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other hand well-established criteria for decision-making and for characterisation of energy system suit-
ability. This article has a threefold objective, it reviews the application of a given energy system simula-
tion model - EnergyPLAN - analysing its application on geographic level as well as the types of
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simulations or scenario analyses performed on the model. Secondly, it reviews the types of performance
indicators applied in said energy systems simulations and thirdly it reviews and details existing advanced
energy system performance indicators and proposed additional indicators.
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1. Introduction

Climate change mitigation, energy supply security and foreign
exchange cost are all driving factors behind a situation where
many national and local governments are planning large transi-
tions in the energy system. The significant transitions can be the
result of various different policy goals, however they are all
towards the direction of the utilisation of more environmentally
benign and often also locally available energy sources - typically
in the form of renewable energy sources - RES.

From an energy systems perspective, one common characteris-
tic of many of the occurring, planned or envisioned transitions is a
shift away from storable fuels towards energy systems relying on
energy sources fluctuating beyond human control. A second char-
acteristic is a shift in complexity from systems with a relatively
limited number of fuel sources towards a system with the utilisa-
tion of many complementary energy sources. A third characteristic
is a move towards more integrated energy systems where syn-
ergies are exploited and e.g., waste heat from energy conversion
processes is utilised for heating or even cooling purposes. In
Denmark for instance, district heating has been a cornerstone in
the country’s attempts of curbing energy demand growth [1].

The transitions may thus go from traditional energy systems
where residents are having electricity needs covered by condens-
ing mode coal-fired power plants, transport needs covered by
diesel-powered vehicles and heating demands covered by residen-
tial oil boilers to energy systems with electricity demands covered
by wind and solar power combined with biomass-fueled cogener-
ation of heat and power (CHP) plants, transportation demands cov-
ered by synthetic fuels produced on the basis of hydrogen from
electrolytic converters and carbon dioxide from the CHP units
and heat supplied from CHP plants, waste heat from electrolytic
converters and heat pumps utilising low-grade heat reservoirs.

Such systems are envisioned by researchers, decision makers,
and progressive energy companies in many countries, and the lit-
erature holds numerous examples of highly integrated RES-based
energy systems with cases from Denmark, Ireland, Croatia,
Jordan, Norway and many more.

Denmark holds the world record in the integration of wind
power, and while facilitated through strong interconnectors to
neighbouring countries [2], this will not suffice in the future where
policy objectives include the transition to 100% RES supply by
2050. High utilisation of fluctuating RES will set its own agenda
for the rest of the country’s energy system which all together will
be highly complex.

For traditional energy systems, optimisation criteria are rela-
tively simple with for instance cost of energy (CoE) and yearly
unavailability, but design of highly complex energy systems
require performance indicators that aptly capture the quality of a
given system. A simple CoE is for instance more appropriate when
there is a clear separation between energy streams than when
streams mingle and synergies are exploited and CoE is a matter
of choice and definition rather than a matter of simple logic.
Where load following capability for simple energy systems is a
simple matter of dispatch and sufficient generation capacity, load

following capability of complex energy systems is a complex opti-
misation of a number of production, conversion, storage and
demand technologies — and load following capability is not neces-
sarily a certainty in energy systems simulation. More criteria are
therefore required to capture the simulated or actual performance
of complex high-RES energy systems. Likewise, proper tools are
required to handle energy scenario design and simulations. The
next section probes deeper into the nexus of energy system simu-
lation schools and the application of optimisation criteria.

2. Simulations and outputs

@Ostergaard [3], listed a number of optimisation criteria, but
mainly based on the overall objective of a given strategic energy
systems change - i.e., carbon dioxide emission reductions, primary
energy supply minimisation and societal cost — but also criteria
touching upon the performance of an energy system in terms of
integration renewable energy supply - measured for instance in
import and export of electricity.

Tarroja et al. 4] identified a range of metrics detailing the oper-
ation of dispatchable power producers as a consequence of renew-
able energy integration into the given energy system. Their focus
was the electricity system, and it was not treated as a system inte-
grated with other parts of the energy system - notably the heat
and transport systems — which as deliberated will be one of the
main characteristics of future high-RES energy systems. As Lund
et al. state; “electricity smart grids should be seen as part of overall
smart energy system” [5], thus the set of metrics does not fully cap-
ture the full complexity of future energy systems.

Scott et al. [6] performed a literature review of the use of
multi-criteria decision variables in bioenergy systems, with the
five most oft used criteria being Technology Selection, Policy,
Sustainability, Operations, and Economic criteria.

This article probes deeper into the characterisation of good
renewable energy integration. It investigates what performance
indicators and criteria are being used in the scientific body of liter-
ature and identifies relevant performance indicators. The following
definitions apply in terms of energy planning and energy systems
modelling in this article:

e Objectives refer to general goals to be met. These may be in the
form of quantitative as well as qualitative measures.

e Outputs refer to energy modelling results in general

 Criteria refer to the specific categories of quantitative objectives
as well as their quantification in terms of finite values, mini-
mum or maximum values

e Performance indicators characterise energy system perfor-
mance without requiring a certain value as for criteria

A specific characteristic of an energy system may of course be
more than one of the above-mentioned four terms.

Different types of simulation and analytical models usually
have different criteria and performance indicators. In the follow-
ing, a selection of the main modelling schools and their potential
outputs, criteria and indicators are deliberated.
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Linear programming optimisation models are based on single
objectives where the objectives may encompass more criteria,
but where everything is converted to one single unit of measure
such as monetary value. Any undesirable behaviour may thus be
assigned a penalty and desirable behaviours may be assigned a
reward and the quantification of these penalties and rewards will
direct the solution space in a certain direction.

Multi-criteria decision analysis (MCDA) where a set of criteria
are measured, scaled, weighed and aggregated to form a final score
measuring the relative fulfilment of a series of objectives, is a way
to capture criteria that are not congruous along a uniform scale of
measure as opposed to the monetization of linear programming
models. While MCDA may be incorporated into existing energy
simulation models, it is more often included in dedicated models
[7] or applied outside energy systems simulations models [3]. A
review of the literature in the field does not reveal other articles
than [3] where hourly simulations of high-RES energy systems
are evaluated with MCDA.

Multi-objective (MO) analyses where different objectives are
incorporated are less typical in energy planning and as opposed
to linear optimisation models, these models require more novel
heuristics for finding solutions such as evolutionary algorithms
where a population of potential solutions are left to mate and form
offspring that are evaluated according to any criteria applicable.
MO analyses are seldom combined with high temporal resolution
models for simulation and design of high-RES energy systems.
One exception is the work by Mahbub et al. [8], which combines
a genetic algorithm with the energy systems simulation model
EnergyPLAN [9] to create and evaluate scenarios according to sev-
eral criteria.

A partial equilibrium investment optimisation model like TIMES
MARKAL has also been applied together with EnergyPLAN to model
Portugal towards 2050 [10], thereby providing performance simu-
lations of externally generated scenarios.

Apart from these last examples, in which scenario design is
automated, there are also cases of what might be denoted “manual
heuristics”, where energy scenarios are simulated, assessed and
adapted in an iterative process with the purpose of designing
energy systems with certain characteristics.

Models with few outputs or investment optimising models that
optimise according to a single economic criterion are not the target
for this article’s assessment of the application of criteria and per-
formance indicators.

For the purpose of evaluating high-RES energy systems, a high
temporal resolution is required. Connolly et al. has performed a
survey of computer tools for energy system analysis [11] and cat-
egorises the models into a number of segments. 19 models are
indicated as simulation models, and of these, ten are indicated as
national or regional time-step simulation models with time steps
of one hour or less. Of these, only TRNSYS16, HOMER, and
EnergyPLAN are listed as having many or very many users. The
models STREAM and H2RES are also indicated as national or regio-
nal time-step simulation models with time steps of one hour or
less, but the use of these are not monitored by their developers.
Searching Sciencedirect for an indication of the model usage,
TRNSYS16 gives 30 articles, EnergyPLAN 204 articles, and H2RES
68 articles as of May 6th 2015. The model names HOMER and
STREAM are ill-chosen for such searches, but searching for the
model developer NREL and HOMER gives 316 articles, and Ea
Energy Analysis and STREAM gives 10 articles. While none of these
search results are checked for contents or relevance, they do give
an indication that EnergyPLAN, H2RES and HOMER have active
user communities across several users.

EnergyPLAN is one of the models applying manual heuristics in
terms of finding optimal energy systems configurations. This has
the implication that any model output or derivate thereof may

be applied as criterion or performance indicator. The model is cap-
able of performing hourly simulations with a time frame of one
year. It does so with the entire energy system and includes syn-
ergies arising from sector integration by including:

(a) all demands (heating and cooling demands, flexible and
inflexible electricity demands, transportation demands in
the form of fossil fuel demands, electricity demands, and
synthetic fuel demands)

(b) RES-based power units (on and off-shore wind power, wave
power, photo voltaics (PV), run-of-river hydro, hydro power
with reservoirs, geothermal power)

(c) RES-based district heating units (geo-thermal)

(d) Energy conversion technologies (individual and district
heating-connected fuel boilers, electric boilers, heat pumps,
solar collectors, and CHP units. Condensing mode power
plants. Electrolysers and synthetic fuel producers)

(e) Energy storage technologies (individual and district heating
connected heat storage. Electric storage. Vehicle-to-Grid
(V2G). Compressed Air Energy Storage (CAES), hydrogen
and other fuel storages).

While being able to model high-RES systems and simulate e.g.
strategies for optimal use of otherwise curtailed RES-based power
production in heating, hydrogen or CAES, it does so with a limited
resolution in terms of production, conversion and demand units
where all categories of technologies are aggregated into one repre-
sentative unit.

Due to many different model outputs, the manual heuristics,
the active energy systems modelling community and the author’s
close knowledge of the model, EnergyPLAN is selected as case for
the review of optimisation criteria and performance indicators in
this article.

3. Scope and structure

The primary objective of this article is twofold; to assess the
application of the EnergyPLAN model in peer-reviewed journal
articles and to determine current use of optimisation criteria and
advanced performance indicators in peer-reviewed journal articles
applying the EnergyPLAN model. The secondary objective is to sug-
gest further advanced performance criteria for energy systems
analyses.

Section 4 presents the methodology applied in the review pro-
cedure, and Section 5 the results of the review of current practise
within energy systems simulation using the EnergyPLAN model.
Section 6 presents main findings from a selection of the
EnergyPLAN analyses reviewed. Section 7 reviews already applied
advanced performance indicators as well as suggests additional
performance indicators, and finally Section 8 concludes the article.

