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Summary
The world has launched an urgent call for immediate and decisive action towards mitigation of
greenhouse gas emissions. Climate change, pollution, dependence on fossil fuels and volatile fuel
prices are setting the world at a cross road concerning the future of energy. Furthermore, global
demand for resources is increasing, driven by population growth and improving standards of
living, and a transition towards a circular economy is needed, where the use of resources should
be optimized throughout their life cycle. The magnitude of the challenges ahead calls for prompt
action that must encourage a complete transformation of the existing energy and waste sectors
into a system that integrates a range of renewable alternatives and clean technologies, where
the use of biomass and waste resources is optimized. This transition must be socially-fair and
cost efficient, thus decision-makers deal with difficult choices in the face of large uncertainties,
and energy systems analysis might support them. Biomass and waste-to-energy have often
been modelled in the contest of either biomass value chains and waste management, or energy
systems, but without integrating them in a holistic approach. The research focus of this PhD
thesis is to develop decision support tools that can help in using the resources in the overall best
possible way, and hence stimulate future sustainable usage of biomass and waste management,
integrating economic and environmental considerations.
The model OptiFlow has been developed and integrated within the energy systems model Balmorel, in order to represent multiple inflows and outflows. Optiflow is a data-driven network
model that can handle any commodity (arcs) and processes (nodes), optimizing the topological network design at each time slice and geographical entity, including movements across the
spatiotemporal dimensions. OptiFlow is a general model that can be used for a wide variety
of applications, such as modelling of waste-to-energy and biomass conversion pathways, among
others. Further development of Balmorel and use of global sensitivity analysis has also been
undertaken to facilitate analysis of future integrated energy systems with high uncertainties.
This PhD thesis assesses the role of waste-to-energy by combining long-term co-optimization
of waste management and energy systems, using the Balmorel-OptiFlow model, with life cycle
assessments, to identify the economic and climate impact consequences of waste incineration
in the present and future Danish energy system. From an economic perspective, the use of
combustible waste for incineration in a cogeneration plant would provide benefits, which increase
with economy of scale. Nevertheless, plastic burning emits fossil greenhouse gas emissions while
Denmark is aiming for climate-neutrality, and the electricity and district heating are becoming
decarbonized. Thus, the carbon footprint is worsened when diverting residual combustible waste
towards incineration for electricity and heat production, if technologies that have less associated
emissions are displaced. Therefore, other pathways for handling residual combustible waste
should be evaluated, such as gasification or pyrolysis, which might provide higher value-added
products, in terms of economy and the environment, e.g. transport fuels or chemical compounds.
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Availability of sustainable biomass is limited, and large demand of biomass resources or imperfect
land governance might increase the direct and indirect-land use change emissions. On this basis,
biomass is a scarce resource whose use must be optimized among competing technologies in
order to maximize the value they provide to the society. Results from the linked use of the
models Balmorel-OptiFlow and TIMES-DK, in a Danish context, highlight that solid biomass
should preferentially be used in those sectors that cannot be easily electrified, such as heavy
transport, including shipping and aviation, through thermal gasification and Fischer-Tropsch
synthesis. Biomethane from anaerobic digestion after upgrading is mostly used in some industrial
applications and the heavy segments of the transport sector. Nevertheless, it is still challenging
to achieve carbon neutrality in the energy system while attaining for national self-sufficiency
with regard to biomass resources. Therefore, due to the fact that the sustainability of biomass
resources is limited, a higher integration of electrofuels or a more aggressive electrification of the
energy demand is required.
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Resumé
Verden har opfordret til en øjeblikkelig og afgørende indsats for at begrænse drivhusgasemissionerne. Klimaændringer, forurening, afhængighed af fossile brændstoffer og svingende brændstofpriser betyder at der måtages vigtige beslutninger for fremtidens energisystem. Derudover
er den globale efterspørgsel efter ressourcer stigende hvilket er drevet af befolkningstilvækst og
forbedring af levestandarden, der er derfor brug for en omstilling til en cirkulær økonomi, hvor
brugen af ressourcer optimeres gennem hele deres livscyklus. De kommende udfordringer kræver
en hurtig indsats, der skal tilskynde til en fuldstændig omdannelse af den eksisterende energiog affaldssektor til et system, der integrerer en række alternativer og teknologier, hvor brugen
af biomasse og affaldsmidler optimeres. Denne omstilling skal være samfundsmæssigt retfærdig
og omkostningseffektiv. Analyser af energisystemer og dertilhørende usikkerhedsanalyser kan
vejlede beslutningstagere således at de kan træffe vanskelige beslutninger for fremtidens energisystem. Biomasse og affald til energi produktion er ofte blevet modelleret i konkurrencen
med enten biomasse værdikæder og affaldshåndtering, eller energisystemer, men uden at integrere dem i et holistisk perspektiv. Forskningen i denne ph.d.-afhandling fokuserer påat udvikle
beslutningsstøtteværktøjer, der kan hjælpe med at bruge ressourcerne påden bedst mulige måde
og dermed stimulere fremtidig bæredygtig anvendelse af biomasse og affaldshåndtering, hvor de
økonomiske og miljømæssige overvejelser er taget i betragtning.
Modellen, OptiFlow, er udviklet og integreret i energisystemmodellen, Balmorel, for at repræsentere flere processer med flere tilstrømninger og udstrømninger. Optiflow er en data-drevet
netværksmodel, som kan håndtere alle strømninger og processer. Det topologiske netværksdesign er optimeret for hver tidsskridt og geografiske enhed. OptiFlow er en generel model, der
kan anvendes til f.eks. modellering affalds- og biomasse-konverteringsveje. Balmorel modellen er
ydermere blevet udviklet således at globale følsomhedsanalyser kan blive gennemført, hvilket er
vigtigt i det analyser af fremtidige integrerede energisystemer er foretaget med stor usikkerhed
påen række vigtige parametre.
Denne ph.d.-afhandling analyserer hvilken rollen affald til energi formål kan have i fremtidige
energisystemer. Denne analyse er foretaget ved at kombinere langsigtet optimering af affaldshåndterings- og energisystemer ved brug af Balmorel-OptiFlow-modellen med livscyklusvurderinger for at identificere de økonomiske og klimatiske konsekvenser af affaldsforbrænding i nutidens og fremtidens danske energisystem. Fra et økonomisk synspunkt vil brugen af brændbart
affald til forbrænding i kraftvarmeværker give fordele, hvilket stiger med storskalafordele. Dog
udsender plastforbrænding fossile drivhusgasemissioner, mens Danmark stræber efter klimaanutralitet, og el- og fjernvarmen produktionen bliver baseret påvedvarende energikilder. Således
forringes Danmarks emissioner ved at bruge dent resterende brændbare affald til forbrænding
til el- og varmeproduktion, hvis teknologier, der har mindre tilknyttede emissioner, forskydes.
Derfor bør andre veje til håndtering af resterende brændbart affald vurderes, såsom forgasning
eller pyrolyse, som kan producere højere værdi produkter, med hensyn til økonomi og miljø,
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f.eks. brændstoffer til transport eller kemiske produkter.
Tilgængeligheden af bæredygtig biomasse er begrænset, og stor efterspørgsel efter biomasseressourcer eller utilstrækkelig styring af land områderne kan øge udledningen af direkte og indirekte
jordbrugsændringer. Påden baggrund er biomasse en begrænset ressource, hvis brug bør optimeres blandt konkurrerende teknologier for at maksimere den værdi de yder til samfundet.
Resultater fra en samkørsel af modellerne; Balmorel-OptiFlow og TIMES-DK, fremhæver at
fast biomasse, i en dansk sammenhæng, fortrinsvis skal anvendes i de sektorer, der ikke let kan
elektrificeres, såsom tung transport, herunder fragt og luftfart gennem termisk forgasning og
Fischer-Tropsch-syntese. Biometan fra biogas anlæg og dertil opgradering bruges mest til industrielle processer og dele af transportsektoren. Set i lyset af resultaterne er det stadig udfordrende
at opnåkulstofneutralitet i energisystemet samtidig med at opnånational selvforsyning med hensyn til biomasse ressourcer. Pågrund af det faktum, at biomassressourcerne er bæredygtige, er
der derfor behov for en højere integration af elektrobrændstoffer eller en mere aggressiv elektrificering af energibehovet.
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Chapter 1

Introduction
The world has launched an urgent call for immediate and decisive action towards mitigation of
greenhouse gas emissions. As a global response to the threat of climate change, in the Paris
agreement, all signatory countries agreed to limit it to well bellow 2°C [UNFCCC, 2015]. The
IPCC Special Report on Global Warming of 1.5°C shows there are pathways that could allow
limiting warming to 1.5°C, reducing the likelihood of extreme weather events, but they all require
urgent action, far more immediate than previously anticipated [Rogelj et al., 2018]. Challenges
and overshooting could be minimized if there are significant emissions reductions by 2030, and
global climate-neutrality must be achieved around 2050 for limiting global warming to 1.5°C,
and around 2070 to 2°C above pre-industrial levels.
Climate change, air pollution, increasing dependence on fossil fuels and volatile fuel prices are
making our society and economy vulnerable, setting the world at a crossroad concerning the
future of energy [Jacobson, 2017]. In 2014, the European Union (EU) in an effort to encourage
the shift towards a low-carbon economy and to promote the deployment of renewable energy,
set out a target of at least 27% of renewable energy in the final energy consumption by 2030
[European Commission, 2016]. However, in 2016, in light of the Paris Agreement and RE costs
reductions, this target was reviewed upwards to at least 32% RE, which was finally approved on
2018 [European Union, 2018]. On this context, on June 2018, the Danish government gathered
all the parliament’s parties to sign an energy agreement that reaffirms Denmark’s goals towards
a low-emission society, independent on fossil-fuels by 2050; with milestones of approximately
55% renewable energy (RE) by 2030, a RE share in electricity above 100% of consumption, and
less than 10% of district heating consumption based on coal, oil or gas by 2030 [Danish Ministry
of Energy, Utilities and Climate, 2018b]. The energy agreement also ensures that Denmark could
fulfil its obligations regarding the United Nations 2030 Agenda and its Sustainable Development
Goals (SDG) [United Nations, 2015]. Specially the SDG 7, which aims for the transition to a
more efficient, sustainable energy future that will include high shares of renewable energy in
the global energy mix; and the SDG 13, which calls for urgent action to combat climate change
ant its impact [Statistics Denmark, 2017]. The Danish electricity and district heating systems,
although increasingly decarbonized, are still relying on fossil fuels, as illustrated in Figure 1.1;
therefore, actions are needed to move promptly towards pursuing the aforementioned targets.
In October 2018, Denmark gave one step farther to push the country towards climate-neutrality
by 2050 at the latest, i.e. the country will not emit more greenhouse gases than it is able to absorb, launching the strategy that bears the title ”Together for a greener future”[Danish Ministry
of Energy, Utilities and Climate, 2018a], and advocating for the adoption of this target at an
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EU level. This commitment towards zero net greenhouse gas emissions was further reinforced
on the Declaration on Nordic Carbon Neutrality, jointly issued on January 2019 by Finland,
Iceland, Sweden, Norway and Denmark.

Figure 1.1: Evolution of the gross electricity and district heating demand in Denmark (adapted from the Danish
Energy Agency [2018a, 2019a] and Energinet [2019] ).

In addition to the aforementioned energy and climate issues, global demand for resources is
increasing, driven by population growth and improving standards of living [Schneider et al.,
2015]. This happens in a society that assumes that resources are abundant and cheap to dispose
of. A transition towards a circular economy is required, where all resources need to be managed
more efficiently throughout their life cycle, and waste treatments, which represent a pollution
risk with a potential negative impact, have to be optimized. Waste should not be longer seen
as something to get rid of, but as a valuable resource. On June 2018, a revised waste legislative
framework entered into force, where waste management must be transformed into sustainable
material management, and requiring that by 2035 65% of municipal waste is recycled, while
landfilling is reduced down to 10% (with a 5-year time extension granted for some countries)
[European Commission, 2018b]. Afterwards, on 4th March 2019, the European Commission
adopted its 4th Circular Economy Package [European Commission, 2019], further highlighting
the role of waste as a resource and the need to avoid loss of resources through landfilling and
incineration, although keeping landfilling as the least preferred option. Furthermore, Denmark
has to deliver on the globally agreed UN SDG 12, which aims for sustainable consumption
and production patterns, including a target to ”substantially reduce waste generation through
prevention, reduction, recycling and reuse” by 2030.
This new course requires both a full decarbonization of the energy system and adequate waste
management; ensuring the integration of the electricity, heating, transport and fuel production
sectors, without jeopardizing security of supply. Furthermore, as variable RE, e.g. wind and
solar, plays an increasing role in the energy system, a full transformation is needed, moving
away from the reliance on a few large power plants to a flexible system based on a wide variety
of renewable sources of supply. Biomass and waste are foreseen to play an important role in
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the energy system as a whole, and some uses that have often been deemed as relevant, apart
from heat and power generation, are as a backup for the fluctuating production from variable
renewable energy sources, to deliver cheap storage, as a fuel (including e-fuels) in transport
and industry [Daioglou et al., 2019], or as a feedstock in the chemical industry for bio-based
products, such as bioplastics and composites, or in the building sector [European Commission,
2018a]. Nevertheless, biomass and waste regional availability, exposure to international market prices and sustainability concerns constitute a limitation. This forces to consider them as
precious resources, whose utilization must be optimized among competing technologies in order
to maximize the value they provide to the society. In addition, informing better the discussion
around biomass and waste use in future energy systems, while ensuring its sustainability, is of
the utmost importance to ensure that large capital investments that could lock into sub-optimal
pathways are prevented, as they could challenge the achievement of low-carbon solutions in other
sectors.

1.1

Energy modelling for long-term planning

The magnitude of the challenges ahead calls for prompt action that must encourage a complete
transformation of the existing energy and waste sectors into a system that incorporates a range
of renewable alternatives and clean technologies, while recycling and reuse, i.e. the circular
economy, are not hampered. Furthermore, this transition must be socially-fair and cost efficient,
thus decision-makers deal with difficult choices in the face of large future uncertainties, inherently
associated to long-term planning. Energy systems analysis increasingly play a major role in
informing and supporting decision in the policy-making processes for assessing efficient longterm decarbonization strategies [Pfenninger et al., 2018, DeCarolis et al., 2012], as formalized
tools for thought experiments about plausible pathways [Ellenbeck and Lilliestam, 2019]. Models
provide structured insights for energy policy development, although policy-makers need to take
the final decisions to ultimately enact policies [Strachan et al., 2009].
As the European Commission [2018a] said in the EU strategic long-term vision for a climate
neutral economy ”( . . . ) The status quo is not an option. Countries should act together to
protect their citizens against climate change. Delivering on the transformation towards a netzero greenhouse gas emissions economy thus requires early long-term planning, improving
knowledge of the opportunities for transforming our entire economy ( . . . )”. Additionally, when
assessing the role of waste-to-energy, the European Commission [2017] highlights the importance
of a long-term circular economy perspective, consistent with the EU waste hierarchy: ”When
planning future investments on waste-to-energy capacity, it is essential that Member States take
into consideration the risk of stranded assets ( . . . )”. Therefore, long-term goals must
be integrated in the short-term planning to identify optimal pathways that avoid lock-ins and
potential economic losses associated to stranded assets, and energy systems models can support
this discussion.
There is a wide range of energy models employed by the academia, private consulting companies and governments. Each model has different underlying principles, characteristics, data
and results; and each approach is suitable for disparate purposes, and can answer different
types of questions [Bramstoft et al., 2018]. The divisions of energy models are not sharp, and
well-defined, and mixed-paradigm models often exist. Most energy models can be classified as
bottom-up (technoeconomic models) and top-down (macroeconomic models). Bottom-up models incorporate detailed engineering data of a wide set of technological options and energy use in
order to satisfy an exogenously given demand [Foley et al., 2011]. In top-down models, the en-
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ergy system is aggregated at a sectoral level, without including many technical aspects, and the
whole economy is represented in detail, considering endogenous market adjustments, including
energy demand, in order to maximize social welfare.
Focusing on bottom-up models, energy models could be (but not limited to) simulation tools,
depicting how the future energy system might look based on exogenous data and drivers, or
optimisation models, where the energy demand is satisfied while optimizing (maximizing or
minimizing) an objective function, such as least-cost optimization, maximization of the total
welfare (consumers and producers surplus), and/or greenhouse gas emissions, etc. Extensive
reviews of the most popular energy models worldwide are provided in [Ringkjob et al., 2018,
Connolly et al., 2010].
Energy models often take a linear approach regarding the use of biomass and waste, considering
its availability and conversion, but being difficult to integrate their value chains. Biomass
and waste-to-energy have mainly been modelled in the contest of either biomass value chains
and waste management, or energy systems, but without actually taking a holistic approach
to integrate them [Juul et al., 2013]. The energy system, is often considered to be part of the
background, and it is modelled through market prices, unaffected by the use of biomass and waste
resources. Nevertheless, the impact of biomass and waste-to-energy in the surrounding energy
system might not be marginal, and that energy system might also influence the optimal use
of biomass and waste considerably [Eriksson and Bisaillon, 2011, Münster and Meibom, 2011].
These limitations call for novel methodologies that can better integrate the dynamics of energy
systems with high shares of variable renewable energy, including an accurate representation of
biomass and waste resources.
During this PhD manuscript the following technology-rich optimization models with a partial
equilibrium are used and further developed (more information available in Chapter 2). These
models act as a centralised benevolent social planner that seeks to maximizes the benefit to the
society under a given set of constraints. The models, as used in this study, can be described as:
• Balmorel - a partial equilibrium model with a bottom-up approach, entailing a detailed
representation of technical components of the power, district heating and hydrogen systems
of Northern Europe (Denmark, Norway, Sweden, Germany and Finland), with a flexible
user-defined spatiotemporal resolution, e.g. Denmark is geographically represented by
34 areas and 672 chronological time slices, and it is run with a myopic approach across
optimization years [Wiese et al., 2018].
• OptiFlow - a general network flow model that can represent any flow or process as nodes
or arcs, with several levels of spatial and temporal dimensions that are user-defined, e.g.
Denmark is represented with up to 98 areas and 672 time slices in the research conducted
during this PhD. It is built with the same common exogenous variables of Balmorel, in
order to ensure their inter-operability, so that OptiFlow can be used in stand-alone mode
or as an add-on of the general energy model Balmorel [Pizarro Alonso et al., 2018b].
Furthermore, the TIMES model is also used in the research presented in this manuscript. This
PhD did not contribute directly to additional model development, but it supported the introduction of the modelling of biorefineries:
• TIMES-DK - a partial equilibrium model with a bottom-up approach, entailing a representation of end-use sectors: industry, residential, and passenger and freight transport.
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Denmark is represented through 6 areas and 32 non-sequential time slices. No other country is endogenously modelled, and the relationship with them might occur through price
interfaces for trading or resources [Balyk et al., 2019].

1.2

Waste in future energy systems

The European Union continuously tightens waste management policy, promoting a circular
economy in which waste is regarded as a resource (e.g. through the 4th Circular Economy
Package). In 2016, 48% of in total 248 million tons of municipal solid waste (MSW) were recycled
in the EU-28 (covering material recycling, composting and anaerobic digestion of biowaste),
followed by 28% of incineration [Eurostat, 2019]. The amount of waste sent to landfill decreased
59% between 1995 and 2016 (ibid.), but 60 mill tons of waste were still landfilled in 2016.
On the European country level, differences in waste management systems are significant, as
shown in Figure 1.2. Eurostat [2019] concludes that several countries are very advanced in
diverting municipal waste from landfills, as an effect of implementing national measures to
reduce landfilling. Switzerland, Sweden, Belgium, Denmark, Germany, Netherlands, Austria,
Finland and Norway reported MSW landfill rates below 5% (ibid.). Nevertheless, the recycling
rate of these countries varies from 42% to 71%, and incineration ranges from 28% to 55%.
Therefore, the shift not only from landfilling, but also from energy recovery towards recycling,
needs to continue, in particular if the target of the European circular economy package proposal
of 65% MSW recycling is to be reached by 2035 [European Commission, 2019].

Figure 1.2: Municipal waste treatment in Europe by 2016 (adapted from Eurostat [2019]).

In this context, the role of waste-to-energy, and more specifically of waste incineration remains
unknown. In modern countries, energy in MSW and other wastes amounts to around 5% of
the total energy demand. The effective utilization of this energy reduces the demand of other
energy carriers such as fossil fuels [Brunner and Rechberger, 2015]. In Denmark, the MSW
recycling rate by 2016 was 47%, and the remaining combustible fraction of waste, 52% of the
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total MSW generated, also known as mixed waste, went to waste incineration. Waste incineration supplied approximately 5% of the electricity and 20% of the district heating demands in
Denmark. Nevertheless, the future of waste incineration plants providing electricity and heat,
remains uncertain, as described in Pizarro Alonso et al. [2018a, 2018b] (papers that are part of
this manuscript as Paper 1 and 2) as 1) Denmark must increase the amount of municipal waste
diverted to recycling while promoting waste minimization, which might decrease the need for
waste incineration; 2) Waste incineration planning has significant lead times and investments
are to last for more than twenty years; 3) Waste incineration benefits from economy of scale;
4) Plastic burning emits fossil greenhouse gas emissions while Denmark is aiming for climateneutrality; 5) The value of the electricity and district heating provided by waste incineration
plants will evolve as the energy system does, and waste incineration plants must provide flexibility to support the integration of higher shares of variable renewable energy; and 6) Other
technologies, such as gasification or pyrolisis, which provide higher value-added products, such
as transport fuels or chemical compounds, might be preferred to maximize the use of residual
combustible waste as a resource.
This PhD thesis assesses the role of waste-to-energy by combining long-term co-optimization of
waste management and energy systems with life cycle assessments, to identify the economic and
climate impact consequences of waste incineration in the future Danish energy system.

1.3

Biomass in future energy systems

In Denmark, approximately 10% of the electricity demand and 38% of the district heating
demand was supplied by solid biomass (excluding municipal waste), liquid biofuels or biogas by
2016; increasing from 5% and 17%, respectively, by 2006 (see Figure 1.1). However, in 2016
53% of the 89PJ of firewood, wood chips and wood pellets consumed in the country for energy
generation were imported [Danish Energy Agency, 2018b] from other European countries and
United States, and rising up to 58% of the 107 PJ of woody biomass consumed by 2017 (see
Figures 1.3 and 1.4).

Figure 1.3: Evolution of the biomass supply in Denmark for energy (adapted from the Danish Energy Agency
[2018b]).
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Figure 1.4: Biomass supply of 155 PJ, and its transformation and consumption in Denmark in 2017 (adapted
from Danish Energy Agency [2018b]).

During 2017, after United Kingdom and Italy, Denmark was the country with the highest consumption of wood pellets, motivated by e.g. the reconversion of coal cogeneration plants into
biomass plants, which enables a fast transition from coal, and thus, supports greenhouse gas
emissions mitigation.
Agriculture and forestry will provide food, feed, and fibres, as well as support the transition of
the energy and material sectors towards decarbonization [Chen and Zhang, 2015]. According
to IRENA [2014], biomass could account for up to 60% of the total final renewable energy
use, ∼ 22% of the global energy mix, by 2030. The global biomass demand could double from
the 53 EJ/a in 2010 to 108 EJ/a by 2030. The International Energy Agency [2017] says that
bioenergy in final global energy consumption could increase four-fold by 2060 in its 2°C scenario,
compared to today’s level. The IPCC report on Global Warming of 1.5°C finds that the primary
energy supplied by bioenergy could range from 40 to 310 EJ/a by 2050, depending on the
technological development and the mitigation pathway [Rogelj et al., 2018]. Krey et al. [2014]
and Klein et al. [2014] find that limited availability of bioenergy would increase the unfeasibility
and economic costs towards decarbonization, as it is likely to be one of the most important
low-carbon alternatives for the energy demand that is more difficult to electrify.
In this context of growing biomass demand but unknown land governance, biomass sustainability might be arguable, as it might imply high direct and indirect land-use change emissions
[Pizarro Alonso et al., 2018a], among other impacts, such as losses on biodiversity and soil quality, water stress, food security, or social conflicts on issues such as health or land tenure regimes
[Creutzig et al., 2013]. Humpenöder et al. [2018] carried out a sustainability assessment of the
consequences of producing 300 EJ/a of bioenergy by 2100 using a global land-use model, and
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found negative effects in deforestation, emissions from land-use change, nitrogen losses, unsustainable water withdrawals and food prices. Nevertheless, a combination of forest and water
protection schemes, improved fertilization efficiency, and agricultural intensification could reduce
the potential negative impacts from bioenergy production. The International Energy Agency
[2018] suggests that utilization of up to 100 EJ/a of bioenergy might be sustainable, but higher
rates might interfere with forestry and farm land, specially above 300 EJ/a.
Currently, in Denmark, there is a voluntary industry agreement regarding biomass sustainability
criteria, covering wood pellets and wood chips used for heat and electricity [Danish Energy
Association and Danish District Heating Association, 2016]. Some large Danish utility companies
are part of the Sustainable Biomass Partnership, which ensures a third-party certification of the
greenhouse gas emissions for the life cycle of wood sources. However, in a context of biomass
scarcity and growing demand, consumption of sustainable biomass might be limited, and it
might force unsustainable biomass to enter the market for other consumers. Therefore, at a
global level, in spite of the fact that plants might consume sustainable biomass, the increased
level in production to satisfy that demand might come from unsustainable origins, as that
biomass would have been sold for other uses somewhere else if it would not have been demanded
by Danish plants.
In order to ensure that biomass use does not threaten the global efforts against climate change,
conservation of terrestrial, aquatic and marine ecosystems, or the fight to eradicate global hunger;
e.g. avoiding also conflicting with the SDGs of the Agenda 2030; only that biomass that is
supplied and used in a sustainable manner could play a role in the future. However, biomass
is often assumed to be greenhouse-gas neutral in numerous energy systems analyses, such as in
Danish Energy Agency [2018c] or in Balyk et al. [2019], which might overestimate the amount
of biomass that could potentially be used. The Danish Energy and Climate Outlook published
by the Danish Energy Agency [2018c] assumes that biomass is carbon neutral in accordance to
the UNFCCC Reporting Guidelines, i.e. the 2006 IPCC Guidelines for National Greenhouse
Gas Emissions Inventories. Guidelines indicate that there is no CO2 emission from biomass
combustion, nor absorption from growing biomass [Garg et al., 2006]. Net emissions associated
to biomass production are apportioned to the AFOLU (agriculture, forestry and other land use)
sector. Nevertheless, when assessing the climate impacts of the future energy system, it might
be contestable shifting emissions from the energy sector to the AFOLU sector while the latter
is obviated, or accounted for in other country if biomass is imported.
A sustainable supply of biomass is, e.g. limited by the availability of land and the need to respect
soil conditions, among other factors; therefore, heightening the importance of optimizing the use
of biomass as a resource in order to maximize the value it provides to the society, while ensuring
its sustainability and accounting for the side-effects its production and use bring. During this
PhD, in an effort to integrate some biomass sustainability criteria within technology-rich energy
models, direct and indirect greenhouse gas emissions associated to biomass use on different
land-types have been included and accounted for when assessing optimal pathways in the energy
sector, as described in Chapters 3 and 4. These factors do not necessarily mean that the biomass
used in Denmark is associated to these emissions, but that it induces changes at the global level
which marginally increase the production from those sources.
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1.4

PhD Research Motivation

The research focus of this PhD thesis is to develop decision support tools that can help in using
the resources in the overall best possible way, and hence stimulate future sustainable usage of
biomass and waste management, integrating economic and environmental considerations. Based
on this introduction, this PhD dissertation aims to address the two general overarching research
questions that read:

Research Question 1. How can we improve modelling of multiple flows in energy
systems?
• How can we represent general network flows in energy systems?
• How can we integrate flexible spatial and temporal resolutions in energy systems?
• How can we develop a framework for handling uncertainty in future energy systems?
Research Question 2. What is the role of biomass and waste in future energy
systems?
The following articles (Paper I - VI) have been written during this PhD, and aim to address
the aforementioned research questions, and in combination provide solid answers to them. Hereinafter, the articles will be called through their Paper number and they can be found as an
appendix of this manuscript. The articles have been sorted in a chronological way, according to
their publication date or publication status.
• Paper I
The economic value of imports of combustible waste in systems with high shares of district
heating and variable renewable energy [Pizarro Alonso et al., 2018b].
Published in Waste Management 79:324-338, 2018.
• Paper II
The climate footprint of imports of combustible waste in systems with high shares of
district heating and variable renewable energy [Pizarro Alonso et al., 2018a].
Published in Waste Management 79:800-814, 2018.
• Paper III
How to maximise the value of residual biomass resources: The case of straw in Denmark
[Venturini et al., 2019].
Published in Applied Energy 250:369-388, 2019.
• Paper IV
Uncertainties towards a fossil-free system with high integrationof wind energy in long-term
planning [Pizarro-Alonso et al., 2019].
Published in Applied Energy 253:113528, 2019.
• Paper V
Modelling of renewable gas and liquid fuels in future integrated energy systems.
Submitted to Applied Energy.
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• Paper VI
OptiFlow, a general network flow model for energy systems.
Work-in progress version, to be submitted to European Journal of Operational Research
once the article is finished.
During this PhD other articles and a book chapter have also been developed, and published in
peer-reviewed journals or as conference proceedings. Nevertheless, they have been considered
out of the main scope of this manuscript and the reader could access to them in their online
version.
• Paper VII-a
Balmorel open source energy system model [Wiese et al., 2018].
Published in Energy Strategy Reviews 20:26-34, 2018.
• Paper VIII-a
STREAM - an energy scenario modelling tool [Bramstoft et al., 2018].
Published in Energy Strategy Reviews 21:62-70, 2018.
• Paper IX-a
Joint optimisation of the future Danish waste and energy system [Münster et al., 2015].
Published in Proceedings of the 15th International Waste Management and Landfill Symposium, 2015.
• Paper X-a
Use of electric vehicles or hydrogen in the Danish transport sector in 2050? [Skytte et al.,
2017].
Published in Wiley Interdisciplinary Reviews: Energy and Environment 6(1):e203, 2017.
• Paper XI-a
Carbon tax or emissions trading? An analysis of economic and political feasibility of
policy mechanisms for greenhouse gas emissions reduction in the Mexican power sector
[Barragán-Beaud et al., 2018].
Published in Energy Policy 122:287-299, 2018.
• Paper XII-a
Mexico's Transition to a Net-Zero Emissions Energy System: Near Term Implications of
Long Term Stringent Climate Targets [Solano-Rodrı́guez et al., 2018].
Published in Lecture Notes in Energy, Springer 64:315-331, 2018.
Chapter 2 introduces the main methodological development carried out during this PhD in
order to answer the research questions. Chapter 3 discusses the role that residual combustible
waste could play in a future decarbonized energy system, and Chapter 4 assesses the optimal
use of biomass resources in order to facilitate that transition. Chapter 5 identifies the main
limitations to the work that has been carried out during this PhD, and Chapter 6 outlines the
main conclusions. Furthermore, in the Appendix section, there is a collection of three articles
in news, that had direct contributions from the peer-reviewed articles of this PhD.
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Chapter 2

Methodological Developments in
Energy Systems Models
This PhD thesis aims to address the overarching question of how can we improve modelling
of multiple flows in energy systems, given by the need to have energy systems analysis that
can represent multiple inflows and outflows that might also vary across the spatiotemporal
dimensions, e.g. due to storage or resource transport. Furthermore, due to the growing shares
of variable renewable energy, models should also be able to accurately represent fluctuation in
resources and demands, as well as geographical constraints related to district heating networks
or power transmission. In order to overcome some of these challenges, the following work has
been conducted to have a set of tools that can adequately support the assessment of the optimal
use of waste and biomass in future energy systems.
• Additional advances of the existing model Balmorel (section 2.1).
• Development of new modeling tools (section 2.2).
• Linkage of models (section 2.3).
• Development of a framework for dealing with uncertainty (section 2.4)

2.1

Additional development of the Balmorel model

Balmorel is a bottom-up model with a partial equilibrium approach that represents (as applied
in this study) the electricity, district heating and hydrogen sectors for Denmark, and selected
neighbouring countries (Norway, Sweden, Germany and Finland). The Balmorel model started
its development in 2001 [Ravn, 2001, Wiese et al., 2018]. At that time, it was one of the first
open-models being developed, although it did not have a formal open licence, which was introduced later on [Pfenninger et al., 2018]. Throughout that time, a large amount of researchers,
public institutions and consulting companies have used the model for different energy planning
purposes, and contribute jointly to its development. During this PhD thesis, the model that was
used as a departing point, was the version applied for making detailed district heating analysis
in Denmark by EA Energianalyse [2014]. Nevertheless, during this research work, the modelling
was further developed, including the linkage and integration with a full new addon, OptiFlow.
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Furthermore, all the data in the model were updated, according to the information described
in Paper I and its Supplementary Material, in Paper III, and with the most recent updates
from the ”Technology Catalogue for Energy Plants” published by the Danish Energy Agency as
of February 2019 [Danish Energy Agency, 2019c].
The following subsections describe some of the most important developments in the Balmorel
model during this PhD thesis. These modelling advances were aimed to address some of the
challenges that higher shares of variable renewable energy (VRE) and sectorial integration bring
to energy modelling:
• Introduction of bypass in cogeneration plants to enable the modelling of flexible plants
that can accommodate a higher share of VRE.
• Modelling of storage with a flexible temporal dimension, because of the need to have a
higher temporal resolution due to fluctuating production of VRE.
• Improvements to hydrogen modelling in Balmorel, due to a higher sectorial integration in
future energy systems.
• A spatiotemporal profile for heat pump coefficient of performance, which can better reflect
the climate variability, and the integration of the electricity and district heating sectors.
• Modelling of economy of scale with SOS2 variables in order to decrease the modelling
computational time.
The temporal and spatial dimensions in the Balmorel model are briefly described below, and
more extensively presented in the Supplementary Material A of Paper I.
The temporal representation in Balmorel is flexible and user-defined. It is characterised by
Years Y , Seasons S, which often represent weeks and denote seasonal variabilities, and which
are further divided into an equal amount of terms T , which represent short-term variabilities,
such as e.g. hourly demand and generation profiles. Similarly the spatial representation
in Balmorel is also flexible and user-defined, characterised by Countries C, Regions R within
Countries, and Areas A that belong to Regions. All technologies G are always located in Areas
A, which represent the smallest geographical level. The district heating demand is satisfied
at an Area-level, and the power demand at a Region-level. Power can be transmitted across
Regions from the same or different Countries, as long as there is a power transmission line or
the possibility to invest on it. Electricity transmission within regions is however modelled as a
copper plate without representing the power grid and the possible limitations from it. Policies,
such as greenhouse gas emission targets, or resource and capacity restrictions, can be set at any
geographical level, i.e. Country, Region, or Area.
Equations in the following subsections use the myopic version of the Balmorel model. as an
example for showing the main equations, i.e. they are not indexed to the set of Years, Y , in
order to illustrate the equations in a simplified manner.
The objective function of the Balmorel model maximizes the social welfare subject to technical,
physical and regulatory constraints, i.e. consumers’ utility minus total system costs. In this
PhD thesis, demands are exogenous and are assumed to be inelastic, thus the social welfare
maximization is equivalent to total system costs minimization, z, including fixed and variable
operation & maintenance costs, fuel expenditures, CO2 or other environmental taxes, and annualised investment costs for electricity, district heating and hydrogen generation, and storage,
as well as power transmission lines. Sunk costs, i.e. investments that were incurred at previous
years, are not included.
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M inimize
z=

X XXX

a∈A g∈G s∈S t∈T

+

XX
c∈C g∈G

CgvOP · pa,g,s,t +

CAP
Cc,g
·

X

pnew
a,g +

XX

a∈A g∈G

X

r,r0 ∈Rex
r,r 0

a∈AC
c

new
Cgf xOP · (pex
a,g + pa,g )+

CAP
Cr,r
· ptrnew
0
r,r0

(2.1)

Equation 2.1 displays in a simplified manner the general objective function of the Balmorel
model, as applied in this study, seeking to minimize z. Nomenclature can be found in Table
2.1. Variable operating costs, CgvOP , include also the costs related to fuel consumption, and
CO2 and other environmental taxes. CgvOP is related to the amount of the main commodity
produced by the technology g, in the area a during the time period s, t. Fixed operational costs,
Cgf xOP are related to the existing and new installed capacity of the technology g in the area
CAP and
a. New annualised capital investments in technologies are defined in the parameter Cc,g
CAP
for transmission lines through the parameter Cr,r0 , which consider the capital expenditure, the
discount rate (depending on the Country c) and the economic lifetime of the technology g or
the transmission line between the region r and r0 .
Table 2.1: Nomenclature of the simplified objective function of the Balmorel model, as applied in this study.

2.1.1

Introduction of bypass in cogeneration plants

A turbine bypass valve in cogeneration plants allows to change the ratio between electricity and
heat production, extending the operating range for heat production, i.e increase the production
of heat while decreasing the production of electricity (see Figure 2.1 and 2.2). The turbine
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Figure 2.1: Block diagram of a cogeneration plant with bypass.

Figure 2.2: Operation region (in blue) of backpressure cogeneration plants without and with turbine bypass.

bypass might be applied at periods when electricity prices are very low, e.g. avoiding the need
to curtail wind, and providing more heat which can be used or stored.
Table 2.2: Nomenclature for modelling bypass in cogeneration plants in Balmorel.
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Turbine bypass provides flexibility to cogeneration plants in systems with a growing integration
of variable renewable energy. New biomass and waste-to-energy plants in Denmark are equipped
with it, due to the growing shares of wind in the power mix and the estimated growth in heat
pumps, which will also link heat and power markets. Therefore, energy systems models should
be able to represent it.
Modelling of backpressure plants without bypass in Balmorel, is defined by the following two
equations that relate fuel consumption with electricity and district heating production:

DH
pEl
a,g,s,t = Cbg · pa,g,s,t

uel
pfa,g,s,t
=

DH
pEl
a,g,s,t + pa,g,s,t

Cgef f,BP

∀ a ∈ A, g ∈ G BP ∧ g ∈
/ G Bypass , s ∈ S, t ∈ T

∀ a ∈ A, g ∈ G BP ∧ g ∈
/ G Bypass , s ∈ S, t ∈ T

(2.2)

(2.3)

As the ratio between electricity and district heating production in backpressure plants is constant, given by the backpressure coefficient, i.e. Cb, and thus the operating region is defined by
a line, the equation that defines it is simple (see Equation 2.2). However, the operation region
of backpressure plants with turbine bypass is not a line, and the ratio between electricity and
district heating production will be given by the area between the two lines of the triangle with
slopes Cb and C bypass , as shown in Figure 2.3.

Figure 2.3: Graphical calculation of the equations that define the operation region of backpressure cogeneration
plants with turbine bypass (K E =electricity capacity, K H =heat capacity, Y=unknown intercept of Equation 2.5).

The equations that define the operation region of backpressure plants with bypass, are determined in an easier way through the identification of the slopes and intercepts of the red and
orange lines in Figure 2.3:

DH
pEl
a,g,s,t ≤ Cbg · pa,g,s,t

pEl
a,g,s,t

∀ a ∈ A, g ∈ G BP ∧ g ∈ G Bypass , s ∈ S, t ∈ T

Cgbypass
bypass
≤ (1 +
) · (pex,El
+ pEl
· pDH
a,g
a,g,s,t ) − Cg
a,g,s,t
Cbg
∀ a ∈ A, g ∈ G

BP
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Bypass

, s ∈ S, t ∈ T

(2.4)

(2.5)
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The equation related to fuel consumption is calculated by translating the operation point within
the triangular area to the Cb line along the C bypass iso-line. In order to facilitate the determination of the equation, two intermediate parameters e (y-axis, electricity) and h (x-axis, heat)
are defined, which represent the point in the Cb line from the operation region in Figure 2.3.

bypass
BP
pEl
· (pDH
∧ g ∈ G Bypass , s ∈ S, t ∈ T
a,g,s,t + Cg
a,g,s,t − ha,g,s,t ) = ea,g,s,t ∀ a ∈ A, g ∈ G
(2.6)

By combining this equation with Equation 2.2, the values of h and e from Figure 2.3 are estimated:

ha,g,s,t =

bypass
+ pEl
pDH
a,g,s,t
a,g,s,t · Cg

ea,g,s,t = Cbg ·

Cbg + Cgbypass

∀ a ∈ A, g ∈ G BP ∧ g ∈ G Bypass , s ∈ S, t ∈ T

bypass
+ pEl
pDH
a,g,s,t
a,g,s,t · Cg

Cbg +

Cgbypass

(2.7)

∀ a ∈ A, g ∈ G BP ∧ g ∈ G Bypass , s ∈ S, t ∈ T (2.8)

The fuel consumption is determined with the previous two equations and Equation 2.3:

uel
pfa,g,s,t
=

1 + Cbg
Cgef f,BP

·

bypass
pDH
+ pEl
a,g,s,t · Cg
a,g,s,t

Cbg +

∀ a ∈ A, g ∈ G BP ∧ g ∈ G Bypass , s ∈ S, t ∈ T

Cgbypass

(2.9)

Therefore, by defining a new subset in Balmorel, Gbypass , within the subset of technologies that
are backpressure cogeneration plants GBP , and implementing in the Equations 2.4, 2.5 and 2.9,
modelling of bypass in backpressure cogeneration plants is implemented in Balmorel. Figure
2.4 shows an example of the modelling of a backpressure plant with turbine bypass for the
district heating of Copenhagen area. The Figure illustrates that at periods of relatively higher
district heating prices, backpressure plants operate in bypass mode, where the heat capacity is
assumed to correspond to the sum of the heat and electrical capacities in backpressure mode,
i.e. C bypass =1.
The role of bypass in waste-to-energy plants is further discussed in Chapter 3.
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Figure 2.4: Electricity prices in Denmark-East and district heating prices in Copenhagen (top), and District
heating production in the network of Copenhagen by 2035 in 4 representative full weeks with an hourly resolution
(bottom) - Waste cogeneration plants are bypassing the steam turbine during the dark red increases in heating
production with regard to the average value.

2.1.2

Modelling of storage with a flexible temporal dimension

Table 2.3: Nomenclature for modelling storage with a flexible temporal resolution in Balmorel.
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The amount of annual temporal slices S, T of the Balmorel model is user-defined, depending on
the desired level of resolution required, and being a trade-off with an increase of the computational burden that a very detailed temporal representation might imply.
A typical representation of time in Balmorel is characterised by n(S) = 52 1 , representing 52
weeks, and n(T ) = 168, i.e. with an hourly resolution. However, when running the model,
usually some representative weeks and days are chosen, i.e. a smaller subset from S, T , such
as one full day with an hourly resolution (n(T ) = 24) for four representative weeks of the year
(n(S) = 4), which implies a model with 96 time slices per year; or four full weeks with an
hourly resolution (n(S) = 4 n(T ) = 168, 672 time slices). It is also user-defined if this temporal
representation is chronological or is not, and might instead represent a load duration curve
model.
The role of storage in the future energy system becomes increasingly important, due to a higher
integration of fluctuating renewable resources and linkage across sectors. In order to model
storage in energy systems analysis, the modeler must provide some knowledge about the type of
temporal aggregation used and its chronology, due to the need to link balance equations (given
in units of power, MW), such as electricity and district heating demand, and storage equations
(in units of energy, i.e. MWh). The original Balmorel model had a parameter, called ws,t , which
represents the weight of each time slice s, t in hours: e.g. if a model is characterised by 96 time
slices (n(S) = 4 n(T ) = 24) and it is assumed that they all have the same weight within the year,
ws,t is 8760/96 = 91.25, i.e. each time slice s, t is equivalent to 91.25 hours/a. Nevertheless, this
number provides no information about chronology, e.g. if a week is divided into 24 time slices,
these time slices might represent one full day with an hourly resolution or one full week with a
7-hour resolution (24·7=168).
The original Balmorel equations dealing with intra-seasonal (storage within S, across T ) heat
storage were defined with Equation 2.10 (storage balance) and Equation 2.11 (storage capacity),
apart from few other equations that regulate the loading and unloading pace. Equation 2.10
DH,St−iT
states that the volume of the storage equation, va,g,s,t+1
, is equivalent to the existing stored
volume, va,g,s,t , plus the heat sent to storage, pDH,toSt−iT
, multiplied times the temporal weighta,g,s,t
DH,St−iT ,
ing factor ws,t , minus the heat from storage to satisfy the total demand, pDH
a,g,s,t ∀ g∈ G
also multiplied times ws,t , where the storage level remains constant at the beginning and at the
end of each s.
h
i
DH,St−iT
DH,St−iT
DH
ef f,St
va,g,s,t+1
= va,g,s,t
+ ws,t · pDH,toSt−iT
−
p
/C
a,g,s,t
g
a,g,s,t
∀ a ∈ A, g ∈ G DH,St−iT , s ∈ S, t ∈ T

DH,St−iT
va,g,s,t
≤ pnew,St
+ pex,St
∀ a ∈ A, g ∈ G DH,St−iT , s ∈ S, t ∈ T
a,g
a,g

(2.10)

(2.11)

However, the use of the parameter ws,t in this equation assumes that the temporal slice s, t has
a length of ws,t hours, in a row, which is often not the case. If a model is characterised by four
representative weeks, and a full day for each week with an hourly resolution, the length of each
time slice is one hour, and this would be repeated seven times to characterize the full week.
1

The number of elements in a set, e.g. S, is called the cardinal number of set S, which is denoted as n(S).
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Similarly, the original Balmorel equations dealing with inter-seasonal (storage across S and T )
heat storage were defined as shown in Equations 2.12 and 2.13, where the level of storage remains
constant at the beginning and at the end of the year, but varies across s, t.
h
i
DH,St−iST
DH,St−iST
DH,St−iST
DH,toSt−iT
DH
ef f,St
va,g,s,t+1|t<T
+ va,g,s+1,t
=
v
+
w
·
p
−
p
/C
s,t
a,g,s,t
g
a,g,s,t
a,g,s,t
1 |t=T
∀ a ∈ A, g ∈ G DH,St−iST , s ∈ S, t ∈ T

DH,St−iST
va,g,s,t
≤ pnew,St
+ pex,St
∀ a ∈ A, g ∈ G DH,St−iST , s ∈ S, t ∈ T
a,g
a,g

(2.12)

(2.13)

In order to provide some information about data chronology, the parameter ls,t is introduced,
which states the type of chronology used in the temporal dataset, as well as the chronological
duration in hours of each s, t-slice. If n(T ) = 24, the representation of one full day with 24
time slices, where each time slice represents the average hourly value, would be represented with
ls,t = 1. Nevertheless, if n(T ) = 24 and each t-value, i.e. term, is the average value every seven
hours, ls,t would be 7 (see Paper II for further explanation). The intra-seasonal heat storage
equation would be represented as follows, where the capacity equation would remain as in the
old Balmorel version.
h
i
DH,St−iT
DH,St−iT
ef f,St
= va,g,s,t
+ ls,t · pDH,toSt−iT
− pDH
va,g,s,t+1
a,g,s,t /Cg
a,g,s,t
∀ a ∈ A, g ∈ G DH,St−iT , s ∈ S, t ∈ T

(2.14)

In order to illustrate the difference between Equation 2.10 and Equation 2.14, a hypothetical
case with n(S) = 4 and n(T ) = 24, thus ws,t = 91.25, and ls,t = 1, is described in Table 2.4
and illustrated in Figure 2.5 when using both equations. Because of the fact that Equation 2.10
ignores data chronology it overestimates the required heat storage volume by 9125%, as illustrated in Figure 2.5. However, Equation 2.14 integrates this chronology by using the parameter
ls,t = 1, which says that every term in Balmorel is equivalent to one chronological hour, and
the 24 terms per season are repeated 91.25 times, in consecutive cycles, where the storage level
remains constant between cycles.
Equation 2.14 and the introduction of the parameter ls,t makes representation of intra-seasonal
storage in Balmorel flexible enough to accommodate different temporal representations, as shown
in Figure 2.6, as long as data are given chronologically.
Similarly, Equation 2.12, has to be modified to represent inter-seasonal storage in Balmorel
properly, as shown in the Equation below.
h
i
DH,St−iST
DH,St−iST
DH,St−iST
DH,toSt−iT
DH
ef f,St
va,g,s,t+1|t<T
+ va,g,s+1,t
=
v
+
l
·
p
−
p
/C
s,t
a,g,s,t
g
a,g,s,t
a,g,s,t
1 |t=T
∀ a ∈ A, g ∈ G DH,St−iST , s ∈ S, t ∈ T

(2.15)

Modelling of the capacity requirements of intra-seasonal heat storage remains challenging, due
to to the fact that the volume is not constant at the beginning and at the end of each S, and
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f,St
Table 2.4: Example of intra-seasonal heat storage balance, assuming Cef
= 1.
g

Term in Balmorel
T001
T002
T003
T004
T005
T006
T007
T008
T009
T010
T011
T012
T013
T014
T015
T016
T017
T018
T019
T020
T021
T022
T023
T024

Time [h]
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

pDH,toSt−iT
[MW]
a,g,s,t
4
8
12
10
8
4
0
0
0
0
2
4
4
6
14
12
0
0
0
0
0
0
0
0

pDH
a,g,s,t [MW]
0
0
0
0
0
0
6
10
14
16
0
0
0
0
0
0
2
8
12
6
6
4
2
2

it might decrease or increase during that S. Furthermore, if assuming that e.g. S has a weekly
resolution, the modelling might not include all the weeks, but a few representative weeks, that
are repeated 8760/(168 · n(S)) times each year, in consecutive cycles until the next week s + 1;
i.e. if n(S) = 4, it is assumed that each week is repeated 13.05 times in a raw, i.e. all the spring
weeks are the same until summer arrives.
Therefore, the storage capacity equation must represent that the level of storage at the end of
each s, t = T , might have increased or decreased from t1 . In addition, it should also be considered
that each s is characterized by the parameter ws , which represents the relative length of each s
within the year, as the user might want to model some weeks very P
detailed but other weeks in
a more aggregated way. Therefore, s is repeated (8760· ws )/(168· s∈S ws ) times and each T
with a length of ls,t is repeated 168/(ls,t ·n(T )) times within a year, thus a parameter defined as
cycles is created, which considers the amount of times each s is consecutively repeated, as in a
cycle, within a year.

cycles = P

8760 · ws
P
t∈T ls,t ·
s∈S ws

∀ s∈S

(2.16)

The definition of the required inter-seasonal storage capacity must consider that the volume will
be given by the amount of heat stored in the previous ”cycles”. Furthermore, as there might be
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Figure 2.5: Comparison of the effect of the intra-seasonal storage Equation in the required volume: Equation
2.10 (left) and Equation 2.14 (right) (n(S) = 4,n(T ) = 24, ls,t = 1) (Note the diffence in the scale of the y-axis).

