of the overall energy system.

The term Smart Energy or Smart Energy Systems was defined and used in order to provide the scientific
basis for a paradigm shift away from single-sector thinking into a coherent and integrated understanding of
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how to design and identify the most achievable and affordable strategies to implement coherent future
sustainable energy systems. This way of using the term Smart Energy Systems was first introduced in 2012
[4]. Later on it was given a specific definition published in a book in 2014 [5] after being pre-published in a
booklet from 2013 [6]. However, as we shall see later on in the literature review, the term Smart Energy
Systems has also - often within control engineering and management - simply been used synonymously for
Smart Grid and/or to express that the control system in question would have a broader application than
only within the electricity sector. Moreover, the term integrated energy systems or integrated community
energy systems [7] have sometimes been used.

This review paper concerns the scientific basis for a paradigm shift away from single-sector thinking into
the use of a coherent cross-sectoral smart energy systems concept, by starting with a literature review.
Then it makes a state-of-the art description of different single-sector approaches to the transformation
towards future sustainable energy solutions within the electricity, gas, building and industrial sectors. Next,
it discusses the Smart Energy Systems concept with regard to the issues of definition of the term,
identification of renewable systems design, the integration of holistic storage solutions and the modelling
of national energy systems.

2. Literature review

A literature review of the use of the term “Smart Energy Systems” up until the end of year 2016 has been
conducted in the following way. By use of Scopus, 72 journal papers were identified which used the term in
either title, abstract, keywords or references. By use of ScienceDirect and GoogleScholar seven more
papers from Energy Procedia and similar were added. The search has concentrated on scientific journal
articles, conference papers and books, which have made an active use of the concept. A few papers, which
have only used the term in keywords or in references, have been excluded from the analysis. In total, the
survey includes 69 publications.

The survey shows that the term has been used from 2009 and onwards. In the years 2009 to 2013, it was
only used a few times while in the years 2014-2016 there has been an increasing use of the term.

The use of the term can be categorized into two major groups. In Group 1, the word smart is the most
important. In this group the topics are typically control management and similar. In Group 2 the word
systems is the most important. In this group, the cross-sectoral approach is in focus.

In Group 1, the use can be divided into the following sub-groups:

e Similar to Smart Grid (Smart Grid): The term is used more or less synonymously with the term
Smart Grid in approximately 19 papers [8—26]. For example, in [14] the two terms are described in
the following way: “...in terms of smart energy systems (Smart grid),...”. Or when the focus is on
power transmission, then the term is sometimes used together with the term “Smart Power
Systems” [18]. In general, these papers have a sole or predominant electricity sector approach. A
few of them concentrate on the interactions between control systems and human beings
[10,16,26].

e Smart Grid but Broader (Cross Sector Control): In other papers the main focus is still on control
engineering in the electricity sector, but the term Smart Energy Systems seems to refer to that the
control systems and/or algorithms that have a broader use also within other sectors [27-31]. Thus,
in some papers, such as [27], it is mentioned that the control systems in question could be used in
“a connected electricity and gas meter”.



e Smart Heating (Heat Control): In a few papers there is a sole or predominant focus on control and
management in the thermal/heating sector [32—35]. In some papers the control and management
systems have such a general nature that it is not clear - or relevant - to specify if the application
focuses on the ‘electricity only’ smart grid approach or has a broader application [36].

In several of the papers in Group 1 the term smart energy systems refers to a broader use of the control
management systems in question beyond the typical smart grid applications or, to describe a more holistic
view of generation, transportation as well as the consumption of power, although still within the electricity
sector such as in [17]. As described later, this use of the term fits very well with the term Smart Grid as it
was originally introduced in 2005.

In Group 2, the use can be divided into the following sub-groups:

e Cross-Sectoral Integration (System Integration): In most papers [4,37-68] the term actively refers
to a holistic integrated system including all sectors and/or all energy carries. For example, in [37]
the term is referred to in the following way: “The establishment of smart energy systems should be
furthered by combining the heat, cooling, power, gas and transport markets.” Often there is a focus
on coordinating the use of different infrastructures and energy carriers such as a reference to
“different energy carriers in smart energy systems” [47]. Again some of these papers focus on the
interactions between the technical systems and human beings and/or broader societal and policy
implications [59,60,64]

e All or More Sectors (System Viewpoint): In one paper [69] the term is used for a “global smart
energy system” including all sectors but not in particular emphasizing the cross-sectoral approach.
And in another, the term is used to express the interaction from “homes to network to cities” [70]
or with a reference to smart cities [71,72].

e RES Integration (Renewable Electricity Integration): In a few papers the term is used in relation to
wind integration into energy systems however still with a focus on the power supply sector [73,74].