4. Methodology

In order to identify articles applying the model EnergyPLAN,
full-text searches of articles are required. Thus, publishing
portals with this facility are required. Five portals are used in this
survey:

Sciencedirect with approximately 2500 journals

Taylor and Francis Online with 2022 journals

Hindawi Publishing Corporation with 434 journals
Springer Link with 5.2 million articles

Open Access Journals at Aalborg University with 11 jour-
nals (of which the developers behind EnergyPLAN are
involved in one journal)
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All articles with the search term EnergyPLAN are subsequently
sorted according to contents into five different categories:

1. Irrelevant articles. Articles where the search term is present
for other reasons such as the presence of links to an energy
plan for British Columbia (www.energyplan.gov.bc.ca), the
company Energyplan.com, an energy plan for New York
(energyplan.ny.gov), energy plans for Halifax as well as
for New Foundland and Labrador. The category also
includes certain articles without full-text access but which
are all published 1971-2000 and thus without relevance in
the context of the EnergyPLAN model which has only been
developed since 1999 [12]. The first article applying the
EnergyPLAN model [13] was published in 2000, however
at this point the model name was not even applied.

2. Duplicates. This refers to the journal Fuels and Abstracts
that contain duplicates of relevant EnergyPLAN abstracts.
The original articles are included in the assessment where
relevant

3. Articles that refer to analyses based on EnergyPLAN

4, Articles that refer to EnergyPLAN as an example of a model,
compares modelling characteristics or contemplates apply-
ing EnergyPLAN

5. Articles where EnergyPLAN is applied for analyses

Categories 3 and 4 are not necessarily easily distinguishable in
as much as references to EnergyPLAN model characteristics may
encompass references to modelling results and references to mod-
elling results may encompass references to model characteristics.
In the characterisation of the different articles, it has been assessed
whether the primary objective is to present results within a speci-
fic area or whether the primary objective is to characterise one or
more energy models.

Focus of the survey is on the last category where modelling and
result sections have been inspected for use of criteria or perfor-
mance indicators. A number of articles such as [14-16] validate
scenarios or the combination of model and scenario through com-
parison between known and modelled parameters - but this is not
considered optimisation criteria.

For the characterisation of the scope of EnergyPLAN articles, the
scope of individual articles may span across more of the defined
potential scopes listed in Section 5. The decision has been made
according to what the authors have stressed most prominently in
abstract, keywords or ultimately the title of the article.

5. Application, references and characterisation of EnergyPLAN

The EnergyPLAN model has been applied in 95 different peer
reviewed journal articles, additionally, results have been referred

Table 1
Occurrence of the term energyplan in journal articles between 1971 and 2015 in the
databases mentioned in Section 3 as of May 26th 2015.

Category Result of article survey

Irrelevant 7 Publications prior to 2002: [17-23]
14 Publications containing energyplan in URL:
[24-37]

Duplicates 19 Publications (not referenced for space
reasons)

References to analyses
References to model
characteristics etc.

45 Publications [4,38-77,76,78-81]
40 Publications

[82-120,121]

95Publications 2003-2010 [2,3,11,122-151]
2011-2013 [10,152-184]

2014-2015 [14-16,185-202,203-209]

Application of EnergyPLAN

in 45 other articles and the model has been characterised in 40
articles as of May 26th 2015 - see Table 1.

Their publication over time is shown in Fig. 1 demonstrating an
increasing tendency though with some changes particularly in
2012-2013 as well as in 2004. Upon closer inspection, two of the
articles with publication year stated as 2003 were in fact submit-
ted and published in 2004, however the journal back-dated the rel-
evant issue.

The EnergyPLAN model has mainly been applied on country or
state level, with 76 articles presenting analyses at this level — See
Fig. 2. 43 articles present analyses of Denmark or Western
Denmark, while four articles present analyses on Ireland
[11,170,183,185] and three Portugal [10,14,200]. Macedonia
[173,176], Jordan [190,195], Jiangsu [152,180], Italy [166,169],

20
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16 /
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. IN__]

10 /
/

Occurances [Articles]

0 T T T T T T T T T T T
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

EnergyPLAN results referred

e EnergyPLAN characterised

EnergyPLAN Applied

Fig. 1. Evolution of the application and reference to EnergyPLAN in peer-reviewed
journal articles from 2003 until 2014. Inconclusive data for 2015 are not shown.
Updated with data up until May 26th 2015 to account for possible back-dating.

Fig. 2. Geographic scale of EnergyPLAN analyses 2003-2015 (as of May 26th 2015).
Country or state level includes states and provinces in Canada, China and the United
States. “Above state” include EU27, China, and analyses of several states in the US,
China or global.
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Table 2
Distribution of articles applying the EnergyPLAN model according to general scope as of May 26th 2015.
General scope/topic Articles References
Integration of RES into the energy system 30 [2,3,11,15,135,138,140,144,145,147,148,155,158,164-
166,168,169,174,180,183,184,189,197,198,200] [164,204,206,209]
High-RES scenarios 15 [14,122,132,141,146,152,159,160,167,170,173,176,185,187,192]
General methodological issues within energy systems modelling 7 [10,129,151,171,179,199,208]
and simulation
Low-RES scenarios 6 [16,153,161,186,188,205]
Transport 6 [139,142,143,154,193,210]
District heating 6 [124,128,191,196,202,207]
The role of energy savings and the systems impacts hereof 5 [130,172,175,194,203]
Life-cycle assessment 3 [126,149,177]
Grid stability 3 [134,137,162]
Transmission issues 3 [127,133,136]
Biomass usage 2 [156,178]
Desalination 2 [190,195]
Waste as an energy resource 2 [123,150]
Carbon Capture and Storage (CCS), PV, Market structures, 1 [125,163,181,182,201]

thermoelectric generators, CHP

30

25

20

15 4

10

5 |

o | B -
1 2 3 4 5 6 27

Criteria applied

Occurance [Articles]

Fig. 3. Number of criteria applied per article using the EnergyPLAN model as of May
26th 2015.

Croatia [167,198], Mexico [194,208], Finland [206,209] and Britain
[15,164] have all been the object of analysis for two articles, Serbia
[155], Romania [161], Ontario [196], Norway [197], Inner Mongolia
[154], Hungary [16], Hong Hong [187], South Korea [205], Iran
[199], and Alberta [186] have all been the subject of one article
each as of May 26th 2015.

Somewhat fewer articles - 13 - have addressed local areas -
regions (South-West Region in Ireland [192]) municipalities

(Aalborg [122,158,174] and Frederikshavn [160,175] in Denmark),
islands (Mljet in Croatia [151], Flores in Portugal [171], Corvo in
Portugal [204], Bornholm in Denmark [162]), towns (Corinaldo,
Italy [188]), neighbourhoods (Loviisa, Finland [207]) or even a con-
gregation of buildings [172] while even fewer - six - have
addressed large scale system comprising more countries or states
(10 US states [181], EU27 [191], China [153,165,198,202], 13 elec-
tricity markets in Oceania, North America, and Europe [168]).

The circumstance that the model has been and is under contin-
uous development at a Danish university, shows in the data with
49 articles about energy systems for the entire country down to
municipal level,

While the articles address the energy system of the noted geo-
graphic levels, they do not necessarily do so in a holistic manner.
Some focus on the entire energy system while others only focus
on specific sectors of the energy system. The largest fraction of
the articles address integration of RES into the energy system,
i.e,, focus on what amounts may be integrated using various
means. This applies to 30 articles with focus on how storage (ther-
mal, electric or compressed air), heat pumps, CHP operation, flexi-
ble power plants, optimal ratios of RES capacity, flexible demand,
electric vehicles, integration across sectors may assist the

Table 3

Criteria use in articles applying EnergyPLAN for energy systems analyses as of May 26th 2015.
Criteria References
PES [3,11,15,16,123-125,128,130,132,141,146,150-152,154,157,159-161,163,165-167,170,173,175,178-180,182-192,194,197,198,202] [204,206]
CO2 [3,15,16,123-125,128,134,135,139,143,146,147,150,152-155,159,161,164,165,167,173,175,176,179,180,182,186-188,194-196,198,200,202]

[205,206,209]

Excess [11,15,125,129,131,132,134,135,139-141,143,144,151,154,155,157,160,162,164,165,167,180,181,183,184,187,188,190,195,197,198,200]
Cost [3,11,123,128,135,138,139,142,147,148,150,154,156,158,163,164,167,168,173,176,179,182-184,186,191-193,198,201,202] [203-206,209]
Duration [10,122,144,148,155,160,164,182,189,196,198] [204]
Configuration [3,127,133,136,156,158,174,177,196,199,202]
RES Share [3,152,153,155,159,166,169,192,197] [206]

Mix [126,149,156,171,172,185,188,192,197,201,202]

Import [3,14,167,175,189,197,198] [206]
Export [3,161,167,187,189,197]
COMP [11,154,165,170,173,183,184]
Socioeconomics  [3,146,152,159,178,197]
Condensing [2,3,137,160,189]

Ramping [11,180,183,184]
Employment [128,159,179,211]

Fossil share [152,169,195]

Hourly [199,204,207]

Fiscal [128,179]

Emissions [126,181]

Commercial [146,159]

Transmission [186,189]
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integration of RES or simply how the present energy system config-
uration limits the integration of RES.

15 articles address more holistically the development of
high-RES scenarios, seven articles address general methodological
issues within energy systems modelling and simulation, six articles
present low-RES scenarios as well as district heating, five articles
investigate the role of energy savings and the systems impacts
hereof, three articles treat each of grid stability and transmission
issues. Two articles each of waste as an energy resource, biomass
as an energy resource and desalination, while one article address
each of Carbon Capture and Storage (CCS), PV, Market structures,
CHP, and thermoelectric generators — See Table 2 for references.

This application of the model fits appropriately to the general
purpose of the model which is to “assist the design of national
energy planning strategies on the basis of technical and economic
analyses of the consequences of different national energy systems
and investments” and in terms of RES and CHP “has emphasised
the analysis of different regulation strategies with a focus on the inter-
action between combined heat and power production (CHP) and fluc-
tuating renewable energy sources” to quote the model
documentation [9].

6. Optimisation criteria in EnergyPLAN simulations

The 95 articles applying the EnergyPLAN model employ a vari-
ety of criteria. As the model has several options, the majority
employ a small range of criteria, while others employ a single cri-
terion as shown in Fig. 3. The survey distributed on articles is
shown in Table 3.

e The most frequently applied criterion is primary energy
supply (PES); the sum of fuel usage and fuel equivalents
for non-fuel energy sources as shown in Fig. 4. This is
applied in 46 articles or approximately half of the articles
where EnergyPLAN has been applied. Some articles focus
on specific primary energy sources whilst others address
the sum of the entire range of the given energy system.
See also Mix below.

e Greenhouse effect enhancing carbon dioxide emissions are
assessed in 42 articles

e Excess power generation is assessed in 35 articles. Excess
power generation reveals the ability of a given energy sys-
tem to properly integrate fluctuating power sources by
showing the quantity which cannot be used in the system
with the given configuration. The measure can be in terms
of exportable excess - excess which may be exported from
the given system constrained by interconnection capacity
or critical excess - excess beyond the interconnection
capacity. In the case of the 34 articles, the excess is critical.
Exportable excess is included under the category export.