Figure 2.6: Comparison of different temporal representations in Balmorel in the estimation of the intra-seasonal
heat storage volume (each Figure will be repeated in cycles 13.04 times more, due to the fact that the full year is
represented as in 4 weeks) The behaviour of the storage would differ; nevertheless the maximum level of required
storage capacity is the same with both temporal resolutions.

consecutive S with a net increase of the heat stored, heat storage capacity must also consider
it, and it cannot be modelled with only one equation.

DH,St−iST
DH,St−iST
DH,St−iST
va,g,s+1,t
+ (va,g,s+1,T
− va,g,s,T
) · cycles ≤ pnew,St
+ pex,St
a,g
a,g

(2.17)

DH,St−iST
DH,St−iST
DH,St−iST
va,g,s+2,t
+ (va,g,s+2,T
− va,g,s,T
) · cycles ≤ pnew,St
+ pex,St
a,g
a,g

(2.18)

DH,St−iST
DH,St−iST
DH,St−iST
va,g,s+N,t
+ (va,g,s+N,T
− va,g,s,T
) · cycles ≤ pnew,St
+ pex,St
a,g
a,g

(2.19)

∀ a ∈ A, g ∈ G DH,St−iST , s ∈ S, t ∈ T

∀ a ∈ A, g ∈ G DH,St−iST , s ∈ S|n(S) > 3, t ∈ T

∀ a ∈ A, g ∈ G DH,St−iST , s ∈ S|n(S) > N + 1, t ∈ T
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The representation of the intra-seasonal heat storage loading is illustrated in Figure 2.7, where
the required volume for intra-seasonal storage must consider that s, t-temporal slices represented
are repeated in consecutive cycles; therefore, multiplying the net increase or decrease in the heat
storage volume.

Figure 2.7: Inter-seasonal heat storage in Balmorel (n(S) = 4, n(T ) = 12, ls,t = 2).

Equations 2.14 to 2.19 allow modelling of intra-seasonal and inter-seasonal heat storage regardless the temporal aggregation chosen. Nevertheless, it is always assumed that the S-time slice
is given chronologically, and that each s is repeated consecutively in cycles, until the next s + 1.
The role of intra-seasonal and inter-seasonal heat storage in Denmark will be specifically analysed
in Chapter 3 and Chapter 4, to assess their impact in the optimal use of waste and biomass in
future energy systems.
This was applied to heat storage, because it is the most relevant in a Danish context nowadays, as
there are both intra-seasonal and inter-seasonal heat storage. Nevertheless, with recent advances
in storage technologies, it will also become highly relevant for electricity storage technologies
and hydrogen, as introduced in the next subsection.

2.1.3

Improvements to hydrogen modelling in Balmorel

Karlsson and Meibom [2008] developed a module for Balmorel, as an addon, that could model
hydrogen production and use for transportation and power production. This addon allowed
the modelling of hydrogen production via electrolysis and natural gas steam reforming, without
considering the amount of excess heat that electrolysers might generate, the demand could only
be satisfied at a regional level, and was using the old storage equations, described in the previous
sections. There was the need to have a fully functional hydrogen addon modelling, especially in
line of energy scenarios published by Danish Energy Agency [2014], where the role of hydrogen
for electrofuels was playing a key role in ensuring the carbon-neutrality of the system, while
attaining to a certain degree of self-sufficiency, as also confirmed in Paper III and V.
Therefore the main updates for hydrogen modelling in Balmorel included are summarised below,
and illustrated in Figure 2.8:
• Modelling of excess heat production from electrolysers: electricity to hydrogen.
• Modelling of other plants producing hydrogen: fuel to hydrogen.
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• Improved modelling of hydrogen storage.
• Flexible spatial characterization of the hydrogen demand.
Table 2.5: Nomenclature for hydrogen modelling in Balmorel.

Modelling of excess heat production from electrolysers
There are different types of technologies that through electrolysis of water produce hydrogen and
oxygen, such as solid oxide electrolyzer, low temperature proton exchange membrane electrolyser
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Figure 2.8: Hydrogen modelling in Balmorel.

or alkaline electrolyser [Danish Energy Agency, 2019b]. The traditional modelling of water
electrolysis was considering electricity as input and hydrogen as only output, related by Equation
2.20. Nevertheless, excess heat from the reaction that might be used for district heating is also
produced (Ibid.), and which is integrated in Balmorel, as illustrated in Figure 2.11. Water
consumption and oxygen production, which could be sold as a by-product, are not yet included
in the modelling framework.

Figure 2.9: Modelling of electrolysers in Balmorel

Modelling of excess heat production from electrolysers is done by using the Cbg parameter,
which correlates the amount of input electricity with the amount of excess heat available for
district heating, as shown in Equation 2.21. Both the electricity consumed and the district
heating produced are part of electricity and district heating balances, as depicted in Figure 2.8.

El
ef f,EtoH2
pH2
a,g,s,t = pa,g,s,t · Cg

DH
pEl
a,g,s,t = Cbg · pa,g,s,t

∀ a ∈ A, g ∈ G EtoH2 , s ∈ S, t ∈ T

∀ a ∈ A, g ∈ G EtoH2 , s ∈ S, t ∈ T
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Flexible modelling of fuel-to-hydrogen plants
Hydrogen can be produced from different processes, e.g. currently it is mostly produced through
steam methane reforming from natural gas [Nikolaidis and Poullikkas, 2017]. Apart from electrolysis, other technologies also considered are biomass steam reforming and biomass gasification
(these technologies are included in Paper III). The traditional modelling of fuel to hydrogen
technologies in Balmorel was only considering this relationship, as shown in Equation 2.22; however, some processes might also use electricity as an auxiliary input fuel, which is integrated
through the introduction of the parameter Cgaux , which represents the auxiliary electricity consumption in the technology g, through Equation 2.23.

Figure 2.10: Modelling of steam reforming in Balmorel

uel
pfa,g,s,t
=

pH2
a,g,s,t
Cgef f,F toH2

pEl
a,g,s,t =

pH2
a,g,s,t
Cgaux

∀ a ∈ A, g ∈ G F toH2 , s ∈ S, t ∈ T

∀ a ∈ A, g ∈ G F toH2 , s ∈ S, t ∈ T

(2.22)

(2.23)

Improved modelling of hydrogen storage
Modelling of hydrogen storage in Balmorel was updated, following the reasoning of section 2.1.2,
to ensure that equations could represent different temporal resolutions in a flexible manner, as
long as they are chronological. Hydrogen storage is assumed to be inter-seasonal; therefore, the
hydrogen storage balance is adapted from Equation 2.15 into Equation 2.24, and the capacity
constraint equations from Equations 2.17-2.19 to Equations 2.25-2.27. Loading and unloading
constraints are also included in the modelling of hydrogen storage.

Figure 2.11: Modelling of hydrogen storage in Balmorel
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i
H2,St−iST
H2,St−iST
H2,St−iST
H2,toSt−iT
H2
ef f,St
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+ va,g,s+1,t
=
v
+
l
·
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−
p
/C
s,t
a,g,s,t
g
a,g,s,t
a,g,s,t
1 |t=T
∀ a ∈ A, g ∈ G H2,St−iST , s ∈ S, t ∈ T

H2,St−iST
H2,St−iST
H2,St−iST
va,g,s+1,t
+ (va,g,s+1,T
− va,g,s,T
) · cycles ≤ pnew,St
+ pex,St
a,g
a,g

∀ a ∈ A, g ∈ G H2,St−iST , s ∈ S, t ∈ T
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H2,St−iST
H2,St−iST
H2,St−iST
va,g,s+2,t
+ (va,g,s+2,T
− va,g,s,T
) · cycles ≤ pnew,St
+ pex,St
a,g
a,g

(2.26)

H2,St−iST
H2,St−iST
H2,St−iST
va,g,s+N,t
+ (va,g,s+N,T
− va,g,s,T
) · cycles ≤ pnew,St
+ pex,St
a,g
a,g

(2.27)

∀ a ∈ A, g ∈ G H2,St−iST , s ∈ S|n(S) > 3, t ∈ T

∀ a ∈ A, g ∈ G H2,St−iST , s ∈ S|n(S) > N + 1, t ∈ T

Flexible spatial characterization of the hydrogen demand
Balmorel optimizes the dispatch of the electricity and district heating sectors; therefore, the
demand of hydrogen for electricity and district heating is endogenously optimized in the model,
and might be subject to further constraints. The demand of hydrogen for other sectors, such as
transport or biorefineries, has to be exogenously specified in the version of the model used during
this PhD. The hydrogen balance equation existing in the hydrogen addon used by Karlsson and
Meibom [2008] assumed that the demand should be satisfied at a regional level (e.g. Denmark
is modelled as two regions: Denmark-East and Denmark-West), as shown in the next Equation;
where hydrogen produced from electrolysers (GEtoH2 ) or other thermochemical process (GF toH2 ),
H2,St−iST
plus hydrogen from storage (GH2,St−iST ) minus the amount sent to storage (va,g,s,t
), should
equal the exogenous regional demand (dH2
)
and
the
endogenous
regional
demand
for
electricity
r,s,t
production (GH2toE ).

X 

A∈AR
r

X

g∈G EtoH2

pH2
a,g,s,t +

X

g∈G F toH2

pH2
a,g,s,t +

X

g∈G H2,St−iST

dH2
r,s,t +

X

A∈AR
r

pH2,toSt−iT
−
a,g,s,t

X

g∈G H2toE
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pH2
a,g,s,t
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H2,St−iST
va,g,s,t
=

∀ r ∈ R, s ∈ S, t ∈ T
(2.28)

Paper III and V highlight the role of hydrogen as a feedstock for electrofuel production in
biorefineries, where it is used for syngas upgrading to boost the fuel production. Therefore, it
could be arguable if it is right to assume that hydrogen could be transmitted/transported at no
cost from one Area to another Area, where the biorefinery might be located. Furthermore, as
hydrogen production technologies might be linked with the district heating markets, accurate
location of hydrogen producing technologies and hydrogen consuming plants is needed. Therefore, the previous hydrogen balance equation is substituted by Equations 2.29-2.31 to represent
the possibility to have exogenous hydrogen demands at an area, region and/or country level, as
illustrated in the red-coloured box in Figure 2.8. In the model used in this study, Denmark is
divided in 36 Areas (see Figure 2.14), where 34 Areas represent in a disaggregated way unique
district heating networks; hence the relevance of using the same spatial dimension for hydrogen
modelling.
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∀ a ∈ A, s ∈ S, t ∈ T
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=

∀ c ∈ C, s ∈ S, t ∈ T
(2.31)

During the articles presented in this manuscript, it is assumed that the demand of hydrogen
for transport is satisfied at a regional level; however, the hydrogen required for biorefineries and
biogas plants has to be produced on-site, i.e. in the same Area where it is used. The user should
specify a hydrogen demand profile through all the year with a temporal resolution s, t; however,
in the studies presented here, a constant demand throughout the year is always assumed.
The improvements to hydrogen modelling in Balmorel have considered the possibility to endogenously transport hydrogen and optimize the required infrastructure to do it out of the scope of
the present study .
Figure 2.12 exemplifies the role of hydrogen production in the future energy system, departing
from the scenario NO-IMP presented in Paper III (scenario with carbon neutrality and selfsufficiency in terms of biomass consumption in Denmark for electricity, heating and transport).
Balmorel optimizes the investment in capacity and operation of technologies producing hydrogen
and storage devices. Hydrogen storage will provide a certain degree of flexibility, decoupling
hydrogen production and use; however, it will imply a higher investment in electrolyser capacity,
which will operate during less hours; thus, with a limited use, as shown in the upper graph of
Figure 2.12.

2.1.4

Spatiotemporal profile for heat pump coefficient of performance

In the traditional Balmorel version, the efficiency of large scale heat pumps, i.e. the coefficient
of performance (COP), is modelled as constant throughout the year (CgCOP −old ), as shown in
Equation 2.32. The COP might only vary across years according to exogenous assumptions
about technological learning, based e.g. on Danish Energy Agency [2019c].
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Figure 2.12: Results from modelling of hydrogen in Balmorel by 2050 with four representative weeks with an
hourly resolution (Scenario similar to the NO-IMP scenario in Paper III, but with updates form Danish Energy
Agency [2019c] - Alkaline electrolyser assumed).

pEl
a,g,s,t =

pDH
a,g,s,t
CgCOP −old

∀ a ∈ A, g ∈ G EtoDH , s ∈ S, t ∈ T

(2.32)

Table 2.6: Nomenclature for modelling spatiotemporal COP of heat pumps in Balmorel.

Bach et al. [2016] introduced COP of heat pumps that vary over time in Balmorel, assuming that
the heat source is sewage water, drinking water and sea water. Nevertheless, these variations are
seasonal and the maximum range of variation between the possible maximum COP in the Danish
summer and the minimum in wintertime is approximately 20%. The study finds out that there
are no significant differences when introducing temporal-dependent COPs when modelling the
Danish district heating system. Nevertheless, when using air source heat pumps, temperature
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fluctuations and thus, variations of the COP is higher (see Figure 2.13), being up to 400%
higher in summer than in winter in the East cost of Jutland (climatological zone 3 in Figure
2.13). Furthermore, there are also some geographical variations across the country, as shown in
Figure 2.14, based on different temperature profiles.

Figure 2.13: Hourly COP of air source heat pumps based on the Danish Design Reference Year - temperature
data in six climatological zones [Danish Meteorological Institute, 2013].

Figure 2.14: Average temperature from 2001-2010 in Danish climatological zones [Danish Meteorological Institute, 2013].

Equation 2.32 is modified, and the parameter CgCOP −old , which defined the annual average COP
COP . This
of a specific type of heat pump g, is substituted by the spatiotemporal parameter Ca,g,s,t
modelling does not introduce additional equations, but only a more accurate number for the
COP, so computationally is not more demanding. As an hourly representation of the a full year
might constitute a computational burden, some representative weeks are selected to represent
both daily and seasonal variation patterns. T −dependent values of the representative weeks are
scaled with the annual values, in order to ensure that the average COP is kept.

pEl
a,g,s,t =

pDH
a,g,s,t
COP
Ca,g,s,t

∀ a ∈ A, g ∈ G EtoDH , s ∈ S, t ∈ T

(2.33)

The spatial representation of Denmark in the Balmorel model, as used in this study, is illustrated
in Figure 2.14. The large district heating networks (red areas) are modelled as disaggregated,
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and they are allocated to the closest climatological zone in Figure 2.13. Smaller district heating
networks (blue areas) are modelled as aggregated by Denmark East and Denmark West, and it
is assumed that they behave as climatological zones 2 and 5, respectively. The spatiotemporal
COP would depend on the climatological zone assigned to each Area in Balmorel, and the
temporal slice s, t.

Figure 2.15: District heating representation (Areas) in Balmorel, as applied in this study.

Figures 2.16 and 2.17 show the impact of introducing spatiotemporal COP profiles for two
scenarios, one scenario similar to the NO-IMP scenario from Paper III, and another scenario
that departs from the NO-IMP scenario, but assumes that excess heat from biorefineries and
electrolysers cannot be recovered for district heating. As Figure 2.16 illustrates, heat pumps
are mostly used during wintertime, due to the fact that during summer, a large amount of the
district heating demand can be satisfied by waste and excess heat from biorefineries, electrolysers
or industries. Therefore, it is important that when using annual average COP of heat pumps,
this value is weighted by the different utilization rate of heat pumps along the year. When
comparing both scenarios with and without spatiotemporal COP profiles, the weighted average
COP in the runs with spatiotemporal COP for heat pumps were approximately 10% lower than
the ones estimated in literature [Danish Energy Agency, 2019c].
Changes in the COP, introduced by using spatiotemporal COP profiles, might have significant
impacts in the Danish district heating production, as illustrated in Figure 2.17. In the scenario where excess heat from biorefineries and electrolysers cannot be recovered, when using
spatiotemporal COP profiles 42% of mixed residual waste that would go to incineration cogeneration plants when using annual COP, are instead diverted to waste heat-only boilers, as
district heating becomes more expensive to produce, especially during winter. Therefore, due
to the fact that the aim of this PhD thesis is to assess the role of waste and biomass in future
energy systems, an accurate modelling of heat pumps is crucial (see Paper I-V).

30

Methodological Developments in Energy Systems Models

Figure 2.16: District heating production in Denmark by 2050 in two scenarios NO-IMP (scenario from Paper
III with data updates from Danish Energy Agency [2019c]) when using spatiotemporal COP profiles and four
representative weeks. It should be noted that heat might be sent to storage and used at the same time, because
district heating production in all the Danish Areas represented in Balmorel is aggregated at a Country level;
therefore, in some Areas heat might go to storage at a given s, t temporal slice, and in other Areas it might be
used from storage at that time slice.

Figure 2.17: Changes induced by introducing spatiotemporal representation of COP in the scenario NO-IMP
with the possibility to recover excess heat from biorefineries and electrolysers (bar in the left) or not (bar in
the right), by 2050. A positive value denotes that by introducing spatiotemporal COP profiles, district heating
production by that technology increases, compared to when an average annual COP value is used, and vice versa.

2.1.5

Economy of scale with SOS2 variables

Economics of scale can have a significant impact on investments in technologies (see the discussion in Paper V) and in transmission capacities, e.g. in the high-voltage direct current (HVDC)
transmission lines [Gea-Bermudez et al., 2018]. Economies of scale cannot be modeled with linear
programming, and require mixed integer linear programming (MIP), at the expense of increasing
the computational time of the model. The modeller must carefully evaluate the trade-offs. In
general, endogenous modelling of economies of scale in Balmorel was not done. In OptiFlow, a
model that will be further introduced in the next section, binary variables were introduced in
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order to model economies of scale endogenously, e.g. of waste incineration plants and biorefineries (Papers III, V and VI). Nevertheless, according to literature [Jensen et al., 2017], Special
Ordered Sets (SOS) of type 2, SOS2 variables, could make modelling of economies of scale less
computationally demanded, as SOS2 variables speed up the solving of the branch and bound
algorithm, by defining that variables are part of an ordered set: SOS2 variables can be at most
two non-zero for the same set, and if two are non-zero they must be consecutive in their ordering.
Due to the high importance of scale economy issues while keeping the computational time as
low as possible, SOS2 variables were introduced in Balmorel. In order to illustrate how to
integrate SOS2 variables in Balmorel, an example of how this is done for investments in power
transmission lines is shown.
A set I is defined, which represents the number of breakpoints that constitute the intervals of
piecewise linear functions, and in this example it represents economy of scale in power transmission investment costs (see Table 2.8 for a full nomenclature description). The installed power
transmission capacity at the beginning of each interval I is given by the parameter Kr,r0 ,i , which
represents breakpoints in the piecewise linear function. The total installed transmission capacity
between r and r0 is restricted to lie between the lowest and the highest values of Kr,r0 ,i . The
investment cost on power transmission between a region r and r0 of Equation 2.1, is indexed to
CAP −SOS2
I, in order to illustrate the components of the piecewise cost function, Cr,r
, and will
0 ,i
represent the investment cost at the beginning of each Kr,r0 ,i . Figure 2.18 displays an example
of the definition of breakpoints and intervals, and the level of power transmission capacity at
them as well as their associated costs.

Figure 2.18: Piecewise cost linear function to model investments in power transmission capacity with economy
scale - Viking Line between Denmark and United Kingdom (data from Koivisto and Gea-Bermudez [2018]).

The SOS2 variable for modelling economy of scale is defined as λSOS2
r,r0 ,i , which considers that at
SOS2
most two of the λr,r0 ,i within the interval set i can be non-zero, and these two non-zero are
adjacent (SOS2 constraints). λSOS2
r,r0 ,i represents the ”weight”, placing the solution on a particular
interval of the piecewise linear function. Therefore, the power transmission capacity is calculated
as the multiplication of the breakpoints in the piecewise cost function, Kr,r0 ,i , times the weight
SOS2
of each break-point, λSOS2
r,r0 ,i (see Equation 2.34. The sum of λr,r0 ,i in the interval i must be equal
to one, as illustrated in Equation 2.35.
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(2.34)

(2.35)

The objective function shown in Equation 2.1 is subsequently modified to consider economies of
scale of investments in power transmission capacity, represented as piecewise linear functions.
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(2.36)

Similarly, modelling of economies of scale could also be done by introducing the binary variable
Ur,r0 ,i . If Ur,r0 ,i is equal to 1, there is an investment in a power transmission line higher than
the breakpoint i, but lower than i + 1, ptrnew
r,r0 ,i .This investment is ensured to be above the
transmission capacity requirement for the beginning of that i through the parameter Kr,r0 ,i , as
shown in Equation 2.37. Ur,r0 ,i is zero when there are no investments in new power transmission
capacity in that interval i-i + 1, as illustrated in Equation 2.39, where M Scale is a sufficiently
large number. Subsequently, the objective function is also modified.
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Economies of scale modelling, either with SOS2 variables or binary variables, require a mixed
integer programming. Solving time differences when using SOS2 variables or binary variables
when assessing the optimal level of investments in power transmission capacity in the line Skagerrak4 between Norway and Denmark, are shown in Table 2.7.
Table 2.7: Branch & bound solving times when using different approaches for modelling economy of scale of the
transmission line Skagerrak4 between Norway and Denmark (n(S) = 4, n(T ) = 24).

Model type
SOS2 variables
Binary Variables

Solving time [seconds]
2177
2560

Table 2.8: Nomenclature for modelling SOS2 variables related to investments in power transmission capacity in
Balmorel.

Binary variables represent an 18% higher computational time, in this small example. But as
the Balmorel model is not polynomial, the impact when having a larger amount of discrete
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data might be higher; therefore, the 18% difference in solving time should not be regarded as
insignificant.
The application of the SOS2 variables was not directly used in the papers presented in this PhD,
in spite of the fact that the model development was done during this project. Nevertheless, it
served as an input for Gea-Bermudez et al. [2018], where they analysed the impact of different
transmission interconnection approaches between offshore wind farms in the North Sea and the
surrounding countries. It is recommended that models implement as default additional and
flexible ways to handle economy of scale issues endogenously.

2.2

Development of the OptiFlow network model

Numerous models, including Balmorel, are ”tailor-made” for analysis of specific energy carriers,
providing little flexibility when a wider variety of inputs and outputs must be modelled. As
shown in the previous section, a significant amount of mathematical development is required
whenever changes to the model must be accomplished. Balmorel is still not flexible enough to
model multiple inflows and outflows, and more mathematical modifications might be required
to represent them accurately. The functioning of the Balmorel model might be characterised by
the linear processes illustrate in Figure 2.19.

Figure 2.19: Simplified representation of the Balmorel model under user-defined dimensions for space and time.

A holistic representation of the future energy system requires flexible models that can handle
any commodity and processes, and where the specific topology of the system represented should
not be part of the mathematical description of the model, but of the data fed to it. This
allows the flexible representation of any network. In this sense, the TIMES model, which
was e.g. used in the article presented as Paper III and in the book chapter Paper XII-a
[Solano-Rodrı́guez et al., 2018], allows a flexible representation of commodities and three type
of processes: general processes, storage processes and inter-regional trading processes [Loulou
et al., 2016]. The model TIMES-DK is characterised by 32 non-sequential time slices and two
geographical entities, Denmark East and West [Balyk et al., 2019]; although it could be modified
to have a more detailed resolution. However, spatial and temporal representation in TIMES
might not be flexible enough to capture dispatch dynamics, storage, transport of resources, and
economies of scale that require certain disaggregated modelling.
Münster et al. [2015] analysed the impact of the economic optimization of waste-to-energy
systems. They pointed out that waste management systems are often characterised by collectiontransport-treatment-energy recovery-final disposal. However, energy systems analysis only cover
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the energy recovery part, assuming the rest of the processes as exogenous. In order to expand
the system boundaries of waste management representation within energy systems models, the
network model OptiWaste was introduced. Initially, the number of equations was small and
there was no representation of space and time. Afterwards, the spatial and temporal dimensions
were introduced in the model during this PhD [Pizarro Alonso et al., 2014, Pizarro et al., 2015].
Furthermore, during this PhD, the model changed its original purpose of uniquely modelling
waste management systems, as this project envisioned a larger scope of application for it, e.g. for
modelling biomass value chains. OptiWaste became a flexible network tool that could be used
to model whatever the user defines as processes (nodes in the network model) and flows (arcs
in the network model). Accordingly, the name of the model was changed from OptiWaste to
OptiFlow, to represent any type of process or flow. Finally, a data-driven optimization OptiFlow
model, with flexible representation of space and time, was fully developed, and hard-linked as a
functional addon of the Balmorel model, by using the same nomenclature for common parameters
and linking the shared endogenous variables. A full mathematical description of OptiFlow can
be found in Paper VI, and further applications on Paper I and II for modelling of residual
combustible waste, and Paper III and V for modelling of biomass resources and residual
combustible waste.
During this PhD the OptiFlow model has been used in the following projects:
• TopWaste, funded by Innovation Foundation Denmark, which aimed at ”contribute to
improved use of waste for energy or material recycling integrating economic and environmental considerations including resource scarcity” [TopWaste, 2016]. OptiFlow supported
the detailed modelling of residual combustible waste and integration of incineration plants
in future energy systems (see Paper I and II).
• COMETS, funded by Innovation Foundation Denmark, which aims to ”contribute to a
cost-effective fossil free energy and transport sector by 2050” [COMETS, 2019]. OptiFlow
supported the modeling of biorefineries, including a detailled representation of biomass
resources (see Paper III).
• FutureGas, funded by Innovation Foundation Denmark, which ”seeks to stimulate (...) an
optimal integration of gas in the overall energy system, including an (...) efficient interaction with heat, electricity, industry and transport sectors” [FutureGas, 2019]. OptiFlow
supported the modelling of biorefineries and power-to-X, with detailed representation of
biomass resources and production of gas fuels (see Paper V).
Additionally, the use of this tool will be further explored in the SuperP2G project, which stands
for Synergies Utilising Renewable Power Regionally by means of Power-to-Gas, funded under the
ERA-Net Smart Energy Systems RegSys framework and by national funding agencies, including
Innovation Foundation Denmark.

2.2.1

Brief description of OptiFlow

OptiFlow is a deterministic model with a bottom-up approach, which optimizes the topological
network design of a flow (e.g. resource, waste, etc.) use or disposal, i.e. preferred conversion
pathways, as illustrated in Figure 2.20, at each time slice and geographical entity. OptiFlow
optimizes movements across the dimensions of space and time, i.e. transport or transmission
of flows, and storage (see Figure 2.21). Furthermore, OptiFlow optimizes, when required, the
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size of processes, such as conversion facilities or storage. The optimization is subject to defined
boundary conditions, such as specific policies, the surrounding system modeled as background,
resource constraints, etc. The objective function in OptiFlow, explained in more detailed in
Paper VI, seeks to maximize or minimize the amount of any selected flow/s leaving or entering
the system boundaries, as defined by the user, e.g. money, greenhouse gas emissions, liquid
fuel production, etc.; including the possibility to perform multi-criteria analysis, following the
principle of Pareto optimality.

Figure 2.20: Network flow representation of processes (nodes) and flows (arrows) in OptiFlow. An hypothetical
optimal topological network design is highlighted in black.

Figure 2.21: Spatiotemporal representation in OptiFlow: transport of resources and storage are movements of
flows across the space-time dimensions.

The spatiotemporal representation in OptiFlow is the same than in Balmorel (described in
the previous section), in order to ensure full compatibility of both tools. The type of processes
modelled in OptiFlow, from which different networks could be illustrated, are summarised below
(further explanation in Paper VI).
• Internal Processes: transformation, split and joins of single/multiple flows in a process.
• Buffer Processes: processes that have a relation outside the system boundaries, i.e.
represent a net consumption or production of a flow from the background system, such as
money, emissions, resources, ashes, etc.
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• Storage Processes: inter-seasonal, intra-seasonal, and inter-seasonal and intra-seasonal
storage.
• Transport Processes: transport or transmission of flows between areas, by the userdefined transport means: e.g. road, ship, pipeline, etc.
• Time-Consumption Processes: processes that consume time at the s or t-level.
Processes might be indexed at the s level or at the s, t level, when short-term dynamics are
important, and a more detailed temporal resolution is required. In addition, processes might
have user-defined capacity constraints, i.e. limits to the amount of flow in a process at a specific
time s, t, including the accounting of capital investment costs. Some other additional constraints
might be imposed, such as bounding constraints to flows entering and/or leaving the network, i.e.
outside the systems boundaries, or unbundling limitations when a flow is split, or enforcement
or limits to flow concurrency when flows are joined or there are auxiliary requirements for
consumption of other flows in a process.
The OptiFlow model, considering the version used in the articles presented in this PhD thesis,
but with the possibility to make further developments in the future, defines 12 variables, and two
more when modelling economy of scale, which are indexed to processes, flows, and the space and
time dimensions. The model consists on 34 equations (+2 when modelling economy of scale),
which can represent a large amount of networks relevant to the energy sector in a flexible way,
such as biomass and waste value chains, providing a large flexibility to the user with a relatively
small amount of equations.
In the subsection below, two examples for modelling residual combustible waste and a biorefinery
in OptiFlow are shown. The goal of these examples are to highlight the importance of having
flexible, data-driven and general models, which can be used to model multiple inflows and
outflows, including changes in the temporal and geographical dimensions. This type of general
models can be used for a wide variety of applications, decreasing the time/budget that projects
should allocate to develop new ”tailor-made tools”.

2.2.2

Use of the OptiFlow model

Modelling of waste incineration plants in OptiFlow
Waste-to-energy plants are often modelled as a conversion plant (see Figure 2.22), cogeneration
or heat-only boiler, with a limited supply of fuel on an annual or seasonal basis per geographic
area, e.g. in the Balmorel model it is often per Region [Wiese et al., 2018].
Transport of resources is typically not endogenously modelled, and it is often assumed that
resources can move freely within the geographical entity where they are generated. Some challenges are not addressed in Balmorel but might be overcome by using OptiFlow:
• Incineration plants have economy of scale (see Figure 3.2 in Chapter 3 for further information); thus, it is necessary to assess the impact of transport distance, and thereby costs,
versus possible benefits from economy of scale.
• The benefit from the use of waste will largely depend on the value of the district heating
provided (see Figure 3.3 in Chapter 3 for further information); therefore, transport distance
versus value of the district heating from waste incineration should be analysed jointly.
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Figure 2.22: Balmorel modelling applied in this PhD thesis (taken from Paper IV).

Residual combustible waste might be stored within a year (waste without the organic fraction),
if there is some incineration over-capacity that allows to use it to maximize its value flexibly,
e.g. storing waste during summertime and burning it during wintertime, when the demand for
electricity and district heating are higher in Denmark.
Furthermore, residual combustible waste is not a homogeneously defined commodity, and its
composition, and hence its chemical characteristics, vary. Modelling of waste, including e.g. its
lower heating value, can be included explicitly in OptiFlow.
For all the prior reasons, waste-to-energy plants were modelled in OptiFlow, following the conceptual diagram illustrated in Figure 2.23. As modelling in OptiFlow implies a larger amount
of equations and thus of optimization variables, two temporal resolutions are used: weekly and
hourly. Only those processes that require a detailed temporal granularity, such as electricity
and district heating production, are modelled at an hourly level.
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Figure 2.23: Conceptual modelling of waste-to-energy plants in a)Balmorel and b)OptiFlow with a geographical resolution level of Area (see Chapter 2.1), assuming
that only residual combustible waste goes to incineration.
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Residual combustible waste generation data are provided at an Area resolution. Some studies
were done assuming 34 waste catchment Areas (Paper I and II), and other assuming 98 (Paper
III and V). Household residual waste cannot be stored and has to be used within the week it
is generated. Household residual waste is optimally transported between Areas towards an
Area where an incineration plant is located or could be located according to endogenous cost
minimization. It is assumed that a fraction of the industrial waste (e.g. up to 50% in the
aforementioned Papers) could be stored between weeks within a year, but has to be used in
the year. Transport of industrial waste is also optimized. Residual waste must be represented
in mass units, as transport costs is provided in units of e/ton · km.
Once, the combustible waste has arrived to the Area where it will be burned, it will be optimally
allocated to an incineration facility, i.e. a new cogeneration plant or a heat-only boiler, or to
an already existing plant (excluded from the graphical representation in Figure 2.23). Once
the flow is allocated to a specific waste-to-energy plant, the flow can be disaggregated into
components, i.e. several arcs, representing the mass and the energy contents, through the
processes ”Household Waste Properties” or ”Industrial Waste Properties”.
The flows representing mass and energy of residual and industrial waste enter a ”Join” mathematical process, where they are combined; i.e. mass flows and energy flows are summed.
Therefore, the lower heating value of the waste entering the waste-to-energy facility is unknown
beforehand, and it is calculated after the ”Join” process. The calorific content will depend
on the share of household and industrial waste. Residual combustible waste enters either the
waste-to-energy cogeneration plant, where electricity and heat, or only heat (when bypassing
the steam turbine) are produced, or a heat-only boiler, providing district heating. Electricity
and district heating flows from waste incineration are linked to the Balmorel model, where they
can be stored, transmitted, cooled down, etc. in order to satisfy exogenously given demands for
electricity and district heating, as shown in Figure 2.22.
Biorefinery
Biorefineries are affected by economies of scale, as discussed in Paper III and in the Chapter 4
of this manuscript. Therefore modelling of bioenergy should consider transport costs and value
of the heating provided, so as to optimize the optimal sizing and location of biorefineries. A
simplified example of straw modelling in OptiFlow is shown in Figure 2.24. Straw is available
at a specific location (excluding other uses, such as bedding or fodder), there it could be used
for energy or just left on the field. If straw is going to be used for energy, it will be transported
towards the endogenously optimized biorefinery type and location. Straw will be used in the
biorefinery or cogeneration plant, providing electricity, heating and/or fuel, and consuming
hydrogen, if it is used for syngas upgrading from thermal gasification.
The mathematical representation of the network always seeks to minimize the number of equations. It might seem straightforward that straw would be transported if it is known where it is
going to be used. Therefore, the ”Split” process would go before the transport process in Figure 2.24. Nevertheless, we would increase the number of equations by doing so. Optimization
models have the ability to foresee where it is going to be used, and they will transport straw
accordingly. When designing the network flow model that would be implemented in OptiFlow,
the user should always seek to minimize the number of equations, defining the topology in an
optimal way, as this might affect the computational time or memory required.
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Figure 2.24: Conceptual modelling of straw utilization, assuming three possible uses for energy production, as a simplification (see Paper III) for a full description
of straw uses (BtL: biomass-to-liquid).
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2.3

Linkage of the integrated TIMES model with Balmorel &
OptiFlow

The model Balmorel, including the addon OptiFlow, has been described in the previous sections. Balmorel and OptiFlow have a flexible spatiotemporal representation, where Balmorel is
specially built for modelling the electricity, district heating and hydrogen sectors; and OptiFlow,
could model any energy carrier, as it is fully data-driven. The Balmorel model presents some
limitations as it does not provide a fully integrated modelling of the energy sector, being difficult
to evaluate the optimal level of electrification in e.g. the transport or industrial sectors, and
the competition for scarce resources, such as fossil fuels or biomass. The model OptiFlow can
overcome some of these limitations; nevertheless, a complete modelling of e.g. the transport,
industrial and residential sectors has not been included yet. The model TIMES-DK represents
in an integrated way the residential, industrial, and transport end-use demands, allowing e.g. to
find the optimal allocation of resources among competitive uses or establishing carbon budgets
[Balyk et al., 2019]. However, the temporal and spatial representations in the model TIMES-DK
are quite aggregated and non-chronological. This limits the adequate representation of variable
renewable energy resources, district heating networks, economies of scale, resource transportation and storage (Paper IV).
Therefore, the goal of linking the TIMES model with Balmorel & OptiFlow is to overcome some
of the limitations both built-up models have: modelling of the fully integrated energy sector while
considering detailed spatial and temporal representations. The reason for doing this is that a
complete integrated model with a very detailed spatiotemporal representation might require
extremely high computational times; therefore, a linkage might be preferred. Both modelling
approaches are still partial equilibrium models, i.e. the full integrated energy sector is modelled
isolated from the rest of the economic sectors.

Figure 2.25: Linkage of TIMES with other energy systems models (adapted from the presentation in the SemiAnnual ETSAP Workshop on December 2017).

Figure 2.25 summarises how the TIMES model might be linked to a model, e.g. Balmorel

43

Methodological Developments in Energy Systems Models
& OptiFlow. Both models must have the same common exogenous parameters, i.e. must be
harmonized; e.g. fuel prices, technology costs, etc. Each model might be characterised by
some other exogenous parameters that are not part of the other model, e.g. the model TIMESDK has data about passenger transport, but the other model, e.g. Balmorel, requires hourly
chronological representations of energy demand and production profiles, which are aggregated
in TIMES-DK. Some endogenous variables from the TIMES model will be fed as exogenous
parameters in the other model, and vice versa. This is done in an iterative way until achieving
certain convergence in specific common endogenous variables, i.e. results from both models do
not differ after iterations.
In Paper III, the model TIMES-DK and Balmorel & OptiFlow were linked, as represented
in Figure 2.26, to assess the optimal role of straw in the future Danish energy system. This
research question could not be addressed by using the TIMES model or the Balmorel-OptiFlow
model uniquely, but by combining them, due to the following reasons:

Figure 2.26: Modeling linking between TIMES-DK and Balmorel-OptiFlow from Venturini et al. [2019].

• Straw might have competitive uses for electricity, heat, process heating and as a fuel for
transport, including passenger road transport, freight transport, shipping and aviation.
Therefore, a holistic modelling approach of the full energy sector is needed. The model
TIMES-DK integrates all these sectors.
• The generation of residual biomass resources, such as straw, varies on a regional basis, and
its optimal use might depend on optimizing transport distance versus economies of scales.
Furthermore, optimal location of biorefineries to treat those biomass resources will also
depend on the value from the by-products, such as excess heat. Therefore, a model with
a detailed spatial representation, as Balmorel-OptiFlow, is needed.
• Higher integration of variable renewable energy resources, such as wind energy, requires
high temporal granularity in the models used, as provided by Balmorel-OptiFlow.
• Power transmission with other countries becomes increasingly important to ensure a higher
integration of wind resources, as also highlighted in Paper IV. Therefore, an expansion
of the geographical coverage of the model might be required. The TIMES-DK model only
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represents the energy sector in Denmark, and uses exogenous power transmission price
interfaces and transmission capacities to model power transmission with the neighbouring
countries, i.e. Norway, Sweden and Germany. On the other hand, the Balmorel model
includes simultaneous optimization of dispatch and investments in Norway, Sweden, Germany and Finland.
• Economies of scale for biorefineries are significant, and an endogenous representation
through integer programming might be required. The OptiFlow model represents investments in biorefineries with economies of scale through mixed integer linear programming.
The harmonization between the models TIMES-DK and Balmorel & OptiFlow in the STRAW
Paper includes:
• Technical and economic characteristics of conversion plants. Nevertheless, capacity factors
of variable renewable energy technologies were excluded from this harmonization, as they
are spatiotemporal dependant, and in TIMES-DK aggregated profiles are used.
• Existing stock capacity of conversion plants and exogenous decommissioning.
• Fuel Prices.
• Potential of the different biomass resources.
• Limitations to the expansion of investments in renewable energy capacity.
The following endogenous variables from the optimization of the model TIMES-DK were used as
input parameters in the subsequent optimization in Balmorel & OptiFlow (see Supplementary
Material C of the STRAW PaperPaper III for further information about the scenarios):
• National demand for electricity, district heating and hydrogen. The model TIMES-DK
considers end-use demands, while Balmorel & OptiFlow has final energy demands. TIMESDK considers energy efficiency and demand electrification to satisfy all the end-use demand
in the less expensive way.
• Allocation of fuel use for power, district heating, process heating and biofuel production.
TIMES-DK optimizes the use of limited resources among competitive uses subject to other
constraints, such as greenhouse gas emission caps.
Afterwards, selected endogenous variables from the optimization of Balmorel & OptiFlow were
used as inputs in TIMES-DK:
• Net electricity trade between Denmark and neighbouring countries, and optimized power
transmission capacities. The limitation of modelling electricity trade in TIMES-DK is
related to the fact that electricity trade is modeled through price marginals, which are not
assumed to vary, i.e. when electricity trade increases the price in the importing country
would decrease, but it is instead modeled as constant. Therefore, an endogenous modelling
and optimization with Balmorel & OptiFlow is required.
• Excess heat that can be recovered from biorefineries. Balmorel & OptiFlow models individually district heating networks where biorefineries might be located. Furthermore,
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it models intra-seasonal and inter-seasonal heat storage to optimize the amount of excess
heat from biorefineries that can actually be efficiently used. It considers seasonal patterns
in district heating demand and competition with other sources for base-load heat, such as
waste incineration facilities.
• Transport cost of biomass from field to gate. Balmorel & OptiFlow optimizes the transport
distance from the field to the gate of the biorefinery facility.
In the first run, average biomass transport cost and use of excess heat from biorefineries were
assumed in TIMES-DK. Furthermore, it was also assumed that Denmark had net zero imports
of power transmission with neighbouring countries. After the first iteration with Balmorel &
OptiFlow, those values were updated. Modelling results highlighted the importance of economy
of scale when optimizing the location and sizing of the biorefineries, and the fact that most of
the excess heat from biorefineries could be efficiently used provided that the size of heat storage
was optimized.
After the first iteration with Balmorel & Optiflow, results from the model TIMES-DK did not
vary significantly, thus the value of linking two models to assess the optimal role of straw could be
arguable. Nevertheless, results from Balmorel & OptiFlow provided numerous insights regarding
the optimal location of biorefineries, such as where they should be located, the competition with
waste incineration plants, etc. The linkage between TIMES-DK and Balmorel & OptiFlow allows
to gain insights and understanding of the role of biorefineries in future energy systems. Hence,
it improved the discussion and created solid arguments around the optimal use of straw in the
future Danish energy system, which was mostly assessed in the TIMES-DK model. Therefore, as
also highlighted by Deane et al. [2012], when linking the Irish TIMES model to a power systems
model, the motivation of this linkage is to ”improve and develop understanding of energy systems
model results”. If one specific energy modelling tool must integrate all the relevant aspects of the
energy systems, the computational time might be intractable. Therefore, it might be preferred
to strengthen modelling results by linking several tools with different characteristics rather than
by developing one comprehensive model that requires a very advanced computation, and which
might not be available. Panos and Kannan [2016] used a similar approach, by combining the
Swiss TIMES model with a complete representation of the energy system, with an extended
version of that TIMES that was including exogenously only the electricity and heat demands
but with a detailed representation of 288 typical hours.
Helgesen and Tomasgard [2018] highlighted that iteration between different energy models might
also be time-consuming, and that a full integrated model might be preferred. It was outside
the scope of this work to assess the different possibilities for interaction, such as soft-linkage,
hard-linkage or full integration. Nevertheless, further research could explore different options,
with the aim that the use of different energy modelling tools should improve the understanding
of energy systems, without creating a computational burden.

2.4

Framework for integrating parametric uncertainty in Balmorel

Long-term energy models cannot be properly validated, due to their long time-horizons, as it
would be practically impossible to compare their results with the real-world outcomes [Ringkjob
et al., 2018], which would also negate its purpose as a planning tool [DeCarolis et al., 2012]. There
are stochastic events which are impossible to predict, such as unforeseen major technological
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breakthroughs or policy developments. Some authors, such as Pindyck [2017], have argued
that as models have flaws could mislead policy-makers into thinking that the results presented
have scientific legitimacy, thus being useless. Nevertheless, models provide useful insights about
how the future might unfold based on internally consistent underlying assumptions, and they
should not be regarded as prescriptive but as normative. As David Hume wrote in An Inquiry
Concerning Human Understanding in 1748, ”In general, there is a degree of doubt and caution
and modesty which, in all kinds of scrutiny and decision, ought forever to accompany a just
reasoner”. Models suggest truth rather than reveal it [Hodges and Dewar, 1992]. Therefore,
acknowledging that uncertainty is an inherent part of energy systems modelling for long-term
planning, whose stochastic nature makes impossible to reduce it, there is the need to characterize
it, in order to ensure that models can still deliver reliable insights.
A traditional way of addressing uncertainty is to formulate alternative sets of input assumptions
bundled into consistent scenarios that look into different futures [Bauer et al., 2017]. The
scenario building process might be biased if the influential parameters are unknown or obviated.
Nevertheless, scenarios are powerful narrative tools that might shape policy through the stories
they convey [Beck, 2017]. Paper I-III and V in this manuscript use scenarios, as they assess
how different pathways might look like. Furthermore, researchers often perform local sensitivity
analyses, varying one factor at a time while fixing the others, to assess the impact of parametric
uncertainty in the output [Saltelli et al., 2019]. Although acknowledging the importance of
local sensitivity analyses for understanding system dynamics, they leave the multi-dimensional
uncertainty space unexplored. In an attempt to address the full uncertainty space in the Balmorel
model, while keeping the model deterministic, a new methodological framework is suggested in
Paper IV, which is briefly summarized below:
1. Heuristic selection of parameters and characterization of their uncertainties.
2. Global sensitivity analyses through Morris sampling. This step ranks the most contributing
parameter uncertainties in the results as well as identifies those that are non-influential.
3. Uncertainty propagation and Monte Carlo runs using Latin hypercube sampling. This
step quantifies the uncertainty in the modeling output from parametric uncertainty.
This framework is applied in the Balmorel model, exploring the impacts of uncertainty in a
Danish fossil-free system with a high integration of wind-based energy. Results from a local
sensitivity analysis, varying one factor at a time up and down around its reference value, and
results from the global sensitivity analyses, as described in step 2, were compared in Paper
IV. Some parameters that were considered as influential in the global sensitivity analysis were
deemed as irrelevant in the local sensitivity analyses, where the effect of interaction between
other uncertain parameters is not captured. Therefore, methodologies that deal over the whole
uncertainty space should, to a larger extent, be increasingly implemented when characterizing
the uncertainty associated with long-term energy planning. Robust methodologies exist, as
described in Paper IV, being the main challenge the computational burden.

2.5

Discussion about further work regarding energy modelling

One of the main research questions to be addressed in this PhD is to improve the modelling of
multiple flows in energy systems. In order to do so, a new model that does not handle explicitly
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electricity, heat or any other energy carrier was developed, OptiFlow. It represents any flow,
from resources to carriers, with flexible spatial and temporal resolutions, by implementing different layers of space and time. The required flexibility is introduced by enabling movements
across those spatiotemporal dimensions, i.e. through transport and storage. Furthermore, this
PhD aimed to develop a framework for handling uncertainty in future energy systems, by implementing global sensitivity analysis and uncertainty analysis within the detailed bottom-up
model Balmorel, which was introduced in the section above and in Paper IV.
During the work with the different models, i.e. Balmorel, OptiFlow and TIMES, several concerns aroused. The aforementioned models are open-source, which is key to promote scientific
reproducibility [Morrison, 2018], and to enable the scrutiny of results by the general public.
Improving public trust is a requirement to ensure that the energy transition can be realised
with high acceptance, and policy advise is transparent [Wiese et al., 2014]. Nevertheless, it
could be arguably if in spite of the use of open-source models, the fact that they are all written
in GAMS, which requires a licence, could decrease the degree of transparency of the process.
The discussion around the need of free software to improve the development of public trust
in modelling results must be triggered. There is ongoing work towards that direction in the
Spine project, funded from the European Union’s Horizon 2020 programme, in which TIMES
and Balmorel models are being translated from GAMS into Phyton and Julia programming
languages.” While the use of commercial software does not prevent repeatable analysis, the financial burden of software limits the number of individuals who can participate in the modeling
endeavor”[DeCarolis et al., 2012], which is specifically important for those stakeholders with
limited financial possibilities and extends the availability of energy models [Howells et al., 2011].
Morrison [2018] also highlights that the datasets need to be open, to enable ”their use, modification, and replication”. For this reason, extended documentation regarding energy scenarios
was published along the articles included in this manuscript, e.g. the Supplementary Material
in Paper I.
Therefore, this PhD thesis contributed to advance regarding future energy systems and data
transparency; however, further work should be done towards increasing the transparency of the
process, e.g. by using free software. Further advances in the Balmorel & OptiFlow models,
which could support better how the Research Question 2 ”What is the role of biomass and
waste in future energy systems?” is addressed, are presented in the following chapters.
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Chapter 3

What is the role of combustible
waste in future energy systems?
This PhD thesis addresses the issue of renewable energy production and sustainable waste management. Thereby, in order to secure the most efficient use of residual combustible waste in
the future, a holistic approach must be used, where the goals and characteristics of both the
waste and the energy sectors are assessed dynamically in an integrated analysis. By doing so,
the following questions are assessed:
• What is the future optimal treatment of residual waste fractions in terms of economy and
the environment?
• How waste-to-energy technologies provide flexibility to the system?
• What is the effect of economy of scale versus transportation cost in the waste sector?
• Is trade of combustible waste for incineration a sustainable solution in the long-term for
both importing and exporting countries?
It is outside the scope of this PhD thesis to challenge the waste hierarchy with regard to minimization, reuse and recycling [Gharfalkar et al., 2015]; therefore, this manuscript only deals with
the non-recyclable fraction of combustible waste. In the different energy scenarios described in
the articles contained in this manuscript, anaerobic digestion of the organic fraction of the residual waste is not conceived as a decision subject to optimization, but as an exogenous constraint,
in line with the Danish Waste Management policies, the EU waste-to-energy strategy [European
Commission, 2017], and the EU Circular Economy Package.
At the early stages of this PhD, modelling of the organic fraction of waste was also integrated,
in order to discuss the most optimal option from an economic or carbon footprint perspectives,
including different possibilities to sort out the waste: source-segregation vs. central sorting. Nevertheless, from an economic perspective, and due to the higher costs associated either to central
sorting or separated collection [Münster et al., 2015], and the lower efficiencies of anaerobic
digestion plants compared to waste incineration, organic waste was not endogenously directed
towards anaerobic digestion unless there was a restriction on nutrient recovery, as digestate
from source-segregated organic waste could subsequently be used as fertilizer. However, when
considering carbon constraint scenarios, organic waste diversion towards biogas would become
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economically feasible, as the value of fuels for transport or the supply of process heating in the
industrial sector is higher than the value of electricity and district heating production. This is
shown by the fact that the scarce biomass available resources in Paper IIIand V are diverted
towards fuel supply, instead of direct electricity and/or heat production from their combustion in the scenarios with caps to greenhouse gas emissions. For these reasons, the endogenous
modelling of the organic fraction of waste was left outside the main scope of this thesis.
Nevertheless, in Paper III and V, endogenous optimization of the anaerobic co-digestion rates
of the organic fraction of waste with different co-substrates was allowed. Modelling results
indicated the high suitability of using organic waste as a co-substrate for anaerobic digestion
of manure, instead of monodigestion of organic waste, due to the benefits provided to manure
digestion, e.g. an adequate dry matter content. Nevertheless, the feasibility of this result is
limited by the different geographical location of resources, as highly populated areas, where
most residual waste is generated, are generally far away from farms. A detailed spatial analysis
is conducted in Paper V, and without enforcing the use of the organic fraction in anaerobic
co-digestion, less than 25% of the waste available is optimally diverted to anaerobic digestion.
Therefore, when optimizing the use of biowaste in future energy systems, it is important to
consider that anaerobic digestion is not only a way to produce energy but a waste management
strategy, whose externalities should also be acknowledged.
The EU waste-to-energy strategy also highlights that in the case of waste edible oils and fats,
there is scope for improving the efficiency of collection and treatment systems to produce fuels
such as biodiesel and hydrogenated vegetable oils (HVO). The resulting waste-derived biofuel
can be used directly in transport, including the use of HVO in aviation. This process was
included in Paper III, but due to a lack of specific data about waste oils and fats in Denmark,
this PhD did not analyse its role more specifically, although it is advised to do so in further
research.
The following sections describe the methodological improvements to represent waste incineration
plants in future energy systems better, and summarizes the main results from Paper I and II
regarding the use of residual combustible waste in future energy systems.

