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Jutland/Denmark:

¥ Approx. 50% wind power

Ty 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
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New insights:
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Systems theory (2 thesis)

2. Next step from 100% Renewable Energy to
Climate Neutral Societies
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3. Application: Smart Energy System Integration ,
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energy system sector integration
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A Clean Planet for all Climate Neutral

A European long-term strategic vision
for a prosperous, modern, competitive and climate neutral economy
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Abstract
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1. Intraduction

wn substantially during the last couple of
Two major challenges of renewable ener

Sustainable Ener;

. .
Savings Efficiency improvement
S 5 d ~ d .
m Cncrgy d("nm" m anrgy pro ucu()n involve three major techn , rate a high share of intermittent
e < on the demand side [1,2], efficicncy improvements in the  resources into the cnergy sysiem, especially the clectricity
- - energy production [3,4], and replacement of fossil fucls by supply [19,20]. The other is to include the transporiation
Flexlble various sources of rencwable energy [5.6]. Consequently,  sector in the sirategies [2123). Based on the case of
rv implementation plans must  Denmark, this paper describes the challenges and discusses
= q o ing rencwable sources in  the potential solutions 0 these challenges.
by energy savings and In Denmark, savings and efficiency improvements have
Technologies Sustainable Development
X - First, the major challenge is to expand the amount of 1
I ~ ‘d E ain : rencwable energy in the supply system. Rencwable encrgy  expansion of Combined Heat and Power production
n((,g‘ral(, n(,rgy The Case f D m k is considered an important resource in many countries  (CHP) and district heating, Denmark has been able to
< 0 e n a r around the world [11-18], but as illustrated in Fig. 1, ona  maintain the same primary fuel consumption for & period
slobal scalc loss than 15% of primary encrgy supply is  of more than 30 years in spite of about 1% increase in
Syslen‘]s renewable energy, and the major part is hydro power and  GIIP. Morcover, 14% of fossil fuels have been replaced by

n 1973, Hence, by means of energy conservation and
wood fuels in developing countrics. Renewable sources,  renewable energy. In the same period, both transportation
such as wind and solar, only constitute a very small share  and eleetricity consumption as well as the heated spa
of the total supply. However, the potential is substantial  have increased substantially
And in some regions and countries, the share of rencwable Thus, Denmark is an example of how sustinable

lopment sirategies constituted by a combination of

- } widrers: Landii d implemented. Consequently, Denmark is now Ffaci
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Energy system analysis of 100% renewable energy systems—The case of
Denmark in years 2030 and 2050
H. Lund *, B.V. Mathiesen
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The Case of Denmark year 2030 and 2050
4th Dubrovnik Conference on Sustainable bevalbpment of
Energy, Water and Environment Systems
Dubrovnik 4-8 June 2007

N
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Professor Henrik Lund and PhD Fellow Brian Vatl. Mathiesen
Aalborg University, Denmark

This paper presents the methodology and results of the overall energy system analysis of 3 100%
renewable energy system. The input for the systems is the result of a project of the Danish Association of
Engincers, in which 1600 participats during mare thin 40 seminars discussed and designed a model
e the fature energy system of Benmark. The energy system analysis methodology includes hour by
hour computer simulations leading to the design of fexible energy systers with the ability to balance
the electricity supply and demand. The results are detailed system designs and energy balances for twa
energy target years: year 2050 with 100% renewable energy from biomass and combinations of wind,
wave anel solar power. and year 2030 with 502 renewable energy, emphasising the frst important sieps
an the way. The conclusion is that 3 100% renewable energy supply based on domestic resources is
physically possible, and that the first step towards 2030 i feasible to Danish saciety. However, Denmark
will have to coasider to which degeee the country shal rely mostly on biomass resources, which will
involve the reorganisation of the present use of farming areas. or mostly on wind powes, which will
involve 2 Large share of hydrogen or similar energy carriers leading ta certain incfficiencies in the
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system design.

© 2008 Elsevier Ludt. All ights reserved.

