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Through extensive integration of energy infrastructures it is possible to enhance 
the sustainability, �exibility, stability, and e�ciency of the overall energy 
system. This in turn will reduce energy costs, improve security of supply, and 
help meet environmental needs � including the mitigation of climate change.
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Today, flexibility in the energy system is mainly obtained by import/
export of power and gas. Energy storage becomes important in order 
to increase the overall flexibility of the energy system.



Energy conversionEnergy storage

Power import/export

Gas import/export

Fluctuating sustainable energy sources
Wind

Power grid Thermal grid Gas grid

Cooling grid

Liquid fuel grid

Hydrogen grid

Hydropower PV WasteBiomassSolar Heat Geothermal Biogas

CHP plant

Cooling from water

Information and
communication technology

       Heat pumps                                Electric boiler                Electrolyzers/Fuel cells

Appliances & Lighting                     Heating                                     Industry          Transport                Cooling

Gas

Pow
er

Therm
al

Liquid Fuel

H
ydrogen

�	 Power production will depend on the weather, mak-
ing it more difficult to maintain stable and secure 
power services to end-users. 

�	 Infrastructures like gas and heating have different 
characteristics and fluctuate on different times-
cales. They can support the power grid.

�	 Technologies concerned with sustainable energy 
supply, conversion and storage must also be 
assessed with a view to grid integration.
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Transformation of the energy system requires new technologies 
for energy conversion and demand-side management, with more 
emphasis on making end-users active players.
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One of the challenges in the transition to a non-fos-
sil energy system with a high share of �uctuating 
renewable energy sources is to secure a well-func-
tioning and stable electricity infrastructure. Today, 
conventional generation is responsible for providing 
many of the power system services needed for sta-
ble and reliable electricity infrastructure operation. 
When �uctuating renewable energy sources are tak-
ing over, the heating, cooling, gas, and transport 
infrastructures may be able to provide some of the 
�exibility needed.

Closer integration of the various energy infrastruc-
tures is thus a means to solve some of the challenges 
introduced by the broader integration of renewable 
sources.

Closer integration and coordination of energy infra-
structures might also lead to a more cost-e�ective 
energy system with a lower impact on the environ-
ment and climate.

�e DTU International Energy Report ���� discusses 
these issues and analyses the possibilities for � and 
challenges to � the wider introduction of integrated 
energy systems.

Chapter � 

Preface

DTU International Energy Reports deal with global, regional, and national perspectives on current and future 
energy issues. Individual chapters of the reports are written by DTU researchers in cooperation with leading 
Danish and international experts.

Each Energy Report is based on internationally recognized scienti�c material and is fully referenced. It is then 
refereed by independent, international experts before being edited, produced, and published in accordance 
with the highest international standards.

The target readership is DTU colleagues, collaborating partners and customers, funding organizations, institu-
tional investors, ministries and authorities, and international organizations such as the EU, IEA, WEC, and UN.

DTU International Energy Report series
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Chapter � 

Preface

Future energy systems with high shares of �uctuat-
ing energy from sustainable sources pose particular 
challenges for the power grid. Power production 
will depend largely on the weather, the variability of 
which will make it more di�cult to maintain stable 
and secure power services to end-users.

Other energy infrastructures like gas, heating/cool-
ing, and liquid fuels have di�erent characteristics 
and �uctuate on di�erent timescales. �ey have some 
energy storage capabilities of their own, as well as a 
range of interconnections to the power grid.

�is Energy Report demonstrates that through ex-
tensive integration of energy infrastructures it is 
possible to enhance the sustainability, �exibility, 
stability, and e�ciency of the overall energy sys-
tem. �is in turn will reduce energy costs, improve 

security of supply, and help meet environmental 
needs � including the mitigation of climate change.

�e Report also makes it evident that such a trans-
formation of the energy system requires the intro-
duction of new technologies for energy conversion, 
storage, and demand-side management, with more 
emphasis on making end-users active players in the 
energy system. A number of economic, commercial, 
and regulatory barriers also need to be removed.

Finally, the Report points out that at local, regional, 
and global level, inadequately performing energy 
infrastructures may impose severe economic losses 
on society, reduce economic growth and even im-
pair sustainable development. �is �eld of energy 
research is still relatively young and is charged with 
challenges.

Chapter � 

Conclusions and 
recommendations

Recommendations

To stimulate the development of integrated energy systems, a series of initiatives is recommended for the years 
ahead. E�cient transformation to a smart, energy system with multiple integrated infrastructures requires 
focused development e�orts. The following key initiatives should be prioritized:

Research and development on integrated energy systems should be intensified, including 
full-scale demonstration sites.

Regulation of the energy system, including taxes, should evolve to remove barriers and 
facilitate deployment of integrated energy solutions across sectors.

Better and more integrated forecast services for intermittent sustainable energy resources 
should be developed.

Development perspectives for technologies concerned with sustainable energy supply, 
conversion and storage must be assessed, not only in relation to their economic and 
environmental performance, but also with a view to grid integration.

Systems modelling and analysis techniques for resilient infrastructures are under 
development, but more focused research is needed.

In Denmark, interactions between the three major networks � power, natural gas, and 
district heating � should be further exploited to create flexible solutions.

�

�

�

�

�

�
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Development 
toward more 
integrated energy 
infrastructures
� High penetrations of renewable en-
ergy, like wind and solar, challenge the 
conventional planning, design and op-
eration of the electricity infrastructure, 
due to the intermittent nature of the 
resources. Furthermore, renewable en-
ergy sources displace conventional gen-
eration, which today is responsible for 
providing many ancillary services to the 
power system. �ese ancillary services 
� including generation reserves, voltage 
control, frequency control, short-circuit 
power, stability services and black start 
restoration � are essential to ensure stable 
and reliable operation of the electricity 
infrastructure.

Energy trading through electricity 
and gas interconnects to neighbouring 

countries is widely used to balance the 
energy system and ensure stable and re-
liable operation. However, the ability of 
neighbouring energy systems to inter-
act is only valuable if they have di�erent 
characteristics, as is the case for Norway 
and Sweden, for example.

�e heating, cooling, gas, and transport 
infrastructures each have a certain intrin-
sic storage capability and can therefore 
provide some of the �exibility needed 
in the electricity infrastructure. �e de-
mand side of the electricity system also 
has some inherent �exibility if proper 
mechanisms (markets, communication, 
etc.) are introduced.

Closer integration of energy infrastruc-
tures will solve some of the challenges of 
integrating renewable resources. Closer 
integration and coordination of the dif-
ferent energy infrastructures lead to a 
cost-e�ective energy system with a high 
share of intermittent renewable energy 
sources. Furthermore, closer integration 

should not be limited to infrastructure 
technology. A higher degree of integra-
tion and coordination should also be 
pursued in terms of regulation and or-
ganization across sectors.

An integrated energy system with a high 
share of renewable energy will utilize, 
and be highly reliant on, digital technol-
ogy. Examples are sensors and actuators 
embedded in the system, various internet 
technologies, service-based designs, and 
novel business models that go beyond 
just selling energy at �xed prices. �e 
integration of energy infrastructures 
through the use of novel IT solutions is 
addressed under the broad heading of 
Smart Energy.

�e Smart Energy system also has close 
relations with the broader Smart City and 
Smart Community concepts. Smart Cities 
and Smart Communities focus on how 
IT can be utilized to enhance the perfor-
mance of complete neighbourhoods and 
improve the quality of life for the people 
who live and work in them. �ey cover 
not just energy, but also other critical 
infrastructures such as water and tra�c.

Electricity infrastructure
�e combination of increasing distrib-
uted generation, intermittent generation 
from wind and solar, load �uctuations, 
and limited storage capacities challenges 
the electricity system and infrastructures 
in many ways.

As large numbers of small-scale gener-
ation systems replace some centralized 

Chapter � 

Synthesis



DTU International Energy Report ����

 Synthesis � Page ��

power plants, power will increasingly 
�ow through the distribution system 
in all directions and at rapidly chang-
ing rates. Individual areas � and even 
individual customers � may become 
self-su�cient in power when averaged 
over a year. New �exible power gen-
eration units, increased consumption 
�exibility (through demand response 
and fuel shi�ing), and new energy con-
version units will be introduced. Fuel 
shi�ing allows the required energy ser-
vices to be provided from more energy 
sources. Heat, for instance, may be pro-
vided from dynamic combinations of 
energy sources such as district heating, 
electricity and gas, depending on their 
availabilities and prices. �e conversion 
technologies used will include conver-
sion from electricity to heat (e.g. by heat 
pumps), from electricity to gas (power-
to-fuel), and from gas to electricity and 
heat (micro-CHP).

Heating and cooling 
infrastructure
�ermal energy infrastructures, espe-
cially district heating, will be challenged 
by the reduced heat demand of new 
low-energy buildings. �ese new build-
ings will mainly need part-time space 
cooling and tap water heating. New con-
cepts and business models must therefore 
be developed to meet these new needs. 
�ese include low-temperature and ul-
tra-low-temperature district heating 
systems, for easier and more cost-e�ec-
tive re-use of waste heat from buildings 
and industry. (Ultra-low-temperature 

systems work at temperatures below 
��°C, so they require temperature boost-
ing for domestic hot water.) Also ex-
pected to play increasingly important 
roles are district cooling, local thermal 
systems, the transport of excess generated 
heat to areas with heating needs, and all 
types of heat exchangers.

Gas infrastructure
With their �exibility in terms of operat-
ing pressure and large storage volumes in 
the form of pipelines and caverns, natural 
gas infrastructures already provide en-
ergy storage on a large scale. Power can 
be converted into gas (either hydrogen or 
methane), some of which can be injected 
into the gas system � though not without 
changing the quality of the existing gas. 
High-temperature electrolyzers such as 
solid oxide electrolyzes cells (SOECs) 
provide the potential for high-e�ciency 
conversion of power to gas. In the oppo-
site direction, gas can easily be converted 
into electricity and heat by combined 
heat and power (CHP) systems. Various 
types of fuel cells provide the potential 
for high-e�ciency conversion at scales as 
small as household units (micro-CHP).

Mobility infrastructure
�e transition of the transport sector 
towards renewable energy is a major 
challenge. In addition to what optimal 
urban planning can do, the dominant 
trends are solutions based on electricity, 
gas, biofuels, and hydrogen. �ese di�er-
ent energy carriers may be combined in 
�serial hybrid� solutions, in which electric 
motors provide traction while a fuel is 
converted to electricity on board the ve-
hicle and stored in a battery. �ese trends 
apply to all means of transport � vehi-
cles, trains, ships and even aircra�. �e 
electrical solutions will increase demand 
for electricity, and if properly designed 
and controlled they may add �exibility 
to the power system (the �vehicle-to-grid� 
concept).