3.1

Methodological developments regarding modelling of waste
management in energy systems

Subsection 2.2.2 in Chapter 2 describes the main methodological improvements in OptiFlow
in order to represent better waste incineration plants. The subsection below summarizes how
energy systems analyses with a detailed modelling of residual combustible waste use were linked
with Life Cycle Assessment approaches in order to identify the carbon footprint associated to
it.

3.1.1

Energy systems analyses in consequential Life Cycle Assessment

A broader consequential Life Cycle Assessment (LCA) approach was employed to appraise climate change impact potential in a variety of foreground and background conditions related to
residual combustible waste incineration. This is illustrated in Figure 3.1 for a case with imports
of combustible waste to Denmark versus management in the country of origin.
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Figure 3.1: System boundaries, induced and avoided processes associated with import of combustible waste.
The electricity system lying outside a country boundary, reflects that electricity markets are international (figure
from Paper II).

.
Paper II shows that the impact of the avoided and induced energy system is the most important
factor when assessing the carbon footprint of different waste-to-energy alternatives. The review
of Bernstad Saraiva et al. [2018] on consequential life cycle modelling of solid waste management
systems, and they also identified a strong relationship between the selection of the affected energy
production and the impact on the global warming potential. They highlighted that often the
selection of the affected energy production was not justified, and that ”the detected inconsistency
in how energy provision (. . . ) is modelled could result in biased results”.
The affected energy production is often identified with heuristic approaches, through short-term
and long-term marginals. Bernstad Saraiva et al. [2018] say that a clear majority ”identifies
single technologies rather than a mix of affected technologies”. This PhD suggests the use of
energy systems analysis in Life Cycle Assessments to identify the avoided and induced changes
in fuel consumption when integrating waste-to-energy plants, including the systems dynamics,
e.g. changes in investments, including in power transmission, and in heat storage, heat cooled
down, etc., as also introduced by Münster and Lund [2010]. Furthermore, this PhD suggests to
avoid the use of the term ”marginal”, when the impact of the technologies, especially in district
heating systems is not marginal. The use of the terms ”avoided and induced changes in, or
affected” fuel consumption and ”avoided and induced changes in” infrastructure investments
are preferred. Paper II illustrates how heuristic approaches often lead to an overestimation
of avoided greenhouse gas emissions, compared to using energy systems analyses to identifying
the avoided and induced changes in fuel consumption. The applied methodology omits the
greenhouse gas emission impacts associated to infrastructure deferral or induced investments,
as the greenhouse gas emissions from capital goods are small (compared to affected fuel) and
subject to uncertainty as systems become decarbonized, i.e. manufacturing of goods would
have a smaller impact as the energy matrix became decarbonized (see Paper II for further
information).
Vandepaer et al. [2018] have recently updated the integration of long-term marginal electricity
mixes in the ecoinvent consequential database 3.4, where they identified marginal electricity
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supply mixes, by calculating the difference in the production of electricity between 2015 and
2030, based on official energy scenarios. This could support researchers dealing with waste
LCAs in identifying affected energy production, especially if it is not possible to have access
to energy systems analysis modelling. However, due to the fact that energy technologies have
different dispatch characteristics, i.e. base load or peak, the specific affected energy mix would
depend on the dynamics of the waste-to-energy technology. These long-term marginal electricity mixes are similar to the work presented in Paper II for estimating possible EU long-term
electricity marginals; however, in Paper II hydropower and nuclear technologies are excluded,
as they would rather be related to political decisions, and they are not likely to be affected by
waste-to-energy technologies. When comparing the affected electricity generation when importing growing amounts of waste to Denmark in Paper II, with the results reported in Vandepaer
et al. [2018], the amount of biomass-based power generation in Paper II is significantly lower
than the number estimated by Vandepaer et al. [2018] and fed into the ecoinvent 3.4 database.
This difference comes from the fact that biomass plays a less important role for electricity and
district heating generation than estimated in recent energy scenarios, such as the Nordic Energy
Technology Perspectives [International Energy Agency, 2016]. Furthermore, the dynamics of
the technology entering the electricity mix might affect the technologies that are displaced.The
use of energy systems analysis when evaluating the carbon footprint from a life cycle assessment perspective of a technology that consumes or produces a meaningful amount of energy is
recommended to understand better the impact induced by waste-to-energy technologies.

3.2

Waste incineration plants in future energy systems

In modern countries, energy in MSW amounts to approximately 5% of the total energy demand
[Brunner and Rechberger, 2015]. The use of this resource in waste incineration facilities can
reduce the demand of fossil fuels in the current energy systems, such as coal and natural gas in
Denmark (see Paper II). Furthermore,Jeswani and Azapagic [2016] identified that energy from
incineration has lower impacts than landfilling with gas recovery across different environmental impact categories, except for human toxicity. This is due to Air-Pollution Control (APC)
residues (90%), but not due to stack emissions, e.g. heavy metals and dioxins, whose impact is
negligible in countries with strict emissions control. Nevertheless, when energy recovery was not
accounted for, the impact on global warming potential, abiotic depletion potential, acifidication
and ozone layer depletion potential was higher in incineration than in landfilling. However,
incineration was bringing positive impacts with regard to eutrophication, freshwater aquatic
ecotoxicity, marine aquatic ecotoxicity, and photochemical oxidant creation potential.
Hence, the role of waste incineration within the context of circular economy and a decarbonized
energy system is being discussed. Technical and in some cases economical barriers might make
recycling of some waste fractions difficult or even impossible, and thus incineration could be
preferred, as a way to manage the residual waste adequately (e.g. sterilizing and rendering
inert), while reducing significantly its mass and volume, and facilitating the recovery of metals
from bottom ashes [Arena, 2015] (Paper I). Massarutto [2015] performed a literature review
on waste incineration and found few contributions ”genuinely economic in the approach and
methodology”. This PhD thesis assesses the role of waste incineration in future energy systems through economic optimization. Furthermore, Paper II challenges the assumption that
incineration could be preferred over landfilling from a carbon footprint perspective in the longer
term.
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3.2.1

Techno-economic data of waste incineration plants

Municipal solid waste is an heterogenous fuel having large variation in physical appearance and
composition, with high contents of chlorine and sulphur, and it is more difficult to process than
conventional fossil fuels or biomass [Brunner and Rechberger, 2015]. Furthermore, there is no
standard about the content of municipal solid waste or size. Therefore, due to the fact that
MSW results in large concentration of acids in the raw gas and in order to keep boiler corrosion
low, the steam parameters in typical waste incineration facilities are limited to 400-440°C and
40-70 bar [Danish Energy Agency, 2019c], when for a wood pellets power plant it would be
up to 560°C and 90 bar. The low steam parameters of waste incineration are responsible for
comparably low electrical efficiencies, and a higher production of heat.
Flue gas condensation technology, which recovers the heat of condensation from water vapour of
the flue gases, directly and assisted by heat pumps, increases the energy efficiency by additional
10-25% for residual combustible waste. As waste is a relatively wet fuel, it is assumed that
all the new waste incineration plants in Denmark would have direct flue gas condensation as
well as assistance by heat pumps. It is estimated that the total energy efficiency (operating
at nominal capacity) of waste incineration plants is 105.5%, according to the suggestions made
by the ”Technology Data Catalogue for Electricity and District Heating Production” of the
Danish Energy Agency [2019c]. This value is higher than 100% due to the fact that the heat of
condensation is not included in the definition of the lower heating value, which is usually used
to characterise residual combustible waste.
It is assumed that all the cogeneration waste incineration facilities are constructed with a turbine
by-pass, which can be used partly. When the turbine is by-passed, the total energy efficiency is
allocated to heat production (Paper I-V).
Waste incineration plants are affected by economy of scale, and the latest data used in this
manuscript are presented in Figure 3.2, updated with regard to Paper I-V.

Figure 3.2: Economy of scale associated to waste incineration plants (adapted from Danish Energy Agency
[2019c]).

.
A simple cost-benefit analysis is done in order to understand modelling results better. This
cost-benefit analysis, illustrated in Figure 3.3, shows under which circumstances the net present
value associated to burning waste would be positive or negative under different electricity and
district heating prices. Results show that due to the relatively low electrical efficiency and large
production of heat, the district heating provided should have a value so that the process would
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be economically advantageous without a gate fee for receiving the waste. Comparing the figure
for heat only boilers and large cogeneration plants, benefits would most likely be larger for
cogeneration plants, even with low electricity prices. However, small cogeneration plants would
only bring more benefits than heat-only boilers if electricity prices are considerably high.
The following subsections describe the role of waste incineration plants in the future Danish
energy system by using different modelling approaches with Balmorel and Balmorel & OptiFlow.

Figure 3.3: Cost-benefit analysis for waste incineration plants (e/ton waste), excluding transport costs and a
waste gate fee, and assuming a socioeconomic discount rate of 4%, an economic lifetime of 30 years, and a lower
heating value of the waste of 10.5MJ/ton (Techno-economic data from Danish Energy Agency [2019c]).

3.2.2

Waste incineration in future energy systems

Assuming a scenario of high electrification, the integrated optimization of Balmorel-OptiFlow
for the year 2035 in Denmark endogenously invests mostly in large incineration cogeneration
plants and in a small heat-only boiler,as shown in Figure 3.4, which is similar to the findings in
Paper I. Large cogeneration plants are more beneficial; however, at smaller scales, heat-only
boilers are preferred over cogeneration plants.

Figure 3.4: Waste generation in 2035 per Municipality (a) and incineration capacity in Denmark by 2035,
including exogenous already installed capacity with the possibility of mothballing (b) and endogenous optimization
with Balmorel-OptiFlow (c).

In 2035, waste incineration would provide 3.5% of the total national electricity demand and
would satisfy 16.2% of the district heating demand. These numbers are lower than the shares
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shown in Paper I, where the share of waste incineration in the electricity mix could reach up
to 7% by 2035 in a scenario with a lower degree of electrification. Nevertheless, recent scenarios
suggest a higher electrification of the energy system (e.g. Paper III), decreasing the overall
share of waste incineration in the system but not its absolute contribution.
Residual combustible waste, as a resource, would have a value of approximately 20e/t (excluding
transport cost and gate fee), as discussed in Paper I and II, but with a decreasing value due to
the drops in renewable energy prices. Waste incineration plants provide a base electricity and
district heating supply, which is efficiently integrated by the use of bypass, electricity trade, and
heat storage, as shown in Figure 3.5.

Figure 3.5: Electricity production in Denmark and district heating production in the network of Copenhagen
- 4 full weeks representing 2035. The grid of Copenhagen was selected as the waste incineration capacity in this
area is the largest (see Figure 3.4).

Impact of parametric uncertainty affecting electricity and district heating prices on
waste incineration
As shown in Figure 3.3, the value from incinerating residual waste will depend on the value of
the electricity and district heating provided, which are subject to numerous uncertainties, as described in Section 2.4. In order to assess the impact of parametric uncertainties on electricity and
district heating prices, and the subsequent consequences this might have for waste incineration
planning, a Monte Carlo analysis with Latin hypercube sampling is conducted. According to
the main findings from Paper IV, the uncertainty of five parameters in the multi-dimensional
space is analysed: capital cost (κOf f W ind ) and full load hours (πOf f W ind ) of offshore wind
turbines, capital costs (κHeat P ump ) and coefficient of performance (COP) (νHeat P ump ) of heat
pumps, and limits to investments in power transmission capacity (τInv Lim ), according to the
uncertainty ranges characterised in Paper IV.
The characterization of the 12 scenarios run in Balmorel-OptiFlow with Latin hypercube sampling is shown in Figure 3.6. It is outside the scope of this section to make a detailed uncertainty
analysis, but to apply the methodology and assess the impacts on the waste management sector.
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Therefore, as discussed in Paper IV, the number of runs might not be large enough to cover
the full multidimensional uncertainty space, but following a stratified sampling technique, such
as Latin hypercube, the uncertainty range can be fairly characterised.

Figure 3.6: Latin Hypercube Sampling for 12 Monte Carlo runs with Balmorel-OptiFlow in order to assess the
impact of parametric uncertainty in the results.

Results from the uncertainty analysis show that waste incineration in cogeneration plants is preferred over waste incineration in heat-only (HO) boilers, almost regardless changes in parametric
values. Only a minor amount of waste is sent to a small heat-only boiler in some of the scenarios;
nevertheless when the electricity price increases all the waste is diverted towards large waste
cogeneration plants (located in the same large district heating networks, as depicted in Figure
3.4). A large integration of heat pumps for district heating, interlinks electricity and district
heating markets even more. Therefore, it might be expected that low electricity prices might
cause low district heating prices and vice versa. Hence, waste incineration in large cogeneration
plants is preferred over a more decentralised production of heat.

Figure 3.7: Results from the Monte Carlo uncertainty analysis using Latin hypercube sampling, and sorting the
scenarios by increasing weighted average Danish electricity prices in 2035.
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3.2.3

Impact of transport cost on investments on waste-to-energy facilities

Residual combustible waste is transported between centroids of municipalities towards the centroid of a district heating network, where incineration plants are assumed to be located. According to the data described in Paper I and in Dall, O. [2015], transport is assumed to be
done by fully loaded <32t trucks, meeting the EUROCLASS 5 standards, without accounting
possible effects of economy of scale, i.e. more or less loading-unloading per km (e.g. high density
or low density areas for waste collection), in order to avoid using integer variables that would
increase the computational time. The transport cost has two components, one related to the
cost of the truck and the manpower, and another related to the fuel consumption by the truck
(diesel is assumed). In Paper I, II and IV, a transport cost, excluding fuel, of 0.09e/ton·km
is used. Diesel consumption would increase the transport cost with approximately 36%.
Figures 3.8 and 3.9 illustrate the impact of increasing the transport cost up to 200% more,
excluding the fuel cost from this increase. Due to the fact that the largest waste generation is
also related to higher district heating demands, i.e. relatively big cities (in the Danish context),
the impacts of transport cost in the optimal use of waste are limited. A more expensive transport
would promote the construction of few small heat-only boilers, closer to the areas where waste
is generated and reducing transport of waste. At a small scale, heat-only boilers are preferred
over cogeneration plants (see Figure 3.3). Nevertheless, the impact of uncertainties in transport
cost on the optimal use of waste in the future Danish system is small.

Figure 3.8: Impact of the transport cost on investments on waste-to-energy plants in Denmark by 2035.

3.2.4

Flexibility of waste incineration plants in systems with high VRE

The role that waste incineration plants could play in a future energy system with increasing
demands for flexibility might be contested. Modelling results indicate that only minor amounts
of waste are optimally stored across seasons, due to the fact that an investment in over-capacity
would be required, with significant capital costs. Furthermore, an investment in over-capacity
could hinder efforts that promote recycling, increasing the amount of waste sent to incineration.
Therefore, waste incineration plants would burn waste at a constant level throughout the year,
with some minor variations, decreasing slightly the storable waste (i.e. dry) sent to incineration
during summertime.
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Figure 3.9: Estimated residual combustible waste available per municipality in Denmark by 2035 (Paper IV
for further references), and waste treatment capacity in district heating networks when optimizing under different
transport cost assumptions.

Results in Paper I-III show that waste incineration plants are optimally integrated in the
system with the use of bypass, and short-term and long-term heat storage. Furthermore, as
the participation of waste incineration in the Danish electricity matrix is small, less than 5%,
the required flexibility to the power system could be provided by a robust transmission grid, as
highlighted in Paper IV, and not necessarily by the waste incineration plant it-self.
When analysing the results from Figure 3.5 and 3.10, the bypass option is used at those periods
where the district heating demand is very high, and not when the residual power demand is low.
Waste incineration plants bypass the steam turbine in order to provide more district heating
at peak periods, minimizing the total installed capacity of heat pumps, and especially, of heat
storage. Furthermore, at those peak district heating demand periods, some of the electricity
demand was covered by imports; and producing more electricity from waste-to-energy plants
would decrease those imports of electricity. Therefore, the benefit of the bypass would come
from being able to provide more heat when demanded, instead of from decreasing the power
production.
In the specific case study shown in this manuscript, the use of bypass in new incineration plants
in Denmark would allow to decrease 2,200 MWh of inter-seasonal heat storage capacity, but
the impact on the installed capacity of heat pumps would be small, being approximately 10
MW. The socioeconomic benefits from enabling waste incineration plants with bypass would
be approximately 0.05 Me/a by 2035. Nevertheless, bypass might provide additional benefits
that cannot be captured in the Balmorel modelling framework, such as e.g. relief of bottlenecks at distribution grids, ancillary services from waste incineration plants, etc.; increasing the
socioeconomic value from enabling bypass.
In Figure 3.5, waste incineration supplies the base-load district heating demand during winter
and summer. The role of short-term storage is relevant, but specially linked to heat pumps,
so that heating can be produced at those periods where the electricity prices are lower. Longterm heat storage, i.e. inter-seasonal, plays a minor role. Therefore, due to the size of waste
incineration plants and the optimal location of the facilities according to waste generation,
transport and value of the services provided, the fact that waste incineration plants provide
heat on a constant basis, even in summer, seems not to challenge the flexibility of the district
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heating system, or to imply cooling down large amounts of heat.

Figure 3.10: Induced changes in the electricity and district heating generation when it is not possible to bypass
the steam turbine in waste incineration plants. A positive number indicates that due to the fact that there is no
bypass the production from that technology increases, and vice versa.

Figure 3.11: Endogenous optimized investments in waste incineration plants and biorefineries, when assuming
an extreme case, where 50 PJ/a of dimethyl ether (DME) have to be produced in Denmark from imported wood
pellets (techno-economic data of the biorefinery from Paper III).

Heat from waste incineration plants could compete with the excess heat available from Biorefineries, especially if large amount of biofuels produced from thermal gasification are required,
as discussed in Paper III. In order to assess the optimal role of waste incineration plants and
biorefineries, an extreme case is tested, considering that there are 40 PJ of excess heat from
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biorefineries (approx. 28% of the national district heating demand). Results in Figures 3.11 and
3.12 show that the optimal location of waste incineration plants would not change, as they would
be located close to the generation sources and access to large district heating networks. In spite
of the fact that biorefineries have economy of scale (see Paper III for further information), they
would be located in several networks, in order to ensure that there is a value for the excess heat
provided. Biorefineries would mostly substitute heat from heat pumps. Waste incineration and
biorefineries might provide valuable heat due to the use of short-term and long-term storage, as
shown in Figure 3.12.

Figure 3.12: District heating generation in the network of Copenhagen by 2035, when inducing large biorefinery
capacity in Denmark.

3.2.5

Transboundary movements of residual combustible waste in Europe

There is over-capacity of thermal waste treatment plants in the Northern European market,
particularly in the Netherlands, Germany, Denmark and Sweden (Paper I). Several European
countries; such as the Netherlands, Germany, Sweden and Denmark currently import for incineration, as illustrated in Figure 3.13. Exports of combustible waste from England went from
zero in 2009 to almost 2.8 million tons in 2015, starting after a regulatory decision made by the
Environment Agency, based on the UK Plan for Shipments of Waste, which allowed the export
of treated municipal waste from waste management facilities [UK Environment Agency, 2015].
There is no clear definition for ”treated waste”, and in fact, it has been considered waste where
the organic fraction has been sorted out (see Paper I).
As already discussed in the Introduction Chapter, there are large differences among European
countries with regard to waste treatment. Some countries are still landfilling significant amounts
of waste, as shown in Figure 1.2. The export of combustible waste is covering the lack of domestic
non-landfilling solutions in some countries and the spare capacity in others, and the differences in
waste-related taxes among countries. Export of waste might be cheaper than paying a domestic
landfill tax, e.g. in Paper I it is mentioned that when the landfill tax in UK was above 50£/t,
it was cheaper to export the waste, as gate fees in Netherlands ranged from 33 £/t (Paper I).
Countries with an available over-capacity for waste incineration are often setting their gate fees
at a level just to undercut the landfill route, i.e. the landfill tax. Thus, the availability of waste
to import does not only depend on the amounts to be diverted from landfilling, according to the
targets set by the Landfill Directive, but also on the ability to pay for and the national political
priorities to achieve such a diversion through instruments such as landfill taxes.
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Figure 3.13: Transboundary movements of waste in 2014, adapted from CEWEP [2016].
It should be noted that the amount of import and export is not balanced, this might happens because consistent
international figures are challenging to produce due to differences in reporting conventions and definitions, e.g. of
municipal solid waste and commercial & industrial waste.

Currently, Danish incineration plants experience an over-capacity of up to 20% (in mass terms)
due to decreased domestic waste amounts sent to incineration, as a result of higher recycling
rates and lower waste generation (Paper I). In 2013, ten out of twenty-six incineration plants
in Denmark imported waste in order to warrant contracts of district heating supply; in 2015
there were twenty. From 2009 until 2015, the amount of imported combustible waste towards
Denmark has grown to more than 320,000 tons, increasing 675% since 2011, doubling from 2013
to 2015 and being stable during 2016, as depicted in Figure 3.13. Imported waste constitutes
10% of the total waste incinerated in Denmark and it comes primarily from the United Kingdom
, but also from Germany, Norway and Ireland.

Figure 3.14: Imports of combustible waste to Danish incineration plants, adapted from Danish Environmental
Agency [2018, 2016].

.
Future amounts and composition of waste generated will depend on levels and orientation of
consumption and production, and recycling. Continuing and possibly also expanding imports of
waste for incineration could be a way of utilising already installed and planned capacities, meeting district heating and electricity demands in Denmark. Furthermore, from the perspective
of exporting countries, incineration in high thermal efficiency plants could be an opportunity
to divert waste from landfilling and possibly also from domestic low thermal efficiency incin-
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eration. In the long term, the role of trading waste for incineration is more uncertain and is
viewed differently between actors. On the one hand, the shift away from landfilling is likely to
need substantial time, where export for incineration may be an interim solution while domestic
recycling infrastructure is being developed. On the other hand, it is claimed that the transition
can be delayed or hindered by locking into large investments in incineration with economic and
technical lives of at least 25-30 years [Danish Energy Agency, 2019c].
Paper I and II address the economic impact and the carbon footprint associated to imports of
waste towards Denmark, through least cost optimization with the energy system model Balmorel
& OptiFlow, followed by a consequential Life Cycle Assessment. Results showed that currently,
there is a positive socioeconomic value from importing combustible waste during wintertime.
A gate fee would be required to fulfil the spare capacity during summer, as the value of the
heat and electricity provided would be lower. Nevertheless, results highlight that it might be
more cost-efficient to mothball some of the existing plants that are less efficient and with high
operational expenditures, instead of importing waste. From a carbon footprint perspective,
incineration of imported waste would replace fossil fuels from the system and it would mostly
provide benefits, especially if landfilling is avoided.
In future energy systems, import of waste would also often bring socioeconomic benefits. The
climate footprint from trading waste would depend on (1) the exporting and importing countries waste management systems, (2) the energy system of the countries, as well as (3) the type
and quantity of waste traded (Paper II). In a fully decarbonized Danish system, the technology/ies displaced by increasing waste incineration are renewable energy, which would have low
greenhouse gas emissions associated, excepting biomass, whose sustainability might be uncertain. Therefore, potential climate benefits would depend on avoidance of sanitary landfilling,
differences in the carbon-intensity of the energy systems in the import and export countries,
and the emissions associated to biomass supply. In general, benefits from waste incineration are
offset by direct combustion emissions related to plastic, as the energy system becomes largely
decarbonized.
Therefore, countries should carefully plan their incineration capacity, as due to the large uncertainties associated to its impact in the future, over-capacity should be minimized. Rada et al.
[2018] suggest that countries should not build waste incineration facilities in order to avoid landfilling without having a functional waste management strategy. They recommend that during
this interim period countries produce Solid Recovered Fuel (SRF) and co-combust it in cement
factories, as energy is produced and the ash is integrated in the cement.
There is the need to increase research regarding other waste management technologies that can
provide higher value-added products, such as transport fuels or chemicals, whose decarbonization
is currently more challenging (see next Section). In addition, further analysis could assess the
possibility to recover CO2 from flue gases. The Klemetsrud waste-to-energy plant, located in
Oslo (Norway), is planning to implement a full-scale carbon capture facility, and to transport
CO2 by ship to Western Norway, to inject it in geological formations below sea level [Oslo
Municipality, 2019].
A pan-regional approach regarding waste management planning would be desirable, in order
to maximize the value of waste management and to avoid suboptimal strategies at a European
level. In addition, further research regarding a coherent European strategy for waste taxation
is highly recommended. A regulated international market for combustible waste would avoid
transbordier shipments of waste based on tax competition between countries, but on the value
they can provide.
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3.3

Research questions regarding waste incineration in future
energy systems

This PhD aims to address the question regarding the optimal role of combustible waste in
future energy systems. Paper I shows that there is a socioeconomic value from incinerating
waste during wintertime in the present system, including imports of waste. Waste incineration
would also bring socioeconomic benefits in the future, due to advances in waste incineration
plants, which are becoming more efficient and cheaper. The impact of economy of scale in
waste incineration plants is important, and results show that waste-to-energy plants would
mostly be centralised, close to waste generation but also with access to large district heating
markets. Cogeneration plants are favoured at large scales, and heat-only boilers at small scales.
A centralised treatment of waste is favoured, in spite of uncertainties with regard to transport
cost, or electricity and district heating prices, due to the major impact of economy of scale and
the average higher value of electricity. Incineration plants would provide flexibility to the system
through the use of bypass and especially, with short-term storage, and also through long-term
storage but to a minor extent. When the value of district heating might be higher than the value
of electricity, waste incineration plants would only provide heat, bypassing the steam turbine.
Nevertheless, from a greenhouse gas emission perspective, results are up for further discussion.
Due to increasing decarbonization of the electricity and district heating sectors, and the direct emissions from combustion of plastic waste, incineration could increase the climate impact
compared to other waste management strategies, including landfilling.
Münster and Lund [2010] analysed the role of different waste-to-energy technologies in the
present and a future Danish energy system using the model Balmorel. They recommended
further research into waste gasification, which could enable the production of liquid fuels. In our
analysis, due to the lack of up-to-date data about commercial waste gasification plants, because
the maturity level of the technology has not yet being achieved, endogenous optimization was
kept outside our scope.
Nevertheless, the role of waste gasification in future Danish energy systems can be inferred by
comparing Paper III; where the role of straw utilization for electricity, heating and fuel production, including thermal gasification, is assessed under different climate-constraint assumptions;
with Paper I and II, which describe the economic implications and the carbon footprint associated to waste incineration. Paper III shows that straw gasification is preferred over direct
combustion for electricity and/or heating production under climate-constraint scenarios that
force to achieve climate-neutrality in the energy sector. Extrapolating this situation to residual
combustible waste, if there is the possibility to import biofuels from abroad whose sustainability
can be verifiable at a lower cost than waste gasification, waste incineration might still be a
preferred option from a socioeconomic perspective. Nevertheless, if thermal gasification technologies are cost-competitive either with waste incineration plants or with imported biofuel from
abroad, thermal gasification would be the preferred option.
While there are plastics from a fossil origin, the possibility of placing solid plastics in secure and
leak-proof landfills should also be analysed as a carbon sequestration option, as also suggested
by the Energy Transition Commission [2018].
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3.3.1

Benefits from using OptiFlow for waste-to-energy modelling

It can be questionable the fact that there is a large amount of research related to the development of more complex, and hence, seemingly more accurate and better, modelling techniques.
Ellenbeck and Lilliestam [2019] argue that models ”hardly need to add more (mathematical)
complexity, but rather be reduced and simplified (...)”. Therefore, in order to assess the differences between the modelling of waste incineration plants with Balmorel & OptiFlow, and only
with Balmorel, without accounting for endogenous transport of resources or economies of scale
represented in OptiFlow, both optimizations are conducted and results are compared in Figure
3.15 and Table 3.1.
Results from Balmorel only differ slightly in the optimal location of waste incineration plants,
being less centralised than in Balmorel-OptiFlow. However, results are similar in Balmorel and
Balmorel & OptiFlow due to the fact that in small district heating networks it is assumed that
there is access to heat sinks, and heat pumps have higher COP. Hence, Balmorel optimization
also locates waste incineration plants in large district heating networks, in order to replace
heat pumps with a lower COP. However, due to the fact that neither economy of scale nor waste
availability are endogenously considered, waste incineration plants would be smaller in Balmorel.
Differences in the electricity and district heating generation at a national level between the
two modelling approaches are negligible. Nevertheless, at a subnational level, district heating
generation would differ due to the impact of waste incineration plants.
The use of Balmorel & OptiFlow, especially the fact of modelling endogenously economies of
scale, increases substantially the computational complexity, as the problem would not longer be
linear programming but mixed integer programming. Therefore, the use of the model Balmorel
& OptiFlow would be recommended when assessing the role of district heating at a subnational
disaggregated level or when assessing the role of technologies, such as waste incineration plants,
that are closely link to that district heating evolution. However, if the modelling goal is related
to e.g. analysis of the power sector, a complex approach, as Balmorel & OptiFlow might not
be required. Furthermore, the computational burden of having a MIP problem might hinder
the development of more complex scenario or uncertainty analysis, which might provide more
relevant insights.

Table 3.1: Endogenous investments in waste-to-energy capacity (t/h) with different modelling frameworks.

District Heating Network
Copenhagen
Aarhus
Odense
TVIS
Esbjerg
Hjørring

Waste-to-energy plant
cogeneration
cogeneration
cogeneration
cogeneration
cogeneration
heat-only boiler
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Balmorel
77
57
44
28
22
-

Balmorel-OptiFlow
100
90
70
5
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Figure 3.15: Estimated residual combustible waste available per municipality in Denmark by 2035 (Paper
III for further references), and waste treatment capacity in district heating networks when optimizing with a)
Balmorel only and b) Balmorel-OptiFlow.
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Chapter 4

What is the role of biomass in future
energy systems?
The Task 42 on ”Biorefining” of the International Energy Agency, including Denmark as a member of this task force, defines biorefinery as ”Biorefining is the sustainable processing of biomass
into a spectrum of bio-based products (food, feed, chemicals and materials) and bioenergy (biofuels, power and/or heat)” [IEA, 2014]. Furthermore, they consider energy-driven biorefineries,
with a focus on energy carriers (fuels, power and heat), and product-driven biorefineries, with
a focus on bio-based products (chemicals, materials, food and feed). This PhD thesis focus on
the so called energy-driven biorefineries, as the production of bio-based products is considered
as a by-product, with a value, but without an explicit modelling.
One of the main hypothesis when starting this PhD project was that biomass would most
likely play an important role in a future fossil-free energy system, from providing flexibility to
electricity and district heating systems, to covering the fuel demand for heavy transportation,
shipping and aviation as well as other sectors whose decarbonization is more challenging, such
as high-temperature process heating. The 2°C scenario from the International Energy Agency
[2017] highlights that biomass will have a particularly important role in the transport sector,
where it helps to decarbonize long-haul transport (aviation, marine and long-haul road freight).
The question of how to best use biomass resources in future energy systems is not trivial, given
the large range of uses, and the difficulties in foreseeing technologies breakthroughs. Acknowledging these challenges, the focus has been on how to improve the modelling of biomass in
energy systems analysis, with two case studies analysing especifically the role of straw (Paper
III), and renewable gases and liquid fuels (Paper V) in a future decarbonized Danish energy
system. Some of the research questions to answer more specifically were:
• What is the optimal use of biomass with an increasing competition between electricity,
heat and transport sectors?
• What kind of investments should be done and when should they take place in order to
facilitate a transition to a sustainable energy system?
The following sections introduce the methodological framework developed for modelling biorefineries in systems with high integration of variable renewable energy, and the main impacts
associated to it.
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4.1

Modelling of biorefineries in energy systems analysis

Biorefineries are systems with multiple inputs and outputs, thus, their modelling in Balmorel was
restricted. Modelling of biorefineries in TIMES-DK did not require any specific methodological
development of the model it-self, but transport of resources and possibility to use the excess heat
could not be taken into account due to the spatiotemporal resolution of the model, as developed
by Balyk et al. [2019].
Therefore, OptiFlow could overcome these challenges, by modelling biorefineries with several
input and output flows, including transport of resources, economies of scales, and disaggregated
modelling of district heating networks in order to assess the role of biorefineries as a source of
excess heat. The modelling of biorefineries in OptiFlow is shown in section 2.2.2.

4.2

The role of biomass in future energy systems

The global biomass demand is influenced by a large number of parameters, including ”population
dynamics, economic development, demand for food, fodder, fiber and energy services, changes in
production intensity of agriculture and forestry, decisions concerning land conservation, and the
availability and costs of advanced energy conversion technologies (...)” [Daioglou et al., 2019].
If e.g. food demand decreases; which would depend on population, income and dietary changes;
biomass could grow on cropland previously used for food production, with no indirect land-use
change impact [Humpenöder et al., 2018]. However, if e.g. there is higher demand for livestock
production, the land-use change emissions associated to biomass use would be higher, and the
availability of sustainable biomass would be more limited.
Paper III and V focused on the spatial availability and transport of residual biomass resources;
furthermore, they both included the possibility to use wood pellets, which are assumed to be
imported. Paper V did not include other dedicated energy crops, and Paper III included the
possibility to use corn, rapeseed and sugar beets, according to some exogenously given national
potentials, and assuming certain indirect-land use change emission factors. Nevertheless, these
values were highly uncertain, and further research regarding how much biomass could grow in
the country in a sustainable way is needed.
Biomass resources are limited, and if we aim to attain sustainability, their use must be optimized. The role of the Danish biomass in future energy systems will depend on the degree of
electrification of some demands, and the possibility to import/export renewable gas, renewable
liquid fuel or specific biomass feedstocks. All the Papers in this manuscript show that biomass
would be barely used in the electricity and district heating sector. It has been argued the need
to have biomass as backup capacity, but modelling results (Paper I-V) show that in the power
system this flexibility would be provided by electricity trade, and in the district heating by heat
storage. Therefore, the value of biomass in those sectors would be limited if investments and
operation in transmission lines and heat storage facilities are optimal. The use of bioethanol
is not favoured, due to the fact that according to the technological expectations (Paper III),
the light transport sector, which is the one that could use bioethanol, would become largely
electrified.
The modelling exercises. presented in the articles attached to this manuscript, consider that

68

What is the role of biomass in future energy systems?
electrofuels are fuels made from carbon dioxide from biogas or syngas, and hydrogen from
electrolysis. Electrofuels are endogenously modelled in Paper III and V, and through an
exogenous hydrogen demand in Paper I, II and IV. Paper III and V show that electrofuels
would be slightly more expensive than biofuels; nevertheless, in those cases were the demand
for fuels is high and the sustainable biomass resources are limited, they are needed. Electrofuels
would play an important role in achieving carbon-neutrality and self-sufficiency.
The optimal use of biomass might depend upon the evolution of technological breakthroughs,
which are briefly summarised below:
• Electrification of the heavy-duty road transport, such as electric trucks or electric road
systems. Paper III does not consider a breakthrough of electric trucks or electric road
systems for heavy road transport; however, Paper V does it, and analyses the specific
impact this might have on its Liquid Biofuel and More EV scenarios. In Paper III, a
significant amount of national domestic resources would have to be diverted towards liquid
and gas biofuel production, hindering the possibility to achieve net zero GHG emissions by
2050 without importing biomass or biofuels. In Paper V, if the heavy road transport sector is partially electrified, biomass consumption would decrease substantially, which could
favour the decarbonization of other sectors or decrease imports regarding biomass or biofuels, increasing the national self-sufficiency in terms of energy. Connolly [2017] estimates
that electric road systems of the main Danish roads for long-distance journeys, combined
with low capacity batteries in vehicles, would be the cheapest strategy to decarbonize the
transport sector, including buses and trucks for heavy-duty road freight transport. Hence,
there is a growing need for assessing the electrification potential of the transport sector,
including heavy-duty road transport [Liimatainen et al., 2019].
• Increasing the role of hydrogen in the future energy system. The role of hydrogen in a
future decarbonised energy system in Paper III is limited, and it is used for biogas and
syngas upgrading in order to boost biofuel production. Nevertheless, as aforementioned,
it is not possible to achieve climate-neutrality while attaining for self-sufficiency in that
Paper. Staffell et al. [2019] highlight that although hydrogen had high expectations in
the 2000s, they failed to materialize, but it could still play an important role in a future
decarbonize system. Some authors have estimated that long-haul heavy vehicles might
benefit from using hydrogen fuel cells [Staffell et al., 2019, Cano et al., 2018], due to
their high specific energy and energy density, which gives long driving ranges, and quick
refuelling. Paper V acknowledges the role that hydrogen could play in the heavy-duty
road transport in its H2 scenario, which would decrease the biomass consumption for the
transport sector and increase the electricity demand, especially offshore wind in the Danish
case.
• The role of electroammonia in the shipping sector. The shipping sector uses mainly heavy
fuel oil and marine gas oil [Hansson et al., 2019], the International Maritime Organization
(IMO) strategy aims to reduce total annual GHG emissions from international shipping
by 2050 by 50% compared to 2008 [International Maritime Organization (IMO), 2018].
However, if the ambition of the Paris Agreement is to be reached, i.e. limiting the global
warming well below 2°C, Traut et al. [2018] identify that virtually a full decarbonization
of the shipping sector should be achieved. Similarly, Maersk, a Danish company and the
world’s largest shipping container company, has announced its ambition to be net zercarbon by 2050, with commercially available carbon-neutral vessels by 2030 [Balcombe
et al., 2019]. Therefore, Paper III includes shipping in the GHG emission balance, and
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alternative fuels should be considered in order to achieve climate neutrality.
In Paper III and V, FT-biodiesel (Fischer Tropsch) and biomethanol would be used
in the shipping sector. Furthermore, biofuels could helpt to achieve N OX and SOX reduction targets, and they are all biodegradable, an advantage over fossil fuels regarding
spills [Balcombe et al., 2019]. Nevertheless, biomass resources might still be limited, as
introduced in Paper III. Ammonia is a carbon-free fuel that can be manufactured in
the Haber-Bosch process from nitrogen (through cryogenic distillation from the air) and
hydrogen from water electrolysis, as opposite to steam reforming of natural gas, which is
the process used now. Other alternative processes for a more efficient ammonia synthesis
are under research [Malins, C., 2018]. Ammonia is not commonly used as a fuel nowadays, but some stakeholders have identified it as a potential alternative bunker fuel for
shipping (Ibid.). The possibility to have a fuel without the need to ”use” a carbon source,
either from biomass or directly CO2 from the air, would decrease the biomass demand,
and would make sustainable biomass available for other sectors that cannot be electrified,
as discussed in Paper III. However, ammonia still face many challenges, and its potential
role needs further investigation [Lehtveer et al., 2019].
• Degree of electrification of the process heating in the industrial sector. In scenarios where
a deep decarbonization is required, such as in Paper III, a large part of the industrial
process heat becomes electrified, and solid biomass and biogas covers the residual demand.
Therefore, given the limitations of renewable energy and biomass availability, ”electrification of the broad economy seems a must, provided electricity supply is CO2 -free”, as
pointed out by Philibert [2019]. The process heat below 200°C might be provided by heat
pumps, and even some low temperature process heat could be covered by solar collectors,
e.g. the food sector in Paper III.
Furthermore, high temperature process heat could be provided by e.g. ”infrared heating,
ultraviolet curing, microwave and radio frequency heating, induction heating, (...), and
electric arc furnaces, in sectors as diverse as chemicals and petrochemicals, iron and steel,
food, drink and tobacco, glass, (...), and paper and printing” [Philibert, 2019]. In spite of
the fact that these processes are more expensive, they could be compensated by a higher
efficiency of the electric route (Ibid.). Staffell et al. [2019] discuss that hydrogen could
replace natural gas for providing heat in the industrial sector, including in some hightemperature industries, such as steel and cement.
A detailed analysis of possible decarbonization routes in the industrial sector has been out
of the scope of this thesis due to a lack of data regarding requiring plant redesign; however, further research is recommended. Paper III highlights the need to have extremely
high electrification rates of the industrial sector in order to attain carbon-neutrality and
self-sufficiency, as otherwise biomass should be diverted towards the industrial sector. Nevertheless, as pointed out by de Pee et al. [2018], this requires changes to processes, not
only to fuels, and long lifetimes of industrial facilities might require costly retrofits. Thus,
it is highly uncertain the feasibility of it, unless early and determined action is adopted,
but modelling results should be regarded with caution.
• Efficiency improvements in the harder-to-abate sectors. Davis et al. [2018] identify aviation, long-distance transport, shipping, and production of carbon-intensive structural
materials, e.g. steel and cement, as ”difficult-to-decarbonize energy services”. Energy
efficiency and renewable energy are the main pillars of the energy transition [IRENA,
2018]; and acknowledging the challenges associated to identify new ways to satisfy those
demands, energy efficiency becomes key in the short term. [Balcombe et al., 2019] express
that ”(...) there is no silver bullet solution to decarbonisation. It is likely that halving
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carbon emissions will require a range of options, including new fuel sources, raising technical or operational efficiencies and reducing demand”. Therefore, a substitute for fossil
fuel will still be required as energy efficiency improvements alone will not be sufficient in
the medium to long term.
In Paper III, the transport of passengers by air is exogenously assumed to increase 62%
by 2050 compared to 2010 (the baseline year of the TIMES-DK model) and the freight
transport by air 19%, but the endogenous increase in energy demand is 16% in the BAU
and CO2 scenarios, and 13% in the NO-IMP scenario, i.e. the scenario of climate neutrality and self-sufficiency. By increasing the efficiency, biokerosene needs, which is a limited
resource due to the sustainability concerns of biomass, are minimized. Therefore, as identified by IRENA [2018], the combined effect of energy efficiency and renewable energy
will contribute to the decarbonization needs in a cost-efficient manner, which is especially
critical in those harder-to-abate sectors. It is important to identify what are the feasible
efficiency gains, as this will allow to free biomass for other uses, maximizing its value.
In addition, the optimal use of biomass might also depend upon other factors that have not been
considered explicitly in the modelling approach, but whose discussion is relevant to understand
a plausible role for biomass resources:
• Availability of third-generation biofuels, i.e. algae. The EU long-term decarbonization
strategy [European Commission, 2018a] says that ”In order to alleviate the multiple demands on the EU’s land resources, improving the productivity of aquatic and marine
resources will play an eminent role in capturing the full range of opportunities of the bioeconomy for tackling climate change. This includes for instance the production and use
of algae, and other new sources of protein which have the potential to relieve the pressure
on agricultural land.”
Algae resources can be produced using non-arable land, brackish or non-potable water,
and can withstand extreme temperature, irradiation, or drought [Adeniyi et al., 2018], if
the adequate strain is used. Therefore, algae resources could greatly increase the potential
of available biomass [Rodionova et al., 2017], without creating a burden on land (in some
geograpical locations), and on the direct and indirect GHG emissions associated to it.
Nevertheless, the overall potential for using algae as a feedstock for biofuel production is
still an untapped resource and more research is needed to ensure economic feasibility of
its commercial production. Laurens et al. [2017] identified ”minimizing energy, water, nutrients and land use footprints of integrated algae-based operations” as priorities in order
to ensure the successful deployment of algae-based energy and products.
If an algae-based economy booms, it might imply significant changes to the optimal use
of biomass resources, increasing the availability of biofuels, especially for the harder-todecarbonize sectors.
• The possibilities of carbon capture and storage. If carbon-storage sites are available close
to some industrial facilities, such as depleted gas or oil fields, de Pee et al. [2018] identify it
could be a decarbonization option, especially for cement production. Otherwise, sustainable biomass might also provide some of the energy needs, but as highlighted throughout
this chapter, entering in competition with other sectors that are hard-to-abate and will
also demand for biomass.
• Electrofuels from direct capture of CO2 from the atmosphere. Industrial CO2 capture from
the air through an adsorption-desorption chemical process, would increase the available
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carbon sources that can be used to produce fuels, decreasing the need for biogenic carbon
sources, i.e. biogas or syngas, or from other point sources of CO2 , such as flue gases
from industrial processes, power plants, etc. [Searle and Christensen, 2018]. Nevertheless,
the process has a lot of challenges related to direct air capture, and further research and
development are needed to reduce costs [Davis et al., 2018].
• Possibility to compensate emissions in other sectors through offsetting. Due to the fact
that it might be very challenging that some sectors become fossil-free, decarbonization
could be achieved through buying offsettings in e.g. the land use sector, in reforestation,
afforestation, forest protection or blue carbon initiatives, or in the energy sector; bringing
often other co-benefits, especially when they are implemented in developing countries
[Becken and Mackey, 2017]. The aviation sector already uses carbon offsetting to mitigate
GHG emissions, and airlines are offering voluntary carbon offsetting to their customers
(Ibid.). Furthermore, the International Civil Aviation Organization (ICAO) agreed in 2016
on the principles of the Carbon Offset and Reduction Scheme for International Aviation
(CORSIA), in order to ensure a carbon-neutral growth of the aviation sector from 2020
onwards [ICAO, 2019a].
Nevertheless, this might be contestable from an ethical point of view, and the Energy
Transition Commission [2018] identify that ”negative emissions from the land use sector
will (...) be needed during the transition period”, as an interim solution while the different
sectors become decarbonized within themselves. Furthermore, the mitigation potential is
difficult to quantify, and might be subject to possible deviation on the baseline used, as
shown by Liu and Cui [2017]. On March 2018, ICAO Council endorsed the 2050 ICAO
Vision for Sustainable Aviation Fuels, ”for a significant proportion of conventional aviation
fuels to be substituted with sustainable aviation fuels by 2050” [ICAO, 2019b]. Therefore,
carbon offsetting might have an important role to play in decarbonizing the aviation sector
in the short term, while sustainable aviation fuels are further developed in a cost-efficient
manner. These sustainable fuels are required to ensure air transport complies with the
required level of ambition to keep the global warming well below 2°C.
• Biomass demand for bio-based products, such as chemicals, materials, food and fiber,
which is outside the scope of this PhD, but could play an important role in defining the
optimal biomass use. The organic chemical and plastic sector depend on carbon, and the
only source to provide it in a sustainable way would be biomass, and in a future, it could
also potentially be CO2 from direct capture of the air [Carus, 2017]. The Energy Transition
Commission [2018] report identifies biomass for plastics as the second priority with regard
to biomass use, after aviation. Therefore, in spite of the fact that demand of bio-based
products was not part of the modelling approach of this manuscript, it could significantly
affect the optimal use of biomass resources and increase further the competition among
sectors.
As summarised above, the optimal use of biomass would depend on those demands that can only
be satisfied through biomass in order to become decarbonized, i.e. sectors where alternative
decarbonization routes are not available. Otherwise, in spite of the potential claims for biomass
use of multiple sectors, its utilization should be discouraged, as the availability of sustainable
biomass is limited. Biomass could play a role as an interim solution, until e.g. a higher degree
of electrification can be achieved in the long-haul transport or the industry sector, but it should
not have a predominant role in the power or residential heating sectors in the medium-term.
Furthermore, investments in biorefineries should be done carefully in order to avoid stranded
assets if the optimal conversion pathway of the resource changes. Paper III shows that biomass
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would have a key role in enabling the decarbonization of the aviation sector, through FT-biojet,
as so far other decarbonization strategies are very limited. Therefore, lignocellulosic resources,
such as woody biomass and straw, would mostly be diverted towards thermal gasification.
When the demand for biojet fuel is high, but the sustainable available resources are limited,
syngas from thermal gasification is upgraded with hydrogen, in order to boost the biofuel production. This allows to transform renewable electricity (power-to-X), which is used for hydrogen
production, into synthetic fuels, which can be used to support those sectors whose decarbonization is challenging.
These observations are also in line with results from Krey et al. [2014], where limited available
biomass pushes the transport and industry sectors to a stronger decrease of energy use, i.e.
an increase in energy efficiency, and an increase rate of electrification and the adoption of
hydrogen technologies, but at higher costs in their analysis. The Energy Transition Commission
[2018] report also estimates that the heavy road transport will become electrified, long-distance
shipping will most likely use ammonia or hydrogen, and biodiesel to a minor extent, and long
distance aviation will most probably rely on biojet fuel or synthetic biojet fuel.
There are some resources that can be used for biogas production in the present modelling
framework of Paper III and V, such as manure, deep litter, grass, organic waste. Although
the potential is small, biogas might have an important role to play if it is upgraded to natural
gas quality. In addition, anaerobic digestion should be seen as a waste management process that
allows to handle those resources in an environmentally sound way while producing biogas and
bringing back to the fields nitrogen, phosphorus and potassium.
There is some demand for biodiesel, e.g. in the shipping sector and the heavy-transport sector,
which could be supplied by fatty acids for HVO (hydro-treatment of vegetable oil), such as
rapeseed (apart from FT-biodiesel). Nevertheless, as discussed in the next chapter, the potential
for rapeseed in Denmark is uncertain and subject to sustainability concerns. Furthermore, waste
oil resources could also be used, but their potential in Denmark is unknown, and it was not
integrated in the modelling of this PhD.
The utilization of agricultural residues in biorefineries, e.g. thermal gasification plants or anaerobic digestion plants, brings other benefits apart from a reduction of net greenhouse gas emissions,
such as solving the problems related to agricultral residues in biorefineres (see Paper III) or
creating more jobs [Chen and Zhang, 2015]. Furthermore, straw gasification allows that carbon
can be captured in the ash, which is spread on the field afterwards, i.e. it acts as a biogenic
carbon capture storage technology, providing a net decrease in GHG emissions reduction.
The European Commission [2018a] points out to the need of advancing in technologies that
could lead to negative emissions, such as bioernergy carbon capture and storage (Bio-CCS) or
bioenergy carbon capture and use (Bio-CCU), where CO2 is used as a feedstock to produce
fuels, chemicals and materials. Nevertheless, other authors suggest the possible unsustainability
of this option, as e.g. biomass production entails competition for land with food production
and biodiversisity protection [van Vuuren et al., 2018], apart from increased water use and
nutrient demand, among other impacts [Smith et al., 2016]. Bio-CCS or Bio-CCU would rather
complement fossil fuels instead of substitute them, by prolonging near-term use of fossil fuels
[Klein et al., 2014]. Others, such as Smith et al. [2016], claim that the only way to actually
achieve negative emissions is through net CO2 removal from the atmosphere, such as direct air
carbon capture and storage (DACCS) or enhanced weathering of minerals, where the natural
weathering that removes CO2 from the atmosphere is accelerated, and the products are stored
in a geological reservoir. Nevertheless, high costs represent a barrier for both technologies,
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and storage of CO2 underground entails some risks, such as leakage or seismic action. The
1.5°C IPCC report highlights that due to the fact that carbon dioxide removal technologies are
unproven, reliance on such technology would be a major risk, threatening the ability to limit
global warming to 1.5°C. Therefore, due to the large uncertainties associated to the deployment
of negative emissions technologies and the potential significant impacts they might have, they
were considered out of the scope of this research at this stage. In spite of the fact that CCS or
DACCS could play a minor or major role in the future energy system, the message to be conveyed
is clear: fossil fuel use must decrease immediately along with energy efficiency measures, and the
use of biomass must be carefully optimized within those sectors with no other feasible alternative.
This PhD thesis also aimed to provide some light about when the optimal investments should
take place. Results about the optimal use of biomass from nowadays until 2050 are shown
in Paper III. This results will mostly depend on: (1)the pace of GHG emissions abatement
and the desired level of accumulated emissions until carbon-neutrality is reached, and (2)the
consideration of a global goal with regard to a GHG emissions cap, or sectorial targets. If the
target is set at a global level, the use of biomass in the short and medium term is limited, as
other sectors that do not have to rely on biomass to become decarbonized mitigate significantly
their emissions. In the long term, where GHG emissions are very small and tending towards
neutrality, biorefineries would be built to supply the required biofuel, including Fischer Tropsch
fuels, demands. Nevertheless, IRENA [2018] has highlighted that early actions to channel investments in the right pathway is critical in order to minimize stranded assets. Therefore, it is
advisable that countries set sectorial targets, so as to enable an adequate pace for investments
in biorefineries, and the promotion of research, development and innovation.