P.A. @stergaard / Applied Energy 154 (2015) 921-933

e Business economic costs are assessed in 35 articles though
in a variety of different shapes and forms depending on the
particular focus of the authors - e.g., total annual costs, net
present values, fuel costs, O&M costs

e Duration of various units either graphically as duration
curves or quantitatively as operating hours of various units
are investigated in 12 articles. This category also includes
capacity factor - i.e., the ratio between actual production
and production at full nominal load throughout the year.

e The general system configuration is the main output of 12
articles. This is not so much a criterion as an output; typi-
cally used for further analyses of more specific topics in
designated models

e The RES share is assessed in 11 articles

e The production mix across all primary energy sources is
assessed in 11 articles

e Export and/or import of electricity is assessed in eight arti-
cles (see also excess power generation above)

e Seven articles use the COMP factor (see Section 7 for details
on the COMP factor)

e Socioeconomic costs are assessed in six articles

e Condensing mode power generation - the power genera-
tion mode with the highest electric yet poorest total effi-
ciency - is assessed in six articles

e Ramping - the changes from hour to hour in the dispatch of
dispatchable units is assessed in four articles. This underli-
nes the versatility of a model such as EnergyPLAN, since
ramping is not one of the outputs but with all hourly pro-
duction, consumption and storage data being available for
the modeller, such analyses may easily be performed.

o Employment effects of given energy scenarios are assessed
in four articles.

o The fossil share is assessed in three articles

e Three articles look into hourly results

o Fiscal effects - effects on public finances - are assessed in
two articles

o Emissions are assessed in two articles. The emissions are
additional to the CO, emissions calculated endogenously
in the model and include other pollutants

e Commercial effects in the form of technology export oppor-
tunities are assessed or rather estimated in two articles

e The required transmission system to operate a given
energy system is assessed on two articles. This is related
to import/export addressed previously.

Finally there are a few criteria which are only applied once. This
includes e.g., the amount of fresh water that might be saved for
irrigation if hydro power is substituted by other RES production,
income of different electricity producers under different market
constructs, CHP share, foreign dependency and land use. A number
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Fig. 4. Application of different criteria in articles applying the EnergyPLAN model as of May 26th 2015.
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of advanced performance indicators applied in EnergyPLAN analy-
ses or applicable for EnergyPLAN analyses are addressed in
Section 8 while Section 7 gives an overview of some indicative
results from EnergyPLAN simulations.

7. Findings from EnergyPLAN simulations

Using manual heuristics, EnergyPLAN optimises the hourly
operation of a user-defined energy system over the course of one
year, thus it will not endogenously determine optimal systems con-
figuration. The work performed in EnergyPLAN can be characterised
as a bottom-up approach, and as Wilson & Swisher [212] pointed
out in 1993, “The top-down analyses support politicians who have
taken a wait and see stance in the greenhouse debate. Bottom-up anal-
yses support politicians who have taken a do something now stance
toward stabilizing, and eventually reducing, greenhouse gas emis-
sions.” While hybrid modelling combining bottom up-and
top-down approaches has emerged since then, bottom-up models
such as EnergyPLAN are also widely used, showing favourable eco-
nomic outcomes of transitions to high-RES energy systems. This is
the case for Aalborg Municipality, Denmark [122], where results
showed annual expenses at lower/comparable levels for a 100%
RES and a fossil-based business-as-usual alternative. In another
case, Mathiesen et al. [159] investigated the socio-economic effects
of a similar transition for Denmark at large, revealing that “imple-
menting energy savings, renewable energy and more efficient conver-
sion technologies can have positive socio-economic effects, create
employment and potentially lead to large earnings on exports. If exter-
nalities such as health effects are included, even more benefits can be
expected.” Cho and Kim [205] employs EnergyPLAN to investigate
the economic feasibility of different ways of attaining a 20% RES
contribution in primary energy supply (PES) for electricity genera-
tion in South Korea, finding wind power being the most feasible
option. Hong et al. [180] and Cerovac et al. [198] use EnergyPLAN
simulations to point towards the importance of flexible power
plants to accommodate the fluctuating nature of RES; in these cases
wind power in Croatia and China. This is in line with the logic of
Lund et al.’s [213] analyses of excess power generation in Denmark.

In a series of three articles on Compressed Air Energy Storage, a
team of researchers concluded “even in energy systems with very high
shares of wind power and CHP, neither the historical nor the expected
future price variations on the spot market alone can justify the invest-
ment in CAES systems” [148], that uncertainty will mean that they
will not operate optimally, and at best earn 80-90% of what would
be attainable with full market foresight [147] and that in terms of
effects on a high-RES Danish energy system, even "with an unlimited
CAES plant capacity, excess power production is not eliminated because
of the high percentage of CHP production” [144]. Likewise, Connolly
etal. concluded regarding pumped hydroelectric storage (PHES) that
“Considering the 40-year lifetime of PHES, even with low investment
costs, a low interest rate, and a suitable electricity market, PHES is a
risky investment without a more predictable profit” [168].

One the other hand, electricity storage may have a role to play
as investigated by Edmunds et al. who conclude that “Increasing the
levels of interconnection and energy storage has significant technical
benefits in the potential future GB systems considered” [15].
Likewise, when taking the step to electric vehicles which supply
storage and possibly Vehicle to Grid (V2G) capability at a negligible
marginal investment costs, Lund and Kempton find that “adding
EVs and V2G to these national energy systems allows integration of
much higher levels of wind electricity without excess electric produc-
tion, and also greatly reduces national CO2 emissions” [143].
Staying with EVs, Nunes et al. find that in a future Portuguese
energy system with substantial PV, charging of electric vehicles
should occur in the day time [200].

Several analyses point towards an important role of heat
humps. Hedegaard et al. go as far as stating “In terms of reducing
fuel consumption of the energy system, the installation of heat pumps
is the most important step” and high-RES plans for Aalborg [122],
Frederikshavn [160], Denmark [159], Croatia [167], Ireland
[170,185] and the European Union [191] all include heat pumps
as important elements in district and/or individual heating.

Fernandes & Ferreira find that “100% renewable requires
strengthening of storage and interconnection capacity” [14] - in line
with Edmunds et al. [15] while other work finds positive effects of
distributed general technologies such as wind power and CHP
[133,136] on transmission requirements and grid losses for less
RES-intensive energy systems.

Ridjan et al. investigated the role of synthetic fuels in in future
100% energy systems, finding that “synthetic fuel pathways reduce
the demand for biomass, while simultaneously increasing the flexibil-
ity of the energy system by enabling a high share of wind energy. The
most interesting finding is that the production costs of synthetic fuels
are comparable with petrol production costs once the associated CO,
emissions are included.” [193]

One last case is flexible electricity demand. Kwon and @ster-
gaard [189] investigated the potential role of flexible electricity
demand for RES integration in Denmark. One the one hand, they
investigated the amount of flexible electricity demand in the
Danish energy system (amounts at different potential time shifts)
and on the other hand, they investigated what amounts it would
require to make an impact.). Using international exchange as an
indicator of how well the system integrates RES, they found that
“the level of flexible demand which can decrease international connec-
tion by half would need to be approximately 13 TW h of flexible
demand within a month. This is more than a quarter of the classic elec-
tricity demand and such long time frame of flexible demand is rarely
found in practice. Flexible demand within the classic demand can thus
not contribute sufficiently if this level of reduction in international
exchanges is required.” Thus, flexible demand within the classic
electric demand is not the answer to integration of fluctuating
RES, which underlines the need for integration between the elec-
tric, heating and transportation sectors.

8. Advanced performance indicators

This section present a review of existing advances performance
indicators from the literature as well as suggest additional.

8.1. Metrics

As mentioned in Section 2, Tarroja at al. [4] have written an arti-
cle on Metrics for evaluating the impacts of intermittent renewable
generation on utility load-balancing, which in terms of scope, resem-
bles the current article. Their metrics take a starting point in the
net load defined as the difference between total load and the
non-dispatchable RES-based power production. Below is a list of
their nine different metrics, where terms are verbatim from the
authors and descriptions are paraphrased.

e Maximum net load value - corresponding to the minimum
required dispatchable power production capacity

e Minimum net load value — minimum production dispatch-
able power production thus indicating the either partial
load or units to be curtailed

e Net load value range - the difference between the two and
thus an indication of the range they are required to operate
within

e Net load capacity factor - the aggregated relative use of the
dispatchable power production units
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e Surplus renewable fraction - the aggregated curtailment of
RES-based power producers relative to potential
production

e Load duration curves - use vs duration of various produc-
tions units

e Daily occurrence of maximum and minimum net load val-
ues — the times of the day with minimum and maximum
net loads

¢ Generator duration counts - frequency of the usage of dif-
ferent types of dispatchable power producers

e Power spectral density - the frequency of variations in net
load

The authors of [4] focus on the electricity system, though noth-
ing prevents the metrics from being applied to other sectors of the
energy system. All is based on the net load, which is treated as an
exogenous signal to act on and the metrics focus on the resulting
requirements of dispatchable power producers.

8.2. Mismatch compensation factor

Lund et al. [172] developed the term Mismatch compensation
factor fymc in relation to zero energy buildings, defined as

_ CCost Balance
fMMC - C77
Energy Balance

where Cgpergy Balance 1S the installed RES capacity balancing aggre-
gated annual imports to and exports from the system and Ccost
Balance 1S the installed RES capacity where import costs and export
income balance.

The mismatch factor is intended for small systems where it
determines how well energy balance translates into economic bal-
ance of such energy systems.

8.3. Emissions reduction effectiveness

Ouelette et al. [186] defined the term emissions reduction effec-
tiveness in an assessment of cogeneration of heat and power (CHP)
in the exploitation of oil sands in Canada’s Alberta province. From a
starting point in a business as usual (BAU) scenario, they investi-
gated how effectively changes in CHP capacity translated into
changes in emissions. The Emissions Reduction Effectiveness ¢
was defined as

EBAU - EScenario

&=
‘CHPBAU - CHPScenario‘

With E indicating emissions under BAU conditions as well as in the
scenario under inspection and CHP correspondingly indicating
installed CHP capacity.

8.4. Compromise coefficient - COMP

Connolly defined the term Compromise Coefficient or COMP in
an analysis of the maximum possible wind penetration and associ-
ated energy costs for Ireland [11]. The COMP is defined as the ratio
between the marginal primary energy supply (PES) to the marginal
Critical Electricity Export (CEEP); simulated electricity export
beyond transmission capacity.