Demand-side 
�exibility, customers, 
and price signals

� Buildings, industry and the demand 
side in general can provide energy ser-
vices to support the operation and inte-
gration of energy infrastructures. Build-
ing management systems, for instance, 
are being developed to intelligently man-
age the exchange of energy between a 
building and the energy system. �is 
allows the building to provide local en-
ergy services and at the same time to par-
ticipate actively in the energy markets 
through demand management. Infor-
mation and communication technolo-
gies, and data processing, are key to this 
interchange. Local storage technologies 
can also play an important role here.

�e existing energy markets, and their 
schemes for billing and regulation, are 
largely designed for yesterday�s energy 
systems. �ey are characterized by sep-
arate markets for electricity, heat, and 
gas; large-scale centralized supply; one-
way �ows from generators to consumers; 
in�exible patterns of consumption; and 
small numbers of well-de�ned market 
players. Tomorrow�s energy operations, 
markets, and business models must be 
reconsidered and redesigned. To support 
smart operation, dynamic energy pricing 
must become available at consumer level.
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Grey-box modelling 
of integrated energy 
systems

� Integrated energy systems require a 
greater degree of optimization than those 
that operate independently. �is optimi-
zation requires models that describe the 
dynamics of all the parts of the system, 
extending all the way down to individual 
units. 

Take the example of an electrically driven 
heat pump in a house, which clearly has 
the potential to provide �exibility by load 
shi�ing. To take advantage of this by us-
ing the heat capacity of the building as 
energy storage, we need a model of the 
thermal dynamics of the building. 

A typical practical model of such a system 
is known as a �grey-box� model, allows a 
wide variety of systems to be coupled 
to the main energy infrastructures and 
controlled in such a way as to optimize 
their operation as �exible consumers and 
providers of energy services.

Aggregation, 
forecasting, and 
control

� Future electricity systems with increas-
ing shares of �uctuating renewable power 
generation must be designed such that it 
is possible to activate �exibility on many 
di�erent scales or at aggregation levels. 
�is implies, for instance, that we must be 
able to describe the links between indi-
vidual household appliances, distributed 
energy resources (DERs), and the elec-
tricity or other energy markets.

Aggregation is a very important concept 
for energy systems integration. �e idea 
of representing a large number of DERs 
as an aggregated whole is not entirely 

new, since market participants repre-
senting aggregations of both producers 
and consumers already exist. Examples 
are the BRPs that manage consumption, 
and generation BRPs for wind energy. 
Experience shows that a high level of 
aggregation improves the accuracy with 
which production or consumption can 
be forecast.

In markets characterized by e�cient in-
tegration of energy systems, balancing 
services ensure that, for instance, excess 
wind power can be used for district heat-
ing, or biogas-�red power plants started 
up when wind power production is low. 
Both the district heating and the gas net-
works are therefore important for the im-
plementation of some energy balancing 
services.

Meteorology for integrated  
energy systems
Integrated energy systems (ESIs) will 
in practice be based on a large share of 
�uctuating, weather-dependent energy 
sources, as well as weather-dependent 
�exible DERs and energy management 
systems. It is therefore important to have 
meteorological models and methods that 
are customized to the needs of energy 
management and storage. Gas networks 
can provide seasonal storage, while dis-
trict heating networks can store energy for, 
say, two or three days ahead. �is means 
that meteorological forecasts with di�er-
ent lead times are needed, introducing 
the challenge of how to optimize existing 
meteorological models for this purpose.

In general, decisions on the weather fore-
casts needed for IESs must take account 
of their resolution in time and space, 
update frequency and forecast horizon, 
as well as the actual variables being fore-
cast, such as temperature, wind speed, 
or solar intensity. �e resolution in time 
and space is o�en directly implied by the 
requirements speci�ed by the user of the 
forecasts.

Resilient 
integrated energy 
infrastructures

� Energy infrastructures that perform 
inadequately � whether they are global 
or local in scale, in developing or de-
veloped societies � may cause severe 
economic losses to society, hamper 
economic growth, and even impair sus-
tainable development. �e challenges 
are tremendous. Despite our generally 
improved knowledge, technology, and 
organizational capacity with respect 
to the design and operation of energy 
infrastructures, supplies are repeat-
edly interrupted by natural hazards, 
technical failures, and malevolent acts. 
�e consequences can be devastating 
in terms of deaths and injuries, health 
problems, economic losses, and damage 
to the environment.
Continued economic growth, and the 
eventual move towards sustainable soci-
eties, pose signi�cant challenges for the 
next generation of energy infrastructures. 
Climate change, increasing population, 
and growing demands, in combination 
with the global societal need for more 
e�cient, diverse and distributed energy 
production, add new challenges for the 
design and operation of energy infra-
structures. At present, the answer to these 
challenges is considered to lie in resilient 
integrated infrastructures.

Many factors a�ecting the performances 
of energy infrastructures in general are 



DTU International Energy Report ����

 Synthesis � Page ��

associated with uncertainties, some of 
which are very substantial. As a result, it 
is clear that the performance of energy 
infrastructures is also subject to signi�-
cant uncertainty. Modelling and analys-
ing them realistically and consistently 
thus necessitates the use of probability 
theory.

�e performance of energy systems in 
the face of disturbances can be assessed 
in terms of robustness and resilience. Ro-
bustness is the ability of a system to limit 
consequences to direct losses, avoiding 
indirect consequences related to the 
functionality of the system. Resilience 
is the ability of a system to recover to its 
initial state a�er a disturbance. 

Despite substantial e�orts to understand, 
model, and analyse energy infrastructure 
systems over recent decades, this �eld 
of research is still relatively young and 
charged with challenges.

The need for 
platforms for 
development and 
demonstration
� Transformation to a smart energy 
system requires the development of 
new solutions on multiple scales and di-
mensions. New energy technologies will 
have to be applied, and existing tech-
nologies adapted to new contexts. New 
business models, new architectures, 
and new solutions for system operation 
have to be developed and implemented. 
Development also has to take place on 
multiple scales: component level, infra-
structure level and system level.

Examples of districts o�ering platforms 
for the development and demonstration 
of new energy solutions are the Jeju Is-
land Smart Grid Testbed (Korea), Mas-
dar City (United Arab Emirates), Vienna 

and Smart Cities Demo Aspern (Aus-
tria), Stockholm Royal Seaport (Swe-
den), and Sino-Singapore Eco-City in 
Tianjin (China).

In Denmark, the two largest demonstra-
tion sites are Bornholm and EnergyLab 
Nordhavn. Bornholm is an island with 
an annual average penetration of renew-
ables of more than ��%; the project is 
part of the PowerLabDK experimental 
platform. EnergyLab Nordhavn is a new 
city development area focusing on sus-
tainability and smart, integrated energy 
infrastructures.

Technology 
integration aspects
� Development perspectives for the dif-
ferent sustainable energy supply tech-
nologies such as solar PV, solar thermal, 
wind energy, and biomass must be as-
sessed with a special view to grid inte-
gration. �e same goes for enabling tech-
nologies for sustainable energy, which 
include fuel cells, electrolyzers, heat 
pumps and energy storage. Integration 
of the transport sector through e.g. elec-
tri�cation of public transportation, EVs, 
et cetera is likewise important. All these 
technologies are traditionally evaluated 
with regard to their economic and envi-
ronmental performance. In the future, it 
will be equally important to study their 
performance within the integrated en-
ergy system.

European 
perspectives
� As energy systems with high shares of 
renewable energies develop, so new chal-
lenges arise. �e European Community 
is facing three major challenges within 
the energy �eld:
�	Sustainability. Current energy and 

transport policies imply that EU CO� 

emissions will increase by approxi-
mately �% by ����.

�	Security of supply. Europe is be-
coming increasingly dependent on 
imported fuels. If existing trends 
continue, the present import share of 
��% will increase to approximately 
��% by ����.

�	Competitiveness. Rising energy 
prices could jeopardize additional 
job creation in the EU. Investing 
in energy e�ciency and renewable 
energy could encourage innovation 
and industrial development, with 
bene�ts for EU employment and the 
economy.

�e establishment of a single European 
electricity market has been and still is a 
priority for the European Commission. 
�e results of this drive are already be-
coming apparent: as of February ����, the 
Nordic electricity market is closely con-
nected with those of central, western, and 
southern Europe through price coupling.

�e EU strategy of relying on an increas-
ingly high share of sustainable energy 
sources will radically change European 
energy systems within the next decade. 
Energy technologies based on intermit-
tent sources, especially wind and solar 
PV, are expected to play a large role in 
the future energy supply.
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Denmark in a European 
context
In a European context, the Danish en-
ergy system has two main characteristics: 

�	Denmark has a diverse and distrib-
uted energy system based on three 
major national grids: power, district 
heating, and natural gas. �e way 
in which these grids work together 
shows that Denmark has a highly 
e�cient supply system.

�	Renewable energy technologies � 
especially wind power � play a large 
and increasingly important role in 
the Danish energy system. By ����, 
��% of Danish power needs were 
supplied by wind power. Denmark 
is one of the global front-runners in 
the development of o�shore wind 
farms.

For more than �� years Denmark has 
succeeded in keeping gross energy con-
sumption constant � and even reducing 
it slightly since ���� � despite an in-
crease of more than ��% in GNP over 
the same period. For a number of years, 
Denmark was the only country in the 
EU to be a net exporter of energy.

Geographically, Denmark is located 
on the border between the European 
continent and the Nordic countries. 
Consequently, Denmark acts as a kind 
of transit area between the Nordic and 
the European electricity systems, espe-
cially Germany. �e Danish natural gas 
grid also connects Sweden with Ger-
many. Denmark has strong connections 
to Norway and Sweden, the oldest of 
these having been established back in 
the ����s. �e exchange of Danish wind 
power and Norwegian hydropower is 
especially important for the Danish 
power system. A new connection to 
Norway, the ��� MW Skagerrak�, was 
inaugurated in spring ����. Denmark 

also has strong interconnectors to Ger-
many, though the full utilization of these 
is sometimes hampered by grid bottle-
necks in central Germany.

Global perspectives

� Global energy demand is set to in-
crease in the coming decades, particularly 
in countries that are expected to witness 
signi�cant economic growth. However, 
there is a large disparity among regions, 
countries, and socio-economic groups 
in terms of how energy will be used, and 
how much. Industrialized countries and 
high-income groups use a larger pro-
portion of their energy for transport. In 
developing nations and among low-in-
come groups, most energy is used for 

residential and commercial needs � in 
other words for lighting, heating, cooling, 
and cooking. As developing countries 
mature, their energy needs will grow. 
�e IEA�s World Energy Outlook ���� 
estimates that the world primary energy 
demand will increase by ��% by ����, if 
current and planned policies are taken 
into account. �e main regions driving 
this growth trend are the industrialising 
countries of South-East Asia and Africa.