4.3

Integration of biorefineries in future energy systems

Biofuel production should not be regarded as a stand-alone process, but as a biorefinery with
multiple inflows and outflows, where the economic feasibility of it might be given by the stacking of different products. Given this context, it is of the utmost importance to optimize the
integration of biorefineries, maximizing the overall value of the products provided, including the
additional excess heat produced along gaseous or liquid fuels. The optimal integration of biorefineries in future energy systems seeks to minimize transport costs while maximizing the value
of the excess heat provided, and subject to considerations about economies of scale. Therefore,
the optimal sizing and location of biorefineries or anaerobic digestion plants would be driven by
(Paper III and V):
• Availability of resources: geographical and seasonal generation of the resources, or the
possibility to import or export them.
• Dry matter content of the resource: those resources, such as manure, with a low dry
matter content, i.e. wet, will preferentially be transported shorter distances, due to the
high incurring costs related to transport, as shown in Paper V.
• Economies of scale requirements: in these studies, biorefineries are constraint to have a
minimum size.
• Access to large district heating networks: due to the large amount of excess heat that
might be provided by biorefineries, as shown in Paper III and V, the possibility to have
access to large district heating networks that can absorb the heat, which is provided at a
constant level throughout the year, is crucial to maximize the benefits from biorefineries.
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• Waste incineration plants: waste incineration plants provide a large amount of heat that
might compete with the base-load heat provided by biorefineries (see Paper III and V).
Waste incineration plants are also influenced by economies of scale, and the generation
of residual combustible waste, which is linked to population centers, and hence to large
district heating networks.
As discussed above, as feedstocks for thermal gasification plants are resources with a high dry
matter content, e.g. straw, wood chips or wood pellets, these biorefineries would usually be
located in relatively large and medium district heating networks, as shown in Paper III and in
the Figure 3.11 of the previous section of this manuscript. Dry feedstocks can be transported
over longer distances, as the transport cost impact would be small. Waste incineration plants
would often be located at larger district heating networks than biorefineries, or in the same
network, as in spite of the fact that both plants provide base-load district heating, this can be
efficiently integrated with heat storage, although to a certain extent.
The focus of this PhD was Denmark, and a Northern European context; however, some of the
results can be applicable to other geographical scopes. Results show that heat is a valuable
by-product from biorefineries, as it drives where biorefinery plants should be located. Hackl
and Harvey [2010] highlighted that the integration of biorefineries into industrial clusters could
be advantageous, and as shown in this study, if there is the possibility to use the excess heat
production for process heating in industries it would increase the value of the biorefinery while
decreasing the cost of satisfying the heating demand, and minimizing greenhouse gas emissions.
Wet resources, such as manure, would be used in a decentralized way in anaerobic digestion
plants. They would be transported over shorter distances, as close as possible to the farms
where resources are generated. Paper III illustrates that biogas would mostly be upgraded
to natural gas quality; therefore, the optimal location of anaerobic digestion plants should also
consider the location of distribution and transmission gas grids [Pizarro, 2014]. This was out
of the scope of this analysis but should be considered for further research addressing optimal
location of biogas resources.
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Chapter 5

Discussion
The goal of this PhD thesis is to develop methodologies that allow a more comprehensive assessment of the use of biomass and waste in future energy systems, with growing shares of variable
renewable energy and sectorial integration. This PhD thesis aimed at providing new modelling
tools, insights and specific recommendations about how to address questions regarding biomass
and waste use in future energy systems. This PhD paved the way towards the answer of these
questions, building upon the extensive energy systems modelling work that had already been
carried out by the Balmorel community [Wiese et al., 2018]. However, the discussion around the
optimal use of biomass and waste resources can, and should be, enhanced with further research.
This section seeks to identify the main areas of opportunity.
Results highlight that the optimal biomass use will depend upon the evolution of those harderto-abate sectors, i.e. heavy-duty transport, shipping, aviation, and high temperature process
heating. Nevertheless, some authors claim that very often these sectors are not represented at
a sufficient disaggregated level [Davis et al., 2018]. Therefore, in order to assess the optimal
use of biomass, models should integrate a more detailed representation of those sectors whose
decarbonization is more challenging, and might follow different pathways. This more detailed
characterization can be done with the models used in this PhD, particularly TIMES-DK and
OptiFlow, with a focus on an accurate representation of electrification alternatives, hydrogen
use, carbon capture and storage, and biomass.
Due to the climate neutrality ambition, direct or induced greenhouse gas emissions in any
energy-related sector need to be compensated for by absorption in other sectors (or vice versa),
impacting agriculture, forestry and land use. In the strategy for a climate-neutral economy, the
European Commission [2018a] highlights the difficulty to achieve net zero emissions by 2050 due
to the existence of e.g. some emissions on the agricultural sectors. Nevertheless, they stress
the fact that agricultural and forestry sectors can act as natural carbon sinks, which should
be further explored, e.g. through reforestation and afforestation. Currently, those sectors are
outside the scope of the models aforementioned, excepting through the use of some direct and
indirect emission factors (see Paper II and III). Nevertheless, integrated modelling of energy
and non-energy sectors might be needed to optimize the allocation of carbon budgets across
sectors, and understand the interactions between the energy, agriculture, forestry and waste
sectors.
Denmark has a considerably lower GHG intensity in the economy than the EU average, while
GHG emissions per capita are slightly higher than the EU average. A relatively large share of
emissions comes from agriculture (25.1% vs. 12.0% in EU 28), which have increased between 2005
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and 2015. This highlights the importance of modelling the agricultural sector when assessing
deep decarbonization pathways in a Danish context.
Furthermore, it is even more important to conduct an integrated modelling when assessing the
optimal role of biomass as a resource, as there might be a competition for food and biomass
resources for energy or for products. The availability of biomass in future energy systems will be
linked to the development of the agricultural sector, e.g. agriculture intensification, and the halting of agricultural land expansion. A decrease in land requirements for food and feed production
could increase the possibilities to produce biomass for bioenergy or bio-products sustainably;
so the energy, materials and agricultural sectors futures are intertwined. Foley et al. [2011]
showed that large progress could be made by pausing agricultural land expansion, increasing
cropping efficiency, minimizing food waste, and promoting behavioural changes towards a more
plant-based diet, as total land devoted to animals is ∼ 75% of the world's agricultural land.
Those changes could increase the amount of sustainable biomass available for other purposes
than food and feed. Data regarding energy crops in Denmark, used in Paper III, were very
limited; nevertheless, studies that integrate agriculture could provide more insights regarding
an uncertainty range for the potential of dedicated bioenergy crops at a national level.
In addition, modeling should integrate the consumption of chemicals, materials and feed, as
available biomass resources would depend on the demand of bio-based products, with a higher
added value than bioenergy.
de Jong and Jungmeier [2015] also recommend to take into account the impact ”on water use
and quality, changes in land-use, soil carbon stock balance and fertility, net balance of GHG,
impact on biodiversity (...)” when assessing the role of biorefineries. Therefore, an integrated
modelling of water-energy-land-food nexus would allow to make better estimations of carbon
budgets and to identify sustainable biomass resources.
The use of integrated assessment models might challenge the spatiotemporal resolution required
for detailed energy systems analysis, as discussed in Paper IV. When the geographic and
temporal dimensions are represented aggregated, investments in variable renewable energy are
limited by the constraints introduced. Generally, they would underestimate the potential of the
power system to accommodate large shares of variable renewable energy. Therefore, the most
suitable linkage approach should be discussed, in order not to create a computational burden, but
to promote a more transparent discussion regarding the use of biomass in the future, including
bio-products and bioenergy.
Furthermore, the impact of circular economy effects should be explicitly integrated in the models.
A report from the Energy Transition Commission [2018] highlights that a more circular economy
could reduce CO2 emissions from the plastic, steel, aluminum and cement industries by 56% in
Europe by 2050. As those sectors are also identified as harder-to-abate, strategies that promote
a better use of them through improved recycling and reuse, and optimizing their requirements
in value chains, should be prioritized and integrated within the overall modelling framework.
Externalities are not properly accounted in the socioeconomic models used in this research, due
to the fact that their estimation is complex and could be subject to debate, e.g. what is the value
of a human life?. Some efforts were made on 2011, during the integration of environmental and
health externalities in Balmorel [Sigsgaard et al., 2011]; nevertheless, these numbers have not
been updated and the work with relation to this has not continued. Research has highlighted
that climate change mitigation could reinforce all 17 SDGs, but could also undermine efforts to
achieve 12 SDGs [Fuso Nerini et al., 2018, 2019]. Therefore, models should also have a systematic
integration of co-benefits, such as public health benefits, job creation, biodiversity, etc., i.e. an
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integration of the Agenda 2030 for the Sustainable Development Goals. The OptiFlow model
integrates a framework that could allow for an easier characterization and optimization from
these co-benefits, and multi-criteria analysis, e.g. Pareto curves, could be more suitable results,
rather than a single solution about what is best from a cost perspective.
The type of models used in this PhD have a strong focus on technologies; however, in a future,
consumers will not be passive any more, and might actually be prosumers. Therefore, there is
the need to incorporate these behavioural aspects into energy models. Behavioural models have
mostly been applied for transport modelling [Venturini et al., 2018, McCollum et al., 2017],
but they might also be key for modelling energy efficiency issues, especially at a residential
level [Walzberg et al., 2019], or in relation to land-use changes [Groeneveld et al., 2017]. The
importance of non-fully rationale decisions is highlighted by the 1.5°C IPCC report [Rogelj et al.,
2018]: ”Demand-side measures are key elements of 1.5°C pathways. Lifestyle choices lowering
energy demand, and the land- and GHG-intensity of food consumption can further support
achievement of 1.5°C pathways (high confidence)”. Models should integrate the non-rational
economic decisions, such as lifestyle preferences, that might have a strong impact in climate
change mitigation.
Last, but not least, results presented in this manuscript and in the articles accompanying this
manuscript have only considered a socioeconomic optimization. Nevertheless, as a high degree
of electrification is expected (see Paper III and V), the impact of electricity tariffs might be
crucial for an effective implementation. Otherwise, what might make sense from a socioeconomic
perspective might not be feasible from a private economic point of view. This has already been
analysed for the case of power-to-heat, where high grid tariffs and taxes were found to be a
barrier to the deployment of heat pumps [Skytte et al., 2017, Sandberg et al., 2019], and Dolci
et al. [2019] suggest that grid tariffs and taxes exemptions could be considered to promote
hydrogen use, in all its possible pathways, i.e. power-to-X. Therefore, it is recommended further
analyses that look into the regulatory framework that must be designed to facilitate an optimal
electrification of the energy system in order to boost a cost-efficient decarbonization of the
economy, where biomass is the alternative when other pathways are not feasible.
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Conclusions
The world needs an urgent decarbonization, where resources are used in the overall best possible
way. This PhD developed decision support tools that could provide insights regarding optimal
decarbonization pathways, and optimal use of biomass resources from an economic and a climate
impact potential perspective. The model OptiFlow was developed, and integrated with the
energy systems analysis models Balmorel and TIMES. OptiFlow is a general network flow model
that can represent any process or commodity, providing a versatile and flexible tool. OptiFlow
can support the modelling of future energy systems with high integration of variable renewable
energy, but also allow the representation of the inter-relation with other sectors with a nonmarginal impact on energy, such as biomass and waste. Furthermore, a framework to deal
with parametric uncertainty has also been integrated, by combining global sensitivity analysis
and Monte Carlo runs with stratified random sampling. This type of modelling framework
highlighted the need to cover the entire multi-dimensional uncertainty space when identifying
the most influential parameters in energy systems analyses.
Residual combustible waste incineration would have a value in future centralised energy systems;
nevertheless, the carbon footprint associated to direct combustion of plastics would be higher
than the avoided emissions in a decarbonized energy system. Therefore, a profound discussion
regarding future uses of residual combustible that could provide a higher value added and a
lower carbon footprint must be triggered.
Sustainable biomass is a limited resource. Hence, biomass should only be used in those sectors
where there is no other decarbonization alternative, i.e. in the harder-to-abate sectors, such as
heavy-duty road transport, aviation, shipping and high temperature process heat. Nevertheless,
the specific use of biomass would depend on the technological innovations of those sectors. The
optimal use of biomass would depend, among others, on the degree of electrification and the
penetration of hydrogen to satisfy part of the energy demand. Biomass would be used when
none of the previous measures can be integrated in a cost efficient way; nevertheless, other
technologies breakthroughs, such as carbon capture and storage, or feedstocks, such as algae,
could also influence the optimal use of biomass resource. Biofuel production should not be
considered as isolated, but as a part of an integrated biorefinery concept with multiple inflows
and outflows, whose value must be maximized by the stacking of the different products.
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• Import af affald er kun en god idé de næste ti år - Import of waste is
only a good idea during the next ten years published in Ingeniøren
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• Waste imports detrimental to climate in the long term published in
DTU News on January 2019.
• Limited future for energy from incinerated waste imports published in
Foresight on March 2019 (available online).
• DTU-forskere vil lave biobrændstof af halm - DTU-Researchers will
make biofuel from straw published in Ingeniøren on June 2019.
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This study analyses the socio-economic value of trade of combustible waste, taking Denmark as an example
for importing countries with large district heating networks and already high shares of variable renewable
energy. An integrated systems analysis framework allowed to assess under which circumstances import of
wastes leads to less expensive waste management and energy, accounting for increasing ambitions for a
circular economy and renewable energy.. The dynamics of both systems are captured through two
optimization models, which are solved simultaneously. OptiFlow optimizes Danish waste management and
transport, and Balmorel, the Northern European energy system.
Results show that waste import to cover the existing Danish incineration overcapacity during wintertime
has definite economic value. Conversely, summertime import can have negative value unless a gate fee is
received, with the exception of imports of waste with high calorific content (>16.2 GJ/t). In some cases,
mothballing of up to 14% of the existing incineration plants is a cost-efficient alternative to decrease the
level of over-capacity.
In the longer term, results show a socio-economic value of importing waste, being mainly sensitive to
assumptions regarding biomass prices and wind power cost, as the technologies would compete with
incineration plants. The present methodology can be applied to other countries where waste-to-energy
participates in district heating, and where variable renewable electricity and constraints on biomass
resources are becoming important. A pan-regional approach regarding waste management planning to
maximize the value from combustible waste might be desired, along with a coherent taxation to avoid
competition based on tax differences.

Keywords: waste trade, Circular Economy, Waste-to-Energy, Energy Systems Analysis, bottom-up
optimization
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Paper I

1. Introduction
The European Union (EU) addresses solid waste management from the perspective of being a key area to
achieving resource efficiency and ultimately a circular economy (CE) (European Commission 2011, 2017a
and 2018). As a result of consistent legislative pressure manifested especially through specific targets,
municipal solid waste (MSW) landfilling has seen an average annual decline of 4.2% in the period 19952016 (falling from 145 Mt to 59 Mt) and now represents 24% of total MSW management, while recycling
and biological treatment have grown to 46% and incineration waste-to-energy (WtE) to 27%. Nevertheless,
differences between EU member states (MS) are significant, with five having already recycling rates above
50%, while half of all MS still have landfill rates above 50% (Eurostat, 2018).
The role of WtE in the context of the CE has recently been subject to scrutiny and significant debate.
Several authors assert that WtE can be an integral part of sustainable waste management without violating
waste hierarchy principles or compromising reuse and recycling (Ng et al., 2014; Brunner & Rechberger,
2015; Cucchiella et al., 2017). Technical and in some cases economical barriers make the recycling of some
waste fractions difficult or even impossible, and thus currently can either be landfilled or incinerated (Arena,
2015). Aside from recovery of energy, WtE can ensure that some hazardous materials and chemicals are
removed from cycling into the economy (Brunner & Rechberger, 2015). The potential presence of
hazardous contaminants, found even in commonly recycled materials (Pivnenko et al. 2016, 2017), is of
concern and considered at EU level (European Commission, 2017b). Metal recovery from the bottom ash
and land conservation are two other arguments for WtE. Japan’s Sound Material-Cycle Society Plan, which
focuses on the 3R concept (reduce, reuse and recycle), considers power and heat generation from waste as
part of the reuse strategies because of the need to divert from landfilling due to increasing land constrains
(Silva et al., 2017). Although it can be contested that energy recovery can be regarded as a form of reuse,
the other points above are valid. The European Commission finally concluded on this debate by taking a
quite restrictive position stating that “waste-to-energy processes can play a role in the transition to a circular
economy provided that the EU waste hierarchy is used as a guiding principle and that choices made do not
prevent higher levels of prevention, reuse and recycling” (European Commission, 2017b).
Through WtE, solid waste management can be seen to have a role also in a future more renewable energy
system. For example, the EU has a target of 27% renewable energy in 2030, according to the European
Renewable Energy Directive (European Parliament, 2009) (European Commission, 2016); nevertheless,
Denmark has already fulfilled this objective and the government aims for 30% renewable energy by 2020
and at least 50% in 2030, through measures such as expansion of wind and solar power and district heating
(DH) (Danish Ministry of Energy, Utilities and Climate, 2018). Waste incineration, currently supplying
around 20% of DH and 5% of electricity (Danish Energy Agency, 2016), could act as a backup for
intermittent electricity production and source for heating (Madsen et al., 2013).
A decreasing or stable domestic waste generation in combination with increasing recycling on the one side,
and requirements to warrant contracts of DH supply and to pay off investments on the other side, have
resulted in a number of EU countries to experience incineration overcapacity and to import increasing
quantities of combustible waste from other MS. Germany, the Netherlands, Sweden and Denmark are main
importers while, so far, the UK and Ireland have been the main exporters (Wilts et al., 2017; CEWEP, 2016;
Danish EPA 2016). Nonetheless, in total less than one percent of generated MSW was traded for
incineration in the EU in 2013 (Wilts et al., 2017). At first glance, trade of combustible waste appears to be
a simple match of waste diverted from landfill in some countries and spare incineration capacity in others.
But actual quantities exported depend on alternative costs levels including waste-related taxes, thus
reflecting local political priorities (Sahlin, 2013; Olofsson et al., 2005; Dubois, 2013). Accordingly, a
correlation between export and landfill-tax levels has been observed in England, where export of
combustible waste has been cheaper than domestic landfilling when the landfill tax was approximately
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above 50 £/t, and WtE facilities were setting their gate fee at a level to undercut the landfill route after
considering processing and shipping costs, ranging from 33£/t in Netherlands to 61£/t in Germany (UK
Environment Agency, 2015) (Brown, 2016). But without high alternative costs and political push at the
national level, e.g. through landfill taxes, willingness and ability to export may be low.
Nevertheless, the present situation has led to a competition for waste in Northern Europe (CEWEP, 2016),
observable through a steep decline of gate fees and cancelling of new plants in Germany, and a moratorium
for new incineration in the Netherlands until 2020 (Friege & Fendel, 2011). Furthermore, financial risks for
incineration actors (public and private) are said to increase, and development and upgrading of waste
incineration technology to slow down (Berthoud, 2011).
The view on longer-term consequences of trading waste for incineration differs. Some bring forward the
risk that a transition to a more resource-efficient economy is hindered by lock-in to large and long-term
investments as incineration. For example, institutional, technical, cultural and material lock-in to
incineration, negatively impacting the development of recycling and biogas production (Corvellec et al.,
2013), and the risk of competition between incineration and recycling of plastics in Northern Europe has
been reported (European Commission, 2013). Others claim such lock-ins and competition as myths, and
stress the need for incinerating non-recyclable waste and the fact that plants can be converted to other fuels
if needed (Swedish Waste Management Association, 2016).
The above emphasize the need for assessments of the role of waste-to-energy plants in future European
systems. Assessments need to capture both waste management with increasing ambitions for material
recycling and a growing international market, and an energy sector with larger integration of variable
renewable energy. This calls for decision-support tools that can help in calculating efficient solutions
without incurring suboptimal alternatives. Among such tools are optimization models, which can analyse
allocation problems as well as arrange and provide meaningful insights from a large amount of data and
constraints (Hoogmartens et al., 2016). However, waste-to-energy has mainly been modelled in the context
of either waste management or energy systems (Juul et al., 2013). Few models have integrated both sectors
(Münster, 2009), and the most common method is to focus on one system and to consider the other as part
of the background, performing scenario analysis to assess uncertainty in that surrounding system (Ljunggren
Söderman, 2003). Assumptions on the surrounding system might influence results considerably (Eriksson
& Bisaillon, 2011). Impacts of waste-to-energy technologies in energy systems might not be marginal as
shown by (Münster & Meibom, 2010) and Aracil et al. (2018), who assessed the techno-economic impacts
of implementing different thermal conversion strategies in regions with low heat demand (Southern
Europe), and found the electricity price to have the largest impact on the internal rate of return of the
investments, especially for waste incineration plants. One study linking a DH model and a waste
management model found that the approach allowed very valuable insights of the consequences of different
simultaneous changes in the two systems (Eriksson & Bisaillon, 2011). Therefore, an approach that
considers the waste, electricity and district heating systems in an integrated way can be argued as necessary
when evaluating the role of waste incineration.
This paper aims to support the discussion around trade of waste for incineration, and thus also the future
role of incineration in general. The economic value of importing waste for incineration from a European
country to Denmark is evaluated, as an example of a country with extensive district heating and an already
large shaassre of variable renewable energy in its power mix, e.g. wind energy generated the equivalent of
43.4% of the national consumption in 2017 (Dansk Energi, 2018). A literature review on incineration found
few contributions “genuinely economic in the approach and methodology” (Massarutto 2015). Hence, this
study also endeavours to provide new insights regarding economic valuation of waste incineration of
domestic and imported waste. For this purpose, two programming models are applied in a fully integrated
way: OptiFlow for waste management (Pizarro et al., 2014; Pizarro et al., 2015; Münster et al., 2015) and
Balmorel for energy (Ravn & al. 2001). Investments and operations of Danish waste management are
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optimized within the framework of current and future energy systems with high geographical and temporal
resolutions that capture spatial constraints and temporal variations associated to resource transportation,
DH and variable renewable energy. Dynamics of both waste management and energy sectors can thus be
represented (Münster & Meibom, 2010). The impact of several qualities and quantities of imported waste
is analysed in a historic perspective, represented by 2014, and a prospective one until 2035.
The paper is organized as follows: after this introduction, section 2 explains the methodology, i.e. the waste
and energy systems optimization models, and section 3 describes the main data sets. Additional information
from sections 2 and 3 can be found as supplementary material, which are described in Appendix A. Section
4 and 5 present and discuss model-based results, respectively, and conclusions are shown in section 6.

2. Methodology
In this study, integrated mathematical models are used to optimize the waste-to-energy sector (OptiFlow)
and the energy sector (Balmorel) simultaneously from a raw socioeconomic perspective. Raw
socioeconomic costs are here understood as the total costs of providing energy and handling residual
combustible waste, excluding taxes, levies, subsidies or any other market mechanism for regulation or
allocation (e.g. ancillary services in the electricity sector), and without including externalities. In addition,
the econometric tool FRIDA is used to forecast waste generation in Denmark, subject to economic and
demographic considerations.

2.1 The energy systems model Balmorel
The open-source model Balmorel (Wiese et al., 2018) simulates and optimizes generation, transmission and
consumption of electricity and DH (Ravn, 2001), and hydrogen production and consumption (Meibom &
Karlsson, 2010), as applied in this study. It provides optimized investments, production and transmission
levels and identifies market clearing prices under the assumption of perfectly competitive markets (see
Supplementary Information B).
Balmorel has been applied since 2001 for energy systems analysis and policy assessments (Wiese et al.,
2018); with a focus on electricity and cogeneration, including the impact of integration of large shares of
fluctuating energy, due to its high flexibility of temporal and spatial granularity. The Balmorel model has
been used to evaluate the role of incineration and other waste-to-energy plants in future energy systems
(Münster & Meibom, 2011), but without optimizing waste transport or economies of scale endogenously,
which is introduced in this study through the use of the model OptiFlow.

2.2 The network optimization model OptiFlow
A spatio-temporal generalized network optimization model called OptiFlow (formerly known as
OptiWaste) (Münster et al. 2015) is used for the analysis. OptiFlow represents resource generation,
transportation, storage and transformation, and it is fully integrated within the Balmorel model. It is a
network model where the topology of the waste and energy systems is defined by nodes and arcs. OptiFlow
has been previously used to optimize waste management strategies (Pizarro et al., 2014; Pizarro et al., 2015)
as a stand-alone model, where electricity and DH generation from waste-to-energy plants pass the
boundaries of the system and interacts with the energy sector through market prices. Nevertheless, as
incineration plants might have the ability to modify energy market prices, a full integration of the waste and
energy systems, through simultaneous optimization of Balmorel and OptiFlow, is added as a novelty in this
study.
A mathematical description of the model can be found in (Pizarro et al. 2014), and a more technical
description in Ravn (2017). In this study Balmorel and OptiFlow are run as a mixed integer linear
programming problem to incorporate equations that model economy of scale and mothballing of single
4
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(discrete) units, where a plant is preserved until the end of its expected technical lifetime, but its operation
during that year is stopped without incurring fixed operational costs.

2.3 Co-simulation of Balmorel and OptiFlow
The integration of both models optimizes from a cost perspective the use of resources and investment in
energy technologies, including incinerators, in order to meet a given demand for energy products (electricity,
heat and hydrogen), while ensuring that all the waste is properly disposed of (see Figure 1). Balmorel and
OptiFlow are written with the same common exogenous parameters, and interaction between both models
takes place through selected overlapping endogenous variables, i.e. electricity and DH generation from
waste-to-energy plants and total system costs.

Figure 1. The energy model and the waste management model (as applied in this study)

Investments and operations of the Danish incineration plants are optimized within the framework of
current and future greener energy systems, where waste, including potentially imported combustible waste,
is used in the overall best possible way, from a socioeconomic perspective. The model determines the
optimal transport and use of domestic and imported combustible waste resources, depending on their
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availability, the transport route, the location and size of conversion and storage facilities, the total fuel
consumption to satisfy the national energy demand subject to constraints on resources availability, etc.
As neither the energy demands nor the availability of primary energy resources, such as waste or wind, are
evenly distributed over space and time, a high detail of geographical and temporal resolution is used in
order to represent transport of resources, economies of scale, needs for flexibility, storages, etc. Investments
in energy technologies are optimized considering the techno-economic operational constraints associated
to large integrations of variable renewable energy. This is often addressed through simplifications, such as
stylized temporal representations, which do not allow to describe the dynamics of the system and impact
the results significantly, as found by Poncelet et al. (2016). Hence, a detailed temporal resolution is applied
in this study. Furthermore, the key role of district heating and transport networks when optimizing wasteto-energy plants location and sizing, requires detailed spatial modelling (Jalil-Vega & Hawkes, 2018), which
is added in this study.
2.3.1 Geographical Dimension in the optimization models
Three different levels of spatial resolution are adopted in order to model the specific characteristics and
physical constraints of different energy carriers, as well as resource transportation: Country1, Region and
Areas (see Supplementary Information A).
As the Danish electricity market is part of an increasingly connected power grid, electricity dispatch is
modelled on the Nordic and German markets. Countries, with specific climate policy goals, are split into
different interconnected power Regions (see Figure 2), with limited transmission capacity, as a way to
simulate electricity transmission constraints and internal bottlenecks.

Figure 2. Geographical representation in Balmorel & OptiFlow as applied in this study: a) Countries and electrical
power Regions (arrows represent power transmission lines), b) Waste catchment areas and district heating networks
(in scale of oranges large networks and decentral networks in blue).

The 32 largest DH grids in Denmark are represented independently in this study, hereinafter called central
Areas (belonging to a Region), which supply to large urban communities. The smallest DH networks,
covering 23% of the total demand, are represented as aggregated. The 98 municipalities in Denmark are
The words Country, Region, Area, Year, Season and Term are capitalized when referring to model-based
specific denotation.
1
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associated to a catchment area, by finding the shortest distance by road from the centroid of the
municipality to the centroid of a central Area with QGIS Desktop 24.14.22, in order to define waste
catchment areas for collection, as shown in Figure 2. Waste is transported between centroids of the
catchment areas by the existing roads, or ship lines from/to islands, towards WtE plants, which are assumed
to be in the centroid of each catchment area.
2.3.2 Temporal Dimension in the optimization models
There are three hierarchical temporal dimensions, the highest is called Year, then Season and the smaller
Term (see Supplementary Information A). The temporal representation is user-defined. This study includes
five Years: 2014, and from 2020 to 2035, with milestone Years every five years. The optimization between
Years is myopic, without any knowledge about the future beyond that specific time, while the foresight
within a Year is perfect. Years are divided into Seasons, chosen to represent four characteristic weeks with
high and low DH demand - which in Northern Europe also corresponds to high and low electricity demand
- and with high and low wind generation. Seasons are further divided into Terms, in this study 168
chronological Terms representing hourly values. The total number of modelled time slices per Year in this
study is 672, as a compromise between detailed temporal representation and computational time.

2.4 Modelling of the Waste and Energy systems
The foreground systems represent what is kept within the boundaries of the optimization models and is
endogenously calculated in Balmorel and OptiFlow: Danish incineration plants and energy supply in the
North of Europe.
2.4.1 The waste management system in OptiFlow
Danish households and industries (including the service sector) generate waste during each week and is
assumed to be constant throughout the Year. Waste collected for recycling is not within the boundaries of
the foreground system, and thus not optimized, but represented as part of the background system through
exogenous amounts of waste available for energy recovery, called residual waste, as depicted in Figure 1.
Residual waste from households and industries, including reject fractions from recycling centres, is assumed
collected within each catchment Area. When waste is collected, it can be moved towards other Areas,
through the defined road of nodes. Domestic combustible waste arrives at incineration plants, which can
be a heat only boiler or a cogeneration plant, providing electricity and heat, or only heat during some periods
by by-passing the steam turbine. Residual household waste and 50% of the residual industrial waste are
considered to be non-storable, and have to be incinerated the week they are generated. Up to 50% of the
residual industrial waste is assumed to be storable at a certain price and can be burnt throughout the Year;
however, all the waste must be used within that Year. Residual combustible waste might be imported from
other European countries, and once it arrives to Denmark through selected entry points, it is assumed it is
transported by road to an incineration plant.
The full representation of the technical operating constraints of the WtE plants, which will try to follow
the market to maximize revenues, would require the modelling of the unit commitment problem in order
to determine the optimal short-term schedule of the different units, considering restrictions related to
starting-up, shutting down, minimum up time, minimum down time, limited ramp-rate, etc. (Saravan el al.,
2013). In order to keep the computational time low and the optimization problem as linear, only limits to
ramp-rates have been introduced, as it has been suggested that they are able to capture the operational
constraints without creating a computational burden (Frangioni et al., 2008).
2.4.2 The energy system in Balmorel
The energy system, as implemented in this study, is defined in Figure 1. The exogenous variables are fuel
prices, local energy resource availability, selected final energy demands, existing and planned power and
DH plants, as well as electricity transmission capacity. Other variables related to electricity production and
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transmission, DH production and storage, and hydrogen production, are subject to free optimization across
all the geographic entities in the model. Demands for individual space and water heating, process heating
in industries, and transport are outside the boundaries of the model and interact with Balmorel through
exogenously defined demands for electricity, heating and hydrogen from these sectors. Production of DH
from excess heat in domestic biorefineries is also an exogenous parameter, considered constant throughout
the year, and assuming a certain size and location of biorefineries (Ea Energianalyse, 2014).

3. Data for the analysis
3.1 Waste Forecasts and its composition
3.1.1 Danish Household and industrial waste
Household and industrial waste projections are calculated using the econometric model FRIDA, developed
for the Danish EPA, which links generation of waste in Denmark with economic activities, demographic
variables, and a trend representing smooth technological changes and other innovations (Andersen &
Larsen, 2012). FRIDA provides projections of waste generation at a national level, assuming an average
annual economic growth of 1.3% between 2014 and 2035, and a total population growth of 7% for the
entire period (Danish EPA, 2013). The amount of waste available for incineration is then calculated by
defining specific recycling goals for each waste fraction and year. The Danish Government aims at achieving
recycling targets of 50% household waste by 2022 (Danish Environmental Protection Agency, 2015), which
account for biowaste, paper, cardboard, glass, plastic, wood and metal. In addition, as defined in the EC
Circular Economy Package, a target for recycling at least 65% of municipal waste by 2030 is fulfilled (see
Figure 3 and Supplementary Information C).

Figure 3. Forecast of household and industrial waste available for incineration in Denmark.

Figure 3The availability of waste in each Area is estimated by assuming a constant amount of waste
generation per capita, and the same level of recycling targets across the country. Furthermore, demographic
projections are used to estimate how waste generation might change in the difference areas, based on
population forecasts (Statistics Denmark, 2017).
Transport of waste between centroids of catchment areas is assumed to be done by fully loaded >32t trucks
meeting the EUROCLASS 5 standards, and assuming some distance for empty driving return (Dall, 2015).
Transportation costs are given per ton·kilometre, and they are not accounting for possible effects of
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economy of scale, i.e. more or less loading-unloading per km, to avoid using integer variables that would
increase the computational time.
3.1.2 Combustible waste available for import
According to the European Waste Catalogue, the definition of Refuse Derived Fuel (RDF) is mixed
municipal waste that has undergone mechanical or physical treatment such as shredding, sorting and
compaction. However, the European legal position in the revised Waste Framework Directive
(2008/98/EC) states that “mixed municipal waste remains mixed municipal waste even when it has been
subject to a waste treatment operation that has not substantially altered its properties”. Nevertheless, e.g.
the UK Environment Agency has issued a Position Statement, which confirms that whilst they have
insufficient thermal treatment capacity, it will not object to export of RDF prepared from mixed residual
waste.
As there is no clear definition of RDF, this study uses the term residual combustible waste, and not RDF,
when referring to combustible waste that might be traded between countries. The source of this waste is
predominantly from households or other municipal origin. However, as the economics of export continue
to be a driver, it is anticipated that an increased quantity of commercial and industrial waste will be exported
in the future. In order to represent the different origins and compositions of waste, two different qualities
of combustible waste are defined based on the Lower Heating Value (LHV): low (12.4 GJ/ton) and high
(16.2 GJ/ton), as shown in Table 1.
Table 1. Composition of combustible waste available for trade between countries approximated by (Cimpan, 2015).
Low LHV Combustible Waste

High LHV Combustible Waste

Organic Waste

25%

11%

Paper

5%

5%

Cardboard

15%

26%

Plastic

15%

25%

Inert/Glass

5%

2%

Metal

0%

0%

Wood Waste

10%

12%

Mixed Waste

25%

20%

3.1.3 Shipments of combustible waste to Danish plants
Combustible waste can be imported to all the waste incineration plants in Denmark, excluding those that
handle hazardous waste, as all meet the R1 efficiency criteria threshold of the European Commission.
At an EU level, generation of MSW is projected to continue increasing, but the rate of recycling will increase
at a faster pace (Persson & Münster, 2016), leading to an overall decrease in available volumes between
now, where 59 Mt/a were landfilled in 2016 (Eurostat, 2018), and 2030. However, it is estimated a potential
of 15 Mt/a of MSW that could be available in the EU in 2030, which would be otherwise landfilled.
Trade of combustible waste is then modelled in an explorative way, by assuming different amounts of waste
imported to Denmark on an annual basis at no gate fee. The dual value of this constraint -waste that is
imported- represents the gate fee that each plant should receive or pay in a perfectly competitive market,
e.g. the fair market value of waste as a resource. Shipping costs are assumed to be covered by the exporting
country. In the United Kingdom they are around 35 €/t, including bailing and wrapping (7.5 €/t),
administrative expenditures (7.5 €/t), and hauling costs (around 20 €/t for transport by ship) (EA
Energianalyse, 2016).
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3.2 Technological Data
The energy technologies in the models are described in Supplementary Information B and C. Size
constraints are added to waste incineration plants to consider economy of scale (see Figure 4), as they are
significant due to the high fixed cost of air pollution control devices and for energy recovery (Massarutto,
2015). Henceforth, very small incineration plants will be plants that have a capacity of at least 5 t/h, small
plants of at least 10 t/h, medium size plants of at least 25 t/h and large plants of at least 70 t/h.

Figure 4. Capital and fix operational expenditures of waste incineration plants in Denmark (best available
technologies) (EA Energianalyse, 2016).

Present and planned installed capacities for incineration facilities are shown in Figure 5 (Danish Energy
Agency, 2016). Taking technical lifetimes into account, some plants will still be in operation during the
coming years and a new plant, Amager Bakke, started in operation in 2017. New capacity investments for
energy technologies will be calculated endogenously, but only from 2025, due to the fact that on average
waste incinerators planning takes 7 years. Annual mothballing of plants is an endogenous binary variable in
the optimization.

Figure 5. Available and projected waste incineration capacity in Denmark (Dansk Affaldsforening, DI & Dansk
Energi, 2015).

10

114

Paper I

Economic and technical data from existing Danish waste incineration plants is based on BEATE dataset
(Benchmarking Waste Model for Efficiency improvements) (Dansk Affaldsforening, DI & Dansk Energi,
2015). BEATE has an inventory of total operating and maintenance costs for each facility; however, costs
are not divided between fixed and variable costs. Hence, it is assumed that 50% of the costs are fix
operational costs and 50% variable operational costs. Nevertheless, the sensitivity of the results towards
this assumption is evaluated.
Ramping rates of incineration plants enforce a restriction in the maximum rate at which the unit can increase
or decrease the combustion of waste between successive time slices, set at a maximum level of 10% of the
nominal capacity per hour, as according to industrial manufacturers.

3.3 Energy system development scenarios
The underlying framework for modelling of the different scenarios is a Nordic Carbon Neutral Scenario
(CNS) for Norway, Sweden and Finland; presented in the Nordic Energy Technology Perspectives (Norden
& IEA, 2016), and for Germany, a two degree scenario (2DS). Due to the uncertainties about how the
energy system might evolve, two different scenarios are considered for the Danish case (see Figure 6)
(Danish Energy Agency (DEA), 2014):



LowElec Scenario, inspired by the DEA Bio scenario, where the decarbonization of the transport
sector implies a higher consumption of biofuels and the use of hydrogen in biorefineries is limited.
HighElec Scenario, inspired by the DEA Wind scenario, where there is a higher electrification of
the transport sector and hydrogen is consumed for biogas, boosting biomethane production, and
syngas upgrading.

Figure 6. Gross electricity consumption in Denmark in the LowElec and HighElec scenarios until 2035 (Danish
Energy Agency, 2015).

The following subsections summarize the main inputs to the energy scenarios, which are further described
in Supplementary Information B.
3.3.1 Exogenous capacities in the energy sector
The Nordic and German power system is a mixture of generation sources, such as hydropower, wind, solar,
nuclear and thermal power (see Figure 7 for Denmark). Investments in new technologies and operation of
existing and new plants for electricity and DH are endogenously optimized. The installed capacity of nuclear
and hydropower plants is exogenously given, and no endogenous investments are allowed.
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Figure 7. Exogenous installed capacity in the Danish energy system (new investments are not included in this
Figures, as they are a result of the optimization).

3.3.2 Fuel Prices
The scenarios are based on global ambitious climate policies with price trajectories for oil, gas and coal,
which reflect the global action on decarbonisation, and peak around 2030 (IEA, 2013) (see Figure 8). A
higher global demand for biomass is assumed, due to the efforts to achieve the 2DS globally, as committed
in the Paris agreement, and biomass prices are hence estimated to increase.

Figure 8. Fuel prices as included in the Balmorel and OptiFlow model (NETP, 2016).

3.3.3 Resource constraints
Constraints in resources associated to present and future energy systems, such as availability of wind or
solar plants, or domestic and international biomass sources, are described in Supplementary Information
B. Some of the resources with the most impact on the results are described below.
In both scenarios, 27 PJ of biogas are produced and upgraded, but in HighElec, 39% of the biogas is
upgraded through methanation, thus boosting biomethane production. Each scenario assumes different
allocation shares between biomethane for electricity, DH and other uses, such as transport or process heat.
Due to the methanation of biogas in HighElec, the biomethane available in Denmark is 21% higher than in
LowElec; and in addition, more of this biomethane is available for electricity and DH production (55%
higher in HighElec than in LowElec), as the transport sector has a higher degree of electrification.
Compression heat pumps provide a temperature lift from the heat source temperature to the forward
temperature of the DH network by using electricity. Their coefficient of performance (COP) will be the
highest when the differences between the heat source and the heat sink is the smallest (Danish Energy
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Agency, 2016). However, in large DH networks it might not be physically possible to have access to local
heat sources (e.g. drinking water, sewage water, sea water), and air must be used instead, lowering the COP
of heat pumps (Bach et al., 2016). This study assumes that in DH grids with a demand larger of 800 TJ/year
(17 grids in Denmark), only 10% of the peak DH demand might be covered by a heat source at 20ºC, as
identified by Bach et al. (2016) for the Greater Copenhagen area. If more DH is to be covered by heat
pumps, the heat source is ambient air.

4. Results
This section describes the results from the least-cost optimization of the scenarios introduced above. First,
the current system with existing waste incineration plants is analysed and subsequently, the prospective
HighElec and LowElec scenarios are assessed, including the possibility to invest in new plants.

4.1 Import of Combustible Waste to existing incineration plants
The joint optimization of the energy and waste systems showed that import of combustible waste is
currently socioeconomically beneficial for Denmark (see Figure 9), as the dual variable of the constraint on
importing waste had a positive value. This represents that there is an incineration over-capacity and marginal
costs for running some plants are lower than the benefits from providing electricity and DH. It would
actually be feasible for incineration plants to pay for receiving 0.2-0.3 Mt/a, depending on the LHV of the
waste, as the fair market price for waste is positive when importing these amounts. There are several factors
that influence the economic feasibility for importing waste, such as electricity prices, DH prices, operational
expenditures and/or efficiencies of the waste-to-energy plants, and the presence of a gate-fee.

Figure 9. Optimised import of combustible waste to Denmark in the current system.

In order to utilize the full existing incineration over-capacity in Denmark (approximately 0.6 Mt/a, which
corresponds to the limit of the x-axis in Figure 8), a gate fee would be needed to create economic
advantages, as the socioeconomic value became negative after 0.2 Mt/a and 0.4 Mt/a for waste with low
and high LHV respectively. Otherwise, running costs of the plants are not covered by revenues from
electricity and DH, and their incineration in Denmark incurs net expenditure. In this work, it was assumed
that it is possible to store up to 50% of the domestic industrial waste inter-seasonally. Figure 10 illustrates
in yellow the amount of waste that would be optimally incinerated at each time period, if no combustible
waste is imported. The extra amounts of imported waste are represented in different shades of blues, with
a maximum amount of imported waste of 0.6 Mt/a, as in that situation the full over-capacity would be
covered, and the plans would run on a constant basis throughout the year. Due to the possibility to store
industrial waste to some extent, incineration in periods with high demand of DH is between 20-30% higher
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than in periods of low demand, even if no imports of waste are allowed. This reflects well current interseasonal operation of Danish WtE plants. The possibility to optimize production following seasonal
demand is also connected to and would not be possible without some over-capacity. Incineration patterns
fluctuate throughout the day to maximize value (revenues) from delivering electricity, but constrained by
the ramping rates of incineration plants.

Figure 10. Flow of low LHV waste towards Danish incineration plants for four full weeks and electricity price in
the scenario with no imports in the current system.

It was observed that the first 0.1 Mt/a of combustible waste was preferentially used in the model to cover
the small incineration over-capacity in periods of high heating demand, as the value of both heat and
electricity prices are higher in Denmark during the cold season. When larger amounts of combustible waste
were imported, the marginal price of the DH provided decreases; and therefore, the total socioeconomic
value of the imported combustible waste also does, as shown in Figure 11. This illustrates the importance
of taking a systems approach when evaluating the feasibility of transboundary movements of waste. During
periods of high DH demand, the marginal cost of providing DH falls approximately 20% by importing
waste; however, when the DH demand is low, the marginal costs decreases down to 70%. Imports of
combustible waste hence have the ability to change DH markets.

Figure 11. Change of the weekly average district heating price when importing low LHV waste - Current system
with imports of 0.1 Mt/a, 0.2 Mt/a and of 0.6 Mt/a: the colour of the bar reflects the district heating price, and the
height of the bar the amount of waste imported on a weekly basis.
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The import of waste with a higher LHV was more beneficial for the system, as operational expenditures in
waste incineration plants are related to handling of the waste itself, in mass terms, but the energy content
of the waste, and thus the energy generation, is approximately 40% higher. Therefore, the chemical
characteristics of the waste traded significantly affect the socioeconomic implications from its use. Figure
9 shows that the gap between the socioeconomic value of imported combustible waste with high and low
LHV narrows when importing a higher amount of waste. This is due to the fact that small amounts of waste
are imported during winter time, when the value of the DH satisfied is higher, as shown in Figure 11.
However, in order to utilize the full incineration over-capacity, waste may also be traded during summer
time, when the value of the DH provided ends up being very low.
4.1.1 Sensitivity Analysis on the current system
The economic benefits from importing combustible waste at present depend to an extent on the
assumption of 50% inter-seasonal storability of domestic industrial waste. If the possibilities to store
industrial waste are reduced, more incineration capacity would be available when the DH demand and
electricity are high, and therefore, the value of the energy provided will be higher. When tested, the
economic value when importing low amounts of waste was then up to 10 €/t higher. However, when
importing large amounts of waste, the socioeconomic impact was similar with or without the possibility to
store industrial waste, as they would have to be used during summer time in both cases.
As described in section 3.2, there is no data available about the fraction of fixed or variable operational
costs reported on the BEATE database for Danish incineration plants. Therefore, a sensitivity analysis was
conducted where the ratio between them was varied from 50% (50% fixed costs and 50% variable costs)
with plus or minus 15%, suggested by (Martinez Sanchez et al., 2016). Figure 12 shows that if a large part
of the treatment cost of incineration plants are variable operation costs, the socioeconomic value of waste
decreases significantly, and in the case of waste with a low LHV, a gate fee would be required in almost all
the plants. However, if the main costs of an incineration plant are fixed operational costs, covering the full
over-capacity with imports is economically beneficial for the energy system.

Figure 12. Uncertainty range of the socioeconomic value from importing waste depending on the ratio between fix
operational costs and variable operational costs: upper range corresponds to 35% of the waste treatment costs as
variable costs and lower range corresponds to 65%.

In a near future, such as 2020, there will still be spare incineration capacity in a system that integrates
growing shares of variable renewable energy. The question that arises is: is it better to import waste to utilize
the incineration overcapacity or to mothball the plants that are less cost-efficient? Model results indicateed
that import of small amounts of waste with a high LHV might still be favoured during periods of high
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demand of electricity and heating, but it is negligible if the waste has a low LHV. The models found it
optimal to mothball 14% of the existing incineration capacity by 2020, if no waste can be imported, or if
the waste available has a low LHV, increasing the transport of domestic waste approximately 6 km on
average. On the other hand, if there is possibility to import waste with high LHV, the optimal mothballing
is 5%.

4.2 Imports of Combustible Waste to New Incineration plants
4.2.1 Optimal scenarios without import of combustible waste
The optimal transitions produced by the model towards net fossil-free energy systems in Denmark are
depicted in Figure 13. In 2035, both scenarios, LowElec and HighElec, have a large share of wind energy in
the power mix (77% and 81% respectively), which is balanced with Danish thermal generation and a strong
interconnected grid that gives access to hydropower from Norway and Sweden. The share of waste
incineration in the electricity mix by 2035 is 7% in LowElec and 5% in HighElec. This difference stems from
the higher electrification of HighElec, as in both cases the total power generated by WtE on an annual basis
is similar. Considering that less than 20% of the electricity generated in Denmark would come from
dispatchable plants, the role of incineration plants in providing flexibility to the system is further analysed.

Figure 13. Electricity and district heating generation Denmark in the LowElec and HigElec scenarios.

The evolution of the DH generation illustrates the progressive phase-out of large cogeneration plants, such
as coal and natural gas plants, and the integration of heat pumps, biomethane, excess heat from biorefineries
and electrolysers, and solar collectors. LowElec displays a higher share of heat pumps than HighElec,
especially in large DH areas, where less biomethane is available.
Figure 14 shows the evolution of the incineration capacity in Denmark in two scenarios, highlighting:


Mothballing (or even decommissioning) of some waste-to-energy plants that have high operational
costs, and are situated in areas where there are other more cost-efficient alternatives for satisfying the
DH demand, is beneficial.
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Investments in new incineration plants are driven by economies of scale, and centralized waste
management with less, but bigger plants is preferred, as shown in Figure 15.