European Union
e abjective of
And in many nations asound the world,
of renewable energy are being i
fonise to climate change [1-10]. In March
o defined a targes of 208 renewable
\ Denmark, a tacget of 30% renewable
a5 just been propased by the Danish

e hand, CO; emissions per capita have
i the highest in the world on the ather,

the primary energy supply. which is the
ore the fist oil ciises in the early 705
1 oil is much smaller today. 208 of the
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electricity is supplied by wind power and 15% of the primary
gy supply is renewable energy including biomass and waste
ineration. Moreover, swvings and efficiency measures have
constituted an important part of the policy, leading to a situation

i Danish Parliament in October
nnounced the long-teem Larget of
Denmark: 100% independency of fassil Tuels and nuclear power. A

This proposal was the result of the “Energy Yeas 2006”. in wi
1600 participanes during more than 40 seminars discussed and
designed a model for the future energy system of Denmark,
putting emphasis on energy efficiency, CO; reduct
industrial development. The proposal was presented as ¢
Energy Plan 2030 (see Fig. 1.

The design of 100% renewable energy systems involves at least
three major technological changes [12): energy savings on the
demand side [13.14], elliciency improvements in the energy
produstion [15,16], and the replacement of fossil fuels by varius

rces of renewable energy |1718]. Consequently, large-scale
e strategies
energy systems
influenced by energy savings and efficiency measures [19-26].
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A Holistic Smart Energy Systems Approach
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Energy Storage

1-4 €/ kWh
(Source: Danish Technology
Catalogue, 2012)

Energy storage: Price and Efficiency

Price Efficiency

1000000 120

Pump Hydro Storage 100

100000 b, 3
175 €/kWh
(Source: Electricity Energy Storage
10000 80

Technology Options: A White Paper /
60

Primer on Applications, Costs, and \
1000 \

Benefits. Electric Power Research
10 20

Institute, 2010)

Price (€/MWh)
Efficiency (%)

Oil Tank
0.02 €/kWh
(Source: Dahl KH, Oil
tanking Copenhagen A/S,
2013: Oil Storage Tank.
2013)

Electricity Themal Gas Liquied Fuel

Natural Gas Underground Storage
0.05 €/kWh

(Source: Current State Of and Issues
Concerning Underground Natural Gas
Storage. Federal Energy Regulatory
Commission, 2004)
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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.

Toward a

by S. MassoudAmnin
and Bruce F. Wollenbeérg




Smart Grid - definitions

“A smart grid is an electricity grid that uses information and communications technology to gather

=% U.S. DEPARTMENT OF and act on information, such as information about the behaviors of suppliers and consumers, in
ENERGY 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)

'é?fé’r;j‘;’ﬁiggg'cy “Smart grids are networks that monitor and manage the transport of electricity from all
iea 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).

«
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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 o
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 ¢
town centre or \
number of distri
from the connec

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.

* 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.

«
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A smart Euergy_gy“
e,

From electricity smart grids to smart
energy systems published 2012

Chapter 6

Analysis

Smart Energy Systems and Infrastructures

VA -
Smart Energy Systems and
Infrastructures published 2014

«««««

Understanding of the Smart Energy Systems
concept in Scientific Publications

30

Smart Energy and Smart Energy
Systems published 2017

L]
0.--l-

2009 2010 2011 2012 2013 2014 2015 2016

W Similar to Smart Grid W Smart Grid but broader = Smart Heating

B Cross-sctoral integration B All or more sectors M RES integration
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Energy efficiency / temperature level
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Stufies show that district energy systems. such a5 district
heating (DH) and district cadling (D). allow far a law cast and
energy-efficient transition towards renewable energy (RE)-based
energy systems |1 enabling. for exam e, increased flexibility in
the aperation of energy cmersian technalogies [2]. lawcosts
storage solutions [1] and the usilisatian of otherwise mon-utilised
energy sources such 25 excess heat from industries and natural
coaling fram natural ekl sources [4.5.
Globally, modern commercial DH has been utilied since e
18705, and has sine then expanded © around 80,000 systems
delivering 2 ©tal of around 115 B of heat in 2014 [5]. DH has
espesially seen 2 wide implementation in Russia, China, and the
European Union (FUI). acounting for around 5% of the glabally

= e
Bl e skl ass i (PA Bsrpu )

20300 ey 10121 2400
5 The Aeriues

end-user heating demand [4]. Due to the relatively high utilisation
and patential for allawing a mare fuel- and mst-efficient transition
ta RE-based energy systems. DH has been the subject of exemsive
facus within research |7] and is playing an impartant role in the EU
and national energy polides.