APES
ACEEP
The COMP factor has later been applied in other works by

Connolly [165,170,183] as vyell as in the works of Liu et al. [165],
Hedegaard et al. [184] and Cosic¢ et al. [173].

COMP =

8.5. Marginal export

Kwon and @stergaard [156] determined the ratio between mar-
ginal export and marginal changes in biomass-based PES to deter-
mine how changes in available fuel for dispatchable power and
heat production affect electricity export.

AExport
APES

The term is correlated to Connolly’s COMP though in effect the
value is inverse and all exports are included-critical as well as
exportable as opposed to Connolly’s COMP.

8.6. Relocation coefficient

Blarke defined the term relocation efficiency as a measure for
comparing different technologies’ ability to supply system flexibil-
ity [145]. Defined as the “statistical correlation between net electric-
ity exchange between plant and system (e), and the electricity demand
minus intermittent electricity production (d)” [145], the relocation
coefficient reads:

R Yle-od-d)
VS (e-e?yd-d)

This coefficient is clearly based on the sample correlation coef-
ficient or Pearson’s correlation coefficient indicating in this case
the linear dependence between dispatchable power needs and
the flexibility rendered from a given flexible unit. Blarke follows
up by defining the relocation cost effectiveness as the relative
increase in net present value of the system of increasing the relo-
cation coefficient by one percentage point.

In later work, Blarke applied the term intermittency-
friendliness coefficient for the Relocation Coefficient [214-216].

8.7. Biomass system efficiency

In [156], Kwon and @stergaard defined the biomass system
efficiency

_ Output of all plants fueled by biomass — Output from synthetic fuel
N Input bio mass amount — biomass used for transportation

which is basically applied to assess the usefulness of biomass in the
energy system - disregarding the transportation system.

8.8. Intermittent RES use with lowered base-load production

Franco and Salza [169] proposed determining how reduction in
base load production influences the integration of intermittent RES
through the factor AEk, without naming the term. The term is
defined as

(Er)yy — (Ewr)io
(Er)io

where Eg is the production from intermittent renewable energy
sources and subscripts i and j annotate respectively an installed
capacity of renewables of i [MW] and a reduction in base power
of j [MW]. The term thus indicates how much more intermittent
renewable energy production that might be integrated with varying
amounts of capacity and with varying amounts of base power pro-
duction. If base power plants are given a high production a priori,
then there is little room for intermittent renewable energy produc-
tion and vice versa.

(AER); =
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8.9. Thermal plant PES reduction with lowered base-load production

Similarly, Franco and Salza [169] proposed the term AErp for the
reduction in PES caused by lowering base load production defined
as

(AEw); = (Erp)ij — (Erp)io

where Erp is the PES of conventional thermal plants production and
subscripts i and j annotate respectively an installed capacity of
renewables of i [MW] and a reduction in base power of j [MW].
The term indicates how much PES may be saved at a given installed
RES capacity with a reduced base-load-requirement compared to a
situation with the same given RES capacity but with a defined stan-
dard base load production. In EnergyPLAN modelling terms, this
corresponds to the fuel savings of thermal power plants by decreas-
ing the grid stability requirements if the defined standard base-load
is expressed in relative terms or by decreasing the minimum pro-
duction on the central CHP if the defined standard base-load is
expressed in absolute terms.

8.10. Synergy from the inclusion of electric vehicles

As Franco and Salza [169] and others point out, introducing
electric vehicles has an immediate effect on PES due to a higher
efficiency of the propulsion system. In addition, there may be sec-
ondary effects on the energy system as charging patterns affect the
operation of the energy system, and optimal charging patterns may
results in additional savings. Thus, Franco & Salza calculate the PES
reduction additional to the immediate reduction due to improved
efficiency of electric vehicles over vehicles with internal combus-
tion engines.

AEEV = AEEV‘Total - AEEV‘Vehicles

where AEgy is the additional saving caused by electric vehicles (EV),
AEgy, Total IS the entire energy systems PES savings and), AEgy, vehicles
is the PES saving based on kilometres driven and efficiencies of the
traction system - internal combustion engine on the one hand and
electric traction system including power production and transmis-
sion on the other hand.

8.11. Flexibility factor or system flexibility

Nunes et al. [200] apply the Flexibility factor or System
Flexibility in their EnergyPLAN simulations of Portugal. This factor
is defined by Denholm and Margolis [217] as “the fraction of peak
load below which conventional generators can cycle”. When taken
as a simulation output rather than input, it is thus empirically
found by the lowest hourly value over the year divided by the max-
imum hourly value.

8.12. Marginal primary energy supply

The marginal PES indicates how the marginal PES of the system
is affected by a marginal change in PES from RES, i.e.,:

APES
APES, RES

Thus, if the marginal PES factor is less than one, it indicates that
at the given penetration of RES, the system cannot fully integrate
the marginal RES production. This factor is primarily useful for
energy systems modelled in island mode as PES otherwise ought
to be adjusted for import and export.

This term is relevant for comparisons between different RES
where the factors may be determined for the marginal effect on
the PES from the range of RES included in the system.

Marginal PES =

The factor should be determined for un-curtailed RES produc-
tion as curtailment is one of the means for the energy system to
handle integration of fluctuating RES - and thus one of the factors
that the indicator should capture.

8.13. Curtailment fraction

The curtailment fraction indicates the percentage of production
that is lost from a given RES-based production technology as a con-
sequence of the system not being able to handle excess produc-
tions calculated over a given period of time

Curtailment fraction
Curtailed RES production
~ Potential RES production
__ Potential RES production — Realised RES production
B Potential RES production

The curtailment fraction may also be calculated as the marginal
curtailment fraction which emphasises the marginal effect of add-
ing additional RES by determining the marginal curtailment of the
additional capacity which will be larger than the overall curtail-
ment fraction.

Alternatively, a System Integration Efficiency may be calculated
as 1-Curtailment fraction where 1 (or 100%) thus indicates that all
RES-based production from a given technology may be integrated.

8.14. Marginal economic efficiency

The marginal economic efficiency is defined as the ratio
between marginal total system costs and marginal RES costs - each
measured in marginal annual annualized costs for investments,
operation and maintenance and fuels.

ATotal System Costs
ARES Costs

The term reflects how well additional RES expenditures trans-
late into total system costs. If the ratio exceeds unity, it may e.g.,
indicate that additional integration cost will be incurred. This
may be in the form of additional storage capacity, heat pump
capacity or electrolysis capacity to accommodate the extra RES
production assuming the energy system is operated in island mode
and there is no curtailment.

Marginal Economic Efficiency =

9. Conclusion

This article has reviewed the use of the EnergyPLAN model,
characterised its application and investigated which general crite-
ria or optimisation criteria are applied in energy systems analyses,
energy systems simulations and energy system scenario design.
EnergyPLAN has been applied in 95 analyses, has been considered
for application and/or has been characterised in 40 articles, mod-
elling results have been referenced in 45 articles — not including
articles where it has not been stressed that the referred analyses
were performed using EnergyPLAN.

The survey furthermore revealed that most analyses are per-
formed on a country or state level, that the main focus is on the
development of high-RES scenarios or on the simulation of the
integration of high levels of RES into the energy system, while
fewer articles focus on modelling methodology or the inclusion
of other technologies into the energy system.

In terms of performance indicators, most analyses apply more
than one indicator with PES being dominant closely followed by
CO, emissions, Excess power and costs. PES, CO, and costs are in
line with official goals of countries seeking to minimise impacts
on the climate.
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Of indicators probing more into the technical workings and fea-
sibility of a given energy system or a given energy scenario, excess
power is by far the most dominant indicator with duration of given
units, import, export, Compromise Coefficient (COMP), condensing
mode power generation and ramping following. These are indica-
tive of the types of production technologies being applied in
climate-friendly energy systems; non-dispatchable production
which potentially lead to power balancing problems and thus
excess, import, export of condensing mode power generation.

Lastly, a series of advanced performance indicators are
reviewed. These are typically ratios between optimisation criteria
or ratios between marginal changes in optimisation criteria.

Acknowledgements

The work presented here has been supported by 4DH - an inter-
national research center that develops 4th generation DH tech-
nologies and systems (www.4dh.dk) with the support of the
Danish Council for Strategic Research, Grant number 11-116797.

References

[1] Chittum A, @stergaard PA. How Danish communal heat planning empowers
municipalities and benefits individual consumers. Energy Policy
2014;74:465-74.

[2] @stergaard PA. Geographic aggregation and wind power output variance in
Denmark. Energy 2008;33:1453-60.

[3] Dstergaard PA. Reviewing optimisation criteria for energy systems analyses of
renewable energy integration. Energy 2009;34:1236-45.

[4] Tarroja B, Mueller F, Eichman ]D, Samuelsen S. Metrics for evaluating the
impacts of intermittent renewable generation on utility load-balancing.
Energy 2012;42:546-62.

[5] Lund H, Andersen AN, @stergaard PA, Mathiesen BV, Connolly D. From
electricity smart grids to smart energy systems - a market operation based
approach and understanding. Energy 2012;42:96-102.

[6] Scott JA, Ho W, Dey PK. A review of multi-criteria decision-making methods
for bioenergy systems. Energy 2012;42:146-56.

[7] Alsayed M, Cacciato M, Scarcella G, Scelba G. Design of hybrid power
generation systems based on multi criteria decision analysis. Sol Energy
2014;105:548-60.

[8] Mahbub S, Cozzini M, @stergaard PA. Combining multi-objective evolutionary
algorithms and descriptive analytical modelling in energy system design.
Appl Energy (Pending).

[9] Lund H. EnergyPLAN - Advanced Energy Systems Analysis Computer Model.
Documentation Version 11.4. 2014.

[10] Pina A, Silva CA, Ferrdo P. High-resolution modeling framework for planning
electricity systems with high penetration of renewables. Appl Energy
2013;112:215-23.

[11] Connolly D, Lund H, Mathiesen BV, Leahy M. Modelling the existing Irish
energy-system to identify future energy costs and the maximum wind
penetration feasible. Energy 2010;35:2164-73.

[12] Lund H, Miinster E, Tambjerg L. EnergyPLAN, Computer Model for Energy
System Analysis, version 6.0.: Division of Technology, Environment and
Society, Department of Development and Planning, Aalborg University.
http://www.plan.auc.dk/tms/publikationer/workingpaper.php, 2004.

[13] Lund H, @stergaard PA. Electric grid and heat planning scenarios with
centralised and distributed sources of conventional, CHP Wind generation.
Energy 2000;25:299-312.

[14] Fernandes L, Ferreira P. Renewable energy scenarios in the Portuguese
electricity system. Energy 2014;69:51-7.