Figure 14. Evolution of the installed capacity of incineration plants in Denmark.

Figure 15. Installed capacity of incineration plants per catchment area – the map on the left shows the existing
capacity in 2014 and on the right shows the optimised capacity in 2035.

Waste incineration provides 21% of the DH production in Denmark in both scenarios by 2035, which is
the share at present. Plants will mostly be placed in large DH grids, where their share will be more than
50%, thus being a core technology in providing cheap heating.
4.2.2 The economic value of combustible waste in future energy systems
The socioeconomic value from importing waste in future energy systems is depicted in Figure 16, which
shows that import of 0.5 Mt/a in each of the scenarios is economically advantageous. However, significant
differences arise between HighElec and LowElec, and between the two compositions of the waste. In both
scenarios, the highest value is gained from importing waste with a high LHV, but most is gained in LowElec.
Implications are further analysed for the milestone year 2035, where import of up to 3 Mt of combustible

17

121

Paper I

waste was economically advantageous in both scenarios, as the costs of building and operating waste
incineration plants were lower than the benefits, i.e. electricity and DH provided to the system.

Figure 16. Socioeconomic value of importing waste in future energy systems: a) Import of 0.5 Mt/a and b) Import
of different amounts of waste in 2035.

In the absence of imports, the model optimizes construction of new large incineration plants in central
locations to maximize economies of scale (see Figure 14). However, when waste is imported and with
growing quantities, investment in more and smaller plants is favoured (see Figure 17). This is due to the
fact that central waste incineration plants provide base-load heating that might compete with other baseload sources in the grid, such as excess heat from industries or biorefineries. The smaller plants get favoured
partly in order to ensure there is enough market for the DH provided, but also to decrease the domestic
transport of waste. For example, in the extreme scenario when 3 Mt are imported, domestic transport
decreases 40% (in units of annual t-kilometre), compared to the scenario with no imports of waste. In
general, it was more feasible to invest in cogeneration than in heat only boilers due to the relatively high
endogenous electricity market-clearing prices found in Balmorel.

Figure 1. Investments in incineration plants in 2035 with imports of High LHV Waste. The existing capacity is the
capacity already installed by 2018, and only those plants could be mothballed. After 2020 and before 2035, new
investments are needed as plants achieve their lifetime, which according to the optimization are all in large
cogeneration plants. The rest of the capacity depicted are the changes investments in 2035 by importing different
quantities of combustible waste.
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When importing waste in LowElec, the technology that mostly displaced for heating generation was heat
pumps (see Figure 18), especially the less efficient ones with air heat sources located in large Areas. In
addition, electricity generation from wind was also displaced, as waste cogeneration plants provided
electricity and the power demand for heat pumps decreased. In HighElec, heat pumps were also displaced,
but as their share was lower, there were less heat pumps with ambient heat sources and the ones displaced
had higher efficiencies than in LowElec, thus affecting less the total electricity demand. Both scenarios
decreased the electricity and heating produced by biomass plants. The economic value of substituting less
efficient heat pumps and the connected power plants in LowElec was higher than substituting more efficient
heat pumps in the more flexible power system in HighElec. Therefore, the economic value of imported
waste in LowElec was higher than in HighElec. If the demand for biomethane in the industrial and transport
sectors would increase, the possibility to consume less biomethane for heating and power generation might
increase even more the economic value of the imported waste.

Figure 18. Change in electricity and district heating production in Denmark when importing High LHV waste in
2035.

Imported combustible waste was preferentially used in periods of high demand of electricity and heat, and
with a lower generation from wind turbines (see Figure 19 for LowElec - both scenarios show a similar
behaviour). In addition, it was also used during summertime, minimizing the periods where plants run with
spare capacity. As electricity and DH demand is low in Northern European countries in that period,
incineration plants operate by by-passing the steam turbine to increase the heat production, but this heat
must be stored and used flexibly for covering peak demands. The operation of biomass or biomethane
plants is lower during summer, as the electricity demand is often met by variable renewable energy and
electricity imports, but there are short peak periods that require significantly higher amounts of heating
compared to the seasonal base-load, that can be covered by stored heat from incineration plants.
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Figure 19. Electricity production in Denmark and district heating production in the network of Copenhagen in the
LowElec scenario when importing 0.5 Mt/a of High LHV waste - 4 full weeks representing 2035. The grid of
Copenhagen was selected as to identify the local impacts in the specific network were waste is imported, and
Copenhagen is/will be the area with the largest installed capacity of incineration plants in Denmark.

4.2.3 Sensitivity analysis for 2035
Sensitivity analysis were performed to evaluate the impact of the uncertainty in LowElec and HighElec in
2035 with import of 0.5 Mt/a of combustible waste with low LHV.
The parametric uncertainty analysed was related to the technologies that are the most affected, i.e. displaced,
when importing combustible waste for incineration. This is depicted in Figure 18 as the variation in
electricity and district heating production when moving to the right in the x-axis: heat pumps, wind turbines
and biomass plants. A range of ±20% capital costs of wind turbines and heat pumps was considered, based
on uncertainties related to learning potentials as well as future material costs (Danish Energy Agency &
Energinet, 2018). An uncertainty in wood pellets prices of ±50% was also evaluated, as the dynamics of
wood pellet prices are very complex (NREL, 2013), and it will depend on the global demand for bioenergy,
which is unknown (e.g. related to population and economic growth, and political priorities), and some
researchers forecasted deviations of approximately 44% in prices (Johnston & van Kooten, 2016). Higher
demands impact prices, so the sensitivity of the results to a variation of ±10% of the electricity and DH
demands was evaluated. Lastly, due to an increase in capital costs in future energy systems, the effect of a
±1.5% discount rate was also assessed (Ecofys, 2015).
According to the results from the sensitivity analysis shown in Figure 20, the economic value of waste
imports was highly dependent on wood pellets price. The role of wood pellets plants in the reference
situation of the scenarios was relatively small; however, if wood pellets price decrease, the technology has
a breakthrough and starts playing a more important role in the future energy system, and the import of
combustible waste become less economically attractive. On the other hand, the existence of higher discount
rates would make the import of combustible waste more economically valuable and vice versa. Future
innovation and developments on technologies, or the absence of them, learning curves or changes in
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material costs, might affect the evolution of capital costs, such as wind turbines or heat pumps, which
would also affect results.

Figure 20. Sensitivity analysis when importing 0.5 Mt/a of Low LHV waste by 2035.

These results suggest that other regions or countries with waste-to-energy participating in district heating
networks, with an increasing integration of variable renewable energy, and a relatively easy access to imports
of combustible waste, e.g. by sea or by reverse logistics., would have similar results. Nevertheless, as
incineration and biomass plants are competitors, in those countries with large resources of domestic wood,
the value of combustible waste, i.e. also from imports of combustible waste, could be lower, unless the
biomass is provided a higher added-value.

5. Discussion
In this work, a socioeconomic optimization excluding taxes and subsidies was performed because longterm planning of energy supply and waste management is of societal interest and constitutes a cornerstone
for sustainable development. Integrated systems need to be profitable from a business perspective to be in
place, but at the same time, profitability depends on market conditions, which will (hopefully) be shaped
by adequate policies seeking to maximize societal welfare. When taking a full European perspective, i.e.
integrating the impacts of trade of waste for exporting and importing countries, rather than considering
only the view from importing, the gate fee (understood as a fair market price) should represent the
socioeconomic value from providing electricity and DH, but also from avoiding an alternative process
somewhere else, apart from accounting for shipping expenditures and operation and maintenance costs
related to burning the waste.
To ensure that trade of combustible waste is beneficial for society, the environmental implications must
also be assessed, as highlighted by the latest resolution of the European Commission (European
Commission, 2017a). This was performed in a second stage of this work and will be published in a
subsequent paper. Other carbon footprint analyses of imports of residual combustible waste in present
systems indicated that it is beneficial, due to avoiding landfilling of biodegradables and in spite of the
incurred shipping and transport (Eunomia, 2015). Nevertheless, in the future, this is highly uncertain as the
Danish and European energy systems become less reliant on fossil fuels, and therefore WtE would
substitute mostly energy based on wind and biomass. Thus, the benefit will also depend on the content of
fossil-based plastics in the incinerated waste. Further, the content of biodegradable fractions and the
efficiency of their alternative treatments such as landfilling and biogas production will also impact benefits
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(Sahlin et al 2013). Cuchiella et al. (2017) stated that ”the transfer of waste products towards other countries
is not an optimal solution [...], it is necessary to encourage [...] the disposal of waste as close as possible to
the place of production”. However, as shown in this study, there is presently a positive economic value
when importing waste for electricity and/or district heating production to cover the spare capacity during
winter time, and in addition, some consumption of fossil fuels is replaced in the energy mix. Therefore, the
use of combined waste management and energy systems approaches become relevant in order to discuss
the pertinence of the prevalence of the proximity principle regarding residual waste management.
From a private economic point of view, trade of combustible waste would depend on taxes for landfilling
and for incineration. If landfill taxes are higher than WtE related taxes, export of combustible waste would
be even more favoured and vice versa. Denmark currently has a tax of approximately 50 €/ton on WtE
stemming from a tax on the heat dispatched and on the waste dependent emissions of CO 2, NOx, and
sometimes sulphur (Ramboll, 2015). Considering landfill taxes, in e.g. United Kingdom at 86 £/ton (UK
Government, 2017), the abolition of the Danish tax would make trade of combustible waste far more
attractive.
In the circular economy vision it does not seem at a first glance that there is a value kept in the economy
through WtE. Nevertheless, we show here that, currently and in the future, energy provided by incineration
of residual waste has an economic value, as described in section 4. It will, however depend on when and
where electricity and/or district heating are produced. This is unlike the value from recycled materials,
which fluctuates less over shorter periods and is less dependent on geography. Hourly resolution is e.g.
relevant for WtE plants but not for recycling. Through integrated planning of waste management and
energy systems, the value of the products provided by WtE can be maximized by optimizing the location,
sizing and operation of the facilities as well as of the surrounding energy system, such as heat storage or
district heating boilers. Integrated planning could prevent investments in over-capacity that could hinder
further development of recycling.
In the next decades, in order to comply with the vision on circular economy, incineration plants need to
minimize the disposal of solid residues, specifically of bottom ashes (Ragazzi & Pivato, 2018), as
approximately 25-30% of the initial mass input remains in the ashes, although the volume reduction might
be approximately of 90% (Kumar & Samadder, 2017). In addition, they have to address the concern of
potential loss of valuable resources in waste through improved sorting before combustion.
In spite of the value of the electricity and/or district heating provided by incineration, there is the need to
discuss how renewable energy goals impact the circular economy, as in the next decades, the possibility to
provide fuels or chemicals through gasification or pyrolysis, which could be used e.g. to decarbonize the
transport sector, might be more valuable to the society and hence more desirable in the circular economy.
As the supply of electricity and district heating evolves, being less reliant in fossil fuels, the emissions
associated to direct combustion of residual waste will become noteworthy. Nonetheless, emissions related
to the industrial and transport sectors, specifically heavy transport, will most likely still be high in the next
decades (Norden & IEA, 2016). Pyrolysis and gasification technologies can reduce the waste volume by
95% (Kumar & Samadder, 2017) and provide feedstock for chemicals and fuels that could promote the
achievement of EU’s climate and energy goals. In addition, they do not require the same level of economies
of scale as incineration plants, which could favour decentralised solutions (Aracil et al., 2018). However,
development of the technologies as well as smart collection and separation strategies are needed in order
to ensure the required homogenous inputs of gasification and pyrolyss plants. Therefore, new studies that
look into the role of waste-to-energy plants in the longer temporal scope, e.g. more than 20 years from
now, should integrate not only the electricity and district heating sectors with waste management, as in this
article, but the full energy system, such as transport and industrial sectors, in order to assess the value of
combustible residual waste for the society.
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6. Conclusions
Differences in waste management systems are considerable at a European level and the shift away from
landfilling is likely to need time, where export for incineration may be seen as an interim solution while
domestic recycling infrastructure is developed. In the long term, the question that arises is whether countries
with extensive DH networks should plan their incineration capacity relying on waste imports, which might
lock them into large investments.
In this work, an integrated system analysis approach was employed to assess under which conditions import
of two types of combustible waste (low and high calorific content) leads to a less expensive energy and
waste management, in socioeconomic terms. The modelling approach facilitated detailed analyses and
identification of incineration plants where import is feasible, and the seasonal timing of the utilization,
which will influence the value or the incurred costs from imports. This methodology could be applied for
integrated planning of waste management and energy systems in other region, as the modelling framework
is data-driven, i.e. it is not designed for a specific geographical context.
In Denmark, there is presently an incineration overcapacity of 20% in mass terms, and results show that it
has a positive socioeconomic value to import waste for covering a third of the existing overcapacity.
However, if all the spare capacity is to be covered, waste must be imported during summertime, which
would require a gate fee for waste acceptance, or waste with high calorific content, as the value of the heat
and electricity provided is lower during this season in Northern Europe. Mothballing of plants that are less
efficient and with higher operational expenditures could be a more cost-efficient solution to decrease the
level of over-capacity, even if import of waste is allowed.
The impact of two future energy scenarios, with a different degree of electrification of the transport sector
and use of hydrogen for biogas and syngas upgrading, LowElec and HighElec, showed that imported waste
would also have a positive socio-economic value, being considerably higher in LowElec than in HighElec, as
the waste would displace more expensive DH generation. Waste incineration was found to move toward
centralization, with less but bigger cogeneration plants. Similar results could be expected in other countries,
as long as the population density of the regions is relatively high (approximately 125 persons/km2 in
Denmark), so that average transport distances do not increase significantly.
The feasibility of importing waste will highly depend on the price for wood pellets, as lower prices would
make biomass plants very competitive against incineration, decreasing the value of waste imports. The
impact of economies of scale in WtE plants and the differences regarding heating networks, suggest that a
more national or pan-regional approach regarding waste management planning, rather than a municipal
one, would be desirable to maximize the value of this management option in the future. In addition, a
coherent European strategy regarding waste taxation, with a regulated international market for combustible
waste, would avoid import of waste based on tax competition between countries.
The role of waste-to-energy plants in the circular economy in future systems should be regarded following
an holistic approach, considering not only the electricity and district heating sectors, but integrating also
the industrial and transport sectors, and creating cross-sectorial joint visions. Some waste may not be
possible to recycle, but could provide a value to the economy and, under some conditions, contribute to
the climate goals through WtE.
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Supplementary material for: The economic value of import of combustible waste in systems with high shares of
district heating and variable renewable energy

Supplementary Information A: Geographical and
Temporal Dimension in Balmorel and OptiFlow
This supplementary material provides a description of the geographical representation in Balmorel and Optiflow,
as well as a characterization of the level of temporal resolution adopted.

A1. Geographical Dimension in the optimization models
Three different levels of spatial resolution are adopted in Balmorel and OptiFLow, as represented in Figure A1,
in order to model the specific characteristics and physical constraints of different energy carriers, as well as
resource transportation.


Country1 , which include all the data at a national level; such as political targets, resources, etc.



Region, which belongs to a Country, and represents different power grids that might be connected to
other Regions from the same or a different Country with specific demands and limited transmission
capacity between them. Availability of resources can also be constrained at a Region level.



Area, within a Region represents district heating demand and resource potentials as well as
technologies for the conversion and storage of resources and energy carriers. Some Areas will be
characterized by its centroid and its geographical location. Transport of resources between these Areas,
of the same Country or a different one, takes place through the existing road or railway infrastructure
or commercial shipping lines that connect the different Areas. However, other Areas do not represent
a specific geographical entity with a defined location, but an aggregation of district heating demands,
resources and/or technologies. Transport of resources from/to these Areas is not allowed.

Figure A1. Spatial dimensions of OptiFlow and Balmorel optimization models as applied in this study

A2. Temporal Dimension in the optimization models
OptiFlow and Balmorel feature three different time scales, as represented in Figure A2. Investment decisions
and depreciation related to capacities occur on a long-term time horizon, from 2020 until 2035, in five year time
1

The words Country, Region, Area and Year are capitalised in this paper when referring to Balmorel and OptiFlow model specific denotation
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steps,𝑦 ∈ 𝕐, following a myopic approach without any knowledge about what happens beyond that specific
time. Processes which are not specifically hourly dependent but which might vary across a year due to seasonal
fluctuations, such as waste generation or transport, occur at a time slice 𝑠 ∈ 𝕊, which are chronological, and
often represents weeks. The processes which involve the production or consumption of electricity and/or district
heating, are on the other hand modelled for a set of 𝑡 ∈ 𝕋 chronological time slices, which are subdivisions of
the time slice 𝕊 and represent short-term variabilities, such as hourly data.

Figure A2. Temporal representation in Balmorel and OptiFlow as applied in this study

The specific number of s and t time slices is user-defined. For this study, the Balmorel setup considers four weeks
and the time slices t which are subdivisions of the s slices representing weeks, are generated using hourly data
for one full week, i.e. 168 hours. Weeks were selected so as to cover periods of high and low heating demand,
which in Northern Europe corresponds also to high and low electricity demand, and periods with high and low
generation from variable renewable energy. Energy demands and fluctuating production patterns are then
scaled with the annual values, so as to ensure that the balances are properly satisfied. An example of the load
curve for the electricity demand with and without aggregated values for Denmark is shown in Figure A3.

Figure A3. Load duration curve of electricity demand in Denmark with and without temporal aggregation

The short-term resolution is required to represent both daily and seasonal energy demand patterns and
fluctuating renewable production (e.g. wind, solar, etc.). It is key to represent sudden changes from noncontrollable generation that might affect the net total demand (Haller, Ludig, & Bauer, 2012). Figure A4
illustrates changes between consecutive hours in the generation of wind in Denmark during the year 2014, and
in order to be within a confidence interval of 68% changes might be of up to 132 MW; furthermore, if the aim is
to be within a confidence interval of 95% the variation rises up to 264 MW. The average electricity demand that
year In Denmark was approximately 3,820 MW, so changes were usually less than 10% of the total demand;
however, with a higher integration of wind into the system, inter-hour changes in the generation from wind
might imply variations of up to ±20% of the total electricity demand, and even more, which requires the use of
models that are able to capture these needs. An advantage of using OptiFlow and Balmorel is the possibility to
have this short-term pattern, which is fundamental to represent RE fluctuations and chronology, within the longterm horizon, i.e. affecting the investments.
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Figure A4. Normalized probability density distribution of change in wind power production between to consecutive hours
in Denmark in 2014 (energinet.dk, 2014)

There are also intra-minute or inter-minute variations, such as turbulence or gusts in wind mills or clouds on
solar PV panels, which are considered to be small and handled in the reserve market, and thus the resolution of
the model is kept at an hourly level (IEA, 2005).
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Supplementary material for: The economic value of import of combustible waste in systems with high shares of
district heating and variable renewable energy

Supplementary Information B: Modelling of
future energy scenarios
This supplementary material provides an introduction to the energy model Balmorel as well as a description and
documentation of the energy scenarios considered in the study, and their main assumptions.

B1. Introduction to the model Balmorel
The energy tool applied for the analysis is the open-source model Balmorel (Wiese, et al., 2018). Balmorel is a
mainly linear partial equilibrium model with a bottom-up approach, which simulates and optimizes generation,
transmission and consumption of electricity and district heating (Ravn, 2001) and hydrogen production and
consumption (Karlsson & Meibom, 2008) (Meibom & Karlsson, 2010).
The model is deterministic, i.e. it does not consider the effect of uncertainty during the optimization, and
assumes perfectly competitive markets. It may provide optimized investments, production and transmission
levels and identifies market clearing prices for each geographical entity and time step (Tveten, 2015).
The model is highly configurable in the spatial and temporal dimensions, and also provides additional options
for selecting specific features applied, e.g. with respect to generation units (unit commitment, bypass of turbines
for cogeneration plants) or policies (taxes, subsidies, restrictions or goals for specific fuels or generation
technologies).
Electricity, district heating and hydrogen prices represent the long-term marginal cost of producing one unit
more of energy, including investments in capacity expansion. In this study, the analysis is based on minimizing
total socio economic costs for satisfying the energy demand over the whole area modelled in an hourly time
resolution over one full year (Ravn, 2001), optimizing long-term investment decisions and short-term energy
dispatch, but assuming that the full year is represented by four representative weeks. The optimization is done
at each selected year, i.e. 2035, through a myopic approach, without any knowledge about what happens
beyond that specific time. The foresight is perfect within the year, assuming that the model can fully anticipate
the future in the short-term planning horizon of that year; e.g. electricity and DH demand in a specific location
at a given time, fluctuation of power generation from wind, water inflow, etc.

B2. Geographical representation of the energy system in
Balmorel
As the Danish electricity market is part of an increasingly connected power grid, electricity dispatch is modelled
on the Nordic and German markets. Countries are split into different interconnected power Regions (see Figure
B1). Distribution is subject to losses and costs, but there is no explicit modelling of distribution grids and
electricity may be transmitted between Regions within the same Country or between different Countries.
Transmission is subject to capacity constraints and additionally costs and losses.
According to the Danish district heating annual report from 2015, there are 430 district heating networks and
60,000 km of pipelines. In this study the 32 largest district heating networks are represented independently,
hereinafter called central Areas, which supply to densely populated cities in large urban communities,
represented in Figure B2 with a graduated color scale from light yellow to red. The smallest district heating
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networks, covering 23% of the total demand, are represented as aggregated in two Areas, one for each of the
two Danish Regions (see blue areas in Figure B2).

Figure B1. Power transmission Regions represented in Balmorel as applied in this study

Figure B2. District Heating networks in Denmark as applied in this study (in red the large DH Areas and in blue small DH
grids aggregated by Region)

B3. Energy Scenarios for the Nordic Countries and Germany
Norway, Sweden and Finland are modelled as the Carbon Neutral Scenario (CNS) presented in the Nordic Energy
Technology Perspectives, developed by the International Energy Agency (IEA) and Nordic Energy Research (NETP
2016). The CNS “reflects the national climate targets in the Nordic countries for 2050, where Nordic CO 2
emissions fall by 85% compared to 1990 levels” (IEA, 2013a), and mirrors the diverse stated Intended Nationally
Determined Contributions to mitigate anthropogenic greenhouse gas (GHG) emissions, submitted to the
Conference of the Parties (COP) 21 (UNFCCC, 2016). Carbon neutrality would require offsets to be used for the
remaining 15% of GHG emissions. For Germany, a two degree scenario (2DS) is assumed, reflecting the German
contribution, to achieve “an energy system consistent with an emissions trajectory that recent climate science
research indicates would give an 80% chance of limiting average global temperature increase to two degrees
Celsius.” Both scenarios, CNS and 2DS, fulfil the vision laid out in the Paris Climate Agreement at COP21 “to keep
2
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a global temperature rise this century well below two degrees Celsius above pre-industrial levels” (UNFCCC,
2015). The aim of modelling the scenarios with Balmorel is to optimize the energy mixes in the electricity and
district heating sectors to achieve those RE targets in the most cost-efficient way.
Denmark aims to meet at least 50% of energy demand with renewable energy in 2030, and to be independent
of fossil fuels by 2050 . The government has a number of energy policy milestones on the journey towards
decarbonization, such as, 40% reduction of GHG emissions by 2020 compared to 1990 levels, phase out of oil
burners and coal power plants by 2030, and a net fossil-free electricity and heating sector by 2035. In order to
estimate the degree of this fossil fuel independency by 2035, this study has assumed that 5% of the total power
demand in Denmark could be supplied by natural gas, as long as an equivalent amount of electricity is exported
abroad, in net terms. The scope of this article is to analyze milestones every 5 years, from 2020 until 2035, where
a conversion of the transport and the industrial sector is also required, although it will be at an early stage
towards decarbonization.
Biomass has an important role to play in future energy systems, because unlike most other RE sources, it can be
stored and used on demand; however , there are several aspects that might influence biomass sustainability,
such as: GHG emissions, food security, biodiversity loss, displaced populations, soil erosion, water consumption
and quality, air quality, etc. (Bentsen & Stupak, 2013) (European Commission, 2011). The impacts of biomass
harvesting are related to the origin of it, which will depend in turn on the global demand for biomass. As there
is uncertainty about the global demand for biomass, there is uncertainty about its availability, price and impacts
on sustainability. Hence, biomass is a limited resource and this limitation will have a particularly significant effect
on the Danish energy sector, whose ambitious RE targets and the lack of substantial hydropower resources,
hamper the integration of large amount of intermittent energy, unless other flexibility measures are
implemented (Lund & Mathiesen, 2015). Strategies for how biomass should be prioritized are very important to
ensure the sustainability of the energy system and to limit vulnerabilities to uncertainties in commodity prices
(Mathiesen, Lund, & Connolly, 2012).
For all the above mentioned reasons, and to take the inherent uncertainty of future developments into account,
two pathways are going to be looked at in the Danish context, inspired by scenarios from the Danish Energy
Agency (Danish Energy Agency, 2014):
 LowElec scenario, inspired by the Bio scenario of the Danish Energy Agency – This scenario assumes a
relatively high biomass consumption in the transport sector, and a limited consumption of hydrogen for
biogas or syngas upgraded. The electricity demand in this scenario is similar to the present one.
 HighElec scenario, inspired by the Wind scenario of the Danish Energy Agency – This scenario assumes
that as biomass consumption might be a critical resource, its use for transportation is limited, being only
utilized where the alternatives are most expensive, mainly heavy transport. The scenario is characterised
by a high electrification of the transport sector, and use of hydrogen for methanation of biogas from the
anaerobic digestors before injection into the gas grid and for methanation of bio-syngas from biomass
gasifiers prior to Fischer-Tropsch synthesis for biofuel production (Jin Hu & Lu, 2012). Hydrogen demand
is decoupled from its production, as long as it is optimal to invest in bigger electrolysers and storages.
Hydrogen production is placed close to either biogas production plants, i.e. in rural areas (37% of the
total demand for H2), or to biorefineries (63% of the total demand for H2), which are assumed to be
located in large district heating networks.
An overview of the different energy scenarios is presented in Table B1.
Table B1. Scenario description
Scenario

Denmark

Norway

Sweden

Finland

Germany

LowElec

Bio-DEAs

CNS

CNS

CNS

2DS

HighElec

Wind-DEA

CNS

CNS

CNS

2DS
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B4. Data for modelling the energy scenarios
The following sections describe the assumptions used regarding the future energy system in Denmark, Sweden,
Norway, Finland and Germany. The main assumptions entered into the model are: energy demands, data on
conversion technologies, RE resource potentials, fuel prices and policies. A social discount rate of 4% is applied
for calculating the annualised investment costs, as stated by the Danish Ministry of Finance for projects
happening within a time span of 35 years (Danish Ministry of Finance, 2017).

B4.1 Policies and targets
The Nordic countries and Germany have ambitious energy and climate policy agendas. National targets for 2050
are: an energy system independent of fossil fuels in Denmark, 80% GHG emission reduction in Finland, carbonneutrality in Norway, zero net GHG emissions in Sweden (Norden & IEA, 2016), and at least 80% of renewable
electricity in Germany (Morris & Pehnt, 2015). Part of the targets, including the milestones required, are
represented in the CNS and 2DS with the limitations to fossil fuel consumption stated in Table B2.
Table B2. Fossil fuel maximum consumption (PJ/year) for electricity and district heating (adapted from (Norden & IEA,
2016))

Country

Denmark

Norway

Sweden

Finland

Germany

Fuel*

2020

2025

2030

2035

Coal

108

106

0

0

Oil

1

1

0

0

Natural Gas

63

63

59

8

Coal

1

1

0

0

Oil

2

2

2

0

Natural Gas

11

11

4

0

Coal

10

10

5

0

Oil

30

15

1

0

Natural Gas

16

12

11

10

Coal

177

152

87

0

Oil

25

17

0

0

Natural Gas

50

43

28

14

Coal

828

700

500

17

Oil

18

18

18

10

Natural Gas

900

900

900

900

* Coal restrictions also include lignite and peat, and oil limitations are related to light oil and fuel oil.

The development of the nuclear power derives from political decisions based on perceived risks associated with
waste and safety, especially in the aftermath of the Fukushima accident. Germany has decided to decommission
the country’s nuclear power plants by 2022 (IEA, 2013b) (European Commission, 2013). Sweden and Finland are
the only Nordic countries with nuclear power capacity, and its future is uncertain. Finland is planning to increase
its nuclear capacity, granting permits of construction for three reactors, but with only Olkiluoto 3 under
construction. In Sweden, power plants operators decided to close 2,700 MW of capacity by 2020. In the CNS of
this article, following the scenario from the NETP (2016), it is assumed that already planned reactors are
constructed in Finland and that the existing Finnish power plants are decommissioned once they reach their
technical lifetime, as shown in Figure B3. Swedish nuclear capacity is predicted to drop, as a consequence of the
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already planned closure of nuclear power plants, and the remaining ones are phase out by 2045 (Norden & IEA,
2016). In June 2015, a framework agreement was announced to allow for the construction of up to ten new
nuclear reactors in Sweden, at existing sites, to replace plants as they retire; however, there was not a complete
consensus between political parties and the nuclear energy future remains unclear.

Figure B3. Evolution of the nuclear capacity in the CNS scenario

The deployment of Carbon Capture Storage (CCS) technologies would require the adoption of internationallycoordinated regulations and public acceptance regarding CO2 storage facilities and transport. It is uncertain to
which extent this difficulties can be overcome. In the scenarios, it is only made possible to endogenously invest
in CCS technologies in Germany. The Council for Nordic Energy Research and the IEA suggested in 2016 that CCS
will be mostly used in energy-intensive industries, as there are no alternative prospects for cost-competitive CO2
mitigation in those sectors (Norden & IEA, 2016), which are out of the boundaries of this study.
As one of the main goals of Danish energy policy is security of supply and self-sufficiency, it is assumed that
Denmark cannot be a net importer of electricity at an annual basis.

B4.2 Constraints to the availability of fuels
There is no physical constraint assumed in the use of uranium or fossil fuels, such as coal, natural gas, diesel,
etc. Instead its limitations are given by the national policies described in the previous section. Straw and wood
waste resources have been limited through national potentials, as they are usually traded over short distances
due to lower bulk density, lack of homogenous form, higher moisture content, and thus lower energy density
(Lamers, Martin, Hamelinckc, & Faaij, 2012). As the boundaries of the scenarios described do not seek to
optimize the full energy sector, the amount of straw available for electricity and district heating will vary
depending on the technology mix of the transport sector. Table B3 shows the amount of straw and wood waste
allocated for electricity and district heating production. Wood pellets, can be internationally traded, as
transportation of pellets through long distance sea shipment has been shown to be economically profitable due
to their higher heating value and bulk density (Bentsen & Stupak, 2013) (Lamers, Martin, Hamelinckc, & Faaij,
2012). Wood chips can also be internationally traded, although transport distances should be shorter, such as
an European market. Therefore no constraint associated to the domestic potential is restricting wood chips or
wood pellets use for electricity or district heat production.
Table B3. Local biomass potential* available for electricity and DH up to 2035 (PJ/year) (Danish Energy Agency, 2014)
(Ea Energianalyse, 2014)
Denmark

Norway

Sweden

Finland

Germany

Straw

50

6

17

13

142

Wood Waste

0

0

90

120

0

5
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* The Table above are estimates without considering a changing climate with warmer weather and more precipitation, which will most
probably increase the future availability of wood in the Nordic countries, according to the IPCC Fifth Assessment Report (Rytter, et al., 2015).

In the LowElec and HighElec scenarios, all the biogas generated in Denmark is assumed to be upgraded to natural
gas standard, henceforth called biomethane. Furthermore, it is assumed that the potential allocated for
electricity and district heating, which differs between the scenarios (see Table B4), has to be used within the
year. Biomethane is injected into the natural gas transmission grid and can be used across the country
throughout the year, as it can be stored in underground gas-storage facilities. Cross-border trading of
biomethane is allowed in the optimization, although it is not directly modelled, as it is assumed that the annual
net consumption of biomethane in the country must equal the domestic production.
The HighElec scenario assumes that 39% of the biogas, is upgraded through methanation with hydrogen by 2035,
increasing the generation of biomethane compared to upgrading of biogas with traditional technologies for CO 2
removal (Danish Energy Agency, 2014). In the LowElec scenario, the upgrading of biogas to biomethane is done
by CO2 removal, using e.g. water scrubbing.
Table B4. Biomethane (PJ) allocated for electricity and/or district heating in Denmark (Danish Energy Agency, 2014)
Scenario

2014

2020

2025

2030

2035

LowElec

0

6

9.3

12.6

15.9

HighElec

0

6

12.2

18.5

24.7

All the Municipal Solid Waste (MSW) available for incineration has to be burnt, assuming that it is equally
generated through all the year and that no storage of waste between weeks is allowed, unless exogenously
specified in OptiFlow, where inter-seasonal storage of up to 50% of Danish industrial waste is admitted. No
shipment of waste between countries is allowed, excepting if specifically analyzed for the Danish case. The
amount of waste available for incineration is estimated in Table B5. Forecasts about municipal solid waste
available for incineration in Denmark are done with the use of the econometric tool FRIDA, which is further
described in the Appendix C of this study.
Table B5. Prognosis on Municipal Solid Waste (PJ/year) available for incineration (Ea Energianalyse, 2014)
2014

2020

2025

2030

2035

Norway

14

15

19

24

24

Sweden

49

53

56

56

56

Finland

25

27

29

29

29

Germany

310

310

401

491

491

B4.3 Energy demand
Energy demand is an exogenous parameter and is not modelled as price responsive. The scenarios assume a
recovery from the current economic crisis, followed by steady GDP growth rates in the medium and long-term
of approximately 1.8% p.a., which will influence energy consumption.
In Denmark, the total electricity demand is predicted to increase in the HighElec scenario and to remain stable
in the LowElec scenario, as shown in Figure B4. In both scenarios the classic electricity demand is equal and
decreases over the years due to efficiency improvement measures. In the LowElec scenario, electricity demand
for transport, process heat or individual heating is small; however, in the HighElec scenario, the electricity
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demand for transportation, heating and for hydrogen production (Fuel Refinery in Figure B4) is substantial, and
the total electricity demand increases considerably compared to the levels of 2014.

Figure B4. Exogenous electricity demand in Denmark for LowElec and HighElec scenarios (Danish Energy Agency, 2014)

Nowadays, electricity consumption is particularly high in Sweden and Norway. This level is linked to high rates
of electricity use for space heating and a high concentration of energy-intensive industries (e.g. metals and pulp
and paper). Electricity demand increases slightly compared to 2014 levels, except in Germany, where savings
are to play a larger role, as depicted in Figure B5, following greater utilization of electricity using appliances and
electric vehicles. The increased use of electric devices is partly compensated by the increased energy efficiency
of electric appliances and more rational use of energy in all sectors. The hydrogen demand is negligible
(approximately 0.5%), and it is not depicted in Figure B5, but it is considered in the model. Electricity
consumption for district heating is endogenously optimized by Balmorel, and will be a result of the study.

Figure B5. Classic (CL) electricity demand and electricity for EV in the CNS (Norden & IEA, 2016)

The total district heating demands in Denmark, Sweden, Finland and Germany are predicted to decrease in the
following years due to an increased thermal integrity in the residential and service sectors (Ea Energianalyse,
2014), as shown in Figure B6, in spite of planned expansions of the heating networks. On the contrary, the district
heating network in Norway will face a larger expansion, increasing the demand during the next years.

Figure B6. Gross district heating demand (PJ) (Norden & IEA, 2016)
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B4.3.1 Energy profiles
Balmorel and OptiFlow cover seasonal, daily (workday and weekday) and diurnal variations of energy demand.
Upscale data of measured energy consumption in 2014 have been used in this study to model future classic
electricity demand patterns, as shown in Figure B7. The Danish hourly data are provided by the Transmission
Systems Operator (TSO) energinet.dk (energinet.dk, 2014) for the two Danish Regions. For Sweden, Norway,
Finland and Germany, data from the European Network of Transmission Systems Operator (ENTSO-E) are used;
however, the same hourly profile has been assumed for the different Regions within a country. Figure B7
illustrates that the seasonal demand variation in the Nordic countries is larger than in Germany, particularly in
the case of Norway. This is due to the fact that Norway and Sweden use electricity for heating purposes, overall
during winter time, and that at northern latitudes the amount of daylight in winter time is smaller and in summer
larger, than at southern locations; therefore, increasing the degree of seasonal fluctuations. In addition, German
warmer climate might increase the need of cooling during summer time.

Figure B7. Hourly profile of gross electricity consumption normalized for the maximum annual demand (year 2014)
(energinet.dk, 2014) (ENTSO-E, 2014a)

According to the International Energy Agency, innovative smart electronics and smart meters could reduce
electricity peak loads on average by about 15% (IEA, 2013c), affecting electricity demand profiles; however this
is considered to be out of the scope of the study. In addition, climate change could shift peak load towards
summer time in some locations (Wenz, Levermann & Auffhammer, 2017), but as the temporal scope of this
study is up to 2035, it is considered not to have an impact. . Demand flexibility for charging of electric vehicles
(EVs) is not modelled explicitly; however, EVs are considered to have a smart charging strategy, which leads to
greater charging at night and less during daytime. Electricity demand for process heat in industries is not flexible
and follows a typical profile of electricity demand for industries. Electricity demand for individual heating has a
small degree of flexibility, which is modelled by introducing the possibility to store the heat produced in a storage
with a capacity equivalent to two hours of the peak demand for individual heating, the limit stems from the
spatial constraints to large heat storages at private houses, but it might be likely that large houses have the
possibility to store higher amount of heats, although it is considered out of the scope of this study. The profile
for electricity consumed by electrolysers and for district heating heat pumps is optimized by the model, so that
the demand for hydrogen, which is assumed to be constant throughout the year, and for district heating is
always satisfied, optimizing investments in hydrogen and heat storage facilities.
It is assumed that the hourly profile for district heating consumption remains the same as today, based on the
data of the “Future District Heating systems” report elaborated by EA Energianalyse (Ea Energianalyse, 2014),
Some energy efficiency strategies might include investment in peak-load reduction, such as building envelopes,
which will produce a greater peak load reduction compared to the reduction of the base load (IEA, 2013d);
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however, they are not considered in this analysis. In addition, as aforementioned, climate change could also
modify heating demand patterns.

B4.4 Fuel Prices
All the scenarios are based on global ambitious climate policies, which results in price trajectories for oil, gas
and coal that reflect the global action on decarbonisation. In order to calculate projections for fossil fuel prices,
it is necessary to calculate forecasts of global energy demand, which is assumed to follow a two degree scenario
(2DS) at a global basics. The 2DS anticipates a reduction on fossil fuel demand worldwide, and therefore, a
downward effect on fossil fuel prices (IEA, 2013a), as shown in Figure B8.
The scenarios assume a higher global demand for biomass, due to the efforts to achieve the 2DS globally with a
progressive phase out of fossil fuels. Biomass prices are predicted to increase over the years, as depicted in
Figure B8. Straw and wood chips are assumed to be domestic resources (see section B3.3), thus supply costs are
affected by transportation costs, which will depend on the specific location of the end-user plant; however, in
this study, an average delivery costs has been used. Wood pellets may be domestic or imported. The study does
not distinguish between these, and the market for wood pellets is assumed to be international. Denmark is
assumed to be a “price-taker” in the global wood pellets market, i.e. changes in Danish demand between the
LowElec and HighElec do not affect the global prices due to the marginal Danish demand compared to volumes
on a global scale (Danish Energy Agency, 2014).

a)

b)

Figure B8. Projections on fuel prices assuming a global 2DS: a) fossil fuels, b) biomass (Norden & IEA, 2016)

The biogas price is assumed to be equal to the marginal production cost at the anaerobic digestion plant from
the catalogue "Technology data for advanced Bioenergy Fuels" (Evald, Hu, & Hansen, 2013), considering that
the substrates are 95% manure, at no cost, and 5% straw. The price of biomethane is calculated by including the
upgrading cost provided in "Technology data for energy plants" (Danish Energy Agency & energinet.dk, 2014).

B4.5 Conversion technologies
The Nordic (Denmark, Norway and Sweden) and German power system is a mixture of generation sources, such
as hydropower, wind, solar, nuclear and thermal power, which is assumed to steadily decrease over the years,
as shown in Figure B9 and Figure B10. Investments in new technologies and operation of existing and new plants
for electricity and district heating are endogenously optimized with Balmorel for every scenario. The installed
capacity of nuclear and hydropower plants is exogenously given, and no endogenous investments are allowed,
because of the political and societal implications related to them. The rest of the exogenously given capacity
corresponds to the plants existing or planned nowadays and their expected technical lifetime, after which it is
assumed they are decommissioned.
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Figure B9. Exogenous installed capacity in Sweden, Norway, Finland and Germany (Ea Energianalyse, 2014) (Norden &
IEA, 2016)

Figure B10. Exogenous installed capacity in Denmark (Danish Energy Agency, 2016)

Conversion technologies are characterised in terms of technical efficiency, availabilities and costs (see Table B10
and Table B11, at the end of this Appendix). The costs considered for modelling the conversion technologies are
fixed and variable operation and maintenance costs, fuel costs and annualised costs for new investments, which
will depend on the specific lifetime of the plant and the social discount rate. Data are based on the catalogue
“Technology Data for Energy Plants” published by the Danish Energy Agency and the Danish TSO (Danish Energy
Agency & energinet.dk, 2014), and including the latest updates from the year 2017. All scenarios rely on
technologies that exist today, but some of them will become commercially mature over time. The technological
improvement of the plants is represented exogenously in the scenarios. Curtailment of wind technology is
possible at no extra cost.
Due to the existence of planning constraints as well as land limitations when investing in new wind plants, there
are some maximum technical potentials of onshore and offshore wind, as shown in Table B6.
Table B6. Wind maximum installed capacity considered by 2035 (GW) (a linear trend between today´s levels and the
levels of 2035 has been assumed) (Norden & IEA, 2016)
Onshore

Offshore

Denmark - East

1.12

Denmark - West

4.65

Norway

8.77

29.90

Sweden

20.11

14.48

Finland

8.30

12.29

Germany

74.07

33.34
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All the dispatchable plants are assumed to operate flexibly, excepting incineration facilities, and coal, lignite,
peat and nuclear plants. Instead of modelling a full unit commitment (UC) model including aspects such as startup costs, minimum operating levels, etc. (Staffell & Green, 2016). We model a simplified approach of economic
dispatch (ED) in the Balmorel model, subject only to ramping up and down constraints, reducing significantly the
computational complexity. Shan et. al. (2014) found only small differences between using the UC or ED approach
with ramp up and down rates for long-term energy planning (Jin, Botterud, & Ryan, 2014). A ramping rate of
10% is assumed for coal, nuclear and incineration plants, which expresses the percentage of the total installed
capacity of a specific generation technology which can go up or down between two consecutive hours (Jonghe,
Delarue, Belmans, & D’haeseleer, 2011), no cost for it has been allocated. There is no inter-hour thermal
restriction for any of the other plants.
Thermal plants and hydropower plants are assumed to have an availability factor of 90% of their nominal
capacity; however, the generation from non-dispatchable technologies will depend on a specific potential at
every time period and geographical entity, as described in the next subsection.

B4.6 Generation by variable renewable energy
Generation by wind, solar or hydropower plants is characterized by the annual full load hours of operation, also
known as capacity factors, which are estimated taking into account geography and technology development
throughout the years, which might increase the efficiency (Norden & IEA, 2016) (Ea Energianalyse, 2014). Wave
technology is not considered to be mature enough by 2035. Figure B11 show the potentials for onshore wind
and solar PV generation, which vary across areas. Average annual values have been chosen, although there
might be years with a lower or a higher generation, which might impact the requirements for back-up capacity.

Figure B11. Estimated full load hours of solar PV plants installed in 2020 (Norden & IEA, 2016)

Balmorel represents hourly variations of fluctuating RE resources at each Area, to take into account weatherinduced variability for wind, solar and hydro run-of-river technologies. Historical hourly data from the
production of onshore and offshore wind and photovoltaic solar in Denmark are available in the web page of
the TSO, energinet.dk, for the East and West Regions. Nevertheless, hourly data for the other Regions with the
specific geographical requisites were not found. Therefore, this study uses MERRA-2 global meteorological
reanalysis data that are calibrated and validated to produce hourly wind and PV simulations in the different
Areas , from the project www.renewablesninja.com (data available from www.renewables.ninja) (Staffell &
Pfenninger, 2016) (Pfenninger & Staffell, 2016). In order to ensure the validity of the data, the observed capacity
factors in Denmark are plotted against the capacity factors estimated by re-analysis of data from the
renewables.ninja project, as depicted in Figure B12.
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Figure B12. Observed (energinet.dk) vs. Predicted (www.renewableninja.com) capacity factors for wind and solar PV in
Denmark in 2014

In this study, scaled hourly profiles for 2014 are used (scaled so as to match the average full load hours), as
depicted in Figure B13 and Figure B14, taking into account the evolution of the capacity factors of the
technologies. The hourly data of the year 2014 were used in order to ensure consistency between time series of
wind generation and electricity demand, whose data are also for 2014. It is assumed that solar district heating
technologies follow the same profile as solar PV. Data from hydro run-of-river and water inflow to hydro
reservoirs come from measured production from historic years (Ea Energianalyse, 2014).

Figure B13. Wind Capacity Factor in the first ten days of January 2014 (www-renewablesninja.com)

Figure B14. Solar PV Capacity Factor during the first fortnight of June 2014 (www-renewablesninja.com)
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B4.7 Power transmission
The Nordic power system is strongly interlinked, both within the Nordics and with neighboring markets (Swedish
Energy Markets Inspectorate, 2015). One of the main drivers for the establishment of an integrated market is
the difference in generation mix, with Norway depending largely on hydropower, Sweden on a mix of
hydropower and nuclear power, Finland on thermal plants including nuclear, Denmark on thermal power plants
and wind while, at the same time, being strongly connected to Germany (IEA, 2005). In this analysis, the
combined region of Demark, Norway, Sweden, Finland and Germany is modelled as isolated in terms of
electricity exchange, and there is no electricity trade from or to third countries.
Some of the main objectives of the energy policy in the EU are security of supply, sustainability and
competitiveness. On June 2009, the third European legislation package about a single market for energy was
adopted. This third package aims to strengthen and liberalize Europe’s internal market for energy, aiming to
complete an integrated single energy market in Europe (Swedish Energy Markets Inspectorate, 2015). The major
drivers are better utilization of resources, gains from market competition and trade as well as increased security
of supply (IEA, 2005) (European Commission, 2011). The lack of electricity market integration mainly results from
insufficient interconnecting infrastructure between national electricity systems. Therefore, the interconnection
of the electricity markets is a political priority for the EU, and the European Council wants to achieve a minimum
target of interconnection of at least 10% of their installed electricity production capacity by 2020 and has the
objective of arriving at a 15% target by 2030 (European Commission, 2017).
Planned transmission capacity between Denmark, Norway, Sweden, Finland and Germany is summarized in
Table B7. The COBRAcable power transmission line between Denmark and Netherlands as well as the VikingLink
that connects southern Jutland with Great Britain are not included in the Balmorel data of this exercise, as the
investment decisions were not made yet at the time of modeling. Both lines are on the EU “Projects of Common
Interest”, as they are considered to be key infrastructure projects to facilitate the integration of wind energy in
Denmark and to provide affordable energy, decreasing total costs for satisfying the electricity demand. However,
as wholesale electricity prices in Great Britain were, e.g. 60% higher, and in Netherlands 20% higher than in
Denmark during the second quarter of 2017, electricity prices in Denmark would increase (European
Commission, 2017). This should be regarded when discussing results, as on one hand the flexibility of the system
might be underestimated, but on the other hand, average power market clearing prices might be higher than
predicted. EA energianalyse (EA energianalyse, 2016) projected that prices in Denmark would increase
approximately 2€/MWh by 2022, after the construction of the VikingLink.

Table B7. Exogenous expansions in power transmission capacity
From/to

Capacity (MW)

Year

DE_NW-DK_W

720/1000

2018

DK_E-DE_NE

400

2019

NO_S-DE_NW

1400

2019

DK_W-DE_CS

700

2020

DE_CS-DE_NW

6000

2020

SE_M-SE_S

1200

2020

DK_W-DE_NW

500

2025

DE_CS-DE_NE

1000

2025

DE_CS-DE_NW

2000

2025

SE_S-DE_NE

700

2025
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From the year 2030, Balmorel optimizes electricity trade between Regions taking into account the existing and
planned transmission capacity (Norden & IEA, 2016) and the possibility to invest in new lines (ENTSO-E, 2014b),
although subject to some constraints, as shown in Table B8. The cost to invest in new lines varies between
Regions, as it will depend on the distance covered, the type of technology which can be used, etc. The economic
lifetime of the transmission lines considered in this study for the calculation of the annuity is 40 years.
Table B8. Investments in new transmission capacity (Norden & IEA, 2016)
Region from

Region to

Cost (1,000 €/MW)

Max. Investment (MW)

DK_E

DK_W

524

1000

DK_E

SE_S

433

1000

DK_W

NO_S

715

1000

DK_W

SE_M

796

1000

FI_R

NO_N

584

1000

FI_R

SE_N

584

2000

FI_R

SE_M

816

2000

DE_CS

DE_NE

504

12000

DE_CS

DE_NW

584

12000

DE_NE

DK_E

483

1000

DE_NE

DE_NW

463

12000

DE_NE

SE_S

745

1000

DE_NW

DK_W

584

2000

DE_NW

NO_S

1218

2000

DE_NW

SE_S

866

1000

NO_N

SE_N

529

2000

NO_M

NO_N

584

2000

NO_M

NO_S

584

2000

NO_M

SE_N

584

2000

NO_O

NO_S

524

9000

NO_O

SE_M

584

2000

SE_M

SE_N

584

2000

SE_M

SE_S

584

2000

B4.7.1 Available capacity of the transmission lines
The availability of the lines is constrained to 90% of the capacity, as TSOs often reserve around 10% to manage
small fluctuations on generation and demand. In practice, further restrictions are seen today, and capacity
allocation of power transmission lines between the Nordic countries and Germany is regularly limited due to
internal bottlenecks in the adjoining grids, as shown in Table B9. There is electricity surplus generated in
Northern Germany from wind, which cannot be distributed to the southern region of the country due to
congestions (Oggione & Smeers, 2013). In order to meet the challenges posed by bottlenecks, a reinforcement
and expansion of distribution grids is needed. The German supervisory authority and the TSOs see the problem
as temporary, which could be solved by further expansion within a ten-year period, but it is questionable
whether it will be sufficient to meet the demands that intermittent power will make on the infrastructure,
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moreover considering that it takes long time to build the lines due to local political opposition (Swedish Energy
Markets Inspectorate, 2015).
Table B9. Average utilization of power transmission capacity in 2015 (energinet.dk, 2014)
From/To

DK - East

DK - West

Norway

Sweden

Finland Germany

DK - East

-

-

-

90%

-

93%

DK - West

-

-

86%

72%

-

15%

Norway

-

87%

-

80%

-

-

Sweden

96%

78%

78%

-

93%

45%

Finland

-

-

-

95%

-

-

Germany

58%

95%

-

26%

-

-

The HighElec and LowElec scenarios assume that bottlenecks are removed by 2035, so the availability of the
lines becomes 90%, and reserving 10% of the capacity to manage short-term fluctuations. However, from the
values reported in 2015 until assuming those values by 2035 there is a transition period, where not all the
capacity will be available. The same availability factor was assumed at every time slice, because no correlation
was found between availability of the transmission line and, e.g. electricity prices, as shown in Figure B15.