Corrently. it i estimated that nearly 202 of the total glibal
electricity demand is used for enoling purpases, via air conditianers
and electric fans in buidings. Furthermare. the electricity con-
sumptian due ta @aling is expected to indease due to urbaniss
tiom,industriafisation, climate change. and 25 the standard afiving
increases globally with same projecting a tripling of the amrent
electricity demand for @acling [5]. Moreover, uncantrolled use of
hillers creates 2 coaling peak and risk olbrow out Where DH has
seen a relatively wide glabal utilisation, O is less utilised for
covering maling demands, only delivering around 300 Pjjyear
glabally [4]. However, DC muld provide 3 mare efficient and k.
cast option for @vering cooling demands, as it allows for, eg.

oyt 40

e th CE B NE-D B (i

Fig.1. The four generations of DC. The major driver for the 4GDCis the cross-secwral infegration ink the RES-based smart energy systerm including the exploitation of the CHC synergy wherever appropriate. Depending on the context, a 4GDC
system may nol include all the shown componens. Eg in climatic zanes with no heat demand, cwrent 2GDC systems may upgrade to 4GDC systems simply by integrating with ather sectors and providing flexibility © the smart energy systens
using salar, wind, and wave power 73]
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New insights:

Third Edition

1. Explicit formulation of a Smart Energy RENEWABLE
_ ENE-RGY SYSTEMS

Systems theory (2 thesis)

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

A Smart Energy Systems Apprbach to the Choice

and Modeling of Fully Decarbonized Socuztles ”

3. Application: Smart Energy System Integration ,
Levels to illustrate the importance of smart Subliched €y

energy system sector integration

March 2024




Two Smart Energy Systems Theses:

Third Edition ¢

1. One cannot find the best solutions for affordable and reliable RENEWABLE
transitions of the energy system into a carbon neutral society 'ENERGY SYSTEMS
solely within each subsector of the energy system. One must s e
approach the transition in a holistic and cross-sectoral smart
energy system perspective in order to be able to identify the best N,
solution for the overall energy system and for society as a whole. AR

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 . | |
1dentifying the role to play in an overall transition of the whole ' '@

system, rather than aim at decarbonizing the sub-sector on its Published
March 2024

A Smart Energy Systems Apprbach to the Choice

and Modeling of Fully Decarbonized Soci%ties ”

own




IDAs Climate Response: In a European context

e — IDA
Denmark should fulfill its objective of renewable energy and CO2- ey Kimesar

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

IDA

IDAs Klimasvar 2045
ral

~ Sadan bliver vi klimaneutrale

Danish CO2 emission (Mt/year)
including international aviation and shipping
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2045

DA

IDAs Klimasvar

- Transport- og energllssninger 2030

IDA

IDAs Klimasvar 2045

- Sadan bliver vi klimaneutrale
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Biomasse
2045

Overview:

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

IDA

IDAs Klimasvar 2045

- Sadan bliver vi klimaneutrale

Udarbejdet af forskere fra
Aalborg Universitet i dialog med
IDAs Klimaekspertgruppe

bt
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Essential changes in

the future electricity demand

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

e Electric Vehicles

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

* Electrolysis and Power-to-X

energilesninger 2030

TWh

100
90
80
70
60
50
40
30
20
10

Electricity demand in Denmark

Year 2020 Year 2045

m Non-flexible demand B Power-to-Heat m Power-to-Vehicle

Power-to-X




|II

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

RES power supplies and non-flexible electricity demands (MW)
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Energy and Carbon Flows of the
“Smart Energy Denmark 2045” scenario
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System Integration levels (SESIL)

I Electricity sector
[ Heating and cooling sectar

Industry and domestic transport

Share of international transport

SESIL 1: Singular
electricity sector focus

SESIL 2: Combined
electricity, heating,
and cooling focus

SESIL 3: Domestic SESIL 4: Domestic
energy systems including
share of international

shipping and aviation

SESIL 5: Full Energy
Systemincluding
energy for materials

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.
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Electricity balancing and least-cost storage
solutions in SESIL1