[15] Edmunds RK, Cockerill TT, Foxon TJ, Ingham DB, Pourkashanian M. Technical
benefits of energy storage and electricity interconnections in future British
power systems. Energy 2014;70:577-87.

[16] Safian F. Modelling the Hungarian energy system - the first step towards
sustainable energy planning. Energy 2014;69:58-66.

[17] Calkins WC. Towards a continental energy plan? A vital issue in canadian-
united states Relations. Am Rev Can Stud 1971;1:17-35.

[18] Recent publications. Survival 1977;19:287-8.

[19] Ginosar M. A Proposed Large-Scale Wind Energy Program for California.
Energy Sources 1980;5:141-69.

[20] Dowall DE. US land use and energy policy — assessing potential conflicts.
Energy policy 1980;8:50-60.

[21] Srinivasan S. Fuel cells for electric utility and transportation applications. ]
Electroanal Chem Interfacial Electrochem 1981;118:51-69.

[22] Crompton DM. Rational use of energy in the cardiff bay urban regeneration.
Appl Energy 1992;43:193-200.

[23] Leander A. ‘Robin Hood’ politics? Turkey missing the chance to adopt a new
model in the 1990s. Rev Int Polit Econ 1996;3:132-63.

[24] Franco A, Russo A. Combined cycle plant efficiency increase based on the
optimization of the heat recovery steam generator operating parameters. Int J
Therm Sci 2002;41:843-59.

[25] Casarosa C, Donatini F, Franco A. Thermoeconomic optimization of heat
recovery steam generators operating parameters for combined plants. Energy
2004;29:389-414.

[26] St. Denis G, Parker P. Community energy planning in Canada: the role of
renewable energy. Renew Sustain Energy Rev 2009;13:2088-95.

[27] San Martin JI, Zamora I, San Martin JJ, Aperribay V, Eguia P. Hybrid fuel cells
technologies for electrical microgrids. Electr Power Syst Res
2010;80:993-1005.

[28] Burch S. Transforming barriers into enablers of action on climate change:
Insights from three municipal case studies in British Columbia, Canada.
Global Environ Change 2010;20:287-97.

[29] Blumsack S, Xu ]. Spatial variation of emissions impacts due to renewable
energy siting decisions in the Western U.S. under high-renewable penetration
scenarios. Energy Policy 2011;39:6962-71.

[30] Hughes L, Chaudhry N. The challenge of meeting Canada’s greenhouse gas
reduction targets. Energy Policy 2011;39:1352-62.

[31] Stephenson E, Doukas A, Shaw K. Greenwashing gas: Might a ‘transition fuel’
label legitimize carbon-intensive natural gas development? Energy Policy
2012;46:452-9.

[32] Villeneuve ], Palacios JH, Savoie P, Godbout S. A critical review of emission
standards and regulations regarding biomass combustion in small scale units
(<3 MW). Bioresour Technol 2012;111:1-11.

[33] Scorah H, Sopinka A, van Kooten GC. The economics of storage, transmission
and drought: integrating variable wind power into spatially separated
electricity grids. Energy Econ 2012;34:536-41.

[34] Corscadden KW, Biggs ], Thomson A. An integrated on-farm production
system: agricultural briquettes for residential heating in Nova Scotia, Canada.
Renew Sustain Energy Rev 2014;39:394-402.

[35] Jaglom WS, McFarland JR, Colley MF, Mack CB, Venkatesh B, Miller RL, et al.
Assessment of projected temperature impacts from climate change on the
U.S. electric power sector using the Integrated Planning Model®. Energy
Policy 2014;73:524-39.

[36] Després ], Hadjsaid N, Criqui P, Noirot I. Modelling the impacts of variable
renewable sources on the power sector: reconsidering the typology of energy
modelling tools. Energy 2015;80:486-95.

[37] Bridges A, Felder FA, McKelvey K, Niyogi I. Uncertainty in energy planning:
estimating the health impacts of air pollution from fossil fuel electricity
generation. Energy Res Soc Sci 2015;6:74-7.

[38] Flores JR, Montagna JM, Vecchietti A. An optimization approach for long term
investments planning in energy. Appl Energy 2014;122:162-78.

[39] Petrovic SN, Karlsson KB. Danish heat atlas as a support tool for energy
system models. Energy Convers Manage 2014;87:1063-76.

[40] Mwasilu F, Justo JJ, Kim E, Do TD, Jung ]. Electric vehicles and smart grid
interaction: a review on vehicle to grid and renewable energy sources
integration. Renew Sustain Energy Rev 2014;34:501-16.

[41] Farnoosh A, Lantz F, Percebois J. Electricity generation analyses in an oil-
exporting country: transition to non-fossil fuel based power units in Saudi
Arabia. Energy 2014;69:299-308.

[42] Soares I, Ferreira P, Lund H. Energy & environment: bringing together
economics and engineering. Energy 2014;69:1-2.

[43] Cochran ], Mai T, Bazilian M. Meta-analysis of high penetration renewable
energy scenarios. Renew Sustain Energy Rev 2014;29:246-53.

[44] Fehrenbach D, Merkel E, McKenna R, Karl U, Fichtner W. On the economic
potential for electric load management in the German residential heating
sector - an optimising energy system model approach. Energy
2014;71:263-76.

[45] Stadler M, Groissbock M, Cardoso G, Marnay C. Optimizing Distributed
Energy Resources and building retrofits with the strategic DER-CAModel.
Appl Energy 2014;132:557-67.

[46] Zabojnik ], Dvorak M. Power grid simulation model for long term operation
planning. Appl Therm Eng 2014;70:1294-305.

[47] Dui¢ N, Rosen MA. Sustainable development of energy systems. Energy
Convers Manage 2014;87:1057-62.

[48] Centeno Brito M, Lobato K, Nunes P, Serra F. Sustainable energy systems in an
imaginary island. Renew Sustain Energy Rev 2014;37:229-42.

[49] Lise W, Kruseman G. Long-term price and environmental effects in a
liberalised electricity market. Energy Econ 2008;30:230-48.

[50] Goéransson L, Johnsson F. Dispatch modeling of a regional power generation
system - Integrating wind power. Renewable Energy 2009;34:1040-9.

[51] Beaudin M, Zareipour H, Schellenberglabe A, Rosehart W. Energy storage for
mitigating the variability of renewable electricity sources: an updated
review. Energy Sustain Dev 2010;14:302-14.

[52] Meibom P, Karlsson K. Role of hydrogen in future North European power
system in 2060. Int ] Hydrogen Energy 2010;35:1853-63.

[53] Hodge BS, Huang S, Shukla A, Pekny JF, Reklaitis GV. The effects of vehicle-to-
grid systems on wind power integration in California. Comput Aided Chem
Eng 2010;28:1039-44.

[54] Ludig S, Haller M, Schmid E, Bauer N. Fluctuating renewables in a long-term
climate change mitigation strategy. Energy 2011;36:6674-85.

[55] Krajacic G, Duic N. Carvalho MdG. How to achieve a 100% RES electricity
supply for Portugal? Appl Energy 2011;88:508-17.

[56] Ekman CK. On the synergy between large electric vehicle fleet and high wind
penetration - an analysis of the Danish case. Renew Energy 2011;36:546-53.


http://www.4dh.dk
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0005
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0005
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0005
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0010
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0010
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0015
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0015
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0020
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0020
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0020
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0025
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0025
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0025
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0030
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0030
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0035
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0035
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0035
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0050
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0050
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0050
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0055
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0055
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0055
http://www.plan.auc.dk/tms/publikationer/workingpaper.php
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0065
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0065
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0065
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0070
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0070
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0075
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0075
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0075
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0080
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0080
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0085
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0085
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0095
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0095
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0100
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0100
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0105
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0105
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0110
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0110
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0115
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0115
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0120
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0120
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0120
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0125
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0125
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0125
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0130
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0130
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0135
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0135
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0135
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0140
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0140
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0140
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0145
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0145
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0145
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0150
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0150
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0155
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0155
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0155
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0160
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0160
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0160
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0160
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0165
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0165
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0165
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0170
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0170
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0170
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0175
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0175
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0175
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0175
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0175
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0180
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0180
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0180
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0185
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0185
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0185
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0190
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0190
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0195
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0195
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0200
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0200
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0200
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0205
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0205
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0205
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0210
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0210
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0215
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0215
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0220
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0220
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0220
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0220
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0225
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0225
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0225
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0230
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0230
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0235
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0235
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0240
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0240
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0245
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0245
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0250
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0250
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0255
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0255
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0255
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0260
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0260
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0265
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0265
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0265
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0270
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0270
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0275
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0275
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0280
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0280

P.A. Ostergaard / Applied Energy 154 (2015) 921-933 931

[57] Miinster M, Meibom P. Optimization of use of waste in the future energy
system. Energy 2011;36:1612-22.

[58] Shaahid SM. Review of research on autonomous wind farms and solar parks
and their feasibility for commercial loads in hot regions. Renew Sustain
Energy Rev 2011;15:3877-87.

[59] Karakoulidis K, Mavridis K, Bandekas DV, Adoniadis P, Potolias C, Vordos N.
Techno-economic analysis of a stand-alone hybrid photovoltaic-diesel-
battery-fuel cell power system. Renewable Energy 2011;36:2238-44.

[60] Lund H, @stergaard PA, Stadler I. Towards 100% renewable energy systems.
Appl Energy 2011;88:419-21.

[61] Carballo R, Iglesias G. A methodology to determine the power performance of
wave energy converters at a particular coastal location. Energy Convers
Manage 2012;61:8-18.

[62] Yu D, Tan H, Ruan Y. An improved two-step floating catchment area method
for supporting district building energy planning: a case study of Yongding
County city, China. Appl Energy 2012;95:156-63.

[63] Kwon PS, @stergaard PA. Comparison of future energy scenarios for Denmark:
IDA 2050, CEESA (Coherent Energy and Environmental System Analysis), and
Climate Commission 2050. Energy 2012;46:275-82.

[64] KlemeS ]J, Varbanov PS. Heat integration including heat exchangers,
combined heat and power, heat pumps, separation processes and process
control. Appl Therm Eng 2012;43:1-6.

[65] Comodi G, Cioccolanti L, Polonara F, Brandoni C. Local authorities in the
context of energy and climate policy. Energy Policy 2012;51:737-48.

[66] Reddi KR, Li W, Wang B, Moon Y. System dynamics modelling of hybrid
renewable energy systems and combined heating and power generator. Int |
Sustain Eng 2013;6:31-47.

[67] Li X, Hubacek K, Siu YL. Wind power in China - Dream or reality? Energy
2012;37:51-60.