In several of the mentioned papers above (from all sub groups), the issue of storage is highlighted. Essential
for the papers in Group 2 is that the understanding of the term smart energy systems is used to include all
sectors and most papers take a focus on the cross-sectoral integration aspect.

Fig.1 presents an overview of the literature review by counting the number of scientific publications using
the term and grouping them into the definedgroups and sub-groups. In Fig.1, Group 1 and its sub-groups in
which the word smart is in focus is shown in blue, while Group 2 and sub-groups are shown in green.

As can be seen from Fig. 1 there has been a steep increase in the use of the term since it was first
mentioned in 2009. Especially within the cross-sectoral understanding of the concept (marked with green)
the use has increased significantly in recent years.

As already defined, this review paper concentrates on the scientific basis for a paradigm shift away from
single-sector thinking into the use of a coherent cross-sectoral smart energy systems concept. Therefore, in
the following the paper will not include the understanding in which the term has been used more or less
synonymously for Smart Grid.

3. State-of-the-art in energy sub-sectors
This section introduces state-of-the art in the different parts of the energy system constituting smart
energy systems



3. 1 State-of-the-art within the electricity sector: Smart Grid

The challenge of integrating fluctuating renewable energy sources into the electric power grid has been
recognized and discussed for several years under different labels. The lead author of this paper published
on the subject already in 1986 [75-77] including the concept of a regulation hierarchy in order to manage
distributed generation without causing feedback in the system. Afterwards, the challenge has been
discussed using the label “Distributed generation” [78] or as part of the discussions regarding innovative
technological concepts such as Vehicle-to-Grid (V2G) [79] or micro-grids [80] as well as local, regional and
national energy systems [81-84].

In recent years, the Smart Grid concept has played an important role. This term was first used in 2005 by
Amin and Wollenberg in their paper “Towards a Smart grid” [1] . The paper describes how the key elements
and principles of operating interconnected power systems were established long before realizing the
options arising from today’s computer and communication networks. Today, computation and control
management is used in all corners of the power sector, but is far from being used to its full potential. As
Amin and Wollenberg emphasize, practical methods, tools and technologies are allowing “power grids and
other infrastructures to locally self-regulate, including automatic reconfiguration in the event of failures,
threats or disturbances”. Amin and Wollenberg have not included a formal definition of smart grid, but it
can be understood from the paper that a smart grid is a power network using modern computer and
communication technology to achieve a network, which can better deal with potential failures.

Later, the discussion of the need for changes in future power infrastructures has often been related to the
“smart grid” concept in a large number of reports and papers. Many of them argue for the need for smart
grids in order to facilitate better integration of fluctuating renewable energy [85]. Several smart grid papers
focus on the consumer and how to involve the consumer in the active operation of the power balance by
introducing technical operation systems and/or economic incentives to facilitate flexible demands,
including the development and design of proper information and communication systems [86], heat pumps
and electric vehicles [87,88]. The above-mentioned papers and approaches regarding smart grids all seem
to have a sole or predominant focus on the electricity sector, thus, only a few papers emphasise the need
for intelligent management of a complete set of energy forms including electricity, heat, hydrogen,
biofuels, industry and transport as e.g. [85] does.

There are four recent definitions in [5] for Smart Grids (from the United States Department of Energy, the
International Energy Agency and the European Union). Even though some inconsistencies exist, all of these
clearly define smart grid to be limited to the electricity sector. The typical core of defining a smart grid
consists of a bi-directional power flow, i.e. the consumers also produce to the grid, which differs from the
traditional grid in which there is a clear separation between producers on the one side and consumers on
the other side resulting in a uni-directional power flow. Consequently, former concepts mentioned above
such as regulation hierarchies, distributed generation, V2G concepts as well as many micro-grids all become
smart grids or part of the smart grid concepts.