Spatial integration in  
developing countries
Renewable energy resources are espe-
cially important for future electricity 
generation. A signi�cant proportion of 
the �,��� million people who now lack 
access to electricity live in remote areas, 
where grid connections are o�en tech-
nically di�cult and prohibitively expen-
sive. In such cases, mini-grid and o�-grid 
systems are the best solution. RETs, in 
particular mini-hydro and solar PV, are 
more o�en than not the most viable tech-
nologies for electricity generation.

To date, most energy systems integration 
(ESI) in developing countries (exclud-
ing China), to the extent that it exists, 
has addressed spatial integration, i.e. the 
distribution of energy from large centres 
of generation to major demand centres. 
O�en, this is done by transmitting elec-
tricity across national borders through 
grid interconnectors. A typical example 
is a large hydro plant sending power to 
neighbouring countries that lack sig-
ni�cant or low-cost domestic primary 
energy resources.

Grid integration in China
In China, the National Energy Admin-
istration has set national renewable and 
nuclear energy targets. One of these is to 
have ��% non-fossil-fuel energy in the 
total primary energy mix by ����. Since 
the enactment of the Renewable Energy 
Law in ����, renewable capacity (exclud-
ing hydro) has increased exponentially, 
and by ���� China�s installed wind power 
capacity had become the world�s larg-
est. Long-distance power transmission 
and grid integration are needed for the 
future large-scale deployment of wind 
power, however. China�s wind resources 
are concentrated far from the demand 
centres, and the grid infrastructure and 
transmission capacity have not kept up 
with increasing generation capacity.
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�.	 Renewable energy 
capacity includes 
wind, solar PV, 
solar CSP, biomass, 
geothermal, pumped 
hydro, small & large 
hydro.

Development toward more integrated 
energy infrastructures

High penetrations of renewable energy like wind and 
solar challenge the conventional planning/design 
and operation of the electricity infrastructure due 
to the intermittent nature of the resources. To avoid 
system breakdown in the electricity infrastructure, 
generation and demand have to be in balance on 
second-scale.

Furthermore, the renewable energy sources displace 
conventional generation which today is responsible 
for providing many of the power system services 
such as reserves, voltage control, frequency control, 
stability services, and black start restoration that 
are needed for stable and reliable operation of the 
electricity infrastructure.

Trading of energy through electricity and gas inter-
connects to neighbouring countries is widely used 
to balance the system and ensure stable and reliable 
operation. But the ability of neighbouring energy 
systems to interact may be limited if the neighbour-
ing systems have similar characteristics like renewa-
ble energy penetration, and new interconnectors are 
o�en very di�cult and take long time to establish.

�e heating, cooling, gas, and transport infrastruc-
tures have certain intrinsic storage capability (e.g. 
due to the temperature of the hot water in the pipes, 
state-of-charge of the electric vehicle battery, or 
pressure of the gas in the system) and can therefore 
provide some of the energy �exibility needed in the 
electricity infrastructure. Also, the demand side in 
the electricity system in itself has some ability if 

proper mechanisms (markets, communication etc.) 
are introduced. Utilizing this potential of integration 
of the infrastructures requires either direct coupling 
of the systems through energy conversion technol-
ogies or through couplings at the generation side 
and/or demand side. (Figure �)

A closer integration of the energy infrastructures will 
not only solve some of the challenges of integration 
of renewable sources at the technical level. Closer 
integration and coordination of di�erent energy infra-
structures are a prerequisite for a cost-e�ective energy 
system with a high share of variable and somewhat 
di�cult to predict renewable energy sources.

An example of the importance of integrating di�er-
ent energy infrastructures is re�ected in the strategy 
of the Danish electricity and gas transmission system 
operator, Energinet.dk. �e main theme of the strat-
egy is �integration� (in Danish: �Sammentænkning�) 
[�.�]. Another example is the establishment of a 
national Danish Partnership for Smart Energy Net-
works, which in ���� provide a vision for smart, 
integrated energy systems in Denmark [�.�].

�e integration should be strengthened not only 
at infrastructure technology level. Also, a higher 
degree of integration and coordination of regulatory 
and organizational aspects across sectors should be 
pursued. In many countries, regulations of di�erent 
energy infrastructures are separated in di�erent sets 
of rules and laws based on di�erent principles. �is 
creates barriers for e�cient integration and pos-
sibilities or incentives for optimal solutions at the 
technical level.

Chapter � 
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Figure � � Integration of multiple energy infrastructures with di�erent energy carriers provides �exibility for cost-e�ective 
integration of renewable energy sources (only main interactions indicated). Intrinsic storage capability is indicated with a 
battery symbol [�.�].
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Smart energy in the digital society
An integrated energy system with a high share of re-
newable energy will take advantage of and be relying 
extensively on digital solutions, including sensors 
and actuators embedded in the system, various in-
ternet technologies, service-based designs, and novel 
business models beyond just selling energy at �xed 
prices. �e use of digital solutions is required to 
e�ciently manage the complex control and optimi-
zation task of a more integrated energy system. �is 
development of integration of energy infrastructures 
by use of novel IT-solutions is broadly addressed as 
Smart Energy. 

No globally applied de�nition of Smart Energy ex-
ists. A de�nition, aligned with the understanding 
adopted in this chapter, is: 

A smart energy system is a cost-e�ective, sustaina-
ble, and secure system in which renewable energy 
production, infrastructures and consumption are 
integrated and coordinated through novel services, 
active users and enabling technologies [�.�].

Development of a smart, integrated energy system 
is well-aligned with the mega trend of a society 
based on digital solutions, the so-called �third in-
dustrial revolution�. �is is covered extensively by 
authors like Jeremy Ri
in and others [�.�]. �e 
third industrial revolution is expected to funda-
mentally rearrange human relationships, from hi-
erarchical to lateral structures that will impact the 
way we conduct business, govern society, educate 
our children, and engage in civic life. Ri
in con-
siders �ve pillars of the third industrial revolution, 
namely (�) shi�ing to renewable energy; (�) trans-
forming the building stock into green micro�power 
plants to collect renewable energies on-site; (�) 
deploying storage technologies in every building 
and throughout the infrastructure to store inter-
mittent energies; (�) using Internet technology to 
transform the power grid into an energy internet 
that acts just like the Internet where millions of 
users can interact and make transactions; and (�) 
transitioning the transport �eet to electric plug-in 
and fuel cell vehicles that can buy and sell green 
electricity on a smart, interactive power grid. Even 
though the feasibility of some of these suggestions 
rely on assumptions as declining cost of storage the 
overall vision is clear.

Some of the leading IT companies in the world 
are deeply engaged in the development of modern 
IT-infrastructures based on Internet of �ings, Big 
Data etc. IBM�s �Smarter Planet� [�.�], Siemen�s 
�Sustainable Cities� [�.�], GE�s �Industrial Internet� 
[�.�], and Cisco�s �Internet of Everything� [�.�] are 
among the major initiatives currently underway. 
�ese initiatives will develop solutions that en-
able or interact with the smart energy system as 
well as push the general development directions 
of a more integrated energy system. �e aim of 
these initiatives is to bring online an intelligent 
infrastructure that can connect neighbourhoods, 
cities, regions, continents and the global economy, 
in a global network. �e network is designed to 
be open, distributive, and collaborative, allowing 
anyone, anywhere, and at any time, the opportunity 
to access it and use data to create new applications 
for managing their daily lives.

Development of the smart energy system will be an 
integrated element of this megatrend. During the 
past years, many of the involved concepts and tech-
nologies have been under development for electricity 
systems. �e most recent major players like electric 
vehicle manufacturer Tesla Motors has started selling 
home battery systems for photovoltaic solutions 
[�.�b]. �ese technologies are known as Smart Grid 
technologies. Smart Grid has been de�ned by, among 
others, the European Technology Platform for Smart 
Grids as �an electricity network that can intelligently 
integrate the actions of all users connected to it � 
generators, consumers and those that do both � in 
order to e�ciently deliver sustainable, economic 
and secure electricity supplies�. Many of the ideas 
within Smart Grid can be transformed or extended 
to cover Smart Energy, so not only the electricity 
infrastructure is optimized, but all the energy in-
frastructures are coordinated. �is includes new 
market designs, distributed control, IT-architectures, 
customer engagement, etc.

�e smart energy system is also closely related to the 
broader Smart City and Smart Community concept. 
Smart Cities and Smart Communities focus on how 
IT can be used to enhance the performance of a 
complete neighbourhood to improve the living of 
people, and deal not only with energy, but also other 
critical infrastructures like water, tra�c etc.
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Table � � Di�erent infrastructures have di�erent levels of intrinsic storage capacity  
and di�erent needs for �exibility.

Smart energy networks

In the following, the major energy infrastructures 
are treated with special focus on their system inte-
gration. (Table �)

Electricity infrastructure
�e combination of the increasing distributed gen-
eration, intermittent generation from wind and so-
lar, load �uctuations and limited storage capacities 
challenges the electricity system and infrastructures 
in many ways. Large numbers of small-scale gener-
ations replace some centralized power plants. More 
�uctuating power will �ow in all directions in the 
distribution system, and areas � or even a single 
customer � may in average over the year become 
self-su�cient. New, smart means are required to 
balance the power and energy taking into account 
spatial and temporal constrains and to maintain a 
proper operation of the system � including system 
stability, reliability and power quality. New business 
models are required with the new roles of the infra-
structures from supply to distribution and storage.

�e new means will include new technologies, 
solutions and control schemes, all and in combina-
tion meeting the needs for increased energy �exi-
bilities in a cost-e�ective way. New �exible power 
generation units, increased consumption �exibility 
(demand response and fuel shi�), and new energy 
conversion units will be introduced. �e fuel shi� 
solutions o�er the ability to provide the required 

energy service form more energy sources � e.g. heat 
may be provided based on dynamic combinations 
of energy sources like district heat, electricity and 
gas, depending on their availabilities and prices. 
�e conversion technologies will include conversion 
from electricity to heat (e.g. by heat pumps), from 
electricity to gas (power-to-fuel), and from gas to 
electricity and heat (micro CHP � combined heat 
and power generation).

Heating and cooling infrastructure
�e business of thermal energy infrastructures, es-
pecially district heating will be challenged by the 
new low-energy building�s reduced heat demand. 
�e new buildings will mainly need part-time space 
cooling and tap water heating. New concepts and 
business models, designed for the new needs, must 
be developed.