Figure B15. Availability of the transmission line between DE_NW-DK_W and German power prices in 2015 (energinet.dk,
2014)

B4.8 Hydrogen production, storage and use
Due to the large implications in flexible electricity demand and excess heat production, hydrogen production,
storage and use have been considered within the boundaries of the energy scenarios, and subject to
optimization. There are two types of exogenous demands for hydrogen:


Hydrogen for biogas upgrading, which is assumed to be produced and used in decentral Areas (blue
areas in Figure B2). Anaerobic digestion plants will mostly be located as close as possible to their main
feedstock, manure, in order to minimize large transport distance of a resource that has a very low dry
matter content (<5%).



Hydrogen for syngas upgrading, which is assumed to be produced and used in large Areas (areas
marked with an orange color scale in Figure B2) (Ea Energianalyse, 2014). Biomass gasification plants
are assumed to be mostly located in large central areas for several reasons: economy of scale, proximity
to harbors as some feedstock might arrive by ship, large district heating markets to accommodate their
excess heat, etc.
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This study assumes that hydrogen is produced by alkaline electrolysers, which also generate excess heat that is
recovered and injected into the closest district heating network. Hydrogen can be stored inter-seasonally in
underground facilities, which can only be located in large Areas, and intra-seasonally in decentral storages with
compression. There is no cost associated to transmission or distribution of hydrogen, as it is considered that
hydrogen production will happen next to the place where it is demanded.
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Table B10. Catalogue of dispatchable plants for investments in Balmorel (Natural Gas plants can also be used with Biomethane)
Plant Name

Type

Unit

Fuel

Fuel
Efficiency

Investment
Cost (M€/MW)

Variable Cost
(€/MWh)

Fix Cost (1,000
€ /MW·year)

Available
from

Technical
Lifetime

SteamTur-CON-CO-20_29

Condensing

MWel

Coal

SteamTur-CON-CO-30_49

Condensing

MWel

Coal

48.5%

2.28

2.48

69.33

2020

40

52.0%

2.24

2.48

69.33

2030

SteamTur-CON-WP-20_29

Condensing

MWel

40

Wood Pellets

48.5%

2.28

2.48

69.33

2020

SteamTur-CON-WP-30_49

Condensing

40

MWel

Wood Pellets

52.0%

2.24

2.48

69.33

2030

SteamTur-CON-COccs-30_50

40

Condensing

MWel

Coal CCS

43.0%

2.65

17.38

69.33

2030

40

SteamTur-CON-WPccs-30_50

Condensing

MWel

Wood Pellets CCS

43.0%

2.65

17.38

69.33

2030

40

SteamTur-EXT-CO-20_29

Extraction

MWel

Coal

48.5%

0.84

0.15

2.15

2.33

65.20

2020

40

SteamTur-EXT-CO-30_49

Extraction

MWel

Coal

52.0%

1.01

0.15

2.11

2.33

65.20

2030

40

SteamTur-EXT-WP-20_29

Extraction

MWel

Wood Pellets

48.5%

0.84

0.15

2.28

2.33

69.33

2020

40

SteamTur-EXT-WP-30_49

Extraction

MWel

Wood Pellets

52.0%

1.01

0.15

2.24

2.33

69.33

2030

40

SteamTur-EXT-COccs-30_50

Extraction

MWel

Coal CCS

43.0%

1.01

0.15

2.65

17.38

69.33

2030

40

SteamTur-EXT-WPccs-30_50

Extraction

MWel

Wood Pellets CCS

43.0%

1.01

0.15

2.65

17.38

69.33

2030

40

GasTur-MEDIUM-CON-NG-20_29

Condensing

MWel

Natural Gas

35.0%

0.73

5.40

19.50

2020

25

GasTur-MEDIUM-CON-NG-30_49

Condensing

MWel

Natural Gas

37.0%

0.70

5.10

18.60

2030

25

GasTur-MEDIUM-BP-NG-20_29

Backpressure

MWel

Natural Gas

82.9%

0.73

1

0.73

5.40

19.50

2020

25

GasTur-MEDIUM-BP-NG-30_49

Backpressure

MWel

Natural Gas

83.3%

0.8

1

0.70

5.10

18.60

2030

25

GasTur-LARGE-CON-NG-20_29

Condensing

MWel

Natural Gas

40.0%

0.59

4.40

19.50

2020

25

GasTur-LARGE-CON-NG-30_49

Condensing

MWel

Natural Gas

41.0%

0.56

4.20

18.60

2030

25

GasTur-LARGE-BP-NG-20_29

Backpressure

MWel

Natural Gas

81.7%

0.96

1

0.59

4.40

19.50

2020

25

GasTur-LARGE-BP-NG-30_49

Backpressure

MWel

Natural Gas

82.0%

1

1

0.56

4.20

18.60

2030

25

GasTurCC-CON-NG-20_29

Condensing

MWel

Natural Gas

56.0%

0.88

4.40

29.30

2020

25

GasTurCC-CON-NG-30_49

Condensing

MWel

Natural Gas

58.0%

0.83

4.20

27.80

2030

25

GasTurCC-CON-NGccs-30_50

Condensing

MWel

Natural Gas CCS

46.0%

1.46

17.55

42.77

2030

25

GasTurCC-EXT-NG-20_29

Extraction

MWel

Natural Gas

56.0%

1.8

0.15

0.88

4.40

29.30

2020

25

GasTurCC-EXT-NG-30_49

Extraction

MWel

Natural Gas

58.0%

2

0.15

0.83

4.20

27.80

2030

25

GasTurCC-EXT-NGccs-30_50

Extraction

MWel

Natural Gas

46.0%

2

0.15

1.46

17.55

42.77

2030

25

GasTurCC-BP-NG-20_29

Backpressure

MWel

Natural Gas

84.9%

1.3

1

1.30

4.40

29.30

2020

25

GasTurCC-BP-NG-30_49

Backpressure

MWel

Natural Gas

85.7%

1.4

1

1.20

4.20

27.80

2030

25
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Fuel
Efficiency

Cb

Investment
Cost (M€/MW)

Variable Cost
(€/MWh)

Fix Cost (1,000
€ /MW·year)

Available
from

Technical
Lifetime

Natural Gas

92.4%

Natural Gas

94.5%

0.95

0.95

5.40

9.75

2020

25

0.99

0.90

5.10

9.30

2030

MWel

Wood chips

25

47.5%

3.33

2.48

70.33

2020

Condensing

MWel

30

Wood chips

51.0%

3.30

2.48

70.33

2030

SteamTur-LARGE-EXT-WO-20_29

Extraction

30

MWel

Wood chips

47.5%

0.77

0.15

3.33

2.33

70.33

2020

SteamTur-LARGE-EXT-WO-30

30

Extraction

MWel

Wood chips

51.0%

0.94

0.15

3.30

2.33

70.33

2030

30

SteamTur-LARGE-BP-WO-20_29

Backpressure

MWel

Wood chips

109.2%

0.77

3.33

2.33

70.33

2020

30

SteamTur-LARGE-BP-WO-30

Backpressure

MWel

Wood chips

105.3%

0.94

3.30

2.33

70.33

2030

30

SteamTur-Medi-BP-WO-20_29

Backpressure

MWel

Wood chips

107.0%

0.39

4.50

4.13

30.70

2020

30

SteamTur-Medi-BP-WO-30

Backpressure

MWel

Wood chips

108.0%

0.40

4.50

4.13

30.70

2030

30

SteamTur-Medi-BP-WW-20_29

Backpressure

MWel

Wood Waste

107.0%

0.39

4.50

4.13

30.70

2020

30

SteamTur-Medi-BP-WW-30

Backpressure

MWel

Wood Waste

108.0%

0.40

4.50

4.13

30.70

2030

30

SteamTur-Medi-BP-ST-10

Backpressure

MWel

Straw

101.0%

0.40

4.23

6.77

42.34

2010

25

HeatPump-EL-20_29

Power-to-Heat

MWdh

Electricity

360.0%

0.66

8.20

2.00

2020

25

HeatPump-EL-30_49

Power-to-Heat

MWdh

Electricity

380.0%

0.59

8.80

2.00

2030

25

HeatPump_LargeDH-EL-20_29

Power-to-Heat

MWdh

Electricity

171.0%

0.66

8.20

2.00

2020

25

HeatPump_LargeDH-EL-30_49

Power-to-Heat

MWdh

Electricity

173.0%

0.59

8.80

2.00

2030

25

El-Boiler

Power-to-Heat

MWdh

Electricity

99.0%

0.08

0.53

1.16

2010

20

Boiler-WO

Heat Only Boiler

MWdh

Wood chips

108.0%

0.85

5.72

0.00

2010

20

Boiler-WP

Heat Only Boiler

MWdh

Wood Pellets

95.0%

0.42

2.86

0.00

2010

20

Boiler-ST

Heat Only Boiler

MWdh

Straw

103.0%

0.85

4.23

0.00

2010

20

Boiler-NG-20_29

Heat Only Boiler

MWdh

Natural Gas

103.0%

0.06

1.10

1.95

2020

25

Boiler-NG-30_49

Heat Only Boiler

MWdh

Natural Gas

104.0%

0.05

1.00

1.90

2030

25

Geo_EL_HeatPump-20

Power-to-Heat

MWdh

Electricity

117.0%

1.69

0.00

35.99

2020

25

GeothermalEl-20_29

Condensing

MWel

Geothermic

100.0%

2.22

0.00

79.39

2020

30

GeothermalEl-30_50

Condensing

MWel

Geothermic

100.0%

2.12

0.00

74.10

2030

30

SteamTur-Small-BP-WO-10

Backpressure

MWel

Wood

103.0%

0.30

6.35

0.00

158.78

2010

20

SteamTur-Small-BP-WW-10

Backpressure

MWel

Wood Waste

103.0%

0.30

6.35

0.00

158.78

2010

20

SteamTur-Small-BP-ST-10

Backpressure

MWel

Straw

90.0%

0.50

6.35

0.00

181.46

2010

20

G-HSTORE-10

Heat Storage

MWhdh

Heat

95.0%

0.00

0.00

0.00

2010

20

Plant Name

Type

Unit

Fuel

Engine-NG-20_29

Backpressure

MWel

Engine-NG-30_49

Backpressure

MWel

SteamTur-LARGE-CON-WO-20_29

Condensing

SteamTur-LARGE-CON-WO-30
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Table B11. Catalogue for investments in non-dispatchable plants
Plant Name

Type

Unit

Investment Cost
(M€/MW)

Variable Cost
(€/MWh)

Fix Cost
(1,000 €/MW·year)

Available
from

Technical
Lifetime

Wind-Onshore-20_29

Wind

MWel

0.99

2.50

23.90

2020

27

Wind-Onshore-30_49

Wind

MWel

0.91

2.30

22.30

2030

30

Wind-Offshore-20_29

Wind

MWel

3.10

4.80

64.70

2020

27

Wind-Offshore-30_49

Wind

MWel

2.70

3.90

55.00

2030

30

SolarPV-20_29

Solar PV

MWel

1.08

0.00

10.80

2020

30

SolarPV-30_49

Solar PV

MWel

0.86

0.00

8.64

2030

30

SolarDH-20_29

Solar Collector

MWdh

0.36

0.60

0.00

2020

30

SolarDH-30

Solar Collector

MWdh

0.27

0.60

0.00

2030

30

21

158

Paper I

Supplementary material for: The economic value of import of combustible waste in systems with high shares of
district heating and variable renewable energy

Supplementary Information C: Modelling of waste
management systems
This supplementary material describes the main assumptions regarding waste generation in Denmark, including
historic data and prognosis, and data about existing and planned incineration capacity in the country.

C1. Waste forecast
The amount of waste generated by households and industries in Denmark is forecasted with the econometric
tool FRIDA, developed for the Danish Environmental Protection Agency, that links waste to economic and
demographic variables (Andersen & Larsen, 2012). In FRIDA, the ratio between economic activities and waste
generation is not considered to be constant over time, and the model uses trendwise -changing coefficients,
representing technological changes and other innovations. The latest version released in 2015 was used to
estimate the amount of waste generated in the country, which assumed an average economic growth of 1.3%
p.a. between 2014 and 2035, and a total population growth of 7%. (Danish Environmental Protection Agency,
2015), as shown in Figure C1 and Figure C2. The economic growth assumed for estimating waste production is
different than the one used for estimating energy demands (see Appendix B); however it was out of the scope
of this article to use econometric models, and the official data were utilized. Nevertheless, as there are
discrepancies in economic growth rates in the different econometric models used by the Danish government
and/or other international institutions, these uncertainties were handled through sensitivity analysis in the main
manuscript.
The amount of waste available for incineration is then calculated by defining specific recycling goals for each
waste fraction and year, which allow to fulfill the European target for recycling at least 70% of municipal waste
by 2030 (including a 5% for re-use), according to the Circular Economy Package adopted by the European
Commission in 2017 (European Commission, 2017), and it is shown in Figure C1, Figure C2 and Figure C3.

Figure C1. Estimated Danish household waste with FRIDA and waste available for incineration after exogenously setting
recycling targets

1
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Figure C2. Estimated Danish waste from industries and the service sector with FRIDA and waste available for incineration
after exogenously setting recycling targets

Figure C3. Total amount of waste estimated to be available for incineration in Denmark

The estimated chemical composition of the residual waste available for incineration in Denmark is shown in
Table C1, and it will vary between years due to the change in the share of the different fractions sent to
incineration, which are a consequence from variation in generation amounts and increase recycling. In addition,
Table C1 also shows the chemical characteristics of the combustible waste available for import.
Table C1. Chemical composition of the waste available for incineration (Pedersen & Domela, 2003)

Household Household
Waste
Waste
2014
2035

Industrial
Waste
2014

Industrial
Waste
2035

Import
Low LHV

Import
High LHV

LHV (MJ/kg ww)

10.61

10.14

10.81

10.83

12.4

16.2

C-bio (% ww)

20.3

20.1

22.3

23.1

18.7

19.2

C-fossil (% ww)

8.0

6.3

6.5

5.7

13.3

20.6

Ash (% ww)

14.6

16.2

21.7

22.1

15.2

11.9
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C2. Geographical availability of waste
There are 98 municipalities in Denmark, which are allocated to a central Area, where the large district heating
networks are (see Figure B2 in Supplementary Information B), by finding the shortest distance by road from the
centroid of the municipality to the centroid of the closest Area with QGIS Desktop 2.14.22. By doing so, each of
the 32 large district heating networks modelled has a catchment area for waste collection, shown in Figure C4.

Figure C4. Catchment areas for waste collection and the geometric center of the district heating networks

Waste is transported between the centroids of each polygon that forms the district heating grid, by the existing
network of roads, and ships when transporting waste from/to islands. The availability of waste in each
catchment area is estimated by assuming a constant amount of waste generation per person. Furthermore,
demographic projections are used to estimate how much waste generation might change between the different
catchment areas (Statistics Denmark, 2017), but assuming the production of waste is proportional to the number
of people living in an area. Estimation of waste generation per catchment area is shown in Figure C5.

a) 2014

b) 2035

Figure C5. Estimated waste generation per catchment area (the island of Bornholm has not been included in this map,
but estimated waste generation in 2014 was of 21,900 t/a and in 2035 is of 17,400 t/a)

According to Statistics Denmark, the population in large areas will grow in a future; however, in small and rural
areas the population is expected to decline over the next twenty years.
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C3. Incineration plants
In Denmark, there are 26 incineration plants with a total installed capacity of 420 t/h of waste: 20 cogeneration
plants, which account for 94% of the total installed capacity, and 6 heat only boilers. The 26 incineration plant
had a weighted average life of 20 years by the end of 2017. Incineration plants are distributed across the
geography as shown in Figure C6. During 2018, a new cogeneration plant with approximately 45 t/h of treatment
capacity is starting in operation. It is assumed that the different lines of incineration plants will be
decommissioned 30 years after they started in operation (based on data from the Danish Energy Producers
Account), and that their lifetime cannot be extended by major refurbishment. Hence, in 2025 the installed
capacity for incineration will be 76% the level of 2014 and by 2035 it drops down to 21% (see Figure C7).

Figure C6. Existing incineration capacity in Denmark in 2014

a) 2025

b) 2035

Figure C7. Existing and already planned incineration capacity in Denmark
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The weighted average electrical efficiency1 of Danish incineration cogeneration plants in 2014 was 22.1%, but
with weighted average deviations of 22.1%±6.0%, and the total thermal efficiency was of 88.3%, and with
deviations of ±6.6%; i.e. the total efficiency of the plants is relatively similar; however, the electrical efficiency
varies considerably between plants according to the BEATE database (BEnchmarking Affaldsmodel Til
Effektivisering, Benchmarking Waste Model for Efficiency improvements) (Dansk Affaldsforening, DI, Dansk
Energi, 2015). Incineration heat only boilers had a weighted average thermal efficiency of 92.4% and with a
deviation of ±2.6%.
Significant differences in costs2 are found between Danish incineration plants. On one hand, the most expensive
cogeneration plants had 216% higher costs (variable and fix operational costs) during the year 2014 than the
weighted average cost; on the other hand, the cheapest cogeneration plants had 48% lower costs than the
weighted average value. There was no significant correlation between neither the size of the plant and
operational costs, nor between their operational life. Similarly, the differences between incineration heat only
boilers were also significant, with the most expensive plant having 206% higher costs than the weighted average
value, and the cheapest one 22% less expenditures. In addition, in the BEATE database it was not specified if
these operational costs were due to fixed or variable expenditures, inducing a certain degree of uncertainty in
the scenarios that has been handled through sensitivity analysis.
Combustible waste can be imported to all the waste incineration plants in Denmark, excluding those that handle
hazardous waste. The EU only allows exports of combustible waste towards plants with a R13 threshold value of
0.6 for plants in operation and permitted before 1st January 2009 and 0.65 for the newest ones, in order to be
classified as an energy recovery operation (European Commission, 2008). In 2014, the R1 value of Danish waste
incineration plants was between 0.73-1.37 and the weighted average R1 per input capacity was 0.94, according
to the R1 energy efficiency formula defined by the European Commission (Ozansoy, 2016) and using the data
from BEATE database.
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This work addressed the role of waste-to-energy (WtE) within the growing paradigm of the circular
economy (CE) by combining long-term co-optimization of waste management and energy systems, to
determine possible economic and climate impact consequences of future WtE capacity utilization. Cooptimization was realized by integration of a network optimization model for the waste sector (OptiFlow)
with the partial equilibrium energy systems model Balmorel. The modelling framework allows to determine
the effects of waste-derived energy production within energy systems, including induced and avoided energy
(production and long-term investments). The article documents the application of this framework to an
analysis of waste trade for WtE between European countries in the base year 2014 and prospectively until
2035, taking Denmark as example for an importing country. Results indicating present and long-term
economic benefits for waste trade, under socio-economic conditions, were documented in a concurrent
publication. Here, a broader consequential LCA approach was employed to appraise climate change impact
potential in a variety of foreground and background conditions. We find that in 2014, trade of residual
combustible waste was mostly beneficial from a climate perspective, as the Danish energy system still relies
partly on fossil fuels. Towards 2035, climate advantages are uncertain and dependent on avoidance of higher
impact waste management (i.e. sanitary landfilling), the differences in the energy carbon-intensity of
importing and exporting countries, impact of global biomass supply, and the type and quantity of traded
waste. In general, benefits from waste-derived energy production will be offset by direct combustion
emissions as background systems decarbonize. Waste transport played only a minor role in the outcome.
The study showcases integration of ESA in waste LCA to better account for affected (often referred as
marginal) energy production.

Keywords: waste-to-energy, waste trade, circular economy, consequential LCA, energy systems analysis,
bottom-up optimization
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1. Introduction
In 2017, the European Commission published a communication paper regarding the role of waste-to-energy
(WtE) in the circular economy, which, while stressing that strategies and new infrastructure have to
prioritize the upper options in the waste hierarchy (i.e. prevention, reuse and recycling), acknowledges that
waste-to-energy has a role in the transition to a circular economy, by avoiding current landfilling, and as an
option for non-recyclable or potentially hazardous waste (European Commission, 2017). Furthermore,
cross-border shipments of waste that make optimal use of the available combustion WtE capacity should
be justified by environmental benefits demonstrated by life cycle assessment (LCA).
Showing a parallel to recycling infrastructure development (Dubois, 2013), an integrated approach to
Europe’s goals for circular economy, climate impact mitigation and decreased dependency of nonrenewable fuels might justify locating the union’s energy recovery from waste in countries where high
economic and environmental values can be achieved.
From an environmental perspective, shipments/trade of waste for combustion, incur burdens due to waste
preparation in the exporting country, water and/or land based transport and direct emissions in the
receiving country. Concurrently, electricity and/or heat produced in the receiving country will induce
changes in the production from other sources, while in the exporting country both environmental burdens
and any benefits associated with the management of that combustible waste will be avoided. A few studies
following a waste LCA approach have so far addressed this topic, with findings suggesting present net
benefits from a climate impact potential perspective (Head and Otten, 2012) (Brown, 2016) (Cimpan et al.,
2015) (Eunomia, 2015). More importantly, their results pointed to large sensitivity to the carbon intensity
of the affected energy production in the receiving country, and also in the exporting country should WtE
be avoided.
LCA has gained consensus as a reference valuation tool for waste management systems (Laurent et al.,
2014). The vast majority of so called “waste LCAs” are performed as process-based LCAs, following an
attributional or consequential lifecycle inventory (LCI) modelling framework (EC-JRC, 2011) with linear,
static models. The systems under study, termed foreground systems, are typically modelled in a detailed,
complex and data intensive way, while effects and interactions with background systems, e.g. energy and
material production systems, are treated in a more simplified way. For example, simple average production
(denoting the attributional approach) or heuristic approaches to identifying affected energy production
(denoting the consequential approach, e.g. Weidema 1999, 2003) are still widely used in waste LCA, albeit
this often being determining for the environmental performance of compared strategies (Saraiva Schott et
al. 2016; Laurent et al., 2014; Eriksson and Bisaillon, 2011). However, energy system analysis (ESA) studies
indicate that the affected energy is a combination of technologies including storage, transmission and
sometimes inflexible generation units (Münster and Meibom, 2010). Furthermore, the impact of WtE
technologies in energy systems might not be marginal (Münster and Meibom, 2010), especially when they
interact with heating markets. Besides complex interactions with energy systems, waste management
systems also interact with product and material production systems (e.g. through reuse and recycling). The
lack of system dynamics has led to questions on the applicability of classical process-based LCA as a
decision-support tool in waste management planning and policy-making (Mathiesen et al., 2009; Ekvall et
al., 2007; Zink et al., 2016).
In 2001, “The international workshop on electricity data for life cycle inventories” addressed and advanced
the issues related to marginal versus average data, allocation across co-products, system boundaries, future
technologies, and transmission and distribution of electricity (Curran et al., 2005). Since then, researchers
have improved the representation of energy commodities in LCAs; however, there are still some challenges
prevailing (Astudillo et al., 2017), such as, a lack of “shared foundation in terms of methods, data and best
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practices” (Vandepaer and Gibon, 2018), and of accounting for prospective technology development
(Pauliuk et al., 2017).
The recognition that large-scale changes and system dynamics, direct and indirect effects due to foreground
and background system interactions through complex market mechanisms, are crucial to decision-making
has led to many developments in the concurrent application of consequential LCA with various economic
models, e.g. partial equilibrium and computable general equilibrium models (Dandres, 2011; Collinge et al.,
2013; Igos et al., 2015; Gibon et al., 2015; Beloin-Saint-Pierre et al., 2017), noticeably with application in
the fields of biofuels and bioenergy (Earles and Halog, 2011; Menten et al., 2015; Yang and Heijungs, 2017).
However, the linkage between various models has not led to a systematic life cycle framework; hence, it
remains challenging and resource-intensive, which has limited its use (Vandepaer and Gibon, 2018).
In countries such as Denmark and Sweden, where WtE contributes significantly to the energy system due
to utilisation of the heat, and which have ambitious goals on achieving CO2-neutrality through high shares
of fluctuating renewable energy, more attention has been directed to integrating the waste sector into ESA
studies (Juul et al., 2013; Eriksson and Bisaillon, 2011). ESA models, e.g. bottom-up partial equilibrium
models, can determine techno-economical optimal decisions by endogenously considering complex aspects
such as allocation under scarcity, competition or substitution effects. However, most of these optimization
models lack a proper representation of environmental externalities (Bouman et al., 2000). A first attempt
to link ESA results to GHG inventory calculations in order to identify the affected energy production by
WtE plants was performed by Eriksson et al. (2007). However, the electricity and district heating (DH)
marginals identified were not determined specifically for waste-to-energy plants operation patterns.
Mathiesen et al. (2009) described different approaches to estimate the marginal electricity and heat supply
from waste incineration, including the utilization of ESA, and Münster and Meibom (2010) calculated them
for illustrative case studies. Eriksson and Bisaillon (2011) combined energy system and LCA models for
evaluating the environmental impacts of waste management options involving energy recovery. To the best
of the authors’ knowledge, scientific publications in the field of integration of energy systems analysis and
“waste LCAs” have been scarce in the last lustrum.
A comprehensive environmental assessment of waste shipments/trade for combustion-based WtE has an
almost inherent need to be based on quantification of systems dynamics. Considering that decisions to
import waste could further affect existing and possibly future WtE infrastructure development, a
prospective approach is also necessary. The identification of affected energy production would thus require
the utilization of energy models with a high granularity of space and time, including chronology. The present
analysis includes such a detailed temporal and geographical representation of the integrated residual waste
management and energy systems, including surrounding countries with whom power trade takes place, nonaggregated modelling of central district heating networks (unique grids), and transportation of residual
waste.
This manuscript presents results pertaining to a comprehensive climate footprint analysis addressing
shipments/trade of waste for combustion-based WtE between EU member states, specifically between
countries with high levels of disposal and Denmark, as a country with high shares of district heating and
electricity from variable renewable sources. The overall work followed these two stages:
(1) Socioeconomic value of waste shipments – determined by co-optimising the waste management and the
energy systems while taking transport costs and local district heating demands into account as well as
electricity trade between Denmark, Sweden, Norway, Finland and Germany (part of the day-ahead Nord
Pool market). This was performed with the partial equilibrium model Balmorel, run with the addon
OptiFlow, considering scenarios where import of waste to Denmark is allowed in different qualities and
quantities (baseline 2014 and prospective 2020-2035). Preliminary results were presented in PizarroAlonso et al. (2015), while an updated comprehensive analysis is given concurrent to the present
manuscript in Pizarro-Alonso et al. (n.d.).
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(2) Climate footprint – a consequential LCA approach, explorative scenario-based, was used to extend the
analysis in step (1) to include the affected waste management and energy systems in the exporting
country, different transportation (mode and distance) to Denmark, as well as direct waste combustion
emissions. The ESA analysis performed in step (1) was used to identify the affected energy production
when importing combustible waste to Denmark.

2. Methodology
2.1 Climate footprint analysis
Although a full LCA was out of the scope of this study, the potential climate impact of waste trade was
explored by performing a carbon footprint analysis, following consequential LCA rationality. This means
that as far as possible, processes and technologies that respond/react due to economic causal relationships
(Zamagni et al., 2012), in this case to the decision to import combustible waste to Denmark, were identified.
Specifically, ESA was used to identify the response of the energy systems to the availability of imported
waste in the receiving country (i.e. Denmark), while effects on energy systems and waste management
operations in exporting countries were modelled through scenarios reflecting a large variety of conditions
in potential exporting countries without district heating (presented in section 2.3.1).
The metric used was global warming potential (GWP100, kg CO2 eq., aggregated over a 100 years horizon),
calculated on the basis of the latest Assessment Report of the Intergovernmental Panel for Climate Change
(IPCC, 2013). Biogenic CO2 was considered neutral and remaining non-degraded carbon in landfills was
credited as carbon storage (the effect of this on results was tested).
The functional unit for this assessment was the management of a total quantity of imported waste to
Denmark in a given year. Both socioeconomic value and affected energy depend on the amount of waste
imported into the system, and therefore this quantity was varied between 0.1 Mt and a maximum of 3 Mt
(million tonnes) in the ESA analysis. However, for clarity, the results are presented here always per ton
waste with the specification of the total imported quantity pertaining to that ton. The reference waste flow
represents middle-calorific refuse derived fuel (RDF), resulting after mechanical processing of residual
MSW and similar commercial-industrial waste. This waste flow is henceforth called combustible waste.
System boundaries are illustrated in Figure 1. The systems in this evaluation should be understood as the
sum of a foreground system and background system, using the definitions of EC-JRC (2011). The
foreground system consists of induced waste management activities that start where waste is “taken” from
the national waste market (background system) to the point where energy outputs are exchanged with the
background systems through respective markets in the importing country. Thus, the background system
represents economic activities responding to interactions with the foreground system, in this case
represented by energy production activities, including fuels production (e.g. woody biomass production),
and waste treatment activities (Cimpan et al., 2015). The temporal scope for the assessment included a
baseline situation representing 2014 and prospective scenarios covering the time period from 2020 to 2035.
The geographical and technological scope refer to European conditions.

2.2 ESA with integrated energy and waste management systems
The interactions between the foreground system in Denmark and the connected background system (right
side of Figure 1) were analysed by ESA, co-optimizing the waste management and energy systems in order
to provide least-cost socioeconomic solutions, understood as the total cost of providing energy and
handling residual combustible waste, excluding taxes, levies, subsidies or any other market mechanism for
regulation or allocation, and without including externalities (Pizarro-Alonso et al., n.d.).
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Figure 1. System boundaries, induced and avoided processes associated with import of combustible waste. The
background system sitting outside a country boundary, reflect that electricity markets are international.

The energy systems model applied in this study is the open-source model Balmorel (Wiese et al., 2018)
(Ravn, 2001), which is a partial equilibrium model with a bottom-up approach, that simulates and optimizes
generation, and transmission of electricity, district heating and hydrogen. Balmorel provides simultaneous
optimization of investments, operations and power transmission levels. In this study, every year consisted
of a 672 time slices (4 weeks x 168 hours), being a compromise between detailed geographical and temporal
representation, and computational time. This allows analysis of flexibility and storage demand within the
weeks, and rougher, but still useful, evaluation of seasonal storages. The energy system modelled considers
the Nordic and German electricity and district heating markets, as the electricity dispatch happens in an
increasingly interconnected system (Moora and Lahtvee, 2009). In addition, the 32 largest DH grids in
Denmark, which supply to large urban communities, are represented independently, usually where high
quantities of waste are generated, and where waste incineration plants are/will be located. The rest of the
Danish DH grids are aggregated for East and West Denmark respectively.
Waste storage and economies of scale of waste incineration plants play an important role when optimizing
the location, size and use of incineration plants, which further affects the operation of the rest of the energy
system. To include these aspects, waste transportation and storage is optimized endogenously, and Balmorel
is integrated with the generalized spatio-temporal network optimization addon OptiFlow (Münster et al.
2015; Ravn, 2017) (see Figure 2). The integration of OptiFlow within Balmorel ensures that all the residual
waste, also imported combustible waste, is disposed of in the most socioeconomic way, within the
boundaries of the energy system.
By comparing optimizations where combustible waste is permitted versus a baseline, where it is not
permitted, the affected energy technologies and fuel consumption are identified, for each milestone year,
as the energy system evolves over time under different scenario assumptions (see section 2.3.1).
The annual district heating demand was exogenously given, and its future evolution is a function of changes
in preferences regarding temperature-comfort levels, energy savings and expansions of district heating
networks (Danish Energy Agency, 2014). Demand was assumed to be price inelastic within a given year.
Conversely, electricity demand might vary depending on the deployment of power-to-heat technologies,
which was endogenously modelled; i.e. the demand of electricity for power-to-heat is not an input, but a
result of the optimization process that finds the least-costly way to supply all the district heating demand,
including the incurred electricity consumption when power-to-heat technologies are used; whereas the
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demand for the rest of the end-use sectors, such as lighting, appliances or cooking was assumed to be price
inelastic. This assumptions limit the possibility to assess rebound effects; however, it has been adopted as
price elasticity of demand is accepted to be generally low, and there is a high degree of uncertainty associated
to the empirical evaluation of sectorial short-term and long-term elasticities (Danish Economic Council,
2011).

Figure 2. The ESA and integrated waste model OptiFlow used for socioeconomic optimization of management of
residual combustible waste and energy systems as applied in this study.

In this work, we do not distinguish between affected energy consumption by electricity and by district
heating generation, but the combined affected energy consumption due to the burning of imported
combustible waste. This is important, as in future energy systems, the synergies of the power and heating
sectors are predicted to be crucial to support the integration of variable renewable energy through flexibility
mechanisms (Lund et al., 2010).

2.3 Scenarios for foreground and background systems
The analysis included a temporal scope with a baseline grounded in 2014 and prospective scenarios up to
2035, presented for milestone years 2025, 2030 and 2035.
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The scenarios for foreground systems were constructed with the objective of representing the wide
differences possible when trading combustible waste from different European countries to Denmark.
Foreground scenarios included:
-

-

-

-

Two different qualities of combustible waste: (1) one with a higher presence of biodegradable organic
materials and lower energy content (lower heating value (LHV) around 12 MJ/kg), and (2) one with a
low presence of organic materials and higher energy content (LHV around 16 MJ/kg).
Three waste management alternatives in the exporting country: (1) typical sanitary landfill with landfill
gas collection and flaring; (2) engineered landfill – denoting a more efficient sanitary landfill (slightly
higher landfill gas collection, which is also used to produce electricity in a gas motor); and (3) WtE in
an incineration plant with production of electricity. The effect of including C-storage in the landfills was
tested by including scenarios where C-storage was not accounted.
Two waste management alternatives in the importing country: (1) WtE running in cogeneration (CHP)
mode, and (2) WtE in heat-only mode. The choice was made endogenously by the optimization model,
including the possible use of short-term waste storage.
Two modes of long-distance transportation: (1) by road, and (2) by ship; both with distances of 500,
1000 and 2000 km, as the specific region from which waste is exported is not defined, and will change
over time when countries start developing their own treatment capacity. Transport by train or backhaul
trucking (reverse logistics), would lie in the interval of both modes. No change in fuels for freight
transport has been assumed, as the temporal scope of this study is until 2035; although significant efforts
for heavy-transport decarbonization are planned towards 2050, such as efficiency and fuel switching
(Norden and IEA, 2016).

Model runs were performed for increments in the quantity of combustible waste imported in the system in
a year: (1) for the baseline year 2014, this span the interval 0.1-0.6 Mt, with the upper limit representing a
full coverage of the 20% overcapacity present in the Danish WtE sector; and (2) for prospective milestone
years, this span the interval 0.1-3.0 Mt, with the aim to test extremes involving capacity expansion as old
plants are decommissioned.
The scenarios for background systems in this work refer mostly to energy systems and their possible
development up to the year 2035. As previously stated, the approach to determining these scenarios and
their analysis differed for background systems in the importing country (modelled with ESA) and exporting
countries, as further elaborated in the following sections.
Many ESA studies performed for Denmark emphasized the important role that biomass will have in the
large scale gradual integration of fluctuating energy sources, particularly wind, in the energy system (Lund
et al., 2011; Danish Energy Agency, 2014; Mathiesen et al., 2015). Considering global initiatives for future
renewable energy and growth of demand for other competing applications, the overall demand for biomass
is expected to grow substantially (Mauser et al., 2015; Plevin, 2017), which will result in growing pressure
on biomass production and associated direct and indirect environmental effects. In this work we accounted
for possible climate impact potential associated with provision of woody biomass from affected (or
marginal) biomass production sources, considering three possible scenarios for the development of global
biomass demand (detailed in section 2.4.1) up to 2035.
By taking all possible combinations from foreground and background scenarios, a total of 1800 different
system scenarios were analysed, as schematized in Figure 3, where the two energy scenarios considered,
LowElec and HighElec, are introduced in the following section.
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Figure 3. Overview of scenarios considering a factorial design approach for assessing the climate footprint from
waste imports for each milestone year and quantity imported (all the combinations are assessed, but for graphical
purposes it has only been represented the direct relationship for one alternative of each level).

2.3.1 Background energy systems affected by importing residual waste
The underlying framework for modelling of the different scenarios is a Nordic Carbon Neutral scenario (CNS)
for Norway, Sweden and Finland; presented in the Nordic Energy Technology Perspectives (Norden and
IEA, 2016), and for Germany, a 2-degree scenario (Morris and Pehnt, 2015). Due to the uncertainties about
how the energy system might evolve, two different scenarios are considered for the Danish case (Danish
Energy Agency, 2014) (Supplementary Information B in Pizarro-Alonso et al. (n.d.) for detailed information
regarding assumptions and data):



LowElec scenario - the decarbonization of the transport sector implies a higher consumption of
biofuels.
HighElec scenario - higher electrification of the transport sector and hydrogen consumption for biogas,
boosting biomethane production, and syngas upgrading.

Energy systems modelling, using the Balmorel model with the OptiFlow addon, as described in PizarroAlonso et al. (n.d.), finds the most cost-efficient way to satisfy the electricity and district heating demands,
achieving the desired targets of decarbonization, subject to technical, geographical and political constraints,
among others. Results in Pizarro-Alonso et al. (n.d.), summarised in Figure 4, show that both scenarios
would be characterised by large shares of wind energy in the power mix, balanced with Danish thermal
generation and a strong grid that gives access to back-up capacity from Norway and Sweden. In the HighElec
scenario the electricity demand by 2035 is 32% higher than in the LowElec, where it remains almost constant
at current levels. In both scenarios there will be a progressive phase-out of large cogeneration plants for
DH generation, such as coal plants, and an integration of heat pumps, excess heat from biorefineries and
electrolysers, and solar collectors. Biomethane (upgraded biogas) will be used in existing natural gas plants,
decreasing the need for additional capacity investments. The HighElec scenario has more biomethane
available for electricity and heating generation, and therefore, there are less heat pumps than in the LowElec
scenario.
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Figure 4. Optimized electricity and district heating generation in Denmark when importing combustible waste in
2014, and in 2035 in LowElec and HigElec.

2.3.2 Background energy systems affected by exporting residual waste
The European power market is undergoing significant changes, as part of the existing capacity will be
replaced with less carbon-intensive technologies and the system is becoming more integrated. Differences
in power generation mixes across countries are significant, and due to the difficulty to estimate the affected
electricity consumption, three technologies representing worst and best-case, and a medium situation (in
relation to GHG emissions) are considered: coal power plant, natural gas combined cycle gas turbine and
a carbon-neutral technology (e.g. wind). The use of fairly low and fairly high emission factors for electricity
provision is suggested among others by Finnveden (2008), Fruergaard et al. (2009), and Eriksson and
Finnveden, (2009), as a way to cope with the uncertainty.
In addition, two more intermediate scenarios were included. Here, affected energy was based on the method
developed by (Weidema et al., 1999; Curran et al., 2005; Schmidt et al., 2011), whereby long-term marginal
technologies can be estimated as those technologies that display higher investment rates compared to their
capital replacement rate over a given period of time, i.e. those technologies with the lowest production
costs, including capital costs. Hydropower and nuclear technologies are not considered within the possible
affected technologies, as the potential for expanding hydropower in Europe is limited, and investments in
nuclear technologies are driven by political decisions.
The scenarios are based on the 2-degree (2DS) and 4-degree scenarios (4DS) from the Energy Technology
Perspective 2016 (IEA, 2016) (see Figure 5), which reflect the EU-25 contribution to achieve “an 80%
chance of limiting average global temperature increase to two/four degrees Celsius”. Only the 2DS would
allow to fulfil the vision laid out in the Paris Climate Agreement “to keep a global temperature rise this
century well below two degrees Celsius above pre-industrial levels” (UNFCCC, 2015). Nevertheless, the
4DS is also considered to reflect the effect of a delayed action against climate change. In 2035, the main
difference is the high share of natural gas CCS in the 2DS, while the main increase, which for both is in
wind power, is similar.
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Figure 5. Estimated gross electricity generation in the EU-25 excluding Denmark, Finland and Sweden in the 2DS
and 4DS (IEA, 2016) on the left and affected energy technologies on the right- increase gross electricity generation
(nuclear and hydropower excluded).

2.4 Life cycle inventory data for background and foreground systems
2.4.1 Climate impact potential for fuels
The emissions accounted to energy technologies are related to extraction, provision (delivery to facility) and
combustion of the different fuels. Emissions related to capital goods, i.e. construction and eventual
decommissioning of infrastructure, and other emissions related to the generation process were not included.
By extension this means that renewable energy sources, i.e. wind, solar, geothermal, have no climate impact
in our inventory. The rationale for this simplification was motivated by the relatively small contribution
that these emissions add to energy generation from solid or gas fuels (<20 kg CO2-eq/GJ), whereas for
renewable technologies, excepting hydropower (Hertwich, 2013), they are small (e.g. 3.5-12 kg CO 2eq/MWh as estimated by Pehl et al. (2017)), and they are expected to decrease rapidly in the future
(Hertwich et al., 2015), due to effects of technological progress and concurrent decarbonization of upstream
energy and material production, such as aluminium, clinker, copper or steel.
The emission factors were derived by analysis of processes in the Ecoinvent 3 database (accessed with the
SimaPro 8.4.0. LCA software): coal 115 kg CO2-eq/GJ, natural gas 72 kg CO2-eq/GJ and fuel oil 90 kg
CO2-eq/GJ. Technologies with carbon capture and storage (CCS) are assumed to be able to sequester 90%
of the CO2 emissions resulting from the combustion process (Markewitz and Bongartz, 2015), resulting in
emission factors of coal for CCS 29.9 kg CO2-eq/GJ and natural gas for CCS 21.5 kg CO2-eq/GJ.
Short to long-term affected supply of biomass was based on (Wenzel and Hamelin, 2015). Emission factors
for biomass consider net effects of direct and indirect land use changes (dLUC and iLUC). Identification
of candidates for marginal woody biomass supplies at a global scale was facilitated by use of the partial
equilibrium econometric GLOBIOM (Havlik et al., 2011). We propose three scenarios built upon different
narratives for biomass demand, as follows (see Table 1):
 Climate ideal marginal on low demand (CILD) - biomass marginal supply in a relatively low global demand
for bioenergy (below 60 EJ/a) scenario.
 Climate ideal marginal on high demand (CIHD) - biomass marginal supply in a high global demand (>60
EJ/a) scenario for future use of biomass for energy.
 Mixed marginal on high demand (MMHD) - biomass marginal supply in a high demand scenario, considering
imperfect land governance and other conditions that would bring biomass sources with higher climate
impacts into the marginal supply.
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Table 1. CO₂ emission factors for marginal biomass (kg CO2-eq /GJ) – without provision (adapted from Wenzel &
Hamelin, 2015).

Climate ideal marginal in Climate ideal marginal
low demand
in high demand

2014

(CILD)
Emission factor
0
Marginal source Residues/thinning
+ forest intensification
Emission factor
0
Marginal source Residues/thinning
+ forest intensification

(CIHD)

Mixed marginal in high
demand
(MMHD)

2025

Emission factor
0
Marginal source Plantation on low C
grassland – including iLUC
from displaced animal feed

0
Residues/thinning
+ forest intensification
0
Plantation on low C
grassland – including
iLUC from displaced
animal feed
9
Plantation on high C
grassland/savannah –
higher C-stock

2035

Emission factor
9
Marginal source Plantation on high C
grassland/savannah –
higher C-stock

25 = 50%·9+ 50%·41
47 = 50%·41+ 50%·53
50% Plantation on high C 50% harvest from existing
grassland + 50% harvest forest + 50% plantation on
from existing forest
forest land (boreal)

2020

0
Residues/thinning
+ forest intensification
20 = 50%·0+ 50%·41
50% Plantation on low C
grassland + 50% harvest
from existing forest (tropical)
25 = 50%·9+ 50%·41
50% Plantation on high C
grassland + 50% harvest
from existing forest

The emission factors reported in Table 1 do not include equipment and fuel used in forest management,
transport or processing emissions for chips/pellets production. These additional emissions can range
between 3-30 kg CO2-eq/GJ wood (Matthews et al., 2015). An average value of 15 kg CO2-eq/GJ is used
in this study. In the case of straw biomass, the avoided alternative was deemed ploughing down, which
gives the equivalent impact of 11 kg CO2-eq/GJ, plus the avoided emissions associated to transport 50 km
by road.
The GHG emissions associated to the scenarios described in section 2.3.2 are summarised in Table 2.
Table 2. GHG emissions (kg CO2-eq/MWh) associated to avoided/induced electricity abroad in the different
scenarios (NA=Not Applicable).
Electricity Marginal

Biomass
Marginal

2014

2025

2030

2035

1061.5

1061.5

1061.5
471.6

NA

1061.5

Natural Gas

NA

471.6

471.6

471.6

Carbon Neutral

0.0

0.0

0.0

0.0

2DS

NA
CILD

NA

53.2

72.4

50.7

2DS

CIHD

NA

67.4

80.6

50.7

2DS

MMHD

NA

92.7

96.3

50.7

4DS

CILD

NA

274.7

203.6

32.1

4DS

CIHD

NA

281.3

209.3

42.0

4DS

MMHD

NA

292.9

220.1

55.7

Coal

2.4.2 Waste preparation and transport
Combustible waste available for importation to Denmark is assumed to have resulted after mixed municipal
or industrial waste has undergone some sort of mechanical and/or physical treatment such as shredding,
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screening and sorting of recyclables, e.g. metals and plastics. Afterwards, it is assumed to be conditioned,
prior transportation, as summarised in Table 3.
Table 3. Inputs to conditioning and transport of combustible waste.
Waste Preparation and Transport (excluding capital goods)
Conditioning of combustible waste: bailed and wrapped
LDPE foil
1.8
kg/t waste
Electricity
15
kWh/t waste
Diesel
0.5
l/t waste
Transport of combustible waste
Road transport prior export
60
km
Road transport after export
20
km
GHG emissions from transport
Transport by ship
0.01170
kg CO2-eq/ (km·t)
(Freight transoceanic ship)
Transport by road
0.09569
kg CO2-eq/ (km·t)
(Lorry>32t)

(Cimpan, 2015)
(Cimpan, 2015)
(Cimpan, 2015)
(Cimpan, 2015)
(Cimpan, 2015)
(Wernet et al., 2016)
(Wernet et al., 2016)

2.4.3 Incineration WtE and landfilling
Avoided or induced GHG emissions from waste landfilling were modelled as defined in Table 4. The study
has considered two alternatives for landfilling: (i) Crediting the system for the biogenic carbon not degraded
within 100 years, which remains stored within the landfill - impact saving equal to equivalent CO 2 (impact
potential of 1), and (ii) The landfill is not able to sequester the biogenic carbon permanently, as it represents
a potential for CO2 emissions after the 100 years’ time-horizon.
Table 4. GHG emissions from avoided combustible waste landfilling in the exporting country (Manfredi et al.,
2009).
Emissions from Landfilling
Landfill Gas Generation
Simplified first-order decay model for biogenic carbon degradation (100 years)
Biogenic carbon dissimilation to CH4
0.55
Biogenic carbon dissimilation to CO2
0.45
Fossil carbon degradation to compounds with
0
GW potential
Low LHV Waste
Methane Production
0.066
t CH4/t waste
Landfill Biogenic Carbon Storage
0.093
t C/ t waste
High LHV Waste
Methane Production
0.064
t CH4/t waste
Landfill Biogenic Carbon Storage
0.101
t C/ t waste
Landfill Gas Collection and Treatment
Top soil cover
50
% oxidation of CH4 to CO2
Sanitary Landfill
Landfill Gas Collection
50
% generated LFG
Torch efficiency
97
% recovered LFG
Fugitive emissions
3
% recovered LFG
Engineered Landfill
Landfill Gas Collection
75
% generated LFG
Net electrical efficiency LFG engine
30
% energy in LFG
Fugitive emissions
2
% recovered LFG
Auxiliary energy consumption in landfills
Excluding emissions associated to the consumption of gravel and HDPE, or from spontaneous fires.
Diesel for soil excavation
0.75
l/t waste
Diesel for on-site daily operations
2
l/t waste
Electricity
6.5
kWh/t waste
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Incineration WtE was modelled considering complete combustion, i.e. GHG emissions were based on
complete oxidation of carbon in the waste. Bottom ash landfilling (impact of 18.1 kg CO2-eq/t waste
combusted, based on Fruergaard et al. (2010)) was used as a proxy for management of this combustion
residue, as it is neither critical to results nor very different from utilization as road base (Birgisdottir et al.,
2007). A net electricity efficiency of 28% was assumed for state-of-the-art WtE plants in exporting
countries. With the same rationale applied to energy technologies, capital goods (around 5 kg CO 2-eq/t
combusted) and auxiliary materials (around 20 kg CO 2-eq/t combusted) were not included in the
calculations.

3. Results
The results section shows first which was the affected energy production by importing waste to Danish
WtE plants in present and future systems, identified with the use of ESA. Afterwards, the following
subsections evaluate the climate footprint associated to imports of waste under the different explorative
scenarios. The carbon footprint results are presented for specific quantities imported in a year: (1) for the
base year this value is 0.3 Mt waste, which should represent the actual quantity imported in 2014; and (2)
for the prospective year 2035 this value is 0.5 Mt. Model results on the affected fuels in intermediate
prospective years are presented in the SM file.

3.1 Affected energy production identified through ESA

Figure 6. Avoided fuel consumption when importing combustible waste to Denmark identified through Energy
Systems Analysis.