State-of the-art of a smart grid is that the concept is defined within the limitations of the electricity sector,
thus creating a paradigm in which solutions for the integration of fluctuating renewable energy should be
found within the sub-sector itself. Most research is carried out within these limits even though some
attempts have been made to take a broader view that includes heating, cooling, industry and transport.
The hypothesis of a Smart Energy Systems approach is that the best solutions cannot be found within
these limits. One has to provide a broader scientific understanding and concept.




3.2 State-of-the-art within Biomass and Transport: EV and Power-to-Gas

How to switch the transport sector into sustainable energy within the limits of sustainable use of biomass is
a great challenge, maybe the greatest challenge of all. All over the world, countries are making more and
more ambitious strategies for increasing the amount of renewable energy in transportation. Several studies
have been carried out on electric vehicles [7,89] including the potential integration with the electricity
sector such as already mentioned under the smart grid section. Electric vehicles can aid the integration of
more wind power by simply adjusting the time of their charge according to the renewable electricity
generation, or even go a step further by both consuming and producing electricity via vehicle-to-grid (V2G)
technology [79]. However, when including all aspects of the transport sector it is evident that no single
technology can solve the transport puzzle in a feasible way [90]. Different technologies must be combined
and most strategies addressing a transformation of the total transport sector combine electric vehicles with
the use of biofuels.

All light vehicles (cars and vans) are typically expected to transition to electric motor vehicles. However, for
heavy vehicles and aviation there is a need for gaseous or liquid fuel which could be produced out of
carbon from biomass resources. In general the inclusion of biomass involves important benefits. It can act
as a direct combustible replacement to fossil fuels, e.g. in dispatchable centralised power stations.
Moreover biomass can exist as a solid, liquid, or gaseous fuel and that makes it suitable for 100%
renewable energy systems, especially with regard to the transport sector. On the other hand, the major
drawback of biomass is its availability and its implications for land use and food production [91].

Previous research has examined the dilemma between, on the one hand, the need for biomass in transport
and, on the other hand, the limitations to sustainable use of biomass. Two studies [67,92] have led to the
conclusion that power-to-gas is needed to boost the limited biomass resource and such conclusions have
led to the definition of the term electrofuels [55,93,94]. Electrofuels are produced by integrating the
electricity, gas and transport sectors through the Power-to-liquid and Power-to-gas concepts [95]. The first
step is the conversion of electricity via electrolysis to hydrogen. The hydrogen is then used either for
boosting gasified or fermented biomass in a hydrogenation process or merged with CO, emissions from
point sources such as energy or industrial plants and further converted to desired fuels. These fuels are
called electrofuels or more precisely bio-electrofuels and CO,-electrofuels. The technology complex will
consist of:

- Electrolysers: to produce hydrogen
- Gasification and fermentation: to gasify biomass and generate biogas to produce carbon
- Chemical synthesis: to synthesize the electrofuels from the hydrogen and carbon

Parallel to these efforts of integrating the power-to-transport technologies with other parts of the system,
extensive research has been carried out in recent years with respect to various aspects of power-to-gas
technologies, see e.g. [3].

State-of the-art of power-to-gas is that the concept is defined mostly to boost hydrogen and/or green gas
and green liquid fuel production within the limitations of the gas, transport and the electricity sectors, thus
creating a paradigm in which solutions to the integration of fluctuating renewable energy should be found
within these sub-sectors. Most research is carried out within these limits and the integration of the other
sectors e.g. the heating sector is often overlooked. The idea of Smart Energy Systems is that better
solutions can be found when the other sectors, especially the heating sectors is included.




3.3 State-of-the-art within the buildings sector: NZEB and savings

The design and importance of introducing low-energy buildings have been the subject of several papers and
reports in the academic literature [96—-99]. Concepts such as zero carbon [100] and zero emission and Zero
Energy Buildings (ZEBs) [101] have been introduced. A ZEB combines savings, i.e. highly energy-efficient
building designs, with on-site renewable energy generation such as mostly solar thermal or photo voltaic
(PV) systems [102] and sometimes also heat pumps and even small micro cogeneration of heat and power
(CHP) based on biomass. Efforts have been made to improve the performance of solar thermal among
others by use of exergy analysis [103].

