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Jutland/Denmark:

•  Approx. 50% wind power

•  High share of the world’s offshore power 

•  30-50% of electricity supplied by CHP

•  >50% District Heating

• > 40% Biogas in the natural gas supply



Renewable Energy Systems
A Smart Energy Systems Approach to the 
Choice and Modeling of Fully Decarbonized Societies

1. Edition in 2010

2. Edition in 2014 

New Chapter on 
Smart Energy 

Systems and 

Infrastructures

3. Edition in 2024 

New Chapter on 

Carbon Neutral 

Societies



New insights:

1. Explicit formulation of a Smart Energy 
Systems theory (2 thesis)

2. Next step from 100% Renewable Energy to 
Climate Neutral Societies

3. Application: Smart Energy System Integration 
Levels to illustrate the importance of smart 
energy system sector integration

Published 
March 2024



 A Clean Planet for all 
A European long-term strategic vision 
for a prosperous, modern, competitive and climate neutral economy 

Climate Neutral



Renewable Energy Strategies for Sustainable 
Development (2005)



100% Renewable Energy Systems
(2007)



100% Renewable Energy and Decarbonized 
Societies (2021)



Smart Energy and 
decarbonized societies (2022)



100% Renewable Energy 2050
Or a Climate Neutral Economy
…… but how…???!!



Energi System Analyse Model
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A Holistic Smart Energy Systems Approach



Smart Energy Systems: 

Hourly modelling of all smart 

grids to identify synergies!

… and influence of different 

types of energy storage..!



Energy Storage

Pump Hydro Storage

175 €/kWh 
(Source: Electricity Energy Storage 

Technology Options: A White Paper 

Primer on Applications, Costs, and 

Benefits. Electric Power Research 

Institute, 2010)

Natural Gas Underground Storage

0.05 €/kWh 
(Source: Current State Of and Issues 

Concerning Underground Natural Gas 

Storage. Federal Energy Regulatory 

Commission, 2004)

Oil Tank

0.02 €/kWh 
(Source: Dahl KH, Oil 

tanking Copenhagen A/S, 

2013: Oil Storage Tank. 

2013)

Thermal Storage

1-4 €/kWh 
(Source: Danish Technology 

Catalogue, 2012)



Smart Grid (2005)

No definition.

However it can be understood from the 
context that a smart grid is a power 
network using modern computer and 
communication technology to achieve a 
network which can better deal with 
potential failures.



Smart Grid  - definitions
“A smart grid is an electricity grid that uses information and communications technology to gather 
and act on information, such as information about the behaviors of suppliers and consumers, in 
an automated fashion to improve the efficiency, reliability, economics, and sustainability of the 
production and distribution of electricity.” (U.S. Department of Energy)

“Smart Grids … concerns 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 efficiently 
deliver sustainable, economic and secure electricity supplies.” (SmartGrids European Technology 
Platform, 2006).

“A Smart Grid is an electricity network that can cost efficiently integrate the behaviour and actions 
of all users connected to it – generators, consumers and those that do both – in order to ensure 
economically efficient, sustainable power system with low losses and high levels of quality and 
security of supply and safety.” (European Commission, 2011)

“Smart grids are networks that monitor and manage the transport of electricity from all 
generation sources to meet the varying electricity demands of end users” …. “The widespread 
deployment of smart grids is crucial to achieving a more secure and sustainable energy future.”  
(International Energy Agency 2013).



Smart heating and 
cooling grids - 2010

• In the European Commission’s strategy [7] 
for a competitive, sustainable and secure 
“Energy 2020“, the need for “high 
efficiency cogeneration, district heating 
and cooling” is highlighted (page 8). The 
paper launches projects to promote, 
among others, “smart electricity grids” 
along with “smart heating and cooling 
grids” (page 16). 



Smart Energy Systems

• Smart Electricity Grids are electricity infrastructures that can intelligently integrate the 
actions of all users connected to it - generators, consumers and those that do both - in order 
to efficiently deliver sustainable, economic and secure electricity supplies. 

• Smart Thermal Grids are a network of pipes connecting the buildings in a neighbourhood, 
town centre or whole city, so that they can be served from centralised plants as well as from a 
number of distributed heating or cooling production units including individual contributions 
from the connected buildings. 

• Smart Gas Grids are gas infrastructures that can intelligently integrate the actions of all users 
connected to it - supplies, consumers and those that do both - in order to efficiently deliver 
sustainable, economic and secure gas supplies and storage. 

Smart Energy System is defined as an approach in which smart Electricity, 
Thermal and Gas Grids are combined and coordinated to identify synergies 
between them in order to achieve an optimal solution for each individual sector 
as well as for the overall energy system. 



From electricity smart grids to smart 
energy systems    published 2012

Smart Energy  and Smart Energy 
Systems    published 2017

Smart Energy Systems and 
Infrastructures     published 2014



Energy

http://www.sciencedirect.com/science/journal/03605442


4GDC: 4th Generation District Cooling



New insights:

1. Explicit formulation of a Smart Energy 
Systems theory (2 thesis)

2. Next step from 100% Renewable Energy to 
Climate Neutral Societies

3. Application: Smart Energy System Integration 
Levels to illustrate the importance of smart 
energy system sector integration
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Two Smart Energy Systems Theses:

1. One cannot find the best solutions for affordable and reliable 

transitions of the energy system into a carbon neutral society 

solely within each subsector of the energy system. One must 

approach the transition in a holistic and cross-sectoral smart 

energy system perspective in order to be able to identify the best 

solution for the overall energy system and for society as a whole.