The affected energy production when importing waste to Denmark in 2014 is shown in the left side of
Figure 6. When small amounts of waste are imported on an annual basis, it is most beneficial to do it during
winter when the electricity and district heating prices are higher; therefore, the affected energy production
comes from natural gas and coal plants. Whenever large amounts of waste are imported, they would also
cover the spare capacity existing in summertime, replacing base-load coal cogeneration plants, natural gas
(but to a lower extent than in winter, as it is less used in summer), and even decreasing the amount of
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industrial excess heat that would be utilized. As production from coal cogeneration plants in Denmark
decreases, partly due to the competition for the heating market with incineration plants that are burning
imported waste during summertime, the nuclear power generation in Sweden would increase slightly to
compensate for the reduced power generation from coal. In addition, the total amount of avoided fuel use
compared to imported waste decreases when moving towards the right in the x-axis in Figure 6, i.e. changes
in fuel consumption differ by technology type and quantity when importing waste. During summertime,
less efficient facilities are not in operation, since they are not needed as demands are lower, and since the
affected plants are the most efficient ones, the avoided fuel consumption is lower. This effect is even larger
when importing high LHV waste in summertime, as some of the heat generated might be cooled down.
The affected primary fuel consumption identified through ESA can be compared with two typical (heuristic
and linear) approaches often used in WtE LCAs (WtE efficiencies: 20% electricity, 70% heat) (Cimpan and
Wenzel, 2013):



Coal PP+NG. WtE displaces electricity production in an average condensing (power producing)
coal-fired plant (40% efficiency) and heat production in natural gas boilers (90% efficiency).
Coal cogeneration with allocation based on energy quality as described by Fruergaard et al. (2009). WtE
displaces both heat and electricity production in cogeneration coal-fired plants, with an efficiency of
40% electricity and 45% heat, assuming a Carnot factor of 0.17. The allocated primary fuel
consumption results 84% for electricity and 16% for heat production.

The methodology Coal PP+NG overestimates the affected fuel consumption compared to the ESA results,
as shown in Figure 7. The second methodology, Coal cogeneration with allocation based on energy quality, is in
overall terms close to the results from ESA; however, all the displaced fuel is coal, hence the avoided
emissions would still be overestimated.

Figure 7. Year 2014 - Avoided fuel consumption when importing combustible waste to Denmark identified
through traditional approaches.

When importing waste in future systems, both short-term operations and long-term investments are
affected (Figure 6 and Figure 8). Importing waste in 2025 mainly affects the dispatch, with a lower influence
in investments. The HighElec scenario has a larger production from biomass-based electricity, which is
preferably displaced. Conversely, the LowElec scenario also displaces natural gas-based generation and wind
investments, as the biomass consumption is already low without importing waste (see Figure 4). From 2030,
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investments in wind power generation are largely affected for two reasons: (i) electricity production by
incineration plants, and (ii) electricity consumption avoided by the displacement of heat pumps.

Figure 8. Affected primary energy consumption when importing 0.5 Mt/a of combustible waste 2025-2035.

The impact of WtE in the DH networks where they are located is not negligible (see Figure 9). E.g. during
2014 approximately 50% of the networks with incinerators covered more than 40% of their annual heating
demand with heating from waste combustion, and around 20%, covered more than 80%. On average, DH
grids with incineration plants covered around 31% of their demand in 2014. Future energy systems would
tend towards centralization, where incineration plants are large and cover almost all the annual base-load
heating demand, and nearly the full demand during summertime, by operating on a constant basis and
storing heat for peak hours.

Figure 9. Annual central district heating demand covered by waste incineration plants: a) 2014 (historic data; Danish
Energy Agency, 2016) and b) 2035 (results from the optimization in Balmorel & OptiFlow).

3.2 Climate impact balance of imported waste in 2014
GHG emission balances under different assumptions are summarized in Figure 10, for a most likely
situation in 2014, where most of the imported combustible waste to Denmark was shipped from England
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(Danish EPA, 2016). Most scenarios show negative net GHG emissions, i.e. by importing combustible
waste, global GHG emissions decrease.

Figure 10. Year 2014 - Average net GHG balance when importing 0.3 Mt/a (Functional Unit) of low LHV waste
transported 1000 km by ship: Negative values represent avoided CO 2-eq emissions, and positive values, induced
emissions (coloured bars represent the foreground systems and dashed bars the background systems; vertical names
in the x-axis label represent avoided waste management process and horizontal labels the affected fuel for electricity
generation in the exporting country).

Whenever WtE in Denmark displaces disposal in a sanitary landfill, with medium recovery of LFG burnt
in situ, there are net global GHG emissions reductions (scenarios 1, 6 and 11 in Figure 10). Landfilling of
low LHV waste implies net generation of GHG emissions (pink dashed bar in Figure 10), because biogenic
carbon is partly degraded and dissimilated as methane. Furthermore, not all the LFG is recovered or
oxidized in the top soil cover, and there are also fugitive emissions from the torch. However, direct
emissions from waste incineration (green bar in Figure 10) are larger than the emissions from sanitary
landfilling, if the biogenic carbon stored in the landfill after 100 years is considered sequestered (scenarios
2, 7 and 12 in Figure 10). Hence, in those scenarios the climate benefits will ultimately depend on the
displaced energy technologies by generating electricity and DH in Danish WtE plants.
In an engineered landfill a higher amount of gas is collected, compared with a sanitary landfill, thus less
methane is emitted into the atmosphere, and it might imply nearly net zero GHG emissions, when
accounted as a sink of biogenic carbon (scenarios 4, 9 and 14 in Figure 10). In addition, the recovered LFG
is burned in an engine, generating electricity, and displacing other electricity generation plants. Climate
benefits from waste trading will depend on the avoided energy consumption in the importing and the
exporting countries. If large amounts of fossil-based energy production are displaced in Denmark, import
of combustible waste becomes favourable from a GHG perspective, otherwise it does not (Figure 10 –
Engineered Landfill Cbio Sink). Nevertheless, there is a challenge when identifying the affected technologies
by generating electricity from LFG, and it cannot be assumed to be static. The first five years after
landfilling, only 12% of the potential gas is generated, and approximately 70% of the gas is generated during
the next 35 years (Manfredi and Christensen, 2009). In this study, as different scenarios are evaluated,
including the extremes, the affected technologies would most likely lie somewhere in between. Given the
temporal scope for LFG generation and collection, and the expected decarbonization of the European
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electricity matrix, it should be considered that most of the electricity generated in a landfill would replace
less fossil-intensive mixes.
The climate footprint from imports of waste when avoiding incineration with electricity-only will depend
on the differences between the energy system in the exporting and the importing country (scenarios 5, 10
and 15 in Figure 10). If carbon-intensive technologies are displaced by generating only electricity in the
exporting country, it can be better than shipping waste to Denmark to generate electricity and DH (scenario
5).
As shown in Figure 11, avoiding landfilling of high LHV is more attractive in 2014, due to potentially higher
GHG emission savings by displacing a larger amount of fossil-fuel use, compared to avoiding landfilling of
lower LHV waste. On one hand, the former one has more degradable carbon that could potentially emit
more methane when landfilling; but on the other hand, combustion of high LHV waste emits more GHGs
than low LHV, due to a higher proportion of fossil carbon from plastics, resulting in approx. 17% higher
GHG emissions per energy content when burning high LHV waste. Therefore, in spite of the fact that high
LHV waste might avoid the use of larger amounts of fuel, as it generates more energy, the balance of GHG
emissions might be better or worse depending on the specific affected technologies. In 2014, due to the
relatively high fossil-intensive energy generation displaced in Denmark, trade of high LHV waste brings
more climate benefits (red area in Figure 11).

Figure 11. Year 2014 - Average net GHG emissions from importing different amounts of combustible waste
depending on transportation mode and distance – marginal electricity generation abroad: coal fired power plant
(uncertainty range: the upper limit represents transport by truck for 2000 km and the lower range transport by ship
for 500 km).

The spread in Figure 11 shows that the carbon footprint associated to import of waste depends on how
much waste has already been imported to the system as the affected energy production varies. Nevertheless,
this assumes that waste has been used in the most socioeconomically optimal way, which might not always
be the case. Therefore, the spread between 0-0.6 Mt/a can also be understood as best-worst situations when
waste is imported.
The impact of transport in Figure 10 is small; however, the transportation mode and distance might play
an important role, as it could tip the balance in some cases as shown in Figure 11. GHG emissions from
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transport by truck are approximately eight times higher than by ship; thus, in order to limit GHG emissions,
transport by ship, railway, and using reverse logistics hauling should be favoured over trucks. GHG
emissions from moving waste by trucks during large distances might be substantial and even offset
advantages when climate gains by importing waste are close to zero. That being said, a future change to
fossil-free or less fossil-intensive long distance transport could limit these climate burdens.
A “carbon abatement” cost could be calculated by taking the scenarios that yielded the highest climate
savings (see Figure 12). It is equivalent to the change in the total system costs for satisfying the annual
electricity and district heating demands when importing waste, compared to a situation with no imports of
waste, and divided by the level of mitigation achieved. When waste is imported during wintertime or to
efficient incinerators, there is a negative carbon abatement cost, which means that there are economic
benefits from reducing GHG emissions.

Figure 12. CO2-eq abatement cost in €2015 in 2014 (excluding conditioning and shipping expenditures).

3.3 Climate impact balance of imported waste in future energy systems
The climate footprint related to import of waste in future systems is depicted in Figure 8 and 13, and the
main outcomes can be summarised as:
1)

The energy displaced, HighElec or LowElec, has a higher impact in the balance than the quality of the
imported waste, i.e. high or low LHV.

2)

The higher the decarbonization of the electricity and heating generation, the worse the climate
footprint of importing combustible waste. Nevertheless, a higher unsustainable biomass demand,
which can arise from ambitious global decarbonization scenarios, could maintain the climate benefits
from importing waste.

3)

The most sensitive scenarios are when incineration with electricity-only generation in the original
country is displaced. This was the worst result when the alternative electricity production would be
from a coal-fired power plant. Nevertheless, this scenario still yielded climate benefits when the
marginal electricity abroad was close to carbon-neutral.

In 2035, the affected primary fuel consumption in Denmark could have more GHG emissions embedded
than in 2030, as the global demand for biomass rises, which might compromise its sustainability. Results in
Figure 14 show that import of waste when avoiding sanitary landfilling would still bring climate benefits if
the landfill was not considered a sink for the non-degraded biogenic carbon. If it was, on the other hand,
considered a carbon sink, it would only reduce net GHG emissions, if the waste would substitute
unsustainable biomass consumption in Denmark, such as under the worst biomass marginal scenario,
MMHD (Scenarios C, F, I, L and P in Figure 14) (see further information in the Supplementary Material).
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Figure 13. Average net GHG emissions when importing 0.5 Mt/a of residual combustible waste - Each label in the
x-axis (e.g. 2025 – Sanitary Landfill) contains the sorted results for 90 scenarios (2 transport modes x 3 transport
distances x 5 electricity marginals from the exporting country x 3 biomass marginals).

Figure 14.Year 2035 - Average net GHG Emissions (kg CO2-eq/t waste) in the HighElec scenario when importing
0.5 Mt/a of Low LHV waste by ship 1000 km – each label represents the Marginal Electricity Abroad (section 4.6)
and the biomass marginal (see Table 1, CILD: climate ideal marginal in low demand, CIHD: climate ideal marginal in high
demand and MMHD: mixed marginal in high demand). When a dot falls within the white area, the scenario displayed net
GHG emissions savings; and when it is in the grey area, the scenario showed a net GHG emissions contribution.
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When avoiding engineered landfilling in 2035, there would be climate gains only under the MMHD biomass
marginal scenarios (Scenarios C, F, I, L and P), as the benefits from avoiding landfilling are small due to a
higher collection of LFG. There would be no net climate benefits if the landfill iscredited as a biogenic
carbon sink.
As with previous results, the waste management process that showed the widest dispersion was when
incineration with electricity-only generation is avoided. There are gains from exporting waste to Denmark
if the electricity from waste displaces more carbon-neutral electricity - i.e. the marginal electricity abroad is
assumed to be from a 4DS, 2DS or a carbon-neutral scenario (Scenarios A-G and M-P). Conversely, when
displaced electricity generation abroad is based on fossil fuels (Scenarios H-L), there are no net climate
benefits from waste exports.
There is an overall increase in GHG emissions due to imports of waste in 2035, when strictly looking from
a Danish national perspective, as shown in Figure 15. The national GHG emission balance would increase
when importing combustible waste, even if in some cases there are potential global climate advantages, as
illustrated in Figure 14. This points to a general issue of national climate reporting considering national
boarders as system boundary and points to the need of European policies with a pan-regional approach to
avoid national sub-optimizations.

Figure 15. Year 2035 - Average change in net GHG Emissions (kg CO 2-eq/t waste) only in Denmark when
importing 0.5 Mt/a of combustible waste by ship 1000 km (half of the emissions associated to waste transport are
accounted) depending on the biomass marginal scenario.

4. Discussion
The co-optimization modelling framework applied in this work can be used in the same way to identify
affected energy production for various other waste-to-energy applications. Although we focused on
imported waste into a system, affected energy can be determined for existing and future waste generation
within a country or region. This can include for example preparation and utilization of RDF, production
and utilization of biogas from biowaste treatment, or other technologies that produce energy related
outputs.
The use of combined approaches with ESA and LCA requires a vast amount of data, with inherent
uncertainties associated to the future and the presence of stochasticity. Thus, analyses under a wide range
of conditions are crucial in order to ensure the robustness of the results.
Using ESA to identify the current and prospective affected energy production by importing combustible
waste was more time demanding and considerably more complex than directly using discrete choices, and
there is the risk of lack of transparency if the relationships of the energy system are not properly understood
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(Pfenninger et al., 2018). However, ESA provides valuable insights about most likely futures and a deeper
comprehension of system dynamics, reducing the level of epistemic uncertainty from prospective scenarios
(Vandepaer and Gibon, 2018). As stated by Eriksson and Bisaillon (2011), “[…] in waste management
systems dominated by incineration with energy recovery the need for a model-link approach might not be
only strongly recommended but even inevitable”. The use of ESA within LCA helps to discover behaviours
of the system that otherwise, would be difficult to identify (Borjeson et al., 2006), and in spite of the added
degree of complexity to the analysis, it provides more complete knowledge about the system, by integrating
the mechanisms of the actual markets (Zamagni et al., 2012; Astudillo et al., 2017).
In the case of waste trade, our results are in line with the prevailing literature (see Table 5) that indicates
that incineration with cogeneration in general provides climate benefits compared to landfilling at present.
Furthermore, the assumption regarding biogenic carbon storage in landfills, and affected energy production
in the importing and exporting countries also had great impact on the results. Only Sahlin et al. (2013)
applied ESA to identify the affected energy production by importing waste; however, electricity and DH
markets were not integrated. Furthermore, our study included a detailed geographical and temporal
representation to ensure the techno-economic feasibility of WtE plants, considering the dynamics of
systems with increasing integration of fluctuating energy sources.
Table 5. Studies that evaluate the environmental impact associated to imports of combustible waste .
Study
Head and
Otten
(2012)

Exporting Country
Importing Country
Methodology
Results

Exporting Country
Importing Country
Methodology
Sahlin et
al. (2013)

Results

Exporting Country
Importing Country
Eunomia,
(2015)

Methodology
Results

Description
Landfilling in the UK
Incineration with cogeneration in the Netherlands
Environmental impact evaluation through attributional LCA
Positive and negative GHG emissions might offset each other, although there
are other environmental benefits. Landfilling might be worse than considered
in the study as they use conservative rates of methane production in landfills,
and account for stored biogenic carbon.
Landfilling in the UK, Italy or Poland / Incineration with electricity recovery
in the UK
Incineration with cogeneration in Sweden
Climate footprint evaluation with ESA Identification of affected electricity
production at a Northern European level: model MARKAL. Identification
of affected district heating production at a local level: model NOVA
Net climate impact reductions when avoiding landfilling but an increase when
avoiding incineration with electricity recovery. The benefit of higher thermal
efficiency was out-ruled by the high carbon-intensity of alternative electricity
production in the UK, in combination with low carbon-intensity of Swedish
DH and electricity
Landfilling in the UK / Incineration with electricity recovery in the UK /
Incineration with cogeneration in the UK
Incineration with electricity recovery in the Netherlands / Incineration with
cogeneration in the Netherlands
Environmental impact evaluation through consequential LCA with
explorative scenarios and heuristic identification of marginal sources of
electricity and heat
Import of waste for cogeneration provides climate benefits compared to
landfilling in present systems but largely dependent on heat recovery.

We focused on analysing the carbon footprint associated to waste imports; further relevant impacts to look
at are human toxicity (Head and Otten, 2013), resource depletion (Arushanyan et al., 2017), and land use.
As shown for example by Turconi et al. (2014) for the possible future Danish electricity system in 2030,
the vast expansion of especially wind power could lead to reductions in impact in many environmental
impact categories, with the notable exception of abiotic resource depletion.
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Further research could entail expansion of ESA modelling, which consider the full energy system, including
e.g. the transport sector; for example if some biomass is not burnt for heat production, it could be input to
a gasification process for obtaining biofuels for transport. Future work could use a European wide energy
systems model or combination of regional ones, in order to also identify affected energy generation in
exporting countries. In addition, integration of top-down models (e.g. CGE) and bottom-up models could
provide valuable results about the impacts of waste trade in the wider economy beyond the energy sector,
and possible rebound effects from changes in energy and waste management systems (Thiesen et al., 2008).
Furthermore, the inclusion of non-rational economic decisions, suggested by behavioural economics, would
allow to consider the influence of imperfect information or agent preferences (Yang and Heijungs, 2018).
Emissions of fossil CO2 from WtE could become a major source of climate impacts in the future, as other
energy generation becomes cleaner. However, there is some uncertainty whether unrecyclable plastic and
composites in the future will still be of fossil origin. In the short-term, incineration of waste, including
plastics, is replacing fossil-based electricity and heat, providing net savings of GHGs. However, from a
climate perspective, landfilling of waste with low biodegradable content might become more beneficial
than incineration, especially in systems that are almost independent of fossil fuels (Eriksson and Finnveden,
2009).
While, the decarbonization of the electricity, heating and road passenger transport seems already within the
grasp of current technologies (Norden and IEA, 2016), the substitution of fossil fuels in other sectors, such
as industrial process heating, heavy transport or aviation, is more complex. Residual waste may then be
prioritized in cement and lime kilns or in other suitable industrial processes, provided it is processed to
higher quality RDF. Furthermore, the European Commission highlights that innovation is to play a key
role for future waste management systems, and it will encourage rethinking ways of transforming waste into
high value-added products, supporting research in new technologies, such as waste pyrolysis and
gasification (European Commission, 2015).
The increase of intra-EU trade shows that it has been turning into a single market for combustible waste.
Nevertheless, the use of incineration taxes is highly disparate across European regions, which leads to
competition between countries, based on differences in taxes rather than on where waste would have more
socioeconomic value as a resource, or where it could provide more environmental gains. This study shows
that from a climate perspective the proximity principle should not always prevail, as there are benefits from
trading waste under some circumstances, although conditions leading to GHG savings were mostly seen in
the short-term. Here we can recommend that EU countries adopt a more coherent strategy for waste
taxation that promotes the most sustainable use of waste, reducing the risk of tax competition between
regions.

5. Conclusion
This paper analyses the climate footprint from imports of different qualities and quantities of combustible
waste to Denmark from 2014 until 2035, following two stages: socioeconomic optimization of waste use
through ESA, which showed socioeconomic advantages from importing waste, and a consequential LCA
with an explorative scenario-based approach.
The climate benefits of trading waste for incineration depend on: 1) the exporting and importing countries’
waste management systems, 2) the energy system of the countries, as well as 3) the type of waste traded.
Therefore, the use of ESA to identify the affected fuel consumption, combined with the consequential LCA
becomes an important approach to understand the potential impacts from waste trade.
In the current system, import of waste is from a climate perspective mostly beneficial, as the Danish energy
system still relies on fossil fuels. Later, results are scattered and pointing in different directions. It is shown
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that climate gains in the future are very uncertain and subject to specific conditions, such as avoidance of
sanitary landfilling, differences in the carbon-intensity of the energy systems in the import and export
countries, and GHG emissions from affected biomass production.
In some specific conditions it is however environmentally and socio-economically optimal to trade
combustible waste between countries, also in the future. In order to avoid suboptimal residual waste
management at a European level and problem-shifting between countries, decisions must be supported by
assessments of economic and environmental consequences. Therefore, it seems of the utmost importance
to create a common European framework that unambiguously defines the accounting procedure, as e.g.
LCA results might vary by differences in assumptions/choices related to allocation principles and boundary
conditions. This article presents an example of how these issues can be handled.
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Carbon Footprint from import of different qualities and quantities of
combustible waste to Denmark in 2035
This document presents results regarding the carbon footprint estimation from importing waste to
Denmark under different background and foreground scenarios, as described in the main manuscript “The
climate footprint of imports of combustible waste in systems with high shares of district heating and
variable renewable energy” (Pizarro-Alonso et al.).
The affected energy production by burning imported combustible waste in Denmark depends on how
much waste is imported (see Figure 1); hence, the climate footprint associated also does it (see Figure 2 Figure 6). In the LowElec scenario, small amounts of waste displace mainly heat pumps (based on
socioeconomic optimization); however, when importing large amounts of waste, biomass or natural gas
consumption would also be avoided; therefore, the climate benefit would even be larger when, e.g.
importing 2 Mt/a instead of 0.5 Mt/a. On the other hand, small amounts of imported waste in the HighElec
scenario would avoid the consumption of biomass, but when importing large amounts of waste, it also
displaces the use of excess heat, agricultural waste and solar heating, resulting in increased emissions when
importing high LHV waste if displacing sustainable biomass.

Figure 1. Affected primary energy consumption by importing residual combustible waste in 2035 under different scenarios
The main conclusions from the assessment are:





There are often climate disadvantages from importing waste due to the expected decarbonization
of the energy system, unless avoiding sanitary landfilling without accounting for biogenic carbon
storage.
A high global biomass demand would increase the associated emissions related to biomass. Hence,
import of waste would become more beneficial when displacing biomass consumption.
Climate benefits from electricity and heat generation in Denmark are lower than incineration with
electricity-only generation, if high intensive-fossil technologies are displaced in the exporting
country.
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The main manuscript of the article showed that presently, incineration of waste with higher plastic
contents provides net GHG emissions savings, as the displaced energy production is relatively high
fossil-intensive. Nevertheless, in the future, higher emissions from direct incineration offset the
benefits from larger energy production.

a) LowElec Scenario

b) HighElec Scenario

Figure 2. Year 2035 - Average GHG emissions from importing waste – Marginal electricity in the exporting country: coal,
Transport: 1000 km by ship – The upper range of the uncertainty range represents a CILD (climate ideal marginal in a low
demand scenario) biomass marginal scenario, and the lower range the MMHD (mixed marginal in a high demand scenario),
as defined in Table 1 of the main manuscript
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a) LowElec Scenario

b) HighElec Scenario

Figure 3. Year 2035 - Average GHG emissions from importing waste – Marginal electricity in the exporting country:
natural gas, Transport: 1000 km by ship – The upper range of the uncertainty range represents a CILD biomass marginal
scenario, and the lower range the MMHD, as defined in Table 1 of the main manuscript
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a) LowElec Scenario

b) HighElec Scenario

Figure 4. Year 2035 - Average GHG emissions from importing waste – Marginal electricity in the exporting country:
carbon neutral, Transport: 1000 km by ship – The upper range of the uncertainty range represents a CILD biomass
marginal scenario, and the lower range the MMHD, as defined in Table 1 of the main manuscript
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a) LowElec Scenario

b) HighElec Scenario

Figure 5. Year 2035 - Average GHG emissions from importing waste – Marginal electricity in the exporting country: 2DS,
Transport: 1000 km by ship – The upper range of the uncertainty range represents a CILD biomass marginal scenario, and
the lower range the MMHD, as defined in Table 1 of the main manuscript
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a) LowElec Scenario

b) HighElec Scenario

Figure 6. Year 2035 - Average GHG emissions from importing waste – Marginal electricity in the exporting country: 4DS,
Transport: 1000 km by ship – The upper range of the uncertainty range represents a CILD biomass marginal scenario, and
the lower range the MMHD, as defined in Table 1 of the main manuscript
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Abstract
The long-lived dependence on fossil fuels has led to a slow pace in the transition to renewable energy
sources in the heavy-duty sectors of the energy system. While bioenergy might represent a possible
alternative, biomass is a limited resource, whose use is restricted by potential technical, environmental
and social implications. Because residual biomass inherently minimises these negative impacts, when
its sustainable use is ensured, it could lend itself to multiple options, including production of back-up
power, heating and alternative transport fuels. This study investigates different pathways for the
optimal use of the most abundant residual biomass in Denmark, i.e. straw, from a technical, economic
and environmental perspective. We harness the strengths of two bottom-up model typologies by
means of soft-linkage to reveal insights from both perspectives: the multi-sectoral model, TIMESDK, provides a system assessment of the whole energy sector, while the geographically detailed
optimization model, Balmorel-OptiFlow, supports the analysis of biorefinery plant size, location
and area-specific recovery of excess heat. Modelling results of carbon- and resource-constrained
energy scenarios reveal the increased value of straw in a future decarbonised energy system and the
attractiveness of the gasification route with Fischer-Tropsch synthesis for the production of biofuels
to supply the heavy segments of the transport sector. Moreover, relying on current domestic biomass
resources would not attain the energy self-sufficiency targets in a carbon-constrained case.
Keywords: Energy systems analysis, Optimization, Energy modelling, Straw, Biomass,
Biorefineries

1. Introduction
The transition to a future low-carbon energy system presents numerous challenges. Biomass and
bioenergy might play an important role in future energy systems according to several scenario studies (Guo, Song, and Buhain, 2015), (Junginger, Bolkesjø, Bradley, Dolzan, Faaij, Heinimö, Hektor,
Øyvind Leistad, Ling, Perry, Piacente, Rosillo-Calle, Ryckmans, Schouwenberg, Solberg, Trømborg,
da Silva Walter, and de Wit, 2008), (Berndes, Hoogwijk, and Van Den Broek, 2003). Nevertheless, researchers warn against the potential negative implications associated with an extensive use
of biomass for energy purposes, due to e.g. the impacts on use of land, food and water systems
(Robledo-Abad, Althaus, Berndes, Bolwig, Corbera, Creutzig, Garcia-Ulloa, Geddes, Gregg, Haberl,
Hanger, Harper, Hunsberger, Larsen, Lauk, Leitner, Lilliestam, Lotze-Campen, Muys, Nordborg,
Ölund, Orlowsky, Popp, Portugal-Pereira, Reinhard, Scheiffle, and Smith, 2017), (Parajuli, Dalgaard, Jørgensen, Adamsen, Knudsen, Birkved, Gylling, and Schjoerring, 2015), (Gregg and Smith,
2010).
Biomass resources largely fall into three main categories: natural biomass (i.e. forest), energy crops
and residual biomass. Within the latter, Brosowski, Thraen, Mantau, Mahro, Erdmann, Adler, Stinner, Reinhold, Hering, and Blanke (2016) distinguish five high-level groups: agricultural by-products,
residues of forestry and wood industries, municipal waste, industrial residues, and residues from other
Email address: venturini.giada@gmail.com (Giada Venturini
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areas. Common examples are cereal straw, rice husks, corn stover, animal slurry and manure, logging residues, sawdust, and fruit shells. Residual biomass resources are considered by-products if no
further value is extracted within the food, farming or wood industry. However, when considering
cereal straw, for instance, its uses range from animal bedding, animal feed, mushroom production
and frost protection in horticulture, to roof thatching and wall panel production (Spøttle, Alberici,
Toop, Peters, Gamba, Ping, van Steen, and Bellefleur, 2003). Moreover, ploughing straw in the
field contributes to soil fertility and physical structure (Powlson, Riche, Coleman, Glendining, and
Whitmore, 2008).
In Denmark, the main current use for residual biomass from agriculture is “left on field” (Tonini,
Hamelin, and Astrup, 2016). Straw from wheat, barley and other cereals amounts to 4900 t DM/year
(dry matter/year), corresponding to 68 PJ/year, with around 50% being left on field, 23% used for
energy, and 27% for feeding bedding (Statistics Denmark, 2016). Nature grass, thus not including
garden waste, is around 430 t DM/year (6.7 PJ/year), with all of it currently being left on field
(Tonini, Hamelin, and Astrup, 2016). Animal manure corresponds to 6200 t DM/year, with 4% used
for energy and 96% left on field (Tonini, Hamelin, and Astrup, 2016), while Scarlat, Fahl, Dallemand,
Monforti, and Motola (2018) report that the collectable manure amounts to 2930 t DM/year. Given
these estimates, residual biomass from agriculture holds an annual energy potential in the range of
105-145 PJ/year, corresponding to 14-19% of the total primary energy consumption in Denmark in
2015 (Danish Energy Agency, 2017a). A recent analysis by Tonini, Vadenbo, and Astrup (2017)
reports similar values for the potential of residual biomass from agriculture. Furthermore, the energy
potential from wood residues ranges between 5.6 PJ/year (Astrup, Tonini, Hamelin, and Wenzel,
2011) and 12.6 PJ/year (Danish Energy Agency, 2013), with all woody biomass potential estimated
at around 40 PJ/year (Astrup, Tonini, Hamelin, and Wenzel, 2011). Other agro-industrial residues,
such as, e.g. beet pulp and molasses, are fully destined to fodder production (Tonini, Hamelin, and
Astrup, 2016); hence, they will not be considered hereafter.
Given the potential of this partly untapped resource, an increasing number of studies investigate
the utilisation of agricultural residues as raw materials for electricity and heat production (Schmidt,
Gass, and Schmid, 2011), (Turconi, Tonini, Nielsen, Simonsen, and Astrup, 2014), (Weiser, Zeller,
Reinicke, Wagner, Majer, Vetter, and Thraen, 2014), (Panos and Kannan, 2016), (Bentsen, Nilsson,
and Larsen, 2018) or in biorefinery systems (Cherubini and Ulgiati, 2010),(Steubing, Zah, and Ludwig, 2012), (Ekman, Wallberg, Joelsson, and Borjesson, 2013), (Wenzel, Høibye, Duban Grandal,
Hamelin, Bird, and Olesen, 2014), (Pettersson, Wetterlund, Athanassiadis, Lundmark, Ehn, Lundgren, and Berglin, 2015), (Tonini, Hamelin, and Astrup, 2016), (Parajuli, Kristensen, Knudsen,
Mogensen, Corona, Birkved, Peña, Graversgaard, and Dalgaard, 2017), (Tonini, Vadenbo, and Astrup, 2017). Technological options considered in the aforementioned studies comprise bioethanol
production via fermentation, biogas from anaerobic co-digestion with manure, synthetic fuels from
thermal gasification, and combustion for heat and power generation.
In particular, in the Danish context, researchers approached the use of residual biomass for energy and fuel production from a number of perspectives, often yielding discordant results on which
pathway to prioritise. Several works applied comprehensive Life Cycle Assessments to estimate the
environmental consequences associated with the use of residual biomass (Tonini, Vadenbo, and Astrup, 2017), (Parajuli, Kristensen, Knudsen, Mogensen, Corona, Birkved, Peña, Graversgaard, and
Dalgaard, 2017), (Wenzel, Høibye, Duban Grandal, Hamelin, Bird, and Olesen, 2014), (Turconi,
Tonini, Nielsen, Simonsen, and Astrup, 2014), (Nguyen, Hermansen, and Mogensen, 2013), while
others focused on the impact on the use of land (Larsen, Jepsen, and Frederiksen, 2013), (Gylling,
Jørgensen, Bentsen, Kristensen, Dalgaard, Felby, Larsen, and Johannsen, 2016) and soil (Hamelin,
Naroznova, and Wenzel, 2014). Some studies examined the issue from a techno-economic perspective (Sigurjonsson, Elmegaard, Clausen, and Ahrenfeldt, 2015), (Connolly, Mathiesen, and Ridjan,
2014), (Moller, Slento, and Frederiksen, 2014) and other works included considerations on the socioeconomic effects, e.g. job creation (Gylling, Jørgensen, Bentsen, Kristensen, Dalgaard, Felby, Larsen,
and Johannsen, 2016), (Moller, Slento, and Frederiksen, 2014). Moreover, other studies have analysed
the recycling of nutrients and carbon into the soil from the products of biomass gasification (Sigurjonsson, Elmegaard, Clausen, and Ahrenfeldt, 2015) and anaerobic digestion (Hamelin, Naroznova,
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and Wenzel, 2014), which can bring about positive effects for the energy system and the environment.
Also, the generation of non-energy co-products, such as feed, contributes to a circular use of resources
(Tonini, Vadenbo, and Astrup, 2017).
For the case of straw, multiple alternative uses have been identified, each one with its advantages
and limitations. The fermentation pathway for the production of second-generation bioethanol yields
valuable co-products, such as animal fodder and lignin, the latter re-usable for power and heat generation. Although the technology could provide sustainable fuels for the light transport sector, no
commercial bioethanol production from ligno-cellulosic material exists, with optimization of enzymes
use, straw pre-treatment and process yield being the main challenges (Danish Energy Agency, 2016),
(Larsen, Haven, and Thirup, 2012). Co-digestion of straw with manure and other feedstocks for the
production of biogas represents a competitive use, with the possibility of recycling the digestate to
restore soil carbon and nutrients (Tonini, Hamelin, and Astrup, 2016), (Hamelin, Naroznova, and
Wenzel, 2014). On the other hand, due to the high lignin content in straw, degradation time increases
considerably and pre-treatment is needed to ensure adequate biogas yields at lower retention times.
Fischer-Tropsch (FT) synthesis of syngas from straw gasification could yield a variety of synthetic
fuels, e.g. methanol or DME (dimethyl ether) (Connolly, Mathiesen, and Ridjan, 2014), which can
replace fossil fuel combustion in vehicles with minor engine modifications. The flexibility in the
output fuels, and the option of storing surplus electricity into electrofuels, from carbon dioxide and
water electrolysis (via hydrogen), thus boosting the production of liquid or gaseous fuels, represent
the main advantages of this technology, while process efficiency improvements, fuel handling and
infrastructure costs remain more uncertain parameters (Brynolf, Taljegard, Grahn, and Hansson,
2018).
While a number of studies are attempting to integrate the environmental assessment of these options within energy system analysis, in Denmark (Tonini, Vadenbo, and Astrup, 2017) and globally
(Samsatli, Samsatli, and Shah, 2015), often relevant techno-economic considerations remain out of
the study scope. For instance, a detailed spatial and temporal resolution is required for capturing
biomass cycles, the site of its generation and the place of its use, which in turn affect, e.g. storage and transport costs. Furthermore, the location and size of conversion plants, for power, heat
and fuel production, could be optimised while considering the trade-offs between economies of scale
and transportation of biomass resources (Shu, Schneider, and Scheffran, 2017), (Wetterlund, Leduc,
Dotzauer, and Kindermann, 2012). Sharma, Ingalls, Jones, and Khanchi (2013) and Yue, You, and
Snyder (2014) offer a review of studies addressing design and optimization of biomass supply chains.
Both simulation (Daioglou, Wicke, Faaij, and Van Vuuren, 2015) and optimization models (Forsell,
Guerassimoff, Athanassiadis, Thivolle-Casat, Lorne, Millet, and Assoumou, 2013), (Samsatli, Samsatli, and Shah, 2015), (Hagberg, Pettersson, and Ahlgren, 2016) are adopted for incorporating the
biomass supply chain in energy system models. Integrated modelling and model linking combine
the strengths of different models, e.g. energy system models and land use models (Gonzalez-Salazar,
Venturini, Poganietz, Finkenrath, Kirsten, Acevedo, and Spina, 2016), (van Dyken, Bakken, and
Skjelbred, 2010), (Schmidt, Gass, and Schmid, 2011). Moreover, spatially disaggregated tools allow
for a detailed representation of cost-supply curves (Forsell, Guerassimoff, Athanassiadis, ThivolleCasat, Lorne, Millet, and Assoumou, 2013), technology pathways (Samsatli, Samsatli, and Shah,
2015) and industry integration (Pettersson, Wetterlund, Athanassiadis, Lundmark, Ehn, Lundgren,
and Berglin, 2015).
The present study investigates different pathways for the optimal use of the most abundant residual
biomass resource in Denmark, i.e. straw, applying both techno-economic constraints and climate
goals. We harness the strengths of two model typologies linked to reveal insights from two perspectives: the multi-sectoral model TIMES-DK provides a system assessment of the whole energy
sector, including the representation of energy technologies and their competition in supplying the
electricity, heat and transport demands; on the other hand, the geographically and temporally detailed optimization model Balmorel, with the add-on OptiFlow, supports the analysis of biomass
transport costs and area-specific recovery of heat for district heating (DH) networks. Stemming from
a common cost-optimization framework, model linking allows capturing many dimensions, including
inter-sectoral technology competition and environmental considerations associated with biomass use,
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such as indirect land-use changes, changes in soil carbon and fertilising effects on fields.
This paper is structured as follows: Section 2 illustrates the adopted methodology and modelling
framework while Section 3 reports the main data assumptions; Section 4 describes the scenarios definition, Section 5 presents the results of our case study, and Section 6 discusses findings, trade-offs
and policy implications; finally, Section 7 draws the conclusions.
2. Methodology
The generation of residual biomass, such as straw, varies on a regional basis and its utilisation
depends on competitive uses, including the trade-offs between transport distances, economies of
scales and high-value by-products, such as excess heat from biorefineries. In addition, future energy
systems will be increasingly characterised by intermittent renewable energy (RE) sources. This calls
for a novel and integrated approach in the field of energy modelling and optimization, comprising:
1) Representation of the whole integrated energy system; 2) Detailed spatial granularity and high
temporal resolution with chronology; 3) Integration of environmental considerations associated to
the sustainable use of biomass. A single model that could capture all of the above would require
large computational times. Therefore, this study proposes a soft-linkage between the model TIMESDK (Section 2.1) and the model Balmorel with the add-on OptiFlow (Section 2.2). To perform a
comprehensive analysis of the optimal use of straw, we consider the impact of detailed geographical
and temporal dimensions, as well as introduce environmental accounting related to biogenic carbon
emissions and soil fertilising effects (Section 2.4).
2.1. The TIMES-DK model
The model generator TIMES (The Integrated MARKAL-EFOM System) was developed and is maintained by the Energy Technology Systems Analysis Programme (ETSAP), an Implementing Agreement of the International Energy Agency (IEA), established in 1976.
TIMES is a technology-rich, bottom-up model generator utilised for long-term analysis and planning
of regional, national and multi-national energy systems. Furthermore, the techno-economic partial
equilibrium model generator assumes full foresight and perfectly competitive markets (Balyk, Andersen, Dockweiler, Gargiulo, Karlsson, Næraa, Petrović, Tattini, Termansen, and Venturini, 2019).
TIMES is mathematically formulated as a linear program, minimising the total system cost discounted to the reference year and calculated as sum of investment costs, fixed and variable operation
and maintenance costs, import costs, and export revenues for all the processes included.
In particular, TIMES-DK provides a system assessment of the whole energy sector for Denmark,
geographically aggregated in two regions, i.e. Denmark-East (DKE) and Denmark-West (DKW),
with technological and economic projections until 2050, including assumptions on exogenous prices,
end-use demands and resource availability (Balyk, Andersen, Dockweiler, Gargiulo, Karlsson, Næraa,
Petrović, Tattini, Termansen, and Venturini, 2019). TIMES-DK includes the representation of energy technologies and their competition in supplying the electricity, heat and transport end-use
demands (Balyk, Andersen, Dockweiler, Gargiulo, Karlsson, Næraa, Petrović, Tattini, Termansen,
and Venturini, 2019). Endogenous technology learning is currently not included in the model, with
projections on technology developments (e.g. costs, efficiencies) provided exogenously as inputs to
TIMES-DK.
The inclusion of the most important end-use sectors of the economy, i.e. industry, residential and
transport (Figure 1), allows examining the interplay between supply-side and end-use sectors from
a system perspective. Since commodities such as fuels, electricity and heat are shared resources,
the integrated modelling of these can clarify the existing synergies and competition across sectors.
Similarly, the imposition of a climate or energy policy target can illustrate the burden shifting across
sectors along the modelling horizon in a techno-economic perspective.
Moreover, fuel supply chains, i.e. fossil, biofuels and electricity, are modelled from production to distribution, along with fuel imports and exports. The fuel infrastructure consists of two components:
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Figure 1: Cross sectoral interactions in TIMES-DK, with focus on bioenergy conversion pathways and fuel options to
the end-use sectors. Fossil fuels include natural gas, crude oil and its refined products, i.e. heavy fuel oil, kerosene,
gasoline and diesel. Solid biomass types supplying the industry and residential sectors include straw, woodchips, wood
pellets and waste, while liquid/gaseous biofuels comprise biodiesel and biogas.

fuel delivery and fuel stations. Fuel delivery from fuel production to the end-use sectors is represented through a variable cost (e/GJ of transported fuel) (Ea Energy Analyses, 2013), (EA Energy
Analysis, 2014), assuming that the existing fuel and grid infrastructure can accommodate the annual
demand for fuel delivery. Fuel stations are explicitly modelled for public electric vehicle charging
and blended gas stations, the latter including both natural gas and biomethane. Virtual technologies
simulate power and gas stations, characterised by an investment cost and the information on existing stock in the base year (2015) (International Energy Agency, 2013), (Statistics Denmark, 2018a),
(Statistics Denmark, 2018b). In this way, only when the required power/gas for vehicles exceeds the
stock, the additional required capacity will be built at a cost equal to the investment cost.
As per the temporal and geographical aggregation, each modelled year is subdivided in 32 nonsequential time slices, built as the combination of factors influencing the variability of RE sources
and end-use energy demands. The factors considered for the definition of the time slices are the four
seasons (spring, summer, autumn, winter), two typical days of the week (working, non-working) and
four weather-specific cases (“high wind production – low power demand”, “high power demand – low
wind production”, “no photovoltaics (PV) production”, “rest”). This time aggregation represents
5
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the most detailed resolution used in TIMES-DK in this analysis, yet not all modelled parameters
are defined at this level of detail, e.g. transport demand is described at annual level. For each of the
two regions, DKE and DKW, three areas are defined based on their heat demand: central, decentral
and individual. Central and decentral areas are connected to the DH grid, while individual areas
represent suburban or rural zones served by individual heating technologies. For a complete overview
of the model TIMES-DK and the mathematical formulation of TIMES model generator, the reader
can refer to respectively Balyk, Andersen, Dockweiler, Gargiulo, Karlsson, Næraa, Petrović, Tattini,
Termansen, and Venturini (2019) and Loulou, Goldstein, Kanudia, Lettila, and Remme (2016).
2.2. The Balmorel model with the OptiFlow add-on
Balmorel is a partial equilibrium model for simultaneous optimization of investments and dispatch
of electricity, district heating and hydrogen, including power transmission, under the assumption
of perfectly competitive markets (Wiese, Bramstoft, Koduvere, Pizarro Alonso, Balyk, Kirkerud,
Tveten, Bolkesjø, Münster, and Ravn, 2018). The reader can find the general mathematical structure
of the model in Ravn (2001).

Figure 2: Representation of the energy system, and use of straw, manure and residual waste in Balmorel-OptiFlow (as
applied in this study).

The model, exemplified in the upper part of Figure 2, as used in this study, determines the optimal
system configuration for satisfying the energy demands by maximising social welfare, i.e. consumers’
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utility minus producers’ cost for the electricity, district heating and hydrogen demands, subject to
technical, physical and regulatory constraints. The model is data-driven and has a high degree of
flexibility with respect to temporal and spatial resolution. For instance, the user-defined temporal
dimension allows for different levels of chronological detail, from weekly to hourly levels. For this
analysis, an hourly resolution is adopted for four full representative weeks, one for each of the four
seasons.
OptiFlow is a generalised network model (Figure 2), whose arcs and nodes topology can be used to
analyse the optimal use of residual biomass and waste, integrating economic, environmental and resource scarcity considerations, among others (Pizarro-Alonso, Cimpan, Ljunggren Söderman, Ravn,
and Münster, 2018a), (Pizarro-Alonso, Cimpan, and Münster, 2018b). A mathematical introduction
to the model is presented in Ravn (2017). OptiFlow is herein used as an integrated add-on within the
Balmorel model, i.e. hard-linked, with the former providing the net production of electricity and DH
generation from Waste-to-Energy (WtE) and biorefinery plants to the latter, as well as the hydrogen
demand for syngas upgrading in biorefineries. In order to model economy of scale endogenously, the
model Balmorel-OptiFlow is defined as a mixed integer linear program (MILP).
In this study, district heating and transport of resources are modelled in Balmorel-OptiFlow at
a higher geographical resolution than in TIMES-DK. In addition, electricity and district heating
generation in Norway, Sweden, Finland and Germany is also modelled, as to represent that the
Danish electricity clearing price is determined within the interconnected North European market.
For district heating, the 34 largest DH grids in Denmark are represented individually, where the
technologies competing for the supply of heat, especially the base-load demand, are waste incineration plants, excess heat from industries and biorefineries. Due to economy of scale, incineration
plants and biorefineries can be built only in those 34 larger areas, against the almost 500 medium
and small district heating networks existing in Denmark, which are represented in an aggregated
way by power regions, i.e. East and West (see blue areas in Figure 3 (a)). To represent the local
availability and transportation of biomass and waste resources, another spatial layer is added, with
a representation of the 98 municipalities in the country. Transport of resources takes place through
the euclidean distances between the centroids of each polygon, i.e. each municipality (as calculated
by QGIS 2.14.22), considering only the five closest points for each centroid. Transport of residual
resources, i.e. straw and waste, is optimised following the networks depicted in Figure 3 (b). Other
biomass types, e.g. energy crops, are assumed to be acquired at the plant gate at their market price,
thus the transportation routes and costs are not endogenously modelled.
2.3. Linkage of TIMES-DK and Balmorel-OptiFlow
To benefit from the specific strengths of each energy system model, respectively in terms of process coverage and spatio-temporal resolution, TIMES-DK and Balmorel-OptiFlow are soft-linked, as
illustrated in Figure 4. The two models are first harmonised in terms of technical and economic
characteristics of conversion plants and their stock capacity, exogenous fuel prices, biomass potentials, and renewable energy capacity potentials. Additionally, while TIMES-DK performs a perfect
foresight optimization along the whole modelling horizon, Balmorel adopts perfect foresight within
the optimization year and a myopic approach between years, as to portray a more realistic picture of
technology investments under uncertainty, and to avoid a very high computational time associated
with the detailed spatial and temporal resolution adopted.
TIMES-DK calculates annual power, district heating and hydrogen demands as inputs to Balmorel,
as well as yearly allocation of residual biomass and fossil fuels for electricity, district heating and
fuel production. Subsequently, Balmorel-OptiFlow co-optimises power, district heating and hydrogen
generation, along with the utilisation of residual biomass, at a higher geographical and temporal resolution. Subsequently, Balmorel-OptiFlow informs TIMES-DK on the computed average transport
cost for straw, the amount of heat that can be efficiently recovered from biorefineries in the DH grids,
and the net electricity trade volume between neighbouring power regions. The data is exchanged
between the two models until convergence of the fuel mix in the power and district heating sectors.
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(a)

(b)

Figure 3: Geographical representation in Balmorel-OptiFlow: district heating networks in Denmark (a) and geographical
areas for biomass collection with transport links (b).

Figure 4: Model linking between TIMES-DK and Balmorel-OptiFlow.

2.4. Environmental accounting
In addition to the techno-economic perspective traditionally adopted within energy system analyses,
we introduce the representation of two main environmental aspects related to the use of biomass:
biogenic carbon accounting and soil fertilising effects.
Both fossil and biogenic CO2 emissions are accounted for, through the assignment of emission factors
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to energy commodities. While fossil emissions contribute to global warming, we assume that direct
CO2 emissions from biogenic origin would be neutral in terms of global warming potential, as short
biomass cycles of cultivation-harvest-conversion-degrade-regeneration do not bring alterations to the
natural carbon cycle (Johnson, 2009).
An increase in energy crops and forest biomass, i.e. corn, rapeseed, sugarbeet, woodchips, wood
pellets, could lead to cropland expansion directly (when new cropland is created), or indirectly
(when existing cropland is diverted). Indirect Land-Use Change (ILUC) emissions are assigned to
energy crops and forest biomass, according to the factors suggested by The European Parliament
and the Council of the European Union (2015) and Ecofys, IIASA and E4tech (2015) for European
feedstocks (Figure 5), whose accounting reflects the net impact on the terrestrial carbon pools. It is
assumed that energy crops grow in land previously destined to food and feed crops, whose demand
is satisfied by bringing non-agricultural land into production elsewhere, thus resulting in indirect
land-use change. Land-use changes have impacts on carbon stocks on land, due to loss of above
and below ground living biomass and soil organic carbon, but also on biodiversity, land-use rights
and other socioeconomic implications (Van Stappen, Brose, and Schenkel, 2011). If land with high
carbon stock is converted (e.g. tropical forest and peatland drainage outside the European Union
for oil crops), it can lead to significant greenhouse gas (GHG) emissions. For woody biomass, it is
assumed it comes from thinning and forest intensification, and there is no land-use change per se;
however, there are emissions resulting from a lower build-up of soil organic carbon (Ecofys, IIASA
and E4tech, 2015).
IPCC guidelines recommend using country-specific validated data, if possible (IPCC, 2006). However,
as this was outside the scope of our analysis, average ILUC values used herein should be regarded
as a likely source of uncertainty. Furthermore, ILUC factors have been assumed constant for the
whole temporal scope of the analysis, although they will depend on the global demand of biomass for
energy and land governance, among other factors, thus possibly varying across time. In this study,
no ILUC emissions have been associated to biofuels, which are imported from abroad.

Figure 5: ILUC effects of first-generation biomass [kg CO2 -eq/GJ] (left) and carbon emissions from the recycling
of biomass into soil [kg CO2 -eq/t] (right) annualised over 20 years. Corn, sugarbeet, rapeseed from The European
Parliament and the Council of the European Union (2015); woodchips and wood pellets from Ecofys, IIASA and
E4tech (2015); bioashes from Sigurjonsson, Elmegaard, Clausen, and Ahrenfeldt (2015); raw manure and digestate
(co-digested with manure) from Hamelin, Naroznova, and Wenzel (2014).
*Expressed in kg CO2 -eq/t of straw gasified.