Since often a ZEB is connected to the electricity grid is has the option of exchanging electricity. This has led
to the definition of a Net Zero Energy Building (NZEB) [2,104]. A NZEB exchange electricity in certain hours
but on an annual basis the net exchange becomes zero. Such hourly mismatch between demand and
production and how to deal with it have also been subject of discussion [105]. In [106], it is argued that on-
grid NZEBs, which have little or even zero exchange of electricity with the electric grid, are both a very
costly solution and sometimes even a counter-productive solution seen in the perspective of the overall
energy system. The cost is higher and it will lead to a higher total energy demand and CO, emission if each
NZEB is trying to adjust on its own compared to when they act as integrated units of the overall system.

With regard to the issue of heating and cooling, heat saving strategies have recently been described in a
number of studies focusing on decarbonising the European heating and cooling sectors through a
combination of heat savings and district heating [107] and by implementing energy efficiency in buildings
across Europe [108,109]. Some studies focus on similar research areas, but on a national scale [41], while
others focus on energy savings through improved efficiency in buildings across EU-27 [108]. These studies
show that heat savings are vital if a future low-carbon energy system is to be achieved.

Several studies also conclude that heat savings cannot stand alone and that heat supply in the future will
also be necessary through efficient heating technologies such as district heating [110] to avoid infeasible
investments in building refurbishments [111]. Other studies find that NZEBs must be coordinated with the
heat supply networks in order to integrate excess heat e.g. from solar thermal into the remaining energy
system [112].

However, only few attempts of quantifying the balance between heat savings and heat supply have been
developed so far and only for national systems such as Denmark [41] and the UK [113] or on an urban
district scale [114]. These studies therefore only present single-country assessments and do not draw
comparisons between multiple countries or comparisons between different methods.

State-of the-art of buildings including NZEB is that the concept has a starting point defined within the
limitations of the building sector and with a focus on new buildings. The predominant paradigm is that
solutions for the integration of fluctuating renewable energy should be found within the individual
buildings. Most research is carried out within these limits even though several attempts have been made
to take a broader view of buildings as integrated units of electricity as well as heating and cooling
infrastructures. The idea of Smart Energy Systems is that the best solutions cannot be found within these
limits. One will have to provide a broader scientific understanding and concept.




3.4 State-of-the-art within the industrial sector

The transformation of the industrial sector into sustainable energy use is also posing a great challenge.
Moreover, the expected changes are substantial. For example, the implementation of the European Union
objectives to reduce greenhouse gas emissions by 80-95 per cent in 2050 involves a suggested decrease
within the industrial sector of between 83 and 87 per cent [115,116].

State-of the-art at present is to combine the following three main categories of technical options: Improved
material efficiency; improved energy efficiency, and transforming into a less carbon-intensive energy supply
or carbon capture and storage (CCS) [116,117].

Within improved material efficiency, the focus is to promote increased use of recycled materials and
increased material efficiency. Such measures are central to the circular economy as promoted by the
European Union [118] and they are highlighted as important in the Fifth Assessment Report by the
Intergovernmental Panel on Climate Change (IPCC), but the resulting mitigation potential is not quantified
[119].

Within energy efficiency, applying the best available technology in industry can reduce the energy intensity
by an estimated 25% and through innovation by an additional 20% at the most before approaching
technological limits in some energy intensive industries. [120] simulate a savings potential of 35% for
industry globally by 2030 vs. frozen 2005 efficiency, a result which they note is in line with other studies.

In [116], the future potential for and the implications of electrifying the production of basic materials in the
European Union are investigated. The production of steel, cement, glass, lime, petrochemicals, chlorine and
ammonia required 125 TWh of electricity and 851 TWh of fossil fuels for energy purposes and 671 TWh of
fossil fuels as feedstock in 2010. A complete shift of the energy demand as well as the resource base of
feedstocks to electricity would result in an electricity demand of 1713 TWh, about 1200 TWh of which
would be for producing hydrogen and hydrocarbons for feedstock and energy purposes. With increased
material efficiency and some share of bio-based materials and biofuels, the electricity demand could be
lower.