2. Subsector studies (no matter if they concern the role of a specific 

technology or the role of a region or country) should aim at 

identifying the role to play in an overall transition of the whole 

system, rather than aim at decarbonizing the sub-sector on its 

own

Published 
March 2024



IDAs Climate Response: In a European context

Denmark should fulfill its objective of renewable energy and CO2-
reductions in a way, so it fits well into a context in which the rest of 
Europe  -  and the world  -  will do the same.

Therefore:

• Denmark should include the Danish share of international aviation and 
shipping even though it is not included yet in the UN way of calculating 
the Danish CO2 emissions.

• Denmark should not exceed our share of sustainable use of biomass in 
the world.

• Denmark should make our contribution in terms of flexibility and reserve 
capacity to integrate wind and solar into the European electricity supply.



A fully decarbonized Denmark 2045



2045



Biomasse
2045
Overview: 

(153 PJ minus 
eksport 13 PJ = 
140 PJ svarende 
til 23 GJ/capita)



Essential changes in 
the future electricity demand

The ”classical” non-flexible 
electricity demand increases 
by new flexible demands for:

• Electric Vehicles 

• Power-to-Heat (heat 
pumps and electrical 
boilers)

• Electrolysis and Power-to-X



PV and wind will cover the ”classical” non-flexible 
electricity demand in the hour except for only 7%



Literature: • Smart Energy Denmark. A consistent and detailed strategy for a 

fully decarbonized society. Renewable and Sustainable Energy 

Reviews

• Smart Energy Europe: The technical and economic impact of 

one potential 100% renewable energy scenario for the 

European Union. Renewable and Sustainable Energy 

Reviews, Vol 60, pp. 1634–1653, July 2016.

• The role of sustainable bioenergy in a fully decarbonised 
society, Renewable Energy, August 2022, 
https://doi.org/10.1016/j.renene.2022.06.026

• Energy efficient decarbonisation strategy for the Danish 
transport sector by 2045, Smart Energy, February 2022. 
https://doi.org/10.1016/j.segy.2022.100063

http://www.journals.elsevier.com/renewable-and-sustainable-energy-reviews
http://www.journals.elsevier.com/renewable-and-sustainable-energy-reviews
http://dx.doi.org/10.1016/j.rser.2016.02.025
http://dx.doi.org/10.1016/j.rser.2016.02.025
http://dx.doi.org/10.1016/j.rser.2016.02.025
http://www.journals.elsevier.com/renewable-and-sustainable-energy-reviews
http://www.journals.elsevier.com/renewable-and-sustainable-energy-reviews
http://www.sciencedirect.com/science/journal/13640321/60/supp/C
http://www.sciencedirect.com/science/journal/13640321/60/supp/C
https://www.sciencedirect.com/journal/renewable-energy
https://doi.org/10.1016/j.renene.2022.06.026
https://doi.org/10.1016/j.segy.2022.100063
https://doi.org/10.1016/j.segy.2022.100063
https://doi.org/10.1016/j.segy.2022.100063
https://doi.org/10.1016/j.segy.2022.100063
https://doi.org/10.1016/j.segy.2022.100063
https://doi.org/10.1016/j.segy.2022.100063


Energy and Carbon Flows of the 
“Smart Energy Denmark 2045” scenario



System Integration levels (SESIL)

• SESIL 1: Singular electricity sector focus. The classical 
electricity demand with electricity storage as the only 
option.

• SESIL 2: Combined electricity, heating, and cooling 
focus. Thermal storage as an additional option.

• SESIL 3: Domestic energy system. Industrial and 
domestic transport demands. Smart charging or even 
V2G. 

• SESIL 4: Domestic energy systems including the share of 
international shipping and aviation. Significant 
increase in Power-to-X technologies to provide liquid 
green fuels. Gaseous and liquid green fuel storage.

• SESIL 5: Full Energy System including energy for 
materials. 



Electricity balancing and least-cost storage 
solutions in SESIL1



Electricity balancing and least-cost storage 
solutions in each of the five SESILs



Comparison of least-cost balancing and 
storage solutions



The need for 
storage in a 
climate-
neutral 
Denmark 



Literature: • Energy balancing and storage in climate-neutral 
smart energy systems, Renewable and 
Sustainable Energy Reviews, Volume 
209, March 2025, 11514. 
https://doi.org/10.1016/j.rser.2024.115141

https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews
https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews
https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews/vol/209/suppl/C
https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews/vol/209/suppl/C
https://doi.org/10.1016/j.rser.2024.115141


Some important news:

1. A Smart Energy Systems approach allows for 
finding a better solution to the green transition.

2. The context of Climate Neutral Societies defines a 
new paradigm for the design of solutions

3. Future Smart Energy System allows for affordable 
storage solutions
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New study (not published yet)

LCOE (Levelized Cost of Energy) vs SLCOE (System Levelized Cost of Energy)

LCOE = f (technology)

SLCOE = f (technology, energy system)

Moreover, the identification of least cost solutions imply combination of 
technologies and cannot be found only by comparing each of the individual 
technologies. 



Results: (S)LCOE in an Electricity-only system



Results: (S)LCOE in a Climate Neutral Society



Breakdown of 
system cost



Some important news:
1. A Smart Energy Systems approach allows for 

finding a better solution to the green transition.

2. The context of Climate Neutral Societies defines a 
new paradigm for the design of solutions

3. Future Smart Energy System allows for affordable 
storage solutions

4. Combinations of different PV and Wind sources 
provide for the least cost system integration costs.
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