�e concepts will include low temperature and ul-
tra-low temperatures (<��°C, requiring heat booting 
for the hot tap water) district heating systems, which 
allows for easier and more cost-e�ective reuse of 
waste heat from buildings and industry (feedback 
into the district heating system). �is will increase 
the integration among energy systems at the end-
user level. Furthermore, district cooling systems, 
local thermal systems, transporting excess heat 
generation to areas with heat needs, and all types 
of heat exchangers � including heat pumps, heat 
exchangers and heat re-generation are expected to 
play an increasingly important role.

Energy infrastructure Properties Intrinsic �exibility Flexibility need

Electricity Long-distance transport
Low losses
Easy to generate from renewable energy sources
Easy conversion to other energy carriers

Very low (seconds) High

Heating Local/district
Medium losses
Di�cult to convert to other energy carriers

Medium (days) Medium

Gas Long-distance transport
Low transmission losses
Intrinsic losses during conversion at the point of use
Easy to convert to heat, but more di�cult to convert to  
other energy sources

High (months) Low
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If properly designed, the thermal capacities in the 
infrastructures, in the building constructions and 
in the hot water tanks can be used for short-term 
energy storages.

Gas infrastructure
With their pressure �exibility and large volumes in 
pipelines and caverns, the gas infrastructures are 
already designed with large-scale storage capabilities.

Power can be converted into gas (in terms of ei-
ther hydrogen or methane) and to a certain de-
gree injected into the gas system � however with 
a change of the gas quality. �e high-temperature 
electrolyzers, like Solid Oxide Electrolysis Cells 
(SOEC), provide the potential for highly e�cient 
energy conversion.

Gas can easily be converted into electricity and heat 
by combined heat and power (CHP). Various types 
of fuel cells provide the potentials for small-scale, 
highly e�cient energy conversion (micro CHP), 
even in scales down to household units.

Mobility infrastructure
�e transition of the transport sector towards re-
newable energy is a grand challenge. In addition to 
what optimal urban planning can do, the dominating 
trends are solutions based on electricity, gas, biofuels 
or hydrogen and their combinations, in terms of 
serial hybrid solutions, where the traction is pure 
electrical and a fuel is converted on-board to elec-
tricity and stored in a battery. �ese trends apply for 
all means of transportation � vehicles, trains, ships 
and even airplanes.

�e electrical solutions will provide additional use of 
electricity, and if properly designed and controlled, 
they may in addition provide �exibility for the power 
system concerned. Electric vehicles may be charged 
when appropriate for the power system, and they 
may even become able to send power back to the 
power system when needed (the vehicle-to-grid 
concept) [�.�].

All in all, the energy infrastructures will be highly 
integrated at all scales, such as micro-scales at the 
customers e.g. by hybrid heat solutions, heat pumps 
and micro CHP, and large scales, e.g. by large-scale 
combined heat and power generation (CHP), or 

large-scale heat pumps in the thermal infrastruc-
tures, or large-scale power-to-gas conversions.

Demand-side �exibility in energy 
infrastructures

Buildings, industry, and the demand side in general 
can provide energy services that support the operation 
and integration of the energy infrastructures. Building 
management systems are being developed for intelli-
gently managing the building�s energy exchange with 
the energy system. �e local energy services can be 
provided and at the same time the demand can partic-
ipate actively in the energy markets. Information and 
communication technologies play an important role 
in this process, as do data processing. Local storage 
technologies can play an important role here.

In the EU-supported project EcoGrid EU, focus-
ing on the �exibility in the electrical system, ���� 
customers � ��% of the population at the island of 
Bornholm � participate in an experiment where �ex-
ibility from mainly local heating systems in buildings 
is provided to the electricity system [�.��]. �e re-
sults show that customers with installed automatic 
solutions, which control their electric heating sys-
tems (and other types of electricity consumption), 
and which receive �-minute real-time pricing, can 
provide �exibility services to the electricity system. 

Preliminary results show that �exibility or shi�able 
demand from the electricity consumers represents 
about ��% of the average demand. Nearly ��% of 
the analysed population does not have access to the 
external market signals or equipment to enable them 
to automatically respond to the external signals. 
�erefore, it is expected that the vast majority of the 
�exibility comes from only a part of the demand, 
and the demand response implemented widely is 
expected to be �����% of the average demand. 

During the experiment, up to ��� kWh has been 
shi�ed for the �,��� customers. If ��% of Denmark�s 
houses with heat pumps were to receive EcoGrid 
automation and real-time pricing, the amount of 
energy shi�ed would be su�cient to manage much 
of today�s wind power imbalance in the balancing 
market in Denmark during the winter months. 
(Figure �) (Table �)
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Figure � � An example of obtained response in the EcoGrid EU demonstration 

Table � �  The maximum change in DR that can be activated in any �-minute period in the EcoGrid EU 
experiment in the winter ����/��. 

The demand response from the main heating system in buildings 
responds to the real-time price which is relative to the day-ahead price. 
Any deviation from the day-ahead price activates balancing power. 
From: [�.��].

DR is noticeably higher in the evening and at night-time, compared 
to daytime, due in part to lower night-time temperatures, and in part 
because the smart controllers are more effective at night where the 
load is more accurately predictable [�.��].

The real-time price is relative to the day-ahead price. This means that 
any deviation from the day-ahead price activates balancing power.

Time Demand response (kW)

23:00�07:00 –109 kW

07:00�15:00 –61 kW

15:00�23:00 –101 kW

Customers, business models,  
and markets

When designing a smart energy system, it is crucial 
to focus on the energy services requested by the cus-
tomers � like indoor comfort, mobility, and indus-
trial processes � as these services may be provided 
in di�erent ways, requiring less energy, and where 
part of the energy required is provided locally. �e 
physical energy infrastructures, the energy markets, 
and the business models must be designed for these 
new conditions.

An energy service provider is an actor that o�ers 
a given energy service at a given price. �e service 
provider will then �nd the most cost-e�ective solu-
tion and operate on all the energy markets.

�e energy markets and the regulations (including 
taxes) must be designed, coordinated, and even in-
tegrated for optimal operation of the entire energy 
system. Local, dynamic prices must re�ect the actual 
conditions and costs, and must support smart and 
optimized operation of the entire energy system. �e 
billing schemes must re�ect the actual cost struc-
tures. And the energy taxes should provide appropri-
ate incentives and support the political goals � like 
CO� and fossil fuels.

�e existing energy markets and billing and reg-
ulation schemes are to a large extent designed for 
yesterday�s energy systems with separated energy 
systems (electricity, heat, gas), large-scale central-
ized energy generation, one-way energy �ows from 
the generation units to the consumers, in�exible 
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consumptions, and few, well-de�ned market players. 
�e future energy system is much more complex. 
�e operation, markets, and business models have 
to be reconsidered and redesigned. �e dynamic 
energy prices must become available at customer 
level in order to support the smart operation. In 
other words new markets, products, supporting 
technology, and regulatory framework have to be 
developed to increase the customer engagement.

Need for community-scale and 
city-scale demonstrations enabling 
research-based innovation

Transformation to a smart energy system requires 
development of solutions on multiple scales (cus-
tomer, local community, regional, national and inter-
national) and multiple dimensions (e.g. technology, 
business, and regulation). �e transformation will 
require applications of new energy technologies 
and existing technologies in the new context. New 
business models, new architectures, and new solu-
tions for system operation have to be developed and 
implemented. Development also has to take place 
on multiple scales: component level, infrastructure 
level, and system level. Future analysis and research 
will be required in this area.

Challenges especially have to be addressed at sys-
tem level, as these solutions will enable new op-
portunities and innovation at the component and 
infrastructure levels. Many of the cost/bene�ts of 
an integrated smart energy system will be enabled 
by new system-level solutions. �e development is 
therefore highly dependent on large-scale demon-
strations with integrated research and development 
on all levels. �ere is a need for development of 
large-scale living labs, where smart energy solutions 
in interaction on all levels and dimensions can be 
developed and tested. In several places around the 
world, such large-scale areas are emerging. Many of 
these are focusing on the broad scope of smart cities, 
but there are several di�erent focuses at play. Exam-
ples of districts o�ering a platform for development 
and demonstration of new energy solutions are the 
Jeju Island Smart Grid Testbed (Korea), Masdar City 
(United Emirates), Vienna and Smart Cities Demo 
Aspern (Austria), Stockholm Royal Seaport (Swe-
den), Sino-Singapore Eco-City in Tianjin (China). 

It is important that these initiatives are set up with 
realistic objectives and as open platforms.

In Denmark, the two largest demonstration sites 
are on Bornholm, an island with more than ��% 
renewables (annual average penetration) and which 
is part of the PowerLabDK experimental platform 
[�.��], and in EnergyLab Nordhavn, a new city de-
velopment area focusing on sustainability and smart, 
integrated energy infrastructures [�.��]. 

In several aspects, these areas complement each 
other and are role models for investigating and de-
veloping global smart energy solutions.

�e Bornholm Island has a population of ��,��� 
people. Its energy system includes an electricity 
system which is interconnected with the Nordic 
grid. �e island has a high share of wind power 
(>�� MW) and solar PV (>� MW) penetration in 
the electricity system (peak demand �� MW) [�.��]. 
�e heating infrastructure includes �ve local district 
heating networks. �e island is the host of several 
smart grid and smart energy projects, including the 
EcoGrid EU project [�.��], where new real-time 
market solutions are developed and tested. �ese 
solutions enable �exibility services from individual 
heating systems (mainly heat pumps and direct elec-
tric heating) and other small-scale energy resources 
to the electricity system. (Figure �)

Copenhagen Nordhavn is one of the largest city 
development areas in Europe. Over the next �� 
years, the area will host ��,��� new residents and 
��,��� new jobs. Under the name EnergyLab Nord
havn, the area will be developed into a full-scale 
laboratory for a smart energy solution (electricity, 
district heating and cooling, electric transport). 
�e aim of EnergyLab Nordhavn is to develop new 
innovative business models, new energy technol-
ogies, and intelligent operating solutions, such as 
integrated and �exible energy markets, coordinated 
operation of electricity and heating systems, energy 
storages, energy-e�cient buildings � subject to local 
optimization and intelligent interactions with the 
infrastructure and energy markets � and demand 
technologies o�ering �exible switching among 
energy carriers. 
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Future initiatives and 
recommendations

An e�cient transformation to a smart energy system 
with multiple integrated infrastructures requires 
focused development e�orts, and the following key 
initiatives should be given priority:
�	Intensi�ed research and development e�orts 

regarding system architectures and frameworks, 
which enable development of a smart energy 
system. �is includes new integrated opera-
tional frameworks, multi energy carrier market 
designs, business model frameworks and IT 
support systems for services, data processing 
etc. �ese types of architectures and frameworks 
will foster the development of new components, 
tools, and speci�c solutions.