Most studies search for solutions within the industrial and electricity sectors based on replacing fossil fuels
with electricity (which can then be supplied by renewable energy), and no studies so far have analysed the
potential benefits of integrating the industrial sector with the heating and cooling sectors, nor as an active
part for the integration of fluctuating sources in a smart energy system. However, in a recent study made
by the Danish Society of Engineers, a first attempt has been made to estimate some of the benefits of
integrating the industrial sector as an active component in the coherency of a smart energy system [67].
Such an integration involve utilizing industrial waste heat for district heating as well as covering cooling and
low-temperature heat demands in industry using district heating and cooling. Moreover, the study
estimates the potential demand for green gas versus green electricity depending on the specific needs.
However, this study is only for the Danish industry (with a modest energy intensity compared to other
countries) and does not explore the significant potential for making use of gas — and thermal storage
capacities arising from such an integration of the industrial sector.

State-of-the-art within industry shows relatively few studies compared to other sectors, especially the
electricity sector. The few available studies focus on efficiency measures and the replacement of fossil
fuels by electricity within the limits of the industrial and electricity sectors. No studies have quantified the
synergies and benefits arising from a joint integration of industry with the heating, cooling and electricity
sectors. The idea of Smart Energy Systems is that better solutions can be found when the other sectors are
included.




4. Smart Energy Systems

As described in Section 3, the, scientific state-of-the-art is that solutions for the integration of renewable
energy are in focus within the limits of energy sub-sectors based on concepts such as, e.g., “smart grid”,
“Zero energy buildings” and “Power-to-Heat”, while until now the industrial sector and the heating and
cooling sectors have been largely overlooked.

The concept of smart energy systems was introduced in order to identify the potential synergies between
sub-sectors. As opposed to, for instance, the smart grid and similar concepts, which takes a sole focus on
the sub-sector in question, smart energy systems include the entire energy system in its approach to
identifying suitable energy infrastructure designs and operation strategies. The hypothesis is that the most
effective and least-cost solutions are to be found when each sub-sector is combined with the other sectors.

One main point is that the analysis of individual technologies and sectors are contextual and, to do a proper
analysis, one has to define the overall energy system in which the infrastructure should operate. Another
main point is that different sub-sectors influence one another and one has to take such an influence into
consideration if the best solutions are to be identified.

4.1 Definition

In 2013, [5,6] made a formal definition of a smart energy system consisting of “new technologies and
infrastructures which create new forms of flexibility, primarily in the ‘conversion’ stage of the energy
system. In simple terms, this means combining the electricity, thermal, and transport sectors so that the
flexibility across these different areas can compensate for the lack of flexibility from renewable resources
such as wind and solar. The smart energy system is built around three grid infrastructures:

e Smart Electricity Grids to connect flexible electricity demands such as heat pumps and electric vehicles
to the intermittent renewable resources such as wind and solar power.

e Smart Thermal Grids (District Heating and Cooling) to connect the electricity and heating sectors. This
enables the utilisation of thermal storage for creating additional flexibility and the recycling of heat
losses in the energy system.

e Smart Gas Grids to connect the electricity, heating, and transport sectors. This enables the utilisation of
gas storage for creating additional flexibility. If the gas is refined to a liquid fuel, then liquid fuel
storages can also be utilised.”

Based on these fundamental infrastructures a Smart Energy Systems was given the following definition:

A Smart Energy System is defined as an approach in which smart electricity, thermal and gas grids are
combined with storage technologies and coordinated to identify synergies between them in order to
achieve an optimal solution for each individual sector as well as for the overall energy system [5,6].

Several synergies can be achieved by taking a coherent approach to the complete smart energy system
compared to looking at only one sector. This does not only apply to finding the best solution for the total
system, but also to finding the best solutions for each individual sub-sector.

Such synergies include the following [5,6]:
e Excess heat from industry and electricity production can be used to heat buildings via district heating.



e Electricity for heating purposes makes it possible to use heat storage instead of electricity storage,
which is both cheaper and more efficient as detailed further in the following. Moreover, it provides a
more flexible CHP production.

e Heat pumps for heating can be used to provide cooling for district cooling networks and vice versa.

e Electricity for heating may be used for balancing power and electric grid services: for example, in
regulating power markets.

e Biomass conversion to gas and liquid fuel needs steam, which may be produced on CHP plants, and
produces low-temperature heat, which may be utilized by district heating and cooling grids.

e Biogas production needs low-temperature heat which may be supplied more efficiently by district
heating compared to being produced at the plant.

e Electricity for gas such as hydrogenation makes it possible to use gas storage instead of electricity
storage which is cheaper and more efficient as detailed further in the following.

e Energy savings in the space heating of buildings make it possible to use low-temperature district
heating which, in addition, makes it possible to utilize better low-temperature sources from industrial
surplus heat and CHP.

e Electricity for vehicles can be used to replace fuel and provide for electricity balancing.