[68] Alagoz BB, Kaygusuz A, Akcin M, Alagoz S. A closed-loop energy price
controlling method for real-time energy balancing in a smart grid energy
market. Energy 2013;59:95-104.

[69] Yilmaz S, Selim H. A review on the methods for biomass to energy conversion
systems design. Renew Sustain Energy Rev 2013;25:420-30.

[70] Caballero F, Sauma E, Yanine F. Business optimal design of a grid-connected
hybrid PV (photovoltaic)-wind energy system without energy storage for an
Easter Island’s block. Energy 2013;61:248-61.

[71] Venkatesh G, Elmi RA. Economic-environmental analysis of handling biogas
from sewage sludge digesters in WWTPs (wastewater treatment plants) for
energy recovery: case study of Bekkelaget WWTP in Oslo (Norway). Energy
2013;58:220-35.

[72] Kiani B, Rowe A, Wild P, Pitt L, Sopinka A, Pedersen TF. Optimal electricity
system planning in a large hydro jurisdiction: Will British Columbia soon
become a major importer of electricity? Energy Policy 2013;54:311-9.

[73] Yucekaya A. The operational economics of compressed air energy storage
systems under uncertainty. Renew Sustain Energy Rev 2013;22:298-305.

[74] Andresen GB, Rodriguez RA, Becker S, Greiner M. The potential for arbitrage of
wind and solar surplus power in Denmark. Energy 2014.

[75] Suomalainen K, Silva C, Ferrdo P, Connors S. Wind power design in isolated
energy systems: Impacts of daily wind patterns. Appl Energy 2013;101:
533-40.

[76] @stergaard PA, Duic N. Sustainable energy, water and environmental systems.
Int J Sustain Energy Plan Manage 2014:3.

[77] Omri E, Chtourou N, Bazin D. Solar thermal energy for sustainable
development in Tunisia: the case of the PROSOL project. Renew Sustain
Energy Rev 2015;41:1312-23.

[78] @stergaard PA. Editorial - International Journal of Sustainable Energy
Planning and Management Vol 4. Int ] Sustain Energy Plan Manage
2014;4:1-2.

[79] Killinger S, Mainzer K, McKenna R, Kreifels N, Fichtner W. A regional
optimisation of renewable energy supply from wind and photovoltaics
with respect to three key energy-political objectives. Energy 2015;84:
563-74.

[80] Kilkis S. Exergy transition planning for net-zero districts. Energy.

[81] Mathiesen BV, Lund H, Connolly D, Wenzel H, @stergaard PA, Moller B, et al.
Smart Energy Systems for coherent 100% renewable energy and transport
solutions. Appl Energy 2015;145:139-54.

[82] Duic¢ N, Lerer M, Carvalho MG. Increasing the supply of renewable energy
sources in island energy systems. Int ] Sustain Energy 2003;23:177-86.

[83] Duic N, Krajacic G, da Graga Carvalho M. Renewlslands methodology for
sustainable energy and resource planning for islands. Renew Sustain Energy
Rev 2008;12:1032-62.

[84] Segurado R, Pereira S, Pipio A, Alves L. Comparison between EMINENT and
other energy technology assessment tools. ] Clean Production 2009;17:
907-10.

[85] Connolly D, Lund H, Mathiesen BV, Leahy M. A review of computer tools for
analysing the integration of renewable energy into various energy systems.
Appl Energy 2010;87:1059-82.

[86] Lund PD. Exploring past energy changes and their implications for the pace of
penetration of new energy technologies. Energy 2010;35:647-56.

[87] Musango JK, Brent AC. Assessing the sustainability of energy technological
systems in Southern Africa: a review and way forward. Technol Soc
2011;33:145-55.

[88] Segurado R, Krajacic G, Duic N, Alves L. Increasing the penetration of
renewable energy resources in S. Vicente, Cape Verde. Appl Energy
2011;88:466-72.

[89] Pina A, Silva C, Ferrdo P. Modeling hourly electricity dynamics for policy
making in long-term scenarios. Energy Policy 2011;39:4692-702.

[90] Eriksson O, Bisaillon M. Multiple system modelling of waste management.
Waste Manage 2011;31:2620-30.

[91] Manfren M, Caputo P, Costa G. Paradigm shift in urban energy systems
through distributed generation: methods and models. Appl Energy
2011;88:1032-48.

[92] Gémez A, Zubizarreta ], Dopazo C, Fueyo N. Spanish energy roadmap to 2020:
socioeconomic implications of renewable targets. Energy 2011;36:1973-85.

[93] Markovic D, Cvetkovic D, Masic B. Survey of software tools for energy
efficiency in a community. Renew Sustain Energy Rev 2011;15:4897-903.

[94] Kannan R. The development and application of a temporal MARKAL energy
system model using flexible time slicing. Appl Energy 2011;88:2261-72.

[95] Welsch M, Howells M, Bazilian M, DeCarolis JF, Hermann S, Rogner HH.
Modelling elements of Smart Grids — Enhancing the 0SeMOSYS (Open Source
Energy Modelling System) code. Energy 2012;46:337-50.

[96] Rezvan AT, Gharneh NS, Gharehpetian GB. Robust optimization of distributed
generation investment in buildings. Energy 2012;48:455-63.

[97] Eichman ]JD, Mueller F, Tarroja B, Schell LS, Samuelsen S. Exploration of the
integration of renewable resources into California’s electric system using the
Holistic Grid Resource Integration and Deployment (HiGRID) tool. Energy
2013;50:353-63.

[98] Perkovic L, Silva P, Ban M, Kranjcevi¢ N, Dui¢ N. Harvesting high altitude wind
energy for power production: the concept based on Magnus’ effect. Appl
Energy 2013;101:151-60.

[99] Rubio Rodriguez MA, Feité Cespén M, De Ruyck ], Ocafia Guevara VS, Verma
VK. Life cycle modeling of energy matrix scenarios, Belgian power and partial
heat mixes as case study. Appl Energy 2013;107:329-37.

[100] Andersen FM, Larsen HV, Boomsma TK. Long-term forecasting of hourly
electricity load: Identification of consumption profiles and segmentation of
customers. Energy Convers Manage 2013;68:244-52.

[101] Sonar D, Soni SL, Sharma D. Micro-trigeneration for energy sustainability:
Technologies, tools and trends. Appl Therm Eng.

[102] Suberu MY, Mustafa MW, Bashir N, Muhamad NA, Mokhtar AS. Power sector
renewable energy integration for expanding access to electricity in sub-
Saharan Africa. Renew Sustain Energy Rev 2013;25:630-42.

[103] Goodbody C, Walsh E, McDonnell KP, Owende P. Regional integration of
renewable energy systems in Ireland - the role of hybrid energy systems for
small communities. Int J Electr Power Energy Syst 2013;44:713-20.

[104] Barton ], Huang S, Infield D, Leach M, Ogunkunle D, Torriti ], et al. The
evolution of electricity demand and the role for demand side participation, in
buildings and transport. Energy Policy 2013;52:85-102.

[105] Henning H, Palzer A. A comprehensive model for the German electricity and
heat sector in a future energy system with a dominant contribution from
renewable energy technologies—Part I: Methodology. Renew Sustain Energy
Rev 2014;30:1003-18.

[106] Rezaie B, Reddy BV, Rosen MA. An enviro-economic function for assessing
energy resources for district energy systems. Energy 2014;70:159-64.

[107] Soshinskaya M, Crijns-Graus WH], van der Meer ], Guerrero JM. Application of
a microgrid with renewables for a water treatment plant. Appl Energy
2014;134:20-34.

[108] Elliston B, MacGill I, Diesendorf M. Comparing least cost scenarios for 100%
renewable electricity with low emission fossil fuel scenarios in the Australian
National Electricity Market. Renewable Energy 2014;66:196-204.

[109] Oshiro K, Masui T. Diffusion of low emission vehicles and their impact on CO2
emission reduction in Japan. Energy Policy.

[110] Amorim F, Pina A, Gerbelova H, Pereira da Silva P, Vasconcelos ], Martins V.
Electricity decarbonisation pathways for 2050 in Portugal: A TIMES (The
Integrated MARKAL-EFOM System) based approach in closed versus open
systems modelling. Energy 2014;69:104-12.

[111] Kilkis S. Energy system analysis of a pilot net-zero exergy district. Energy
Convers Manage 2014;87:1077-92.

[112] Mancarella P. MES (multi-energy systems): an overview of concepts and
evaluation models. Energy 2014;65:1-17.

[113] Prasad RD, Bansal RC, Raturi A. Multi-faceted energy planning: a review.
Renew Sustain Energy Rev 2014;38:686-99.

[114] Arigliano A, Caricato P, Grieco A, Guerriero E. Producing, storing, using and
selling renewable energy: the best mix for the small medium industry.
Comput Ind 2014;65:408-18.

[115] Elliott D. Renewable energy systems: a smart energy systems approach to the
choice and modeling of 100% renewable solutions. In: 2nd ed., H. Lund (Ed.).
Elsevier (2014), ISBN: 9780124104235. Energy Research Social Science, vol. 3,
2014. p. 201-3.

[116] Tafarte P, Das S, Eichhorn M, Thrdn D. Small adaptations, big impacts: Options
for an optimized mix of variable renewable energy sources. Energy
2014;72:80-92.

[117] Timmerman ], Vandevelde L, Van Eetvelde G. Towards low carbon business
park energy systems: classification of techno-economic energy models.
Energy 2014;75:68-80.

[118] Saxena A, Varun, El-Sebaii AA. A thermodynamic review of solar air heaters.
Renew Sustain Energy Rev 2015;43:863-90.

[119] Huang Z, Yu H, Peng Z, Zhao M. Methods and tools for community energy
planning: a review. Renew Sustain Energy Rev 2015;42:1335-48.