�	European and/or global technology standards 
at component and system levels with respect to 
interoperability should be developed to optimize 
and accelerate development and deployment, 
while reducing costs.

�	Focused full-scale demonstration sites that can 
act as comprehensive platforms for research, 
innovation of new solutions, and veri�cation on 
a large scale of how multiple di�erent sub-solu-
tions and sub-systems interact and create added 
value, should be developed. �ese demonstra-
tions should closely interact with the research 
and development e�orts outlined above.

�	System-wide and cross-sector barriers that 
enable novel business cases and practical sharing 
of smart energy costs and bene�ts should be 
identi�ed and addressed.

�	�e energy system regulation, including tax sys-
tems, should be evolved to remove barriers and 
facilitate seamless deployment of smart energy 
solutions across sectors � especially addressing 
barriers due to incompatibility of di�erent regu-
lations. Solutions in this area should be based on 
solid scienti�c �ndings and ideally be veri�ed in 
demonstrations before deployed.

Figure � � Bornholm Energy system: a real-life laboratory for smart energy solutions in a smart 
renewable-based community. 
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Chapter �

Integrated energy  
systems modelling
By Kenneth Karlsson, Klaus Skytte and  
Poul Erik Morthorst, DTU Management Engineering; 
Peder Bacher, DTU Electrical Engineering; 
Henrik Madsen, DTU Compute

Large-scale introduction of �uctuating renewable 
energy implies that the key to successful integration 
is not to focus solely on the power system, but on 
the entire energy system and on energy systems in-
tegration. Successful integration of large fractions of 
�uctuating renewables calls for complex interactions 
between energy production, storage, distribution, 
and consumption. At the same time a successful 
integration calls for a paradigm shi� that is envisaged 
from distinct, radial, and mostly centralized systems 

for power, gas, biomass, and district heating, to a 
single integrated interconnected, distributed, and 
partly autonomous energy system. 

Energy systems integration will enable virtual energy 
storage (also called indirect energy storage solu-
tions, which, e.g., in Denmark is considered to be 
an important element in order to obtain a fossil-free 
power and energy system by ����; see [�.�] for fur-
ther information. (Figure �)

Figure � � Overview of a future Danish integrated energy system. 

The green battery icons  indicate storage capabilities.
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�ese complex future energy systems call for models 
that are tuned towards energy system integration, 
illustrated by the grey dashed line in Figure �. �e 
energy system models have to link to market func-
tionalities and detailed sub-system modelling to 
secure a correct, although simpli�ed, representation 
of technologies and market interactions. In this 
chapter, we will discuss how to include di�erent 
markets in the analysis and present examples of 
integration options, energy system modelling, and 
detailed sub-system modelling.

Coupling and regulation of di�erent 
markets

Modelling of the future energy markets must take 
into account the changes in market designs, regula-
tory framework condition, and coupling of markets 
necessary for keeping down the integrations cost of 
variable renewable energy (VRE).

A stronger integration of the energy markets will 
be essential for ensuring �exibility in the future 
energy systems with high VRE shares. Most VRE 
will be seen in the electricity markets, which will 
also be the central arena for achieving increased 
system �exibility. �ey can be linked to the heat, 
gas, and transport sectors through co-generation, 
power-to-heat, power-to-gas, power to transport 
fuels, and e-mobility measures. �ese linkages can 
all add to increased �exibility provided by electric-
ity generation, power transmission, storage, and 
demand-side-management.

When the amount of VRE surpasses a certain level, it 
will in�uence the operation of the electricity supply 
system. �erefore, the planning and redesigning 
of the regulatory framework have to take this into 
account in order to minimize the integration cost 
of VRE and to increase the �exibility in the system 
[�.�], [�.�], [�.�].

One way of increasing the �exibility in the system 
and thus lower the cost of VRE integration is by im-
proving the regulatory frameworks for integration of 
the di�erent energy sectors (electricity, heat, gas, and 
transport). �is will increase the use of electricity in 
other sectors than the traditional electricity sector 
and thereby increase the supply of �exibility. �e 

integration must occur along with the growth of VRE 
in the electricity supply in order to develop coherent 
energy markets. �is will require well-thought-out 
market designs and framework conditions im-
plemented in a timely fashion, as well as systems 
analysis model-studies of the integrated markets. 
Otherwise, integrating across energy markets with 
very di�erent framework conditions (e.g. heat vs 
electricity) may prevent the transition towards in-
tegrated energy systems and increased �exibility.

Today, the North European electricity market is 
very e�ective both within the Nordic region, but 
also in terms of its connection to the electricity 
markets in the surrounding countries. �e other 
energy markets are either local or national markets 
and very di�erently organized and regulated; these 
framework conditions can be a barrier for a more 
integrated energy system, e.g. the framework con-
ditions for district heating and individual heating 
di�er not only between the countries, but also be-
tween local regions and consumer groups within 
the countries. �is gives the actors in the di�erent 
heating markets di�erent incentives/possibilities 
to act �exibly.

Not all markets need to be international, however. As 
long as we have a well-functioning common power 
market, the �exibility in a local or national energy 
market (e.g. heat market) in one country can be used 
to solve a local need for �exibility in another coun-
try if the markets are well-coupled to the common 
power market. 

While modelling this, we have to analyse these op-
portunities for �exibility-enhancing market coupling 
through a holistic system approach whereby the regu-
latory framework conditions are considered the com-
mon breeding ground for both the electricity, heat, 
gas, and transport sectors that can create synergies 
and eliminate barriers between the di�erent sectors.

Employing a technical approach, we can systemati-
cally identify �exibility potentials in each energy sec-
tor and collect data in the countries, e.g. from use of 
electric boilers in a local district heating system. How 
large is the technical potential in each market segment 
with respect to �exibility at the electricity markets? At 
what cost? Are additional investments needed? �e 
identi�ed technical potentials of �exibility from each 
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sector can be used in the modelling, e.g. to analyse the 
economic value/cost and system e�ects of �exibility 
within di�erent scenarios without taking technolog-
ical or regulatory barriers into account. 

Using a regulatory approach, we can identify regula-
tory and technological barriers to intensi�ed market 
interaction and supply of �exibility. What is promot-
ing and what is hindering utilization of the �exibility 
potentials? Why are some �exibility options used 
in some sectors in some countries and not in oth-
ers? By identifying best practices for regulatory and 
technical frameworks and market design, we can 
assess which regulatory barriers exist, i.e. identify 
regulatory and technological barriers to intensi�ed 
market interaction and �exibility. 

By coupling the technical potential determined in 
the technical analysis for �exibility supply in each 
sector and country with the institutional, regulatory, 
or techno-economic barriers identi�ed in the regu-
latory analysis, we are able to produce the available 
realizable potential (Figure �). �is means that we 
couple the technical potentials with barriers that 
hinder the realization of some part of the potentials.

�e degree of barriers and how they can be li�ed can 
be a part of the scenario parameters in the modelling 
of the systems. (Figure �)

Important technologies in the power 
and heating system for integration of 
renewables

In the following some important options for in-
tegration is described and such options has to be 
adequately represented in the energy system models 
used for analysing the future energy system.

District heating systems can be important in bal-
ancing future energy systems with large shares of 
VRE. Extraction CHP plants can produce power 
and heat with variable shares, and adding a heat 
storage with capacity from ��� days to a week of local 
heat demand increases the �exibility even more. In 
periods with high wind and low power prices the 
CHP plant can shut down power production and 
supply heat from storage, in low wind and high price 
situation the plant can produce maximum power 

and heat to storage. When adding even more VRE 
to the system, situations will arise where the CHP 
plant cannot run for longer periods because of too 
low power prices. In this case, large heat pumps can 
add the needed �exibility, e�ciently converting the 
�cheap� VRE to heat.

Bio-re�neries can turn out to be a very impor-
tant player in the future energy system with huge 
shares of VRE. When producing the di�erent kind 
of bio-fuels the electricity, heat and biomass are in-
puts to the processes and depending on the type of 
process, the output will be di�erent kinds of bio-fuels 
for transport, surplus heat and waste products. �e 
surplus heat can be utilized for district heating, and 
some waste products can be burned in a boiler pro-
ducing steam for a turbine producing electricity and 
heat for district heating. �e utilization of waste heat 
for district heating is dependent on having district 
heating nearby the production facility. If bio-fuel is 
imported, there is no linking to the heating system. 
In a future fossil-free energy system, bio-fuels will 
play an important role in the transport sector for 
long-distance transport, ships, and air transport. �e 
amount needed will be substantial and the waste heat 
from these plants would be able to cover �����% 
of the total district heating consumption in a coun-
try like Denmark. �erefore, it is vital if Denmark 
chooses to import bio-fuels or produce them locally.

Figure � � From technical to realizable �exibility 
potentials.
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Electric vehicles (EVs) can be charged at di�erent 
times during the day, so that demand can be moved 
around over a day. It makes a di�erence if there 
are quick-charging options (������% charged in 
less than an hour) or �slow� charging. �e latter can 
move consumption from day to night while the quick 
charging can provide capacity that can be regulated 
up and down within a given hour. Energy-wise the 
electric vehicles will not have a big in�uence on the 
power system, so what is most important is to avoid 
charging of EVs in system peak situations.

Apart from the above-mentioned technologies, �exi-
ble power demand can also arise from industrial pro-
cesses, cooling and heating of buildings, and groups 
of consumers bidding in �exibility commonly to the 
power market. Some industrial processes such as cool-
ing and freezing can postpone electricity demand 
several hours especially if they are cooling down to 
a lower temperature when power is cheap and let it 
increase to a slightly higher temperature before start-
ing the cooling machinery again. �e same is relevant 
for buildings where the building�s heat capacity can 
be used to store energy if small variations in indoor 
temperature can be accepted. Consumers can also 
pool their electricity demand from electric appliances 
and accept that part of their consumption are being 
cut of when needed by the system and then they can 
get some kind of compensation for this system service. 

Virtual storage solution for  
integrated energy systems
In the following, we will illustrate the concepts by 
describing a couple of examples for virtual energy 
storage solutions. Other possibilities for enabling vir-
tual storage solutions are described in [�.�] and [�.�].

Virtual storage through  
intelligent water management
In the future, energy and water management systems 
are closely interconnected as indicated in Figure �. 
A joint analysis and operation can be performed 
at two scales. At a local scale, all water supply and 
waste water collection and treatment systems involve 
pumping and storage of large quantities of water, 
and in parallel, at regional to continental scales, 
the joint energy-water management can integrate 
regions with high photo-voltaic or wind potential 
and regions with good conditions for large-scale 
pumped-storage or hydro-power systems.