4.2 Energy System Analysis Modelling Aspects

Simulation and design of smart energy systems calls for tools and models that extend across all parts of the
energy system with focus on electricity, heating, cooling and transportation and thus across infrastructures
connected by electric, thermal and gas grids. Secondly, due to the exploitation of fluctuating renewable
energy sources, tools appropriate for simulation and design of smart energy systems must have a high
temporal resolution while also being able to model across seasons to account for seasonal variations and
properly reflect the utilisation of storage. Especially with regard to the analysis of energy storage, it is
important that models and tools have the option of including different types or storage representing
different energy carriers such as electricity, hydrogen, hot and cold water, green gas, and green liquid fuels.
Furthermore, it is important that the tools and models can calculate the input, output, and contents of each
storage option chronologically, for each step of the calculation period.

Connolly et al. have investigated a wide range of energy system models that could analyse the large-scale
integration of renewable energy. In total, 37 different energy models are included in the study, but due to
various limitations, many of these cannot be used to evaluate the Smart Energy System concept. Primarily,
this is due to the traditional ‘single-sector’ approach especially towards the electricity sector. Out of the 37
energy models considered, only 10 stated that they include all sectors of the energy system, defined as
electricity, heating, and transport. Seven of these models considered all sectors, but they analysed the
energy system on an annual basis over long-term time horizons such as multiple decades. Therefore, these
tools are not suitable for analysing the integration of intermittent renewable energy and various energy
storages, since they cannot consider the short-term changes. Out of the three remaining models, only
EnergyPLAN (www.EnergyPLAN.eu) uses an hourly time-step over the entire analyses while the others use
sample periods such as typical days. This is an improvement on annual energy models, but again it is not
ideal when analysing the benefits of cross-sectoral links to intermittent renewable energy. Therefore,
EnergyPLAN is used here as one example of how the Smart Energy System can be analysed since it is
identified as one that is both holistic and has a one hour temporal resolution over a complete one year
period [121]. In EnergyPLAN, conversion between different energy carriers and the integration between
sectors are two of the core characteristics. Here it thus serves as an example of the kind of tool required for
smart energy system simulation and design.



http://www.EnergyPLAN.eu

EnergyPLAN is not an endogenous investment optimization model but provides a framework for simulating
alternative user-defined scenarios or user-defined investment strategies for the energy system. Analyses
may be performed from a technical optimization perspective where the model simulates optimal behaviour
of dispatchable units (i.e. conversion units, storages and demand that may be controlled) with respect to
energy efficiency and the systems load-following capability. Systems may also be simulated from a
business-economic perspective, where units are dispatched according to short-term marginal costs, taking
an external electricity market into account. While the latter approach relies on valid system costs and
market prices for simulation results to reliably reflect system operation, the former approach is influenced
by technical energy unit characteristics. The latter is thus an appropriate approach for the more explorative
analyses that extend beyond the known market and costs structures. It may also form a part of the an
analytical approach where first technical feasibility is established and afterwards, appropriate markets and
institutions are designed to move towards the preferred technical solution [37,40,92,122,123].

In regards to cross-sector integration, units are included that enable the conversion between a number of
relevant energy carriers and energy sources including electricity, heating, cooling, hydrogen, synthetic
gases/fuels and biofuels. This includes well-established technologies like CHP units, compression heat
pumps and absorption heat pumps as well as electrolysers and other more novel technologies for the
production of synthetic fuels/electrofuels. To ensure that proper technical feasibility may be assessed,
hourly balances for all energy carriers are provided, including electricity, heating, cooling, hydrogen, and
gas including natural gas, biogas, biomass gasification, and synthetic/electro gas. EnergyPLAN enables the
user to assess the balance through a number of metrics including e.g. import, export, excess production,
and production on condensing mode power stations and boilers[124].