[120] Said M, EL-Shimy M, Abdelraheem MA. Photovoltaics energy: Improved
modeling and analysis of the levelized cost of energy (LCOE) and grid parity -
Egypt case study. Sustain Energy Technol Assess 2015;9:37-48.


http://refhub.elsevier.com/S0306-2619(15)00719-9/h0285
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0285
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0290
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0290
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0290
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0295
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0295
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0295
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0300
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0300
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0305
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0305
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0305
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0310
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0310
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0310
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0315
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0315
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0315
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0320
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0320
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0320
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0325
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0325
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0330
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0330
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0330
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0335
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0335
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0340
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0340
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0340
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0345
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0345
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0345
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0350
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0350
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0350
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0355
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0355
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0355
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0355
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0360
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0360
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0360
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0365
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0365
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0370
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0370
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0375
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0375
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0375
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0380
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0380
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0385
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0385
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0385
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0390
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0390
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0390
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0395
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0395
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0395
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0395
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0405
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0405
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0405
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0410
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0410
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0415
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0415
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0415
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0420
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0420
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0420
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0425
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0425
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0425
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0430
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0430
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0435
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0435
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0435
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0440
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0440
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0440
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0445
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0445
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0450
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0450
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0455
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0455
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0455
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0460
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0460
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0465
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0465
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0470
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0470
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0475
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0475
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0475
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0480
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0480
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0485
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0485
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0485
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0485
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0490
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0490
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0490
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0495
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0495
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0495
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0500
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0500
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0500
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0510
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0510
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0510
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0515
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0515
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0515
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0520
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0520
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0520
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0525
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0525
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0525
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0525
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0530
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0530
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0535
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0535
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0535
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0540
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0540
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0540
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0550
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0550
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0550
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0550
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0555
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0555
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0555
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0555
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0555
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0560
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0560
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0565
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0565
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0570
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0570
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0570
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0580
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0580
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0580
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0585
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0585
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0585
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0590
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0590
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0595
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0595
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0600
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0600
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0600

932 P.A. @stergaard / Applied Energy 154 (2015) 921-933

[121] Skugor B, Deur J. Dynamic programming-based optimisation of charging an
electric vehicle fleet system represented by an aggregate battery model.
Energy.

[122] @stergaard PA, Mathiesen BV, Moller B, Lund H. A renewable energy scenario
for Aalborg Municipality based on low-temperature geothermal heat, wind
power and biomass. Energy 2010;35:4892-901.

[123] Miinster M, Lund H. Comparing Waste-to-Energy technologies by applying
energy system analysis. Waste Manage 2010;30:1251-63.

[124] Moller B, Lund H. Conversion of individual natural gas to district heating:
Geographical studies of supply costs and consequences for the Danish energy
system. Appl Energy 2010;87:1846-57.

[125] Chen M, Lund H, Rosendahl LA, Condra TJ. Energy efficiency analysis and
impact evaluation of the application of thermoelectric power cycle to today’s
CHP systems. Appl Energy 2010;87:1231-8.

[126] Lund H, Mathiesen B, Christensen P, Schmidt ]. Energy system analysis of
marginal electricity supply in consequential LCA. Int ] Life Cycle Assess
2010;15:260-71.

[127] @stergaard PA. Regulation strategies of cogeneration of heat and power (CHP)
plants and electricity transit in Denmark. Energy 2010;35:2194-202.

[128] Lund H, Maller B, Mathiesen BV, Dyrelund A. The role of district heating in
future renewable energy systems. Energy 2010;35:1381-90.

[129] Lund H. Excess electricity diagrams and the integration of renewable energy.
Int ] Sustain Energy 2003;23:149-56.

[130] @stergaard PA. Heat savings in energy systems with substantial distributed
generation. Int ] Sustain Energy 2003;23:169-76.

[131] Lund H, Minster E. Management of surplus electricity-production from a
fluctuating renewable-energy source. Appl Energy 2003;76:65-74.

[132] Lund H, Munster E. Modelling of energy systems with a high percentage of
CHP and wind power. Renew Energy 2003;28:2179-93.

[133] @stergaard PA. Transmission-grid requirements with scattered and
fluctuating renewable electricity-sources. Appl Energy 2003;76:247-55.

[134] Lund H. Electric grid stability and the design of sustainable energy systems.
Int J Sustain Energy 2005;24:45-54.

[135] Lund H. Large-scale integration of wind power into different energy systems.
Energy 2005;30:2402-12.

[136] @stergaard PA. Modelling grid losses and the geographic distribution of
electricity generation. Renew Energy 2005;30:977-87.

[137] @stergaard PA. Ancillary services and the integration of substantial quantities
of wind power. Appl Energy 2006;83:451-63.

[138] Lund H, Munster E. Integrated energy systems and local energy markets.
Energy Policy 2006;34:1152-60.

[139] Lund H, Miinster E. Integrated transportation and energy sector CO2 emission
control strategies. Transp Policy 2006;13:426-33.

[140] Lund H. Large-scale integration of optimal combinations of PV, wind and
wave power into the electricity supply. Renew Energy 2006;31:503-15.

[141] Lund H. Renewable energy strategies for sustainable development. Energy
2007;32:912-9.

[142] Mathiesen BV, Lund H, Nergaard P. Integrated transport and renewable
energy systems. Utilities Policy 2008;16:107-16.

[143] Lund H, Kempton W. Integration of renewable energy into the transport and
electricity sectors through V2G. Energy Policy 2008;36:3578-87.

[144] Salgi G, Lund H. System behaviour of compressed-air energy-storage in
Denmark with a high penetration of renewable energy sources. Appl Energy
2008;85:182-9.

[145] Blarke MB, Lund H. The effectiveness of storage and relocation options in
renewable energy systems. Renewable Energy 2008;33:1499-507.

[146] Lund H, Mathiesen BV. Energy system analysis of 100% renewable energy
systems-The case of Denmark in years 2030 and 2050. Energy 2009;34:
524-31.

[147] Lund H, Salgi G, Elmegaard B, Andersen AN. Optimal operation strategies of
compressed air energy storage (CAES) on electricity spot markets with
fluctuating prices. Appl Therm Eng 2009;29:799-806.

[148] Lund H, Salgi G. The role of compressed air energy storage (CAES) in future
sustainable energy systems. Energy Convers Manage 2009;50:1172-9.

[149] Mathiesen BV, Miinster M, Fruergaard T. Uncertainties related to the
identification of the marginal energy technology in consequential life cycle
assessments. J Clean Production 2009;17:1331-8.

[150] Miinster M, Lund H. Use of waste for heat, electricity and transport—
challenges when performing energy system analysis. Energy 2009;34:
636-44.

[151] Lund H, Dui¢ N, Krajaci¢ G, Graga Carvalho Md. Two energy system analysis
models: a comparison of methodologies and results. Energy 2007;32:
948-54.

[152] Hong L, Lund H, Mathiesen BV, Moller B. 2050 pathway to an active
renewable energy scenario for Jiangsu province. Energy Policy 2013;53:
267-78.

[153] Hong L, Zhou N, Fridley D, Raczkowski C. Assessment of China’s renewable
energy contribution during the 12th Five Year Plan. Energy Policy
2013;62:1533-43.

[154] Liu W, Hu W, Lund H, Chen Z. Electric vehicles and large-scale integration of
wind power - the case of Inner Mongolia in China. Appl Energy
2013;104:445-56.

[155] Batas Bjeli¢ I, Rajakovi¢ N, Cosié¢ B, Duié N. Increasing wind power penetration
into the existing Serbian energy system. Energy 2013;57:30-7.

[156] Kwon PS, @stergaard PA. Priority order in using biomass resources - energy
systems analyses of future scenarios for Denmark. Energy 2013;63:86-94.

[157] Ridjan I, Mathiesen BV, Connolly D, Dui¢ N. The feasibility of synthetic fuels in
renewable energy systems. Energy 2013;57:76-84.

[158] @stergaard PA. Wind power integration in Aalborg Municipality using
compression heat pumps and geothermal absorption heat pumps. Energy
2013;49:502-8.

[159] Mathiesen BV, Lund H, Karlsson K. 100% Renewable energy systems, climate
mitigation and economic growth. Appl Energy 2011.

[160] @stergaard PA, Lund H. A renewable energy system in Frederikshavn using
low-temperature geothermal energy for district heating. Appl Energy
2011;88:479-87.

[161] Gota DI, Lund H, Miclea L. A Romanian energy system model and a nuclear
reduction strategy. Energy 2011;36:6413-9.

[162] Pillai JR, Heussen K, @stergaard PA. Comparative analysis of hourly and
dynamic power balancing models for validating future energy scenarios.
Energy 2011;36:3233-43.

[163] Nielsen S, Sorknas P, @stergaard PA. Electricity market auction settings in a
future Danish electricity system with a high penetration of renewable energy
sources - a comparison of marginal pricing and pay-as-bid. Energy
2011;36:4434-44.

[164] Le NA, Bhattacharyya SC. Integration of wind power into the British system in
2020. Energy 2011;36:5975-83.

[165] Liu W, Lund H, Mathiesen BV. Large-scale integration of wind power into the
existing Chinese energy system. Energy 2011;36:4753-60.

[166] Franco A, Salza P. Perspectives for the long-term penetration of new
renewables in complex energy systems: the Italian scenario. Environ Dev
Sustain 2011;13:309-30.

[167] Krajaci¢ G, Dui¢ N, Zmijarevic Z, Mathiesen BV, Vucini¢ AA, da Graga Carvalho
M. Planning for a 100% independent energy system based on smart energy
storage for integration of renewables and CO2 emissions reduction. Appl
Therm Eng 2011;31:2073-83.

[168] Connolly D, Lund H, Finn P, Mathiesen BV, Leahy M. Practical operation
strategies for pumped hydroelectric energy storage (PHES) utilising
electricity price arbitrage. Energy Policy 2011;39:4189-96.

[169] Franco A, Salza P. Strategies for optimal penetration of intermittent
renewables in complex energy systems based on techno-operational
objectives. Renew Energy 2011;36:743.

[170] Connolly D, Lund H, Mathiesen BV, Leahy M. The first step towards a 100%
renewable energy-system for Ireland. Appl Energy 2011;88:502-7.

[171] Haydt G, Leal V, Pina A, Silva CA. The relevance of the energy resource
dynamics in the mid/long-term energy planning models. Renew Energy
2011;36:3068-74.

[172] Lund H, Marszal A, Heiselberg P. Zero energy buildings and mismatch
compensation factors. Energy Build 2011;43:1646-54.

[173] Cosi¢ B, Krajaci¢ G, Dui¢ N. A 100% renewable energy system in the year
2050: the case of Macedonia. Energy 2012;48:80-7.

[174] @stergaard PA. Comparing electricity, heat and biogas storages’ impacts on
renewable energy integration. Energy 2012;37:255-62.

[175] Sperling K, Méller B. End-use energy savings and district heating expansion
in a local renewable energy system - a short-term perspective. Appl Energy
2012;92:831-42.

[176] Cosi¢ B, Markovska N, Kraja¢i¢ G, Taseska V, Dui¢ N. Environmental and
economic aspects of higher RES penetration into Macedonian power system.
Appl Therm Eng 2012;43:158-62.

[177] Tonini D, Astrup T. LCA of biomass-based energy systems: a case study for
Denmark. Appl Energy 2012;99:234-46.

[178] Mathiesen BV, Lund H, Connolly D. Limiting biomass consumption for
heating in 100% renewable energy systems. Energy 2012;48:160-8.

[179] Lund H, Hvelplund F. The economic crisis and sustainable development: the
design of job creation strategies by use of concrete institutional economics.
Energy 2012;43:192-200.

[180] Hong L, Lund H, Méller B. The importance of flexible power plant operation
for Jiangsu’s wind integration. Energy 2012;41:499-507.