Bl Renewable energy I Electricity storage

Power plant B Thermal storage
SESIL1 Electri:ity Sector B Excesselectricty Hydrogen storage
Electricity Demand [TWh/y] Biomethane consumption [TWhly] Storage Capacity [TWh] Annual Balancing Cost [billion €/y]
140 30 , r i 40 +
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80 - 20 1 . | 25 -
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0 - 39 1 1 g 4
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No 100% Bio- Opt. RES Mo 100% Bio- Dgt. No 100% Bio- Opt. RES Mo 100% Bio- Opt. RES
storage storage methane slarage storage Storage methane S storage Storage methane storage storage Storage methane storage
share share storage share share
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Electricity balancing and least-cost storage

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

storage solutions

O Excess electricity share of RES production
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Optimal storage configuration
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Existing energy storage capacities in Denmark

The need for
storage in a

. il storage
CI I I I Iate- ~S0 TR Thermal storage
~0.09 TWh
EV battery
neutral 0015 Twh

Denmark

Optimal storage configuration in a Climate Neutral Denmark 2045 scenario

Hydrogen storage

Green liquid fuel storage ~0.34 TWh
~50 TWh Thermal storage
~0.15 TWh
Gas EV battery (0.11 TWh in DH)
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W ~0.16 TWh
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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
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Energy balancing and storage in climate-neutral smart energy systems
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‘Today, potkical goaks of green wansition focus on climase newtral
soceties rather than rencwable or decarbonised enengy sysiems, and
the " (UN) Paris 2015 (1] constin
for thia. I Ecrope, the Buropean Cox @018
2] report “A Clean Planet for all” put forward a strategic vision for a
climate-neutral economy and several countries around the woeld have
established simllar poltical aloas and goals. As an example, the goal of
the Danish Govemment & for Denmark 10 become climate-necaral by
2045. With reference t the UN (3], climate nectralicy refers to the idea
o 220 5 hey are
equal to, or Jess than carbon sequestered from the azmosphere, as well as
accounting for regional or local bio-geopysical effects of human ac
tivities, such as changes (n surface abedo or local climate. In basic
terms, it means that a climate nectral sockey s a sociery in which the
emision of greenhouse gasses & net-zero. In practice, there are sectoes
‘which are hard 10 reduce to zero. Thus, typically net 2210 can only be
reached by ™ o
blochar In the energy sector.
‘The energy and wansport sectors — combined referred to as the en.
ergy sysiem - account for arcund three.quarters of today’s greenhouse
gas emlsstons and, therefore, bold the key to any strategy for achieving a

* Correspondig s
Emal address: lus

2024, Received in cevised forss & Novessber 2024; Acceptnd 18 Novesuber 2024

Recedved 27 August
Availad

well This coordinated action callsfor an Integrated approsch In which
the interactions between the sectors In question are taken fnto consid.
eration. Moreover, the global goals cannot be reached without active
contributions from every region and country. The indfvkdual countries
weuld also have to coordinase their effors to properly address comeman
tssues such as the decarbonisation of intemational shipping and avis-
tion, the global e of sustalnable biomass resources, and the interna
tional exchange of eloctriciry as well as — posentially - hydrogen and
other green fucks.

Even though the formulation of the political alms calls for 3 holistic
approach, studies woeking with the energy sector often have a single
subsector approach with for nstance a strong focus on the develop-
mezs of the electriciry system. As an indication, the ters “smart grid™
cccurs 12 4051 artices from 2023 In Scopus - six tmes the combined
occumence of the sandard terms “smart energy™ and “sector coupl®™.
While mare specific sudies on energy wansitlon and fully renewable

8 bert balance, the scrong
grids still points I the direcrion of single-sector solutions. For fastance,
Khalld's 2024 (4] review paper on smart grids shaws work centred
around electricity-only systems. Sémilarly, Wolsink (] focuses oa the
¥
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Some important news:

Third Edition

RENEWABLE
1. A Smart Energy Systems approach allows for 'ENERGY SYSTEMS

finding a better solution to the green transition.

2. The context of Climate Neutral Societies definesa  § il
new paradigm for the design of solutions ™

A Smart Energy Systems App h the Ch
de| ng of Fully Décarbo

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

LCOE and System costs in an Electricity-only system
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Results: (S)LCOE in a Climate Neutral Society

LCOE and systems costs ina Climate Neutral Society

(EUR/MWh)
200
150
100
) I I
: H B
Nuclear WEOQ2023 Solar PV Wind onshore Wind offshore Least cost mix

WEO2023

mLCOE mSystem Costs




Breakdown of
system cost
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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.

Third Edition
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