EnergyPLAN has been applied in more than 100 journal articles [125], and is thus a well-established tool.
The majority of these articles deal with integrating the various sectors, but there are also articles with
single-sector focus. Published analyses range from urban systems to multi-country studies with a
prevalence of studies on the national level aiming to assist in the design of long-term energy strategies.

4.3 A holistic approach to the storage aspects.

Treating and simulating the energy system as an integrated entity rather than as a series of distinct and
separate sectors, provides possibilities for flexibility that will assist in the integration of fluctuating
renewable energy sources. Where an electricity sector-specific analysis of renewable energy systems thus
frequently calls for significant storage capacity, more holistic energy system analyses results in less demand
for electricity storage. Apart from the additional flexibility provided by dispatchable conversions between
energy carriers and between different parts of the energy system, a cross-sectoral smart energy system
approach also enables the utilization of storage options within heating, cooling and synthetic fuels which
are less costly and more efficient than electricity storage [49]. While round-trip efficiencies back to
electricity would be prohibitively low, this is inconsequential: the intention by using these storages is not to
convert back to electricity, but mainly to form a very flexible electricity demand that also caters for
demands within heating, cooling, industry, and transport in the future. It is possible or even likely, that
electricity storage cannot be avoided altogether, however by using the efficient and low-cost options
elsewhere in the energy systems, electricity storage requirements may me significantly reduced.

4.4 Smart Energy Europe and Country Studies.

The smart energy systems concept and approach has been used in cases both at the European level [55] as
well as at the country level [67].



The report “IDA’s Energy Vision 2050 - A smart energy system strategy for 100% renewable Denmark” [67]
is a case from 2015 of using the approach at the country level. The report refers to the long-term goal
supported by several consecutive Danish governments to have an energy supply in Denmark by 2050 based
on 100% renewable energy. The Danish Society of Engineers (IDA) define the IDA Energy Vision 2050 as an
input in the debate on how to implement this goal in the best way. The IDA Energy Vision 2050 shows that
“a conversion to 100% renewable energy is a technical option within economic reach; that an integrated
Smart Energy System design can create a more robust and resilient system; and that there is a potential for
creating more jobs than in a fossil fuel based energy system as well as lower health related costs due to a
reduction in emissions from the energy supply”.

The IDA Energy Vision 2050 is explicitly based on the Smart Energy Systems concept. It designs a scenario
and a roadmap to implement a 100% renewable energy system in 2050, called “IDA 2050”. When
performing the economic and environmental assessments, this scenario is compared to two reference
scenarios published by the Danish Energy Agency (DEA). The one, called the “DEA Fossil 2050” scenario
represents a Business as Usual scenario based on fossil fuels while the other, called “DEA Wind 2050”,
representing one way of implementing the 2050 goals of 100% renewable energy. The “DEA Wind 2050”
solutions represent what is often in Denmark considered the consensus solution.

The IDA Energy Vision follow two previous energy strategies from IDA, namely the “IDA Energy Plan 2030”
from 2006 [126] and the “IDA Climate Plan 2050” from 2009 [127]. All three have provided important
inputs to Danish energy policy. The IDA Energy Vision 2050 shows that a 100% renewable energy system is
technically and physically possible for Denmark as well as economically feasible compared to the
alternative fossil fuel energy system.

By use of the smart energy systems concept, IDA’s Energy Vision identifies a cross-sectoral integrated
energy system in which a 100% renewable energy supply may be reached for all sectors by combining
thermal, gas and liquid fuel storage capacities along with a limited use of electricity storage, which is
primarily in connection to electric vehicles in the transport sector. By use of the EnergyPLAN model all
storage and energy balances are accounted for at an hourly level throughout the entire year.

The report and paper “Smart Energy Europe: The technical and economic impact of one potential 100%
renewable energy scenario for the European Union” [55] is a case study that applies the same smart energy
systems principles to the European level. The study puts forward one potential way of transforming the
European energy system into 100% renewable energy by the year 2050. The study is based on the smart
energy systems concept and includes the complete energy system (i.e. electricity, heating, cooling,
industry, and transport). Based on the use of this concept the transition is highlighted in nine steps. The
corresponding impact of each step is quantified in terms of primary energy supply, carbon emissions and
total annual socio-economic cost.