[181] Zhai P, Larsen P, Millstein D, Menon S, Masanet E. The potential for avoided
emissions from photovoltaic electricity in the United States. Energy
2012;47:443-50.

[182] Lund H, Mathiesen BV. The role of Carbon Capture and Storage in a future
sustainable energy system. Energy 2012;44:469-76.

[183] Connolly D, Lund H, Mathiesen BV, Pican E, Leahy M. The technical and
economic implications of integrating fluctuating renewable energy using
energy storage. Renewable Energy 2012;43:47-60.

[184] Hedegaard K, Mathiesen BV, Lund H, Heiselberg P. Wind power integration
using individual heat pumps - analysis of different heat storage options.
Energy 2012;47:284-93.

[185] Connolly D, Mathiesen BV. A technical and economic analysis of one potential
pathway to a 100% renewable energy system. Int ] Sustain Energy Plan
Manage 2014;1:7-28.

[186] Ouellette A, Rowe A, Sopinka A, Wild P. Achieving emissions reduction
through oil sands cogeneration in Alberta’s deregulated electricity market.
Energy Policy 2014;71:13-21.

[187] Ma T, @stergaard PA, Lund H, Yang H, Lu L. An energy system model for Hong
Kong in 2020. Energy 2014;68:301-10.

[188] Brandoni C, Arteconi A, Ciriachi G, Polonara F. Assessing the impact of micro-
generation technologies on local sustainability. Energy Convers Manage
2014;87:1281-90.

[189] Kwon PS, @stergaard P. Assessment and evaluation of flexible demand in a
Danish future energy scenario. Appl Energy 2014;134:309-20.


http://refhub.elsevier.com/S0306-2619(15)00719-9/h0610
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0610
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0610
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0615
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0615
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0620
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0620
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0620
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0625
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0625
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0625
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0630
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0630
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0630
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0635
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0635
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0640
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0640
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0645
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0645
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0650
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0650
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0655
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0655
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0660
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0660
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0665
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0665
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0670
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0670
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0675
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0675
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0680
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0680
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0685
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0685
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0690
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0690
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0695
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0695
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0700
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0700
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0705
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0705
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0710
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0710
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0715
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0715
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0720
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0720
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0720
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0725
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0725
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0730
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0730
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0730
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0735
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0735
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0735
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0740
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0740
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0745
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0745
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0745
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0750
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0750
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0750
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0755
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0755
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0755
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0760
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0760
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0760
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0765
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0765
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0765
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0770
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0770
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0770
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0775
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0775
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0780
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0780
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0785
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0785
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0790
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0790
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0790
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0795
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0795
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0800
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0800
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0800
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0805
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0805
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0810
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0810
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0810
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0815
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0815
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0815
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0815
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0820
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0820
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0825
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0825
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0830
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0830
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0830
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0835
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0835
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0835
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0835
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0840
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0840
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0840
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0845
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0845
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0845
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0850
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0850
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0855
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0855
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0855
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0860
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0860
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0865
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0865
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0870
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0870
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0875
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0875
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0875
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0880
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0880
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0880
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0885
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0885
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0890
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0890
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0895
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0895
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0895
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0900
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0900
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0905
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0905
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0905
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0910
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0910
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0915
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0915
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0915
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0920
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0920
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0920
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0925
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0925
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0925
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0930
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0930
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0930
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0935
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0935
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0940
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0940
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0940
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0945
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0945

P.A. Ostergaard / Applied Energy 154 (2015) 921-933 933

[190] @stergaard PA, Mathiesen BV, Lund H. Energy systems impacts of
desalination in Jordan. Int ] Sustain Energy Plan Manage 2014;1:29-40.

[191] Connolly D, Lund H, Mathiesen BV, Werner S, Moller B, Persson U, et al. Heat
Roadmap Europe: combining district heating with heat savings to
decarbonise the EU energy system. Energy Policy 2014;65:475-89.

[192] Winn A, Connolly D, O’'Gallachéir B. Investigating 100% renewable energy
supply at regional level using scenario analysis. Int J Sustain Energy Plan
Manage 2013.

[193] Ridjan I, Mathiesen BV, Connolly D. Synthetic fuel production costs by means
of solid oxide electrolysis cells. Energy 2014.

[194] Oropeza-Perez I, @stergaard PA. The influence of an estimated energy saving
due to natural ventilation on the Mexican energy system. Energy
2014;64:1080-91.

[195] Novosel T, Cosi¢ B, Kraja¢i¢ G, Dui¢ N, Puk3ec T, Mohsen MS et al. The
influence of reverse osmosis desalination in a combination with pump
storage on the penetration of wind and PV energy: A case study for Jordan.
Energy.

[196] Duquette ], Wild P, Rowe A. The potential benefits of widespread combined
heat and power based district energy networks in the province of Ontario.
Energy 2014;67:41-51.

[197] Hagos DA, Gebremedhin A, Zethraeus B. Towards a flexible energy system - a
case study for Inland Norway. Appl Energy 2014;130:41-50.

[198] Cerovac T, Cosi¢ B, Pukdec T, Dui¢ N. Wind energy integration into future
energy systems based on conventional plants - the case study of Croatia.
Appl Energy 2014;135:643-55.

[199] Sadri A, Ardehali MM, Amirnekooei K. General procedure for long-term
energy-environmental planning for transportation sector of developing
countries with limited data based on LEAP (long-range energy alternative
planning) and EnergyPLAN. Energy 2014;77:831-43.

[200] Nunes P, Farias T, Brito MC. Day charging electric vehicles with excess solar
electricity for a sustainable energy system. Energy 2015;80:263-74.

[201] Lund R, Mathiesen BV. Large combined heat and power plants in sustainable
energy systems. Appl Energy 2015;142:389-95.

[202] Xiong W, Wang Y, Mathiesen BV, Lund H, Zhang X. Heat roadmap China: new
heat strategy to reduce energy consumption towards 2030. Energy
2015;81:274-85.

[203] Lund H, Thellufsen JZ, Aggerholm S, Wittchen KB, Nielsen S, Mathiesen BV,
et al. Heat saving strategies in sustainable smart energy systems. Int ] Sustain
Energy Plan Manage 2014:4.

[204] Neves D, Pina A, Silva CA. Demand response modeling: a comparison between
tools. Appl Energy 2015;146:288-97.

[205] Cho S, Kim J. Feasibility and impact analysis of a renewable energy source
(RES)-based energy system in Korea. Energy 2015;85:317-28.

[206] Zakeri B, Syri S, Rinne S. Higher renewable energy integration into the
existing energy system of Finland - Is there any maximum limit? Energy
2015. http://dx.doi.org/10.1016/j.energy.2015.01.007.

[207] Kontu K, Rinne S, Olkkonen V, Lahdelma R, Salminen P. Multicriteria
evaluation of heating choices for a new sustainable residential area. Energy
Build 2015;93:169-79.

[208] Vidal-Amaro J], @stergaard PA, Sheinbaum-Pardo C. Optimal energy mix for
transitioning from fossil fuels to renewable energy sources - the case of the
Mexican electricity system. Appl Energy 2015;150:80-96.

[209] Rinne S, Syri S. The possibilities of combined heat and power production
balancing large amounts of wind power in Finland. Energy 2015;82:1034-46.

[210] Ridjan I, Mathiesen BV, Connolly D, Duic N. The feasibility of synthetic fuels in
renewable energy systems. Energy (Oxf) 2013;57:76-84.

[211] Connolly D, Mathiesen BV. A technical and economic analysis of one potential
pathway to a 100% renewable energy system. Int | Sustain Energy Plan
Manage 2014:1.

[212] Wilson D, Swisher J. Exploring the gap: top-down versus bottom-up analyses
of the cost of mitigating global warming. Energy Policy 1993;21:249-63.

[213] Lund H, Hvelplund F, @stergaard PA, Mdller B, Mathiesen BV, Karnge P, et al.
System and market integration of wind power in Denmark. Energy Strategy
Rev 2013;1:143-56.

[214] Blarke MB, Dotzauer E. Intermittency-friendly and high-efficiency
cogeneration: Operational optimisation of cogeneration with compression
heat pump, flue gas heat recovery, and intermediate cold storage. Energy
2011;36:6867-78.

[215] Blarke MB. Towards an intermittency-friendly energy system: comparing
electric boilers and heat pumps in distributed cogeneration. Appl Energy
2012;91:349-65.

[216] Blarke MB, Yazawa K, Shakouri A, Carmo C. Thermal battery with CO2
compression heat pump: Techno-economic optimization of a high-efficiency
Smart Grid option for buildings. Energy Build 2012;50:128-38.

[217] Denholm P, Margolis RM. Evaluating the limits of solar photovoltaics (PV) in
traditional electric power systems. Energy Policy 2007;35:2852-61.


http://refhub.elsevier.com/S0306-2619(15)00719-9/h0950
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0950
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0955
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0955
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0955
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0960
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0960
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0960
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0965
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0965
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0970
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0970
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0970
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0980
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0980
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0980
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0985
http://refhub.elsevier.com/S0306-2619(15)00719-9/h0985
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1090
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1090
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1090
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1095
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1095
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1095
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1095
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1000
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1000
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1005
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1005
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1100
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1100
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1100
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1015
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1015
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1015
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1020
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1020
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1105
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1105
http://dx.doi.org/10.1016/j.energy.2015.01.007
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1035
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1035
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1035
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1040
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1040
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1040
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1045
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1045
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1050
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1050
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1055
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1055
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1055
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1060
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1060
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1065
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1065
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1065
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1070
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1070
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1070
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1070
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1075
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1075
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1075
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1080
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1080
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1080
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1085
http://refhub.elsevier.com/S0306-2619(15)00719-9/h1085

	Reviewing EnergyPLAN simulations and performance indicator applications in EnergyPLAN simulations
	1 Introduction
	2 Simulations and outputs
	3 Scope and structure
	4 Methodology
	5 Application, references and characterisation of EnergyPLAN
	6 Optimisation criteria in EnergyPLAN simulations
	7 Findings from EnergyPLAN simulations
	8 Advanced performance indicators
	8.1 Metrics
	8.2 Mismatch compensation factor
	8.3 Emissions reduction effectiveness
	8.4 Compromise coefficient – COMP
	8.5 Marginal export
	8.6 Relocation coefficient
	8.7 Biomass system efficiency
	8.8 Intermittent RES use with lowered base-load production
	8.9 Thermal plant PES reduction with lowered base-load production
	8.10 Synergy from the inclusion of electric vehicles
	8.11 Flexibility factor or system flexibility
	8.12 Marginal primary energy supply
	8.13 Curtailment fraction
	8.14 Marginal economic efficiency

	9 Conclusion
	Acknowledgements
	References