Focusing on the local scale, an intelligent operation 
of water systems will provide an e�cient technol-
ogy to store energy and shi� energy consumption in 
time (load shi�ing). �e �exibility of water supply 
and waste water systems may be exploited to even 
out (balancing) the �uctuations of renewable power 
generation. Next-generation water treatment tools 
also includes new approaches for using groundwa-
ter facilities for water supply and seawater desal-
ination for the purpose of providing the needed 
water supply.

In Denmark, about �% of the total electric power 
is used for water distribution and treatment, and 
in countries with desalination requirements, this 
number is expected to be somewhat larger. Since the 
water supply and treatment system contains large 
bu�ers and integrated storage facilities (intended 
for being able to handle rain falls), much of this 
consumption might be shi�ed to, e.g., periods with 
low power consumption. In this way, it is estimated 
that, for instance, more than ��% of the total power 
production during night-time can be balanced by an 
intelligent operation of water systems. For countries 
with a large wind power penetration, like Denmark 
with about ��% wind power, such new schemes for 
water treatment can help solving existing problems 
with excess wind power during, e.g. the night when 
the load is lowest and the prices typically are low.

Virtual storage through integration with 
district heating and cooling
In some countries District Heating (DH) are wide-
spread, and it can easily be shown that DH systems 
provides e�cient possibilities for load shi�ing and 
for shi�ing between various energy supply systems 
(power, gas, biomass, etc.), and consequently for 
providing virtual energy storage solutions. A DH 
system network provides e�cient methods for time 
shi�ing, and in addition, most DH systems have a 
water based storage tank. For instance, in Denmark 
��% of the heat supply is covered by DH systems. 
District heating energy, i.e. hot water, is relatively 
cheap to store. Furthermore, DH systems can ben-
e�t or utilize energy losses in connection with, e.g., 
conversion processes and solid waste incineration. 
DH systems can facilitate the �exibility to generate 
heat from di�erent plants connected to the grid, 
e.g., a Combined Heat and Power (CHP) plant for 
power generation at high power prices, and for use 
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of surplus heat from industrial processes, biofuel 
production, power to gas (electrolysis), or similar. 
A well-developed district heating system is therefore 
very useful to ensure high energy e�ciency and to 
enable �exibility and energy storage solutions. 

In many cases, CHP systems are based on gas, and by 
shi�ing between gas and power-based production of 
heat, such systems o�er a potential for even seasonal 
storage of energy for countries with a well-developed 
gas grid (like Ireland, Denmark and many other 
countries).

Remote cooling, where cold water is distributed 
in a closed pipe system in the same way as district 
heating, also holds possibilities for storage in storage 
tanks, either when the power price is low or in case 
of surplus heat in connection with electricity gener-
ation. �e energy consumption for remote cooling is 
approximately half of traditional cooling. It has been 
estimated that limited sized storage systems linked 
with HVAC systems can reduce the price for cooling 
by about ��%. �is large saving originates from the 
lower price during night-time, and a more e�cient 
production of ice at the lower temperatures at night.

Grey-box modelling � combined physical and 
statistical modelling 
In the future, data and complex modelling will be 
the key to energy systems integration. Methods for 
complex modelling, like the grey-box principles for 
modelling, will be needed to understand the dynam-
ics at the detailed system level. 

Operation of integrated energy systems requires a 
great deal of optimization, which at the overall level 
will be handled via markets. �e markets will provide 
an incentive to utilize storage and �exibility capabil-
ities in the systems; however, these will only work if 
the properties and dynamics of the individual units 
can be understood � in real time operation. �erefore, 
models that describe the dynamics of all parts of the 
system are needed to form the basis for the optimiza-
tion � all the way down to the individual units. Take 
the example of controlling an electrical heat pump 
in a residential house, which clearly has a potential 
of providing �exibility by load shi�ing. A model of 
the heat dynamics of the building is needed in order 
to operate the system and utilize the heat capacity 
of the building as energy storage. �e model must 

predict the indoor temperature as a function of the 
heat input, such that the optimal operation plan can 
be calculated, while not compromising the comfort 
(by keeping the indoor temperature in a given band). 
Physical models for the heat dynamics of buildings are 
very well known from general level (hourly with a few 
states) down to a very �ne-scale, however, here there 
are challenges: how is a good model for the particular 
building formulated and how can its parameters be 
tuned? Further, the model must adapt automatically to 
the users and even model their (stochastic) behaviour.

At this point, the link to real-time observations of the 
systems become apparent and the need for modelling 
techniques, which bridge the gap between physics 
and statistics, become vital. �e concept to strive 
for is called grey-box modelling, which simply is a 
framework of models combining white-box (purely 
�rst-principles physical) and black-box (purely statis-
tical) models. �e advantage over white-box models 
is that the model parameters can be estimated from 
data using proper statistical methods, [�.�], as well 
as statistical tests are available for determining the 
suitable model complexity for a set of observations 
from a particular system. �e advantage over black-
box models is that the knowledge from physics about 
the appropriate model structure can be applied di-
rectly, thus the formulation of the model is much more 
straightforward and understandable for an expert in 
the �eld of application. Further, the grey-box mod-
elling framework enables modelling of non-linear 
and stochastic phenomena which is not feasible in 
other settings.

A wide variety of systems which are coupled to the 
energy system provide possibilities for enabling a 
�exible load and call for grey-box models as a basis 
for optimization. Apart from buildings, current work 
involves modelling of: hot water tanks, solar ther-
mal, supermarket refrigeration, and urban drainage, 
sewer and waste water systems. At DTU, so�ware 
for grey-box modelling has been developed over the 
last decade resulting in a freely available R package 
named CTSM-R (http://ctsm.info ), which based on 
the extended Kalman-�lter implements maximum 
likelihood estimation of grey-box models, and pro-
vides a �exible and user friendly interface.

A fresh example of an application is the develop-
ment of a grey-box model for the nitrogen removal 
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processes in a waste water treatment plant (WWTP) 
[�.�]. �is model will then form the basis for a con-
troller enabling the energy �exibility of the process. 
�e process can be modelled using a rather compli-
cated white-box model, which can be reduced, how-
ever still requiring a large number of parameters to 
be set and requiring a large number of measurements 
of load and �ow being available. �e advantage of 
the grey-box model is that it has fewer parameters 
and they are estimated using measurements from 
fewer sensors. Hence, the grey-box model is adapted 
to the system automatically and the cost of the con-
troller is reduced. Currently, a test case study is be-
ing conducted at a Danish WWTP with a ���,��� 
PE capacity for which the models are developed to 
form a framework to be used as basis for control of 
WWTPs for energy �exibility.

Energy system optimization modelling 

As an example of simpli�ed representation of a larger 
part of the energy system to handle and analyse energy 
system integration across technologies and sectors, we 
present two energy system analysis tools. Both being 
partial equilibrium models focusing on two times-
cales; how to run the system within a year and at the 
same time creating long-term investments pathways.

�e dynamical balancing of the energy system in a 
future with high shares of VRE has to be treated on 
several timescales and markets. In the planning of 
these future systems we need to have models that can 
analyse the short-term balancing using the methodol-
ogies mentioned above, we need modelling of power 
markets and linked markets as heating markets, CO� 
and certi�cate markets and we need long-term energy 
system investment optimization models. With the 
energy system optimization (ESO) models we try 
to �nd the best way to con�gure our energy system 
from the state it has today to a system that ful�ls the 
long-term policy targets. Typically, this will include 
analysing parts of or the entire energy system and its 
development until ����. 

�e art of building models means to include enough 
details to give a realistic description of the energy 
system while keeping the model as simple as possible 
so users can understand and interpret the results, 
and to keep computation time and data needs down.

�e ESO models have less detail on the shorter times-
cale. Typically they use from �� to around ��� time 
slices in a year. �is means that the intra hour balanc-
ing of the energy system cannot be handled by these 
models directly, and di�erent �tricks� are therefore 
introduced to simulate system limits occurring at 
the timescale level below the models time resolution. 

Two examples of ESO model are presented in the 
following: a Balmorel model (www.balmorel.com) 
covering the North European power and district 
heating system, and a TIMES model (www.etsap.
org) covering all sectors in the Danish energy system.  

�e TIMES-DTU model is developed in a coopera-
tion between DTU and the Danish Energy Agency. 
Documentation of TIMES-DTU is being prepared 
and can be followed at http://www.ens.dk/en/info/
facts-�gures/scenarios-analyses-models/models/
interact. It is a technology-rich partial equilibrium 
optimization model that includes all sectors and all 
energy conversion in Denmark. �is means that 
policy measures and their impact can be studied 
across all sectors at the same time, e.g. the model can 
illustrate in which sectors the cheapest greenhouse 
gas (GHG) reductions can be obtained. �e model 
horizon is until ���� and the number of time-slices 
per year is ��, which challenges the models ability to 
secure that VRE, electricity demand, and the whole 
system, can balance hour by hour. In TIMES-DTU 
this problem is solved by making sure that some of 
the �� time-slices represents the most critical situa-
tions in the power system (e.g. situations with high 
wind production and low demand and the opposite 
situation as well). 

�e model has a detailed description of all eco-
nomic sectors and their energy consumption. �e 
household sector has �� di�erent existing build-
ing types and two types of new houses. �ere is 
a building-model keeping track on demolishing, 
introduced heat savings and new buildings. Seven 
di�erent electrical household appliances are mod-
elled in a vintage model. Industry is divided into 
nine di�erent sectors aggregating sub-sectors that 
look alike energy wise and then there is a public 
service sector. All these have six di�erent energy 
services that are supplied by di�erent technolo-
gies. �e Transport sector is divided in passenger 
transport and freight. Passenger transport work is 
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divided into �ve di�erent modes and car trips are 
furthermore divided into three di�erent intervals 
of driven distances per trip. �ere are four di�erent 
modes of freight transport and then internal trans-
port on construction sites etc. that are modelled 
under each industry (haulage). 

Power and district heating sectors represent all 
existing power and heating plants in the Danish 
energy system today and planned investments 
until ����. For future investments, the model can 
choose from a technology database mainly based 
on the Danish Technology Catalogues published 
by the Danish Energy Agency (http://www.ens.dk/
en/info/facts-�gures/scenarios-analyses-models/
technology-data). �e model has four district heat-
ing districts, a central district heating area and a 
de-central district heating area in Denmark East 
and Denmark West. Power and heating plants are 
described by e�ciencies, investment costs, running 

costs, fuel type, and lifetime. �e model can invest 
in new plants also before end-of-lifetime for some 
plants if it is economically feasible to the overall 
system. To cover power trade between the Nordic 
countries, the power and district heating supply 
systems in these countries are modelled as well.

Traditional re�neries and bio re�neries are included. 
�e model is tracking inputs, outputs and costs and 
it is possible to trade the products on a global mar-
ket. Especially the bio-re�neries can take part in 
balancing the power system as they can produce 
bio-fuels for storage while there is a lot of wind and 
stop when there is not. 