The results “indicate that to reach the EU targets of 80% less CO, in 2050 compared to 1990 levels, the total
annual cost of the EU energy system will be approximately 3% higher than the fossil fuel alternative, and
12% higher to reach a 100% renewable energy system. However, considering the uncertainties in relation to
many of the cost assumptions for the year 2050, these differences could be considered negligible.”
However, more importantly, the general cost structure may shift. Due to the many investments in energy
efficiency and renewable energy sources major cost will be converted from imported fuel into investments
in Europe. The total number of additional direct jobs from this transition is estimated in the paper at
approximately 10 million. This could result in an overall gain for the EU economy in the Smart Energy
Europe scenario, even though it is more costly to produce the energy.



The final Smart Energy Europe scenario in [55] ends up with no fossil fuel usage, no energy imports, and no
carbon dioxide emissions (<1% of the reference). The key technological changes are: wind power, solar
power, electric vehicles, heat savings, individual heat pumps, district heating, large-scale thermal storage,
biomass gasification, carbon capture and recovery, electrolysers, chemical synthesis, and fuel storage (i.e.
for electrofuels). Many of these technologies are already sufficiently mature to be implemented today,
especially those in the electricity and heat sectors.

The study considers itself as an option for debate rather than a final solution. It is highlighted that
additional steps exists which could be implemented to reduce the cost, such as increasing the sustainable
biomass limit. However, this was beyond the scope of the study [40]. Based on existing policies, the EU
energy system is likely to be somewhere between the Smart Energy Europe scenario proposed in the study
and where it is today. The results suggest that the progress towards a 100% renewable energy system will
most likely be defined by political desire and society’s ability to implement suitable technologies, rather
than the availability of cost-effective solutions.

Both cases illustrate how an integrated approach based on the smart energy systems concept lead to the
identification of suitable cross-sectoral storage and infrastructure solutions.

5. Conclusion

Typically, the scientific state-of-the-art is that solutions for the integration of renewable energy are
searched for within the limits of individual energy sub-sectors based on concepts such as “smart grid”,
“Zero energy buildings” and “Power-to-Heat”, while until now the industrial sector and the heating and
cooling sectors have largely been overlooked.

A literature review reveals a steep increase in the use of the term Smart Energy Systems in scientific
literature since it was first mentioned in 2009. In recent years, the term has been used mostly to express a
holistic systems approach as opposed to a single sector approach while previously it has also been used
synonymously with Smart Grid. Especially within the cross-sectoral understanding of the concept the use
has increased significantly in recent years. Essential for the increase is that the understanding of the smart
energy systems concept includes all sectors and takes a cross-sectoral integration aspect.

The idea of the Smart Energy Systems concept is to provide the scientific basis for a paradigm shift away
from single-sector thinking to a coherent smart energy systems understanding of how to design, analyse
and discuss the benefits of including all sectors and infrastructures.

The hypothesis of the Smart Energy Systems concept is that the most feasible least-cost strategies cannot
be found within the limits of the individual sub-sectors. One has to put each of the sub-sectors into the
coherency of an overall energy system looking for synergies between the individual sub-sectors in order to
be able to identify the best options. Especially with regard to the design of suitable storage and
infrastructure, the Smart Energy Systems approach has the potential to identify more efficient and
affordable solutions.

This paper describes how the concept of Smart Energy Systems represent a radical shift in approach and
understanding of how to design achievable and affordable solutions during the transition to future
renewable and sustainable energy systems. This shift influences the design of studies and the use of tools,
methodologies and modelling as well as the results in terms of the need for storage and infrastructures.


http://www.sciencedirect.com/science/article/pii/S1364032116002331#bib40

Case studies at the country and European level illustrate how a Smart Energy Systems approach can lead to
the identification of future Sustainable and 100% Renewable Energy Solutions with a focus on holistic,
integrated and affordable solutions to the storage and infrastructure needs.
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Fig.1. Overview of the use of the term “Smart Energy Systems” in scientific literature until the end of 2016.
The blue colours include papers in which the term is used with a Smart Grid one sector approach or a little
broader, while the green colour include papers in which a holistic view of including all sectors (electricity,
thermal, gas, industry and transport) are in focus.