Figure � illustrates the structure of TIMES-DTU 
and how integrated the di�erent energy streams 
are. Large heat pumps will produce district heat and 
thereby connect the power system and wind power 
production to the district heating system and thereby 

Figure � � Illustrates in a simpli�ed way the structure of TIMES-DTU. 

The amount of national 
resources, prices on 
traded fuels, and the 
demand for energy 
services are exogenous 
to the model (the 
green boxes). All the 
steps in between are 
endogenous.
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help with the balancing. Bio-re�neries will produce 
bio-fuels and from the process, surplus heat can be 
utilized as district heat.

When running a scenario in TIMES-DTU, it goes 
through all sectors and all possible technologies to 
�nd the optimal investment strategy and energy mix 
over the full scenario period (e.g. until ����). �e 
model has full foresight, meaning that is knows what 
is going to happen to all the exogenous parameters 
in the whole model horizon.

In Figure �, we are showing some results from 
TIMES-DTU. �e scenario is following the Dan-
ish government�s targets on GHG and energy mix, 
which include:
�	At least ��% of power production should be 

based on wind in ����

�	No fossil fuels allowed for electricity and heat 
production in ����

�	No fossil fuels in any sectors by ����

�e bene�ts of having a model covering all sectors 
become clear when looking at the results. Fossil 
fuels are phased out for electricity and heat produc-
tion in ����. Power production is then alone based 
on wind and solar energy. �is is possible because 
of strong interconnectors to the countries around 
Denmark. When oil is phased out for residential 
heating then the oil boilers are replaced by heat 
pumps, which �ts well together with wind and 
solar power. �e transport sector is mainly shi�ing 
to di�erent types of bio-fuels. EVs do not come in 
so strong, as the assumption on range of EVs was 
quite pessimistic in this model run. CO� emission 
from all the sectors in the model drops fast until 
���� and then a little slower until ���� where only 
the power and district heating sector emits CO� 
from waste incineration.

�is emphasizes the importance of coupling energy 
vectors across time and space in the models to cap-
ture energy system integration options realistically.

Figure � � Fossil-free scenario for Denmark. 

Upper left: Final energy 
consumption in the 
transport sector;  
Upper right: Final 
energy for heating in 
residential sector;  
Lower left: Power 
production divided on 
fuel type (import and 
export are not shown in 
the graph);  
Lower right: Total 
Danish energy-related 
CO� emissions.
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Balmorel is a partial equilibrium model determining 
the least-cost dispatch for the power system. �e 
model is based on a detailed technical representa-
tion of the existing power system; power and heat 
generation facilities as well as the most important 
bottlenecks in the overall transmission grid. �e 
main result in this case is a least-cost optimization of 
the production pattern of all power units, assuming 
foresight within one year on all-important factors, 
such as the development of demand, availability 

of power plants and transmission lines as well as 
generation patterns of RES-E. �e model � origi-
nally developed with a focus on the countries in the 
Baltic region � is particularly strong in modelling 
combined heat and power production.

In addition to simulating the dispatch of generation 
units, the model is able to optimize investments in 
di�erent new generation units (coal, gas, wind, bio
mass, CCS, etc.) as well as in new interconnectors.

Figure � � Countries and regions included in one of the existing Balmorel models  
(Hethey et.al. ����) [�.��]
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Balmorel can run with variable time resolution and 
are typically using ��� to �,��� time steps per year. 
�e high time resolution and more detailed split of 
the power system in price regions makes Balmorel 
more feasible to study power market issues, sup-
porting schemes, and other implementing policies 
for RE. (Figure �)

Balmorel can also be expanded to include other 
sectors than power and district heating production. 
Several versions of Balmorel exist at di�erent insti-
tutions and with di�erent focuses. Some versions 
feature a detailed representation of electric vehicles 
[�.�], some include the natural gas system, the role 
of hydrogen [�.��], and most recently a study with 
focus on transmission lines [�.��].

Balmorel is strong in modelling integration of VRE 
as it combines long-term investment projections 
with hourly simulations of the power and district 
heating system.

How Balmorel can balance the power system hourly 
is illustrated by two winter weeks from Germany in 

Figure �. �e �rst week has almost no wind, but in 
the second week, there is a lot. Electricity price drops 
when the wind increases and the thermal plants are 
regulated down.

Linking short-term and long-term 
modelling 

Building a model covering all timescales, all sectors, 
and all relevant technologies is very challenging. Be-
sides, in solving such a major mathematical problem, 
only a few persons would be able to understand the 
results coming out of the model. �e way forward 
is rather to link models with di�erent focus areas, 
depending on the scope of the analysis provided. �is 
way we ensure that expertise from di�erent timescales 
and sectors is maintained, and that the experts rep-
resenting the di�erent models employed are forced 
to collaborate and agree on results and conclusions.

�e grey-box simulation models can o�er a realis-
tic description of how heating, power, and sewage 
systems can function on a short timescale providing 

Figure � � Illustration of system operation of the German power system through two weeks during 
winter in ���� from a scenario in [�.��].
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balancing and storage services. Power system mod-
elling from hour level to a ��-�� year horizon are 
important to study required power plant and trans-
mission line capacities and the future energy mix in 
the power sector. Integrated energy system models 
including all sectors can teach us about the trade-o� 
between sectors. None of the models o�ers the full 
picture and therefore it is important to understand 
where the di�erent models can learn from each other 
improving the quality of advice based on modelling. 
(Figure ��)

Recommendations
We need collaboration between the di�erent types 
of models, covering di�erent timescale and di�erent 

parts of the energy system. It will strengthen the 
validity of results from each of the models if they 
are tested against other models and/or aligned with 
these where they are overlapping.

�ere is a global trend in so�-linking energy system 
models with models covering macro-economics, 
power system simulation, industrial processes, hy-
drology, end-use, transport, etc. and the way for-
ward is to strengthen this work. �e so�-linking 
of models gives more realistic insight into the pro-
cesses in�uencing our energy system and it forces 
di�erent research disciplines to work together in 
reaching a higher level of consistency in the advice 
to decision-makers.

Figure �� � Illustration of the timescale and linkages between the di�erent models described 
in this chapter.
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Introduction

During the past decade a large number of research 
projects have focused on individual aspects of the 
energy system, such as zero-energy buildings or in-
telligent power systems (smart grids). Such research 
projects have provided valuable insight, but overlook 
the potentials, the e�ciency, cost, and prospective 
emission savings with an integrated approach that 
facilitates �exibility throughout the energy systems. 
�erefore, large-scale introduction of �uctuating 
renewable and non-dispatchable energy sources 
implies that the key to a successful integration is 
to consider the entire energy system and focus on 
methods for Energy Systems Integration (ESI). �e 
integration calls for a paradigm shi� that is envisaged 
from distinct, radial, and mostly centralized systems 
for power, gas, biomass, and district heating/cooling, 
to a single integrated interconnected, distributed 
and partly autonomous system. Hence, a successful 
integration of large fractions of �uctuation renew
ables calls for intelligent interactions between energy 
production, storage, distribution and consumption. 
�e complexity of the integrated system implies that 
Big Data, Grey-box modelling, Internet-of-�ings 
(IoT) and Internet-of-Services (IoS), and related 
technologies such as data analysis, aggregation, 
forecasting, and control, will play an important role. 

Also, in the CITIES project (see smart-cities-centre.org), 
it is concluded that a focus on data, aggregation, 

modelling, forecasting, control, and optimization is 
important to establish solutions for energy systems 
integration. Methods for handling and generating 
information from rather di�erent data sources, such 
as local weather stations, meteorological forecasts, 
smart meters, energy �ow meters, and a plethora 
of other sensors must be establish. Hence, new ICT 
solutions, based on new methods, models and stand-
ards, are needed for achieving the more ambitious 
renewable energy targets.

Future electric energy systems with an increasing, 
�uctuating and non-dispatchable renewable power 
generation must be designed such that it is possible 
to activate �exibility on many di�erent scales or at 
aggregation levels. �is implies, for instance, that we 
must be able to describe the link between individual 
household appliances, Distributed Energy Resources 
(DER), and the electricity or energy markets. �is 
chapter aims at describing how to outline the future 
electric energy system as hierarchies of nested con-
trol and optimization problems that are formulated 
based on dynamical models of energy loads, �exi-
bility, and renewable power generation. 

Reliable and optimized forecasts of renewable power 
generation and loads are important for solving the 
control and optimization problems, and due to the 
stochastic and complex nature of mainly wind and 
solar power generation, a section is devoted to prob-
abilistic forecasting and meteorology. �e forecasts 
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are used as input at various levels of the hierarchies 
of aggregators.

Methodologies for forecasting, optimization, and 
control across all levels in the hierarchies of nested 
energy systems are needed, and this chapter aims at 
giving a short overview of such requirements.

A set-up of future electric  
energy systems

�e backbone of the future energy system will still 
be electricity, and the power systems will glue to-
gether various elements of the future energy system. 
Consequently, the focus will here be on the power 
system, but the set-up with a focus on price-based 
control and optimization facilitates an integration 
between power, gas, heat, biomass, etc. 

�e introduction of �exible DERs in the system, 
which can shi� the consumption and production, 
gives rise to two major changes. Firstly, an important 
actor is introduced: the Aggregator or Virtual Power 
Plant [�.�], which is responsible for representing the 
�exible part of the load towards the system operators, 
either through a Balance Responsible Party (BRP) or 
as a BRP itself. �e other major change, associated 
with demand-side management, is the addition of 
balancing markets operated by the DSOs in each 
distribution network. �e idea of implementing 
such a system originates from the fact that each 
DER does not have su�cient �exibility to o�er to 
bid into the electricity market. �e Aggregator is 
thus a new intermediary functionality, or even actor, 
between the �exible DERs/electricity consumers, on 
one hand, and the grid operators (TSO and DSOs) 
and, potentially BRPs, on the other.

Figure �� is a schematic representation of a future 
system with �exible DERs.

Aggregation

Aggregation is a crucial concept for Energy Systems 
Integration. Various principles for aggregation exists: 
�) Area speci�c aggregation (typically TSO or DSO 
related), �) Domain or physical aggregation (typi-
cally BRP- or DSO-related), �) Commercially related 

aggregators (typically to level out �uctuations). For 
IC, the related delta-price should be related to these 
principles. 

�e idea of representing a large number of DERs 
with an aggregated whole is not entirely new, since 
market participants representing an aggregation of 
either producers or consumers in the market already 
exist (e.g. the consumption BRPs and generation 
BRPs of wind energy, etc.). Experiences from these 
aggregated market participants have shown that a 
more accurate forecasting of the behaviour is ob-
tained by a higher level of aggregation [�.�].

�e Aggregator typically comprises a number of sub 
Aggregators. Each sub Aggregator may represent 
a distinct pool of DERs in the grid to facilitate e.g. 
area speci�c aggregation. Another possibility with 
this set-up is that each sub Aggregator specializes 
in, e.g., supermarket cooling, waste water treatment, 
EVs, heating, etc. �rough these sub Aggregators, 
the main Aggregator is able to provide services at 
the DSO level by separately estimating the �exibility 
of each portfolio and, e.g., in the case of IC the sub 
Aggregator, correspondingly broadcasts a reference 
signal for the speci�c portfolio. �e responsibility of 
estimating �exibility and determining the signal is 
nevertheless in the hands of the actual Aggregator. 
For instance, in the case of a waste water treatment 
plan specialized aggregator is needed to estimated the 
available �exibility given the constraints with respect 
to the quality of the waste water treatment. In this 
way, the Aggregator can maximize the bene�ts of the 
�exibility it represents by o�ering DSO services like 
voltage and frequency control where they are needed, 
and mobilize the rest for energy balancing services.

In systems with an e�cient integration of the en-
ergy systems, the energy balancing services are used 
for instance to use excess wind power in district 
heating networks, or, in the other extreme, to start 
up e.g. bio-gas �red power units in periods with a 
low production of wind power. Consequently, both 
district heating and gas networks are important for 
being able to implement some of the energy balanc-
ing services. Since indirect control (IC) is based on 
prices this concept is ideal for implementations of 
technologies for Energy Systems Integration since 
price-based solutions provides a metric which is 
comparable between energy vectors.
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Figure �� � Schematic representation of a future power system with hierarchies of Aggregators and �exible  
Distributed Energy Resources (DERs). 

Different hierarchies are displayed vertically with roman numbers (from I to IV), moving from the markets to the consumers. Direct control (DC) on 
the left where the power is altered directly by the aggregator, and indirect control (IC) on the right where the aggregator sends out a price signal 
to incentivize changes in power consumption [�.�].  

Level I 
This level contains a market clearing where 
the producers are selected based on bids. The 
connections between the actors in the market are 
represented with dashed lines because different 
markets have a different layout. The description is 
inspired by the Nordic layout with a day-ahed spot 
market, Elspot, and an intraday market or balancing 
market. Lines with circles indicate that these parts 
of the system are connected. Lines with arrows 
indicate information flow.

Level II 
The Aggregator estimates its available flexibility 
and submits bids to the regulating power market 
directly or though the Balance Responsible Party 
(BRP). After clearing of the spot market, the Direct 
Control Aggregator (DC) will dispatch individual 
consumption schedules, while the iIndirect Control 
Aggregator (IC) will broadcast price signals.

Level III 
For the DC part, an important role of the Sub-
Aggregator is to estimate the states of the DERs 
and compare the states with contractual values. In 
the case of IC the role of the Sub-Aggregator is to 
determine and communicate a signal in real-time 
to which the DERs respond by adjusting their 
operation according to the Aggregatiors needs. 
Another role of the Sub-Aggregators is to provide 
reliable probalistic forecasts for loads, prices, and 
weather conditions depending on the control 
strategy implemented. 

Level IV 
In the DC part the Sub-Aggregator A communicates 
the actuation signal based on the state information 
recieved from the DERs, and hence a two-way 
communication is needed. In the IC part, advanced 
controllers regulate the DERs (industrial processes, 
transport, water distribution & treatment, 
intelligent heating/cooling, etc.) based on real-time 
price signal transmitted from the Sub-Aggregator 
B, and this control scheme only requires a one-way 
signal. The price signal from the Sub-Aggregator is 
a delta-price, which is added to the market price in 
order to obtain the needed control objective.
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For indirect control of �exible DERs, the reliability 
of the forecast response increases with the size of the 
portfolio. �us, services at the transmission level can 
be provided with greater certainty than in the distri-
bution grid. �is of course prompts the questions of 
how much reliability can be obtained in the response 
for the intended services and how much certainty 
is required in the response so that the provision of 
services is practically feasible. �e answer to these 
questions depends on various external factors such 
as market design and the share of �exible DERs 
in the system. It is, however, unlikely that service 
requiring unique responses at di�erent branches of 
the distribution network, e.g. voltage control, could 
be provided with acceptable reliability using IC, and 
consequently these services most likely have to be 
provided by DC. �e total set-up suggested here is 
further described in [�.�].

Meteorology for integrated energy 
systems

Future integrated energy systems (IES) will be based 
on a major share of �uctuating, weather dependent 
energy sources as well as weather dependent �ex-
ible DERs and energy management. First of all an 
important aspect is to customized the MET models 
and methods to the needs of energy management 
and storage solutions. Since gas systems can provide 
seasonal storage and district heating networks can 
provide energy storage up to, say, ��� days ahead, 
meteorological forecasts are needed with di�erent 
lead times, and it is very important to understand 
how to optimize the MET models to this important 
usage. Weather dependent �exibility, like for instance 
those which can be provided by waste water handling 
or supermarket cooling, might also call for tailored 
MET models. 

�e second part a�ects the �eld of converting me-
teorological predictions into energy relevant energy 
forecasts, e.g. demand, wind or solar power forecasts. 
Here a combination of forecasting models like sta-
tistical or physical approaches and furthermore, ag-
gregations of forecasts or measurements have proven 
to be very important. �is section considers brie�y 
meteorological aspects, but focuses on the conver-
sion into energy forecasts.

Forecast services

�e purpose of this section is brie�y to describe fore-
casting methodologies with a focus on both prob-
abilistic and multivariate aspects. Both aspects are 
important for the energy systems integration. �e 
purpose is also to ensure that forecasts are generated 
in a homogeneous way so that they can be used for 
integrated energy systems applications as well as for 
di�erent use cases. Forecasts are used as input for 
design of controllers and for decision making based 
on optimization.

Forecast services are crucial for optimal decision 
making, production planning, trading of power and 
for control, as indicated in Figure ��. In this sec-
tion, we brie�y describe the list of forecast services 
needed, discuss the statistical forecast characteris-
tics, and illustrate how the forecasts can be used in 
optimal control and decision-making.

It is clear that forecasts are needed both on a day-
to-day basis, e.g. in order to provide input for the 
market clearing, and for the optimal production 
planning, as well as on a shorter horizon, e.g. in 
order to use the �exibility of the DERs to control 
the electricity load.

�e actors at level I and II in Figure �� need forecasts 
to provide bids for market participation and for 
production planning. �is includes methods for 
wind power forecasting (see e.g. [�.�], [�.�], and 
[�.�]). Methods for using forecasts in integrating 
renewable electricity sources like wind and solar 
power in electricity markets are described in [�.�].

Basically, all models and methods for energy fore-
casting take meteorological forecasts as input, and 
some forecasts also take advantage of online meas-
urements of local weather conditions.

Forecast services
�e predictive controllers considered are based on 
forecasts of load, prices, etc. �is section will focus 
on forecast services for the lower part of Figure ��, 
and in particular the forecast services related to 
DERs or a portfolio of DERs.

Depending on the control principle (DC or IC) the 
following forecast services are needed:
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�	Load (demand or �exibility) forecasts  
(for both DC and IC)

�	Price forecasts (for both DC and IC)

�	State forecasts (e.g. room temperature)  
(only for DC) 

�e forecast of the power load is further divided into 
three main categories. �e �rst one is the forecasting 
of the system �exibility or the demand, which is used 
by the Aggregator to control the �exible part of the 
load. Secondly, a set of forecasts for all the di�erent 
factors a�ecting the electricity system, either di-
rectly or indirectly, is needed. Finally, forecasts for 
the behaviour of the individual appliances present 
within a single household are in most cases needed 
at the consumer level in the case of direct control.

In the case of IC, the overall control of the consum-
er�s portfolio of DERs is in the hands of an advanced 
controller, which for a domestic consumer could 
either be a home automation system or an integrated 
controller of the DER. �is advanced controller gath-
ers the price signal from the Aggregator, the current 
status from the DERs, and typically two di�erent 
sets of forecasts provided by the Sub-Aggregator, 
namely the load and price forecasts. Based on this 
information the advanced controller determines an 
optimal control for the DERs [�.�].

Hence, the set of forecasts, which the advanced con-
troller operates according to, is for external factors 
such as weather conditions and energy system fore-
casts (e.g. system power load and renewable power 
production, etc.). �ese forecasts are not necessarily 
made in-house, but could be bought as a service 
from the Sub-Aggregator, the manufacturer of the 
appliances, or even a specialized third party.

In addition to the dependence on external fore-
casts and data, the future �exibility of some appli-
ances when considering direct control depends on 
the current state and actions. �us, for DC a set of 
forecasts for the equipment�s own �exibility, and 
hence its states, is necessary for optimally dispatch-
ing it. �e necessary models for providing these 
forecasts have to be installed somewhere and most 
likely at the Sub-Aggregator level. Notice that in 
Figure �� state information is sent from the DERs 

to the Sub-Aggregators, but in most cases the state 
information is only partial and approaches like state 
estimation techniques [�.�] are used to provide an 
estimate of all the states. 

Resolution of forecasts in time and space
In general, a characterization of needed forecasts 
includes decisions on resolution in time and space, 
update frequency, and horizon together with the 
actual statistical characteristics forecasted. Require-
ments on the resolution in time and space are o�en 
directly implied by the requirements speci�ed by 
the user of the forecasts.

Regarding the horizon, forecasts are typically needed 
with a horizon ranging from few minutes to days. 
Typically, the longer forecast horizons are needed 
for production planning and for trading, whereas 
the shorter horizons are needed for operational and 
control purposes.

Control and scheduling of power systems require 
online electricity forecasts with lead times from a few 
minutes to day-ahead. Predictions with lead times up 
to �� minutes are called very short-term forecasts, 
while short-term forecasts are from �� minutes to 
day-ahead [�.�]. Forecasts with greater lead times 
are called medium- and long-term forecasts.

�e spatial resolution needed is typically related to 
the TSO or DSO grid, and we will refer to [�.�] for 
further discussions.

Control and optimization
�e characteristics of the optimization or control 
problem depend on the considered aggregation level 
in FFigure ��, and this relates to long- and short-
term aspects:
�	Long-term: (Day-ahead in the Nordic market): 

Every day, the Aggregator actively designs its 
load pro�le for the upcoming day(s), typically 
using Stochastic programming. �e target is to 
establish an optimal hourly production schedule 
for the entire portfolio for the coming day(s). 
�is is typically a mixed integer optimization 
problem which can be dealt with using e.g. sto-
chastic programming.

�	Short-term: Within the day or within a given 
hour, the Aggregator participates in the ancillary 
































































































