For residual biomass, i.e. animal manure, grass, straw and organic waste, we assume no generation
of ILUC emissions, as their utilisation does not lead to additional demand for land. Fugitive losses
from biogas production, resulting in CH4 emissions to the atmosphere, have been assumed to be 1%
of the generated methane in volume terms (Hamelin, Naroznova, and Wenzel, 2014), due to the large
global warming potential of methane.
Some biomass conversion processes can induce changes in the soil carbon balance, through application
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of digestate from biogas plants, spreading of raw manure on fields and return of bioashes from
biomass gasification to land. These considerations are included in the modelling framework, through
the assignment of negative carbon emission factors (Figure 5), except for spreading of digestate from
manure mono-digestion, which causes net positive CO2 emissions. When ploughing straw in the field,
99.9% of the carbon is released to the atmosphere over a 20-year period (Hamelin, Naroznova, and
Wenzel, 2014), hence straw incorporation contributes only in minor part to negative CO2 emissions,
and has thus been considered negligible. For raw manure, it is assumed that it is stored both indoor
and outdoor prior to spreading on field. The resulting methane emissions from storage, amounting
to 95 kg CO2 -eq/GJ of manure (Hamelin, Naroznova, and Wenzel, 2014), thus counterbalance the
carbon sequestration effect from soil application depicted in Figure 5.
With respect to fertilising effects, some technologies considered for the utilisation of straw produce
soil fertilisers: nitrogen (N), phosphorus (P2 O5 ) and potassium (K2 O), with different NPK ratios.
Ashes resulting from the gasification of biomass contain soil fertilisers (Sigurjonsson, Elmegaard,
Clausen, and Ahrenfeldt, 2015). Similarly, the anaerobic digestion process transforms the biomass
into biogas and digestate, the latter having soil fertilising properties (Hamelin, Naroznova, and
Wenzel, 2014). The fermentation of ligno-cellulosic material, such as straw, yields bioethanol and
lignin, which cannot be converted into sugars with the current technology. Although lignin may have
fertilising properties, we herein assumed that it is used for power and heat production (Evald, Hu,
and Hansen, 2013). To compare all the different uses of straw, the avoided fertilisers production
resulting from ploughing the straw and not removing it from the fields is also accounted for, as well
as the possibility of using raw manure directly as fertiliser without undergoing anaerobic digestion
(Hamelin, Naroznova, and Wenzel, 2014).
The marginal fertilisers considered for nitrogen, phosphorus and potassium are respectively urea,
diammonium phosphate (DAP) and potassium chloride. As decisions on investment and operation
of plants follow a least-cost optimization in TIMES-DK, a reward (e/t of fertiliser) is assigned to
the avoided fertiliser production for each process (World Bank Group, 2016).
3. Data
The study performs a long-term socio-economic optimization of the Danish energy system, with exogenous assumptions on price developments, technology potentials and decommissioning (i.e. shortterm scrapping plans for obsolete facilities). Exogenous future fuel prices are aligned with Danish
projections (Danish Energy Agency, 2017b), while electricity prices regulating the trade with neighbouring countries (only used in TIMES-DK), as well as transmission lines capacities, are based on
data from the Danish Transmission System Operator (TSO) (Energinet, 2018) and the European
TSO (ENTSO-E, 2018). The socio-economic analysis herein performed includes the total costs of
satisfying the end-use energy demands under carbon and resource constraints, thereby excluding
taxes, levies, subsidies or any other market mechanism for regulation or allocation, and without
directly accounting for externalities, except for GHG emissions and soil fertilising effects. Across the
analysed scenarios, the same projections apply with regard to end-use demands, technologies characteristics and exogenous prices. Particularly for the latter, it is assumed that the impact of Denmark
on fuel prices would be marginal; therefore, these do not change across the analysed scenarios.
This section provides an overview of the technology characterisation for this study, including alternative pathways for the utilisation of straw (Section 3.1) and assumptions on the modelling of biomass
resources (Section 3.2). All monetary values are expressed in e 2016.
3.1. Technology data
Our model framework includes several technologies for the production of heat, power and fuels. The
supply sector comprises the activities related to import, export and extraction of primary energy
resources, both fossil and non-fossil. The procured primary energy commodities are transformed into
secondary energy commodities, i.e. oil products, biofuels, biogas and hydrogen, through conventional
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crude oil refineries, biorefineries, anaerobic digestion plants and hydrogen production technologies.
Some of these technologies produce electricity and/or heat, which can be used for DH, as a by-product
in addition to their primary output. Carbon Capture and Storage (CCS) options are currently not
considered within the model technology database. For a complete overview of the technology characterisation of biorefineries and biogas plants, the reader can refer to the Supplementary Material A,
while Balyk, Andersen, Dockweiler, Gargiulo, Karlsson, Næraa, Petrović, Tattini, Termansen, and
Venturini (2019) describes the main data sources used in TIMES-DK.
In the adopted model framework, straw can be utilised in different processes within the energy and
agriculture system (Figure 6): a) ploughed in the field, b) production of biogas through anaerobic
co-digestion with manure, c) production of bioethanol through hydrolysis and fermentation, d) production of heat in heat-only boilers, e) production of heat and power in combined heat and power
(CHP) plants, and f) production of bioalcohols and biodiesel through gasification and Fischer-Tropsch
(FT) synthesis, with or without hydrogen addition.
Manure
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Figure 6: Alternative pathways for the use of straw. CHP = Combined Heat and Power, H = Heat, E = Electricity,
PSA = Pressure Swing Adsorption, NPK = Marginal fertilisers (Nitrogen, Phosphorus and Potassium).

As biorefineries produce a considerable amount of excess heat as by-product, we assume that all
plants will be built only in central DH areas, thus having a large plant scale, in the range of 800-1400
kt of biomass feedstock per year. On the other hand, biogas plants are located in decentral areas to
benefit from the greater availability of the primary input resources, i.e. manure and other agriculture residues. As these resources have high water content, their transportation must be minimised.
Moreover, we distinguish between three different sizes of biogas plants to take economies of scale into
account (Nielsen and K. Jacobsen, 2017), (Boldrin, Baral, Fitamo, Vazifehkhoran, Jensen, Kjærgaard, Lyng, van Nguyen, Nielsen, and Triolo, 2016): small, medium and large scales respectively
correspond to 110, 320 and 500 kt of biomass feedstock per year. The plant investment cost and the
transport cost of biomass from the field to the plant are differentiated by plant scale.
Biomass type
Corn
Grass
Manure
Organic waste
Rapeseed
Straw
Sugarbeet
Woodchips & wood waste

Price (e/GJ)
9.3
5.5
0.0
0.0
17.7
5.5
5.7
6.1

Transport cost (¢e/GJ)
Small Medium
Large
27.2
27.2
27.2
3.8
6.2
11.1
5.1
6.6
7.4
12.5
20.6
36.9
27.2
27.2
27.2
3.8
6.2
11.1
4.1
6.3
8.0
32.2
32.2
32.2

Table 1: Gate prices (2016) and transport costs of biomass per plant size.

The transport cost of biomass is calculated considering the average transport distance for each plant
size, the transport cost by diesel truck, and the loading & unloading costs. Costs are derived from
Joint Research Centre (2015). For each feedstock, a distance radius to the plant is assumed: 23,
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44 and 61 km for sugarbeet (Boldrin, Baral, Fitamo, Vazifehkhoran, Jensen, Kjærgaard, Lyng, van
Nguyen, Nielsen, and Triolo, 2016); 6, 8 and 10 km for manure (Boldrin, Baral, Fitamo, Vazifehkhoran, Jensen, Kjærgaard, Lyng, van Nguyen, Nielsen, and Triolo, 2016); and 5, 10 and 20 km for the
other biomass types. The resulting transport costs for the different biomass feedstocks (¢e/GJ) are
reported in Table 1, along with the biomass price seen at the gate (e/GJ).
Figure 7 compares the total cost (e/GJ biogas) and energy efficiency of the biogas plants considered in
this study. When straw is anaerobically co-digested with manure to produce biogas, a pre-treatment
step is added to enhance the hydrolysis phase and ultimately the biogas yield, by increasing the
recovery of sugars from the ligno-cellulosic material (Kurian, Nair, Hussain, and Raghavan, 2013).
Several pre-treatment options are commercially available, including mechanical, chemical, biological
and thermo-chemical treatment. We assumed that straw is pre-treated through mechanical extrusion (Zheng and Rehmann, 2014), based on Danish experiences for biogas production, at a cost of
4.0 e/GJ of straw (Danish Energy Agency, 2014). Also sugarbeet needs to undergo pre-treatment,
i.e. washing, slicing and ensiling, prior to the anaerobic co-digestion with manure. The pre-treatment
cost is assumed at 4.5 e/GJ of sugarbeet, as proposed in the literature relevant for the Danish case
(Boldrin, Baral, Fitamo, Vazifehkhoran, Jensen, Kjærgaard, Lyng, van Nguyen, Nielsen, and Triolo,
2016).

Figure 7: Total cost of production of biogas by plant type (medium scale plants are assumed). Transport costs cover
the transport of biomass feedstocks to the plant, while delivery costs refer to the transport of biogas to the final use.
Investment costs are annualised with a 4% discount rate and 40 years lifetime, and reported for the year 2016.

3.2. Availability of resources
Spatial availability of energy resources can vary greatly, depending on the location and density of
residential and industrial settlements, agriculture fields, forest and farming areas. Moreover, while
temporal availability of biomass largely depends on seasonal and annual variations affecting farming
and natural forests, the generation of heat from biorefineries and industries is primarily driven by
the need to utilise the invested production assets optimally. In addition, waste incineration currently
allows for the safe disposal of residual waste in Denmark, where landfilling of combustible waste is
banned. As waste storage is constrained, considering e.g. the large share of organic waste in the
residential fraction, coupled with the need to limit plant over-dimensioning due to high capital costs,
waste incineration provides a rather constant delivery of power and heat. Accounting for variation
in the temporal and geographical availability of resources can provide a more detailed picture of
their competing uses, as well as the value of the by-products provided. This subsection describes the
assumptions behind the representation of biomass (Section 3.2.1), residual waste (Section 3.2.2) and
industrial excess heat (Section 3.2.3) in our modelling framework.
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Figure 8: Total production cost (e/GJ fuel) for range of biofuels which can be domestically produced, compared to
fossil counterparts (respectively gasoline, diesel and biokerosene) for 2020 and 2050. Transport costs cover the transport
of biomass feedstocks to the plant, while delivery costs refer to the transport of biogas to the final use. Investment
costs are annualised with a 4% discount rate and 20 years lifetime.

3.2.1. Biomass resources
The biomass resources considered in this study are manure, grass, straw, organic waste, corn, rapeseed, sugarbeet, wood pellets, woodchips and wood waste, as described in Table 2. Some of these
feedstocks could be imported from abroad, when the demand exceeds the national supply. Potentials have been estimated considering the amount of biomass which is technically available under
business-as-usual conditions, e.g. assuming no changes in diet, crop production and land management practices (Tonini, Vadenbo, and Astrup, 2017). The manure potential is expected to rise by
2050 without a corresponding increase in its generation rate, due to increased collection for anaerobic
digestion. Third-generation biomass, e.g. algae, is not included in this study.
Feedstock
Corn
Grass
Manure
Organic waste
Rapeseed
Sugarbeet
Straw
Woodchips & wood waste
Wood pellets
Total domestic

Potential (PJ)
2015
2050
45
45
4.1
6.7
14.5
28.7
1.9
4.2
10
15
10
15
54
54
40.7
41.6
N/A
N/A
176.5
206.1

Domestic/Imported
D&
D
D
D
D&
D&
D
D&
I

I

I
I
I

Reference
Danish Energy Agency (2013)
Danish Energy Agency (2014)
Danish Energy Agency (2013), AgroTech (2013)
Andersen and Larsen (2012)
Danish Energy Agency (2013)
Danish Energy Agency (2013)
Statistics Denmark (2016)
Danish Energy Agency (2013)
-

Table 2: Domestic (D) biomass potentials (PJ). D indicates that the resource is available in Denmark, while I indicates
that the resource can be imported from abroad.

As this study aims at evaluating the optimal use of straw, including the location and capacity of
biorefineries, we conducted a detailed geographical assessment of its availability. The generation of
straw is mapped considering the agricultural areas of the crops that produce the largest amounts of
straw in Denmark: winter wheat, spring barley, rye, winter barley and oats, which account for 97%
of the total straw generation (Danish Agricultural Agency, 2016). The amount of straw generated
at a national level is calculated assuming the national average straw yield per hectare of specific
cropland, as reported in Statistics Denmark (2016) (see Supplementary Material B for further information). The straw available is calculated as the percentage of straw currently used for energy, plus
the fraction left-on-field (Figure 9), as proposed by Tonini, Hamelin, and Astrup (2016). Therefore,
the amount of straw currently destined to animal bedding and fodder is excluded from the potential.
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Figure 9: Straw available for energy in Denmark in 2016, aggregated at municipality level.

However, the resulting potential should be regarded with caution, as there is yet a need to assess
the amount of straw that could be safely removed without incurring in soil deterioration and carbon loss (Blanco-Canqui and Lal, 2009). For instance, Hamelin, Jorgensen, Petersen, Olesen, and
Wenzel (2012) showed that straw removal can affect the carbon balance, depending on the crop and
the type of soil. On the other hand, allocating straw to energy purposes might be preferred over
straw ploughing when pursuing climate mitigation goals (Powlson, Riche, Coleman, Glendining, and
Whitmore, 2008), (Monteleone, Cammerino, Garofalo, and Delivand, 2015).
Straw is generated and stored after harvesting, which is a seasonal process. Changes in the composition of straw during storage are relatively small. Hamelin, Naroznova, and Wenzel (2014) report
a loss of 1.1% of the initial dry matter content after storage of dry straw bales for eight months.
Therefore, it is assumed that storage does not alter the composition, and annual potentials (PJ/year)
are thereby considered, i.e. straw must be used within a year of its generation. Finally, it is assumed
that the potential of straw available for energy in Denmark does not vary across time, i.e. it is equal
to the amount estimated for 2016.
3.2.2. Residual waste
Residual waste comprises combustible waste from households, services and industry, which does not
undergo a recycling process and needs to be disposed. In Denmark, 54% of the residual waste was
incinerated in 2014 for energy recovery (Eurostat, 2018). Although new options for residual waste
treatment might be developed in the coming years, with a higher added-value in economic and/or
environmental terms, e.g. gasification (Pizarro-Alonso, Cimpan, and Münster, 2018b), this study
assumes that all the residual waste available in Denmark has to be incinerated. Residual waste must
be incinerated within a week of its collection, while up to 50% of industrial waste can be stored for
a year.
Waste amounts, along with their composition, vary over time as a result of changes in, e.g. population,
consumption patterns, GDP and recycling rates. The econometric tool FRIDA is used to estimate the
amount and fractions of waste generated at a national level until 2050 (Andersen and Larsen, 2012).
The amount of residual waste is calculated by defining specific recycling goals for each fraction, as
to comply with the EU target setting the recycling of waste to minimum 65% by 2030 (European
Commission, 2017), herein maintained until 2050, as shown in Figure 10.
The availability of organic waste for anaerobic co-digestion with manure is expected to increase from
1.9 to 4.2 PJ (Table 2). This is due to an increase in waste separation at the source of generation,
which is a requirement to ensure the traceability of the waste, as well as the further possibility to
spread digestate on-land as a fertiliser (Danish Ministry of the Environment and Food, 2018).
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(a) Current geographical distribution

(b) Future prognosis

Figure 10: Geographical distribution of residual waste (a) and residual waste prognosis for Denmark (b).

3.2.3. Industrial excess heat
Bühler et al. (2017, 2016) have highlighted the unexploited potential for excess heat recovery from
thermal processes in Denmark after evaluating 22 industrial sectors, representing 79% of the energy
used in the Danish industry. Our study considers the excess heat production available within the
large district heating areas, i.e. 2.2 PJ/a, and the possibility to invest in heat pumps to utilise the
potential from low-heat sources, which could provide up to 2.1 PJ/a, as illustrated in Figure 11.
Furthermore, we assume that the amount of industrial excess heat and its geographical availability
will not vary throughout the years, as to reflect that no major changes will occur in the industry
composition and facilities location.

Figure 11: Geographical distribution of exploitable industrial excess heat in Denmark in 2014 (adapted from Bühler,
Petrovic, Karlsson, and Elmegaard (2017) and Bühler, Nguyen, and Elmegaard (2016)).
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4. Scenario definition
To investigate the optimal allocation of straw to the alternative uses under different conditions, three
scenarios are herein analysed, as described in Table 3. The scenarios progressively examine the cumulative impact of different constraints on the use of biomass, while modelling the whole energy
system. All scenarios include a constraint on the share of first-generation biofuels: in accordance
with the Renewable Energy Directive of the European Commission (European Parliament, 2018),
(European Commission. Directorate-General for Climate Action, 2016), the contribution from biofuels produced from food or feed crops will be no more than 7% of the final energy consumption in road
and rail transport by 2020. This limit is further reduced to 3.8% by 2030 (European Commission.
Directorate-General for Climate Action, 2016).
Scenario
Business As Usual

Abbreviation
BAU

Carbon-Constrained

CO2

No bioenergy imports

NO-IMP

Straw use
Heat and Power 23%
Left on field 50%
Fodder and bedding 27%
Energy system 73%
Fodder and bedding 27%
Energy system 73%
Fodder and bedding 27%

Manure use
-

CO2 Target

Biomass imports
Allowed

Biofuels imports
Allowed

Biofuel blending
X

-

X

Allowed

Allowed

X

≥ 50%

X

Not allowed

Not allowed

X

Table 3: Scenarios definition. X indicates active constraint.

The Reference scenario replicates the current use of straw (Statistics Denmark, 2016) until the end
of the modelling horizon. The split on the use of straw is calculated on the basis of its energy content
(% PJ) in 2014: 23% of the total harvested straw was utilised in the heat and power sector, i.e. CHP
plants and heat-only boilers, 27% was destined to fodder and bedding for animals, while the remaining 50% was left on the field. Moreover, in the Reference case, there are no imposed restrictions on
imports of biomass from abroad, as to reflect the current policies.
In the Carbon-constrained scenario (CO2 ), we analyse the effect of imposing a bound on the CO2 -eq
emissions for the whole energy system, yet excluding waste incineration, as this activity is highly
regulated and assumed to continue in the future. Therefore, according to the IPCC (2006) guidelines for National Greenhouse Gas Inventories , Eq.1 includes all the domestic emissions associated
to stationary and mobile combustion (category 1A); and some emissions from agriculture, forestry
and land use (categories 3A2, 3B & 3D), but only of those resources that could potentially be used
for energy purposes in Denmark (see Table 2). The overarching target on CO2 -eq emissions for the
year 2050 follows from Denmark’s ambition of being climate-neutral by 2050, i.e. Denmark absorbs
at least as much GHG as it emits (Danish Ministry of Energy, Utilities and Climate, 2018). As a
result, we set the sum of CO2 -eq emissions (CAPy ) from all sectors (S) to zero for year y = 2050,
ossil
C and biogenic GHGbio components,
including fossil GHGfs,y
, indirect land-use change GHGILU
s,y
s,y
as in Eq.1. Nevertheless, this assumption should be regarded as conservative, as emissions from the
agriculture sector in 2015 were 22% of the total Danish GHG emissions (excluding land use), while
the land use, land-use change and forestry (LULUCF) sector was estimated to be a net sink of 1% of
the total GHG emissions (Nielsen, . Plejdrup, Winther, Nielsen, Gyldenkærne, Mikkelsen, Albrektsen, Thomsen, Hjelgaard, Fauser, . Bruun, Johannsen, Nord-Larsen, Vesterdal, Callesen, Caspersen,
Rasmussen, Petersen, Baunbæk, and Hansen, 2017). As these two sectors are not accounted in Eq.1,
a negative cap might actually be required by 2050 to achieve the desired goal of climate neutrality
at a national level, unless emissions from the agricultural sector decrease drastically or the forest
carbon sink increases.
X

ossil
C
GHGfs,y
+ GHGILU
+ GHGbio
s,y
s,y = CAPy

(1)

s∈Sector

Additionally, in the CO2 scenario the constraint on the use of straw is relaxed, leaving the costminimisation program free to optimise the use of straw in the energy system considering the different
alternative uses: left on field; anaerobically co-digested with manure for the production of biogas;
combusted for the production of heat or combined heat and power; treated (hydrolysis) and fermented
for the production of bioethanol; gasified at high temperature and subsequently liquefied through
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FT synthesis to produce biokerosene or biodiesel.
The No bioenergy imports scenario (NO-IMP ) is centred around the utilisation of domestic resources.
Imports of first-generation biomass, i.e. corn, rapeseed, sugarbeet, woodchips and wood pellets, as
well as imports of liquid biofuels from outside Denmark follow a progressive decrease along the time
horizon until 2050, when imports are no longer allowed. Additionally, to strengthen the role of the
agricultural sector as a supplier of green energy (Green Growth Agreement, signed by the Danish
Government in 2009 and setting goals for 2020 (The Danish Government, 2009)), we force the use of
at least 50% of the livestock manure potential for the production of biogas.
For all scenarios, the time horizon ranges from 2010 to 2050, split in five-year periods, with 2015 as
calibration year.
5. Results
The size of a model influences its solving time: the NO-IMP scenario of this study is characterised in
TIMES-DK by 801,418 rows, i.e. equations, and 928,343 columns, i.e. variables or endogenous parameters, while the Balmorel & OptiFlow model is characterised by 2,367,358 equations and 4,400,779
variables. As described in Section 2, TIMES-DK is used as a linear programming model, while
Balmorel & OptiFlow, as applied in this study, is formulated as a mixed integer linear programming problem to model endogenously economies of scales. Therefore, due to the differences in sizes
and mathematical formulations, solving times differ significantly, with an average of 8 minutes for
TIMES-DK and 720 minutes for Balmorel & OptiFlow. In both cases, a CPLEX solver with barrier
algorithm is used.
5.1. Transition of the energy system
The optimal allocation of residual biomass should be analysed in the perspective of the transition
from the current to the future Danish energy system (Figure 12). The energy system becomes
increasingly integrated, with a growing electrification of the transport sector and heat production in
the three scenarios. Electricity and district heating generation are almost fossil-free, except for the
fossil component of residual waste, i.e. plastics. Nevertheless, the consumption of fossil fuels for heavy
transport and process heating is still significant in the Reference scenario, i.e. 90 PJ in 2050, whereas
the oil consumption decreases by 70% compared to 2015 levels. The CO2 and NO-IMP scenarios
(Figure 13 minimise the fossil fuel consumption by an increase in the energy efficiency, the use of
biofuels, investments in solar heating for low-temperature process heating in the industrial sector,
and the electrification of part of the demand. In addition, due to the limited biomass resources in the
NO-IMP scenario, constrained by the domestic potential, hydrogen is used to upgrade biogas and
syngas, boosting the production of biofuels. Hydrogen is mostly produced via electrolysis, thereby
increasing even more the electricity demand in the NO-IMP scenario, as well as the integration
between electricity, heat and transport sectors.
Renewable sources like wind and solar cover the entire domestic power production in 2050, except for
waste incineration plants. The increase in electricity demand in the CO2 and NO-IMP scenarios is
mostly fulfilled through the growth in offshore wind installations and in transmission capacity with
neighbouring regions. Heat generation in central areas shifts away from coal cogeneration plants
towards a combination of waste incineration, solar heating and excess heat from biorefineries in
the three scenarios. In decentral areas, heat pumps (HP) become the major source of heat supply,
providing around 62 PJ of heat in 2050 in the Reference, compared to 20 PJ in 2015.
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(a) 2015

(b) 2050
Figure 12: Danish energy system in the Reference scenario. The Sankey diagram reports the energy flows for the whole
energy system, from primary sources (both domestic and imported) to conversion processes (e.g. power plants) to the
end-uses (i.e. residential, industry and transport). Electricity trade with neighbouring countries is not reported for
simplicity.

5.2. Allocation of biomass resources
Biomass and waste play a relatively small role in 2015, accounting for 10% of the primary energy
supply, with 53 PJ used for the generation of heat and power, 9 PJ for the production of biogas, and
5 PJ in the industry and residential sectors. On the other hand, biomass and waste play a much
larger role in the energy system in 2050 already in the Reference scenario, corresponding to 40% of
the primary energy supply and replacing a great share of oil, coal and gas: 55 PJ are destined to
heat and power production, 70 PJ to industry and 92 PJ are converted to biofuels and biogas for the
transport and industry sectors. Biomass and waste play a dominant role also in the CO2 scenario,
amounting to 37% of the total primary energy supply in 2050, while it has a more modest role in the
NO-IMP scenario (23% of primary energy supply in 2050), due to the constraint on the sole use of
domestic resources. Biofuel production increases from 9 PJ in 2015 to 37 PJ in 2050 in the Reference
scenario (Figure 14), primarily consisting of biodiesel from gasification of woody biomass and biogas
from co-digestion of manure and organic waste, respectively used in freight trucks and industry.
Although the transport sector witnesses an increased level of electrification already in the Reference
scenario, corresponding to 31% of the total fuel consumed by all modes in 2050, sustainable liquid or
gaseous fuels are needed for those modes, such as heavy transport, navigation and aviation, where
electrification might be more difficult to achieve (with 36%, 32% and 1% supplied by respectively
18
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(a) CO2 (2050)

(b) NO-IMP (2050)
Figure 13: Danish energy system in the CO2 and NO-IMP scenarios, for the year 2050.

(bio)kerosene, biodiesel and heavy fuel oil in the Reference scenario in 2050). In the CO2 scenario,
biodiesel from gasification of straw and woody biomass amounts to 76 PJ in 2050, destined to industry,
freight trucks and national shipping. Around 73 PJ of woodchips or wood pellets need to be imported
in order to meet the demand for fuel and industrial heat.
In the CO2 and NO-IMP scenarios, biogas production increases considerably by 2050 due to the need
of avoiding the application of raw manure on land, as constrained by the climate-neutrality equation,
as well as to maximise the value of domestically available resources in the NO-IMP scenario.
The utilisation of straw changes across the three scenarios analysed, as illustrated in Figure 15. In
the Reference case, straw use reflects the current shares, with around 36 PJ left for ploughing on
agriculture fields, and 18 PJ combusted in CHP plants and heat-only boilers. In the CO2 scenario,
the imposition of a bound on CO2 emissions drives the allocation of straw away from agriculture
fields towards biorefineries to produce biofuels, which displaces the use of fossil fuels in the energy
system. Starting from 2025, straw is increasingly converted to biodiesel through gasification and FT
synthesis. In the most stringent scenario, NO-IMP, where imports of bioenergy from abroad are not
allowed, straw is mostly converted to biofuels for aviation, i.e. biokerosene.
In the NO-IMP scenario, almost all biogas produced in 2050 (33 PJ - see Figure 14) from codigestion of manure, grass, organic waste and energy crops is upgraded to natural gas quality through
methanation with hydrogen, which allows to boost the methane production. Biomethane supplies
part of the heavy-duty road transport with domestic bioenergy resources, while the remaining 0.3
PJ are used in industrial sectors for high-temperature process heating. Furthermore, both biodiesel
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Figure 14: Biofuel and biogas production and imports in the analysed scenarios.

Figure 15: Use of straw across years in the analysed scenarios.

and biokerosene production processes use hydrogen from electrolysis (31 PJ H2 ) to boost the process
efficiency (Figure 15). Therefore, it is only under the condition of restricting bioenergy imports,
thus relying solely on domestic resources, that hydrogen plays a stronger role in the energy system.
However, this last scenario presents a certain degree of infeasibility, suggesting that domestic resources
are not sufficient to supply the whole final energy demands. Imports of biofuels will be still required
in 2050, e.g. 20 PJ of biokerosene for the aviation sector, unless new technologies are developed or
the domestic biomass potential increases through changes in, e.g. land use and agricultural practices,
while respecting sustainability principles. The infeasibility of the NO-IMP scenario is detected
through the definition of slack variables, simulating the additional required import of resources (at
a higher price) to satisfy the end-use demands. The introduction of slack variables allows to detect
model infeasibilities while at the same time obtaining an optimal solution for the problem.
In the formulation of the optimization model TIMES-DK, the marginal value of straw, which is the
shadow price of the equation that restricts its availability, describes the cost change in the objective
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function if the availability of the commodity is increased by one unit, i.e the benefit or expense
associated to the consumption of an additional unit of commodity. Therefore, the marginal value
of straw, as shown in Figure 16, gives an indication of its market value under perfect competitive
market conditions. The marginal price of straw doubles in the CO2 scenario with respect to the
Reference, from 11 to 22 e/GJ in 2050, due to the rise in the demand of biomass to comply with the
emission reduction targets. For comparison, the current average Danish price for straw at the plant
gate amounts to 5.0-5.5e/GJ (Bentsen, Nilsson, and Larsen, 2018). Under the hypothetical condition
of supplying only from domestic biomass resources by 2050 (NO-IMP scenario), the marginal value
of straw is affected by the existence of an infeasibility related to the inability to satisfy the whole
energy demand with domestic resources, as well as the lack of alternative technologies, e.g. ammonia
for shipping (van Biert, Godjevac, Visser, and Aravind, 2016) or electrified roads. This results in an
extremely high marginal price of straw (2845 e/GJ in 2050), reflecting the value attributed to the
goal of self-sufficiency.

Figure 16: Marginal price of straw in the analysed scenarios.

Figure 17 compares the annual costs of the energy system for the three scenarios, all of which witness
increasing investment and fixed O&M costs over the modelled years. Moreover, to more stringent
policies correspond higher total costs, as a result of the increasing number of constraints imposed
onto the system, i.e. carbon abatement and resource limitations. As a result, the total discounted
system cost for the analysed time horizon (i.e. the objective function of the optimization problem)
equals to respectively 291, 293 and 483 billion efor the Reference, CO2 and NO-IMP scenarios. The
much higher system cost for the NO-IMP case is also to be ascribed to the presence of slack biofuels
imports (amounting to 159 billion e).
5.3. The role of biorefineries in future energy systems
Biorefineries play an important role in ensuring the transition towards a climate-neutral system,
where the use of fossil fuels is progressively phased out. Furthermore, biorefineries can provide
valuable by-products, such as heating, as long as there is a market that can absorb it. Results from
Balmorel-OptiFlow in Figure 18 show the optimal location and sizing of biorefineries, constrained
by economies of scale, considering the availability of resources and the competition between waste
incineration plants and industrial excess heat for supplying the base-load heat.
In 2050, biorefineries may supply up to one third of the DH demand in central areas in Denmark
(in the CO2 scenario, where heating production from biorefineries is the largest), if their location as
well as investments in inter-seasonal heat storage (e.g. water pitches) are optimized. The installed
capacity in inter-seasonal heat storage in central DH networks by 2050 corresponds to 991 GWh
(3% of the total DH demand in those networks) in the Reference, 1356 GWh (4% of the total DH
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Figure 17: Annual system costs by type in the analysed scenarios (sunk costs are not included).

demand) in the CO2, and 926 GWh (3% of the total DH demand) in the NO-IMP.
Incineration WtE plants can cover up to 25% of the DH demand in central areas, while industrial
excess heat can supply around 1%. Incineration plants are centralised due to the meaningful impacts
from economy of scale, as discussed by Pizarro-Alonso, Cimpan, Ljunggren Söderman, Ravn, and
Münster (2018a). They are located in the areas with the largest populations, hence the highest waste
generation and minimum transport costs, and large district heating demands.
Biorefineries need to be relatively centralised due to the impacts from economies of scale, with
the possibility to install up to five straw biorefineries in Denmark, if the full potential is utilised.
Comparing Figures 9 and 18, the optimal location of straw biorefineries is largely driven by the
possibility to use the excess heat, hence they will be located in areas with relatively large district
heating demands (red areas in Figure 3 (a)), and their location will also depend on the need to
minimise transport of resources, but subject to the requirements from economies of scale. In the
CO2 scenario less than 11% of the heat produced by biorefineries would have to be cooled down by
2050.

Figure 18: Location of waste incineration plants and biorefineries as a result from Balmorel-OptiFlow (the size of the
symbols is proportional to the amount of district heating provided).

Figure 18 shows that there is a coexistence of different biorefineries and incineration plants within
the largest district heating networks. Nevertheless, if the possibility to install inter-seasonal heat
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storage is limited, location of incineration plants remains similar, while biorefineries would be placed
in smaller district heating networks. In this way, the competition for supplying the base-load heating
demand would be minimised, as well as the cooling down of heat, despite the fact that it would
increase to approximately 20%.
In addition to the straw-based biorefineries, in the Reference and CO2 scenarios, four biorefineries
for biodiesel production from woodchips/wood pellets are built in 2050, and located in the largest
DH grids to efficiently recover the large amount of excess heat provided. Similarly, in the NO-IMP
scenario, two biorefineries for biodiesel production and one for methanol production from domestic
woodchips are constructed, also located in the largest DH grids. Other biorefineries, such as biodiesel
from rapeseed and bioethanol from corn in the Reference and NO-IMP scenarios, have very low
excess heat production, and their optimal location is driven by the location of their feedstocks, being
preferentially placed in smaller DH grids.
5.4. Greenhouse gas emissions assessment
The decrease in fossil emissions from 2015 to 2050 shown in Figure 19 is explained by a transition away from fossil resources, especially in the power and district heating sectors, with increasing
investments in wind, solar power and heat pumps, along with the introduction of electric vehicles
and biofuels in the transport sector. Given the current decrease in costs for renewable technologies
and demand electrification, and the economic benefits associated to the implementation of moderate energy efficiency measures, the Reference scenario already experiences a deep decrease in fossil
emissions without specific climate policies. The remaining fossil emissions in 2050 for the Reference
scenario come from industry, heavy transport and waste incineration plants. In both the CO2 and
the NO-IMP scenarios, fossil CO2 emissions are almost fully abated by 2050, through an increased
use of renewable-based electricity and bioenergy in industry, freight, aviation and shipping, as well
as an increase in the energy efficiency.

Figure 19: Evolution of fossil CO2 emissions from the energy system in the analysed scenarios.

The evolution of biogenic emissions, as reported in Figure 20, shows that emissions increasing the net
balance are related to the ILUC effects associated with first-generation biomass, emissions associated
to indoor and outdoor storage of raw manure, and fugitive losses of methane from biogas production
in the anaerobic digesters. On the contrary, negative biogenic emissions from bioashes and spread of
digestate on land contribute to restoring the soil carbon balance.
In the Reference, the net positive biogenic emission balance is explained by the ILUC effects from
woodchips being larger than the benefits provided by applying the bioashes from gasification on soil.
In both the CO2 and the NO-IMP scenarios, negative biogenic emissions increase in the future,
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Figure 20: Evolution of biogenic CO2 -eq emissions from the energy system in the analysed scenarios including ILUC.

following from the increased gasification of woody biomass and straw for the production of biofuels,
thus the subsequent application of bioashes on land.
In the Reference, 25% of the manure available for anaerobic digestion is cost-effectively diverted to
produce biogas, while 75% is still spread on land by 2050. Emissions from spread of raw manure on
land increase over time, as it is assumed that the manure potential available for anaerobic digestion
increases (Table 2). In the CO2 and NO-IMP scenarios, all manure available for energy is destined
to anaerobic digestion by 2050, due to the need to minimise emissions from raw spread on-land.
Furthermore, avoided emissions from the application of digestate from manure co-digestion with
the organic fraction of waste and induced emissions from digestate from manure mono-digestion are
present in the three scenarios. However, their impact on the biogenic carbon balance is very limited.
In the NO-IMP scenario, negative emissions associated to the spreading of digestate from anaerobic
co-digestion of manure with grass and sugarbeet are also present, as illustrated in Figure 5.

Figure 21: Avoided fertilisers (N,P,K) by substituting source in the analysed scenarios.

TIMES-DK accounts for the avoided fertiliser production achieved through substituting soil fertilising
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effects through ploughing straw on field, spreading raw manure, recovering and spreading on land
the digestate from anaerobic digestion and bioashes from gasification processes (Section 2.4). Figure
21 provides an account of the fertilising effects achieved by the different processes across the three
analysed scenarios. While fertilisers from spreading raw manure are dominant and increasing over
the years in the Reference scenario, these are sharply disappearing in the last years of the modelling
horizon (2045-2050) under more constrained scenarios (CO2 and NO-IMP ), as a result of diverting
animal manure to the more climate-effective anaerobic digestion plants. Digestate recovered from
these plants can thereafter be spread on land for soil fertilising effects, increasing especially in the
NO-IMP scenario where more biogas plants are invested in.
5.5. Sensitivity analysis
Biomass might represent a large share of the Danish energy consumption in the future, both under
business as usual conditions, but especially in a stringent climate mitigation scenario. Biomass will
likely play a key role in the supply of fuels to industry, heavy-duty transport and aviation sectors.
From this point of view, the availability of sustainable domestic biomass is crucial to minimise the environmental impacts of the future energy system. The domestic potential of first-generation biomass
destined to the energy sector, e.g. sugarbeet and rapeseed, is uncertain, and it depends on factors
such as land use, land availability, climate conditions and economic feasibility of fuel conversion
pathways.
Figure 22 (left) illustrates the impact of the availability of Danish energy crops on the degree of
energy self-sufficiency for the NO-IMP scenario in 2050. Bioenergy imports in the CO2 scenario
amount to 73 PJ of woodchips and 48 PJ of biofuels by 2050. In the NO-IMP scenario, a larger
availability of rapeseed and sugarbeet, primarily destined to biogas and biodiesel production, diminishes the need for imports of biokerosene from abroad, albeit with the same impact on the use of
straw, both under a 50% and a 100% increase. This effect can be explained by the fact that all the
available straw is already fully utilised for the production of biokerosene in the +50% case. On the
other hand, a lower potential of energy crops increases the need for imports of aviation fuel, unless
alternative production routes for biokerosene become commercially feasible. The potential of straw
available for energy is currently uncertain, and a further analysis could consider soil-specific rates of
straw removal, while maintaining safe and sustainable levels of soil organic carbon (SOC), structure
and water retention (Blanco-Canqui and Lal, 2009). By analogy with these modelling results, a lower
availability of straw would increase biokerosene imports.

Figure 22: Impact of energy crops availability on the domestic biofuel supply and straw utilisation - Sensitivity analysis
for the NO-IMP scenario in 2050 (left) & Impact of carbon recovery from recycling of bioashes on biofuel production
and imports - Sensitivity analysis for the CO2 scenario in 2050 (right).

In the perspective of adopting a more circular use of domestic resources, the recycling of the byproducts from biomass gasification back into agricultural fields can enhance soil nutrients and organic carbon. The application of biochar on Danish soil demonstrated the potential of substituting
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mineral fertiliser and traditional lime (Hansen, Muller-Stover, Imparato, Krogh, Jensen, Dolmer,
and Hauggaard-Nielsen, 2017), while it presented no negative effects on soil microorganisms and
earthworms. Moreover, biochar in sandy soils has a positive influence on water holding capacity and
soil structure (Ahrenfeldt, Thomsen, Henriksen, and Clausen, 2013). However, the contribution to
restoring the SOC is more debated and location-dependent, with some studies showing no effects
on SOC from biochar application on soil (Hansen, Muller-Stover, Imparato, Krogh, Jensen, Dolmer,
and Hauggaard-Nielsen, 2017), and other analyses concluding on the positive climate impact of carbon soil sequestration through biochar produced from straw gasification (Sigurjonsson, Elmegaard,
Clausen, and Ahrenfeldt, 2015).
In this view, we performed a sensitivity analysis on the CO2 scenario, testing decreasing levels of
carbon recovering from bioashes of biomass gasification, with 100% corresponding to the base level,
as illustrated in Figure 22 (right). Decreasing levels of carbon recovery from application on soil result in reduced domestic biofuel production and corresponding increased reliance on biofuel imports,
especially second-generation biodiesel. This trend can be explained by the progressive diminishing
benefit of using bioashes as a carbon sink, which contributes to the climate neutrality goal, thus
opting for cheaper biofuels produced abroad (for which sustainability needs to be ensured).
6. Discussion
6.1. Technology prioritisation
Residual biomass resources become increasingly valuable for the production of sustainable fuels and
heat, particularly under stringent climate mitigation scenarios and energy self-sufficiency goals. Under these conditions, a socio-economic optimization prioritises the gasification route with subsequent
Fischer–Tropsch synthesis to biofuels, i.e. biodiesel and biokerosene, to supply the heavy segments
of the transport sector. Additionally, the possibility of recovering the excess heat from biorefinery
plants in central DH networks, as well as recycling carbon and nutrients into the soil, contributes to
the attractiveness of this route. On the other hand, although first-generation biomass is domestically
available, indirect land-use change effects hinder its utilisation for the production of biofuels or biogas
in a carbon-constrained scenario.
While biomass gasification technologies coupled with FT synthesis represent a promising option for
the production of alternative transport fuels, further technology development and scaling are needed
to achieve commercial installations (Sikarwar, Zhao, Clough, Yao, Zhong, Memon, Shah, Anthony,
and Fennell, 2016). However, large-scale applications exists for the biomass gasification technology
in isolation, e.g. for the cogeneration of heat and electricity (Ahrenfeldt, Thomsen, Henriksen, and
Clausen, 2013). Among possible technological improvements, gas yields can be further optimized by
increasing gasification temperatures (Qin, Lin, Jensen, and Jensen, 2012), and by pre-heating and
drying the biomass (Alamia, Larsson, Breitholtz, and Thunman, 2017), while the production of tar
and soot can be limited by adjusting the injection of steam and excess air in the process (Qin, Lin,
Jensen, and Jensen, 2012).
The comparison with other energy system assessments in the Danish context reveals relatively similar results. The possibility of boosting biofuel production from thermal gasification through syngas
hydrogenation has been highlighted also in other studies (Connolly, Mathiesen, and Ridjan, 2014),
representing a valuable option, particularly when assuming limited availability of biomass. In line
with the results of the NO-IMP scenario, domestic biomass resources are in the long run insufficient to supply the total Danish fuel demand (Tonini, Vadenbo, and Astrup, 2017), (Larsen, Jepsen,
and Frederiksen, 2013), unless adopting different cropping systems, improving harvest practices and
increasing land dedicated to fast-growing forest biomass (Gylling, Jørgensen, Bentsen, Kristensen,
Dalgaard, Felby, Larsen, and Johannsen, 2016).
Other studies conducting pure environmental optimization of technology pathways for residual biomass
revealed the combustion of straw for cogeneration of heat and power as the preferred alternative
(Tonini, Vadenbo, and Astrup, 2017), as it displaces coal- and gas-fired heat and power generation,
with a temporal scope up to 2030; while manure-straw co-digestion for biogas production is preferred
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over second generation bioethanol in Wenzel, Høibye, Duban Grandal, Hamelin, Bird, and Olesen
(2014), with a time frame up to 2050. However, in Tonini, Vadenbo, and Astrup (2017), when imposing renewable targets on transport fuels and enforcing a phase-out of coal and oil, part of the
straw resources are diverted to bioethanol production, and part of the woody biomass to thermal
gasification and FT synthesis. The divergent technology optimization arises from different modelling
horizons, conversion pathways and dimensions covered in the studies, i.e. the economic dimension was
not included in neither Tonini, Vadenbo, and Astrup (2017) nor Wenzel, Høibye, Duban Grandal,
Hamelin, Bird, and Olesen (2014). Moreover, in Wenzel, Høibye, Duban Grandal, Hamelin, Bird,
and Olesen (2014) it was assumed that no carbon goes back to the soil from gasification processes.
Our analysis adopts a long-term vision up to 2050, when Denmark aims to be fossil-independent
and climate-neutral. In this perspective, decarbonisation of heavy transport and high-temperature
process heating are also required. Cogeneration or bioethanol routes could result in lock-in pathways
with the possibility to generate stranded assets if a full decarbonisation is pursued in the Danish
energy system, thus highlighting the importance of using adequate foresight horizons when assessing
long-term goals in the short- and medium-term energy planning.
Regarding the decarbonization of the industrial sectors, we have allowed a complete fuel switch from
coal in the Reference scenario towards other sources (gas, biogas, synthetic natural gas, electricity
and biomass) in the CO2 and NO-IMP scenarios. Although this fuel substitution might be feasible
for many of the industrial sectors operating in Denmark currently and in the foreseeable future, it
might be more challenging for the heavy segments, i.e. glass, concrete and metal industries, where
radical changes would be required in the industrial processes and/or in the industry configuration in
Denmark.
6.2. Modelling approach
This study analysed the optimal use of straw from a socio-economic perspective, considering the
competing allocation options in different end-use sectors by applying the energy system optimization model TIMES-DK. A holistic multi-sectoral approach is required to represent a more integrated
system that allows to achieve a high degree of decarbonisation in a cost-efficient way. On the other
hand, this study has not considered the demand of biomass resources for materials, which might become increasingly important, e.g. given the fact that the European Parliament approved on October
2018 a ban on single-use plastics by 2021, due to rising concerns on plastic pollution in the ocean.
Therefore, further analyses could be extended to integrate the demand for materials, which might
compete with the energy sectors for biomass resources, among others.
This study introduced a novel model linkage between TIMES-DK and the detailed spatio-temporal
optimization model Balmorel-OptiFlow, with the latter able to capture transport of resources, dispatch dynamics and chronologies. Furthermore, it includes endogenous electricity trade between
Denmark and four neighbouring countries (Sweden, Norway, Germany and Finland), the representation of the 34 largest district heating networks in Denmark as unique entities without aggregation,
and the consideration of economies of scale for biorefineries and waste-to-energy plants by introducing binary variables. This modelling framework is computationally demanding due to the need to
use MILP, as well as a large number of time slices and geographical divisions for achieving a disaggregated representation of DH and electricity trade dynamics.
As a large part of the excess heat from biorefineries can be efficiently used in Danish DH networks
by optimizing heat storage, the linkage of TIMES-DK with Balmorel-OptiFlow does not modify the
conclusions regarding the optimal use of straw. Nevertheless, the use of the Balmorel-OptiFlow
model allows not only to show the optimal use of straw, but also the techno-economical feasibility of
investments in biorefineries. Results indicate specific information regarding how many biorefineries
might be needed, where they could be located or heat storage requirements, all of which can provide
relevant support to decision-making in energy planning and, in a broader perspective, public policy.
Therefore, depending on the specific questions to be addressed, the use of TIMES-DK as a standalone model might be sufficient to provide more aggregated information on the energy system, e.g. the
optimal use of straw. Nevertheless, to determine the actual feasibility of these results (e.g. as infor27
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mation to the public debate), the application of models with detailed spatial and temporal resolution
is recommended despite the computational drawbacks.
6.3. Policy implications
In Denmark, the existence of large-scale energy producers has been instrumental in developing the
straw to energy market (Bentsen, Nilsson, and Larsen, 2018), mainly through the refurbishment of
coal-fired power plants. However, in compliance with stringent climate targets, residual biomass
should be more effectively diverted to the production of transportation fuels, as to supply the heavyduty segments where the use of electricity presents a challenge.
In contrast with the modelling results, overnight investments in biorefinery technologies, as well as
connections with DH networks, may however not be immediately technically feasible in reality. These
would instead require the development of efficient supply chains, the formulation of new business
models (e.g. recycling of by-products and farmers compensation), the advancement in technology
R&D (e.g. thermal gasification of straw linked to production of liquid fuels) and, not least, financing
and political support. Currently, the value chains supporting the combustion of straw for power
and heat production in boilers and CHP plants present a variety of formal contracts and informal
agreements among the actors involved, according to the size of the plant (Bentsen, Nilsson, and
Larsen, 2018). These include the operations from straw harvest to final disposal of ashes. The
success of straw-to-biofuel applications would entail a more regulated commodity pricing coupled
with sustainability labelling of first-generation biomass for energy use, as well as formalised and
operative climate targets or carbon pricing, especially targeting the transport sector.
This study focused on Denmark, where straw is mostly left-on-field, or used for fodder, bedding or
energy. However, in many parts of the world, peasants often burn the straw in-situ after the harvest,
in spite of the fact that local governments usually ban this practice (Lohan, Jat, Yadav, Sidhu, Jat,
Choudhary, Peter, and Sharma, 2018), (Chen and Zhang, 2015), (Forster-Carneiro, Berni, Dorileo,
and Rostagno, 2013). Farmers need to remove straw fast to plant crops for the next growing season,
with straw burning being a cheap and immediate solution (Zhang, Liu, and Hao, 2016). Straw
burning damages the air quality, and subsequently health, and visibility and mobility due to the
creation of haze and smog (Li, Li, Li, Tian, Zhao, Wang, Wang, and Shi, 2016), (Zhang, Liu, and
Hao, 2016), (Kumar and Kumar, 2016). There are also climate effects due to the emissions of black
carbon (Chen, Li, Ristovski, Milic, Gu, Islam, Wang, Hao, Zhang, He, Guo, Fu, Miljevic, Morawska,
Thai, LAM, Pereira, Ding, Huang, and Dumka, 2017), and a decrease in the soil quality. Furthermore,
straw burning might lead to uncontrollable fires (San-Miguel-Ayanz, Schulte, Schmuck, and Camia,
2013), which can threaten people’s lives, infrastructures and ecosystems. The persistent challenges
related to deposition of agricultural residues require integrated policies from the agricultural and
energy spheres to divert straw towards energy production or biorefineries if deemed optimal, while
preserving soil organic carbon stocks (Chen and Zhang, 2015). The use of integrated energy systems
analysis models, including the spatio-temporal availability of straw, as shown in this study, could
support the decision-making processes and policy definition.
7. Conclusions
This study investigated alternative pathways for the optimal use of straw in the Danish context,
applying both techno-economic and environmental considerations, under a range of climate and
resource-constrained scenarios. The optimal allocation of straw was assessed with the bottom-up
optimization model TIMES-DK. Afterwards, the techno-economical feasibility of straw biorefineries,
as well as their optimal location and size, was analysed through the use of the Balmorel-OptiFlow
model, having a detailed representation of geography and time. The modelling approach showed that
a more aggregated representation of spatial and temporal dimensions might be sufficient to assess
the optimal use of straw. Nevertheless, a detailed modelling might still be valuable to determine its
techno-economic feasibility under a systems perspective.
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The performed socio-economic optimization revealed the increased value of straw in a future decarbonised energy system, especially when energy self-sufficiency targets are pursued, e.g. due to security
issues or concerns about the origin, thus the sustainability, of foreign biomass feedstocks. Modelling
results highlighted the attractiveness of the gasification route with subsequent Fischer–Tropsch synthesis for the production of biofuels, i.e. biodiesel and biokerosene, to supply the heavy segments of
the transport sector under carbon-constrained scenarios. In addition, a holistic planning of biorefineries, electricity and district heating systems increases the utilisation of excess heat recovery from
biorefineries, which further maximises the value of straw and minimises the total cost of satisfying
end-use demands.
The utilisation of straw for heating or cogeneration in future carbon-constrained scenarios is limited,
due to the higher value associated to its use in sectors where electrification and decarbonisation
are complex. Nevertheless, in the Reference scenario, straw is a valuable resource for electricity,
but mostly for district heating production, as straw boilers can balance the production from other
sources, such as heat pumps, and winter peaks; moreover, electricity generation by wind, balanced
with electricity trade, is very cost-competitive. Biogas production does not represent a cost-optimal
alternative for straw, as its high lignin content would require an expensive pre-treatment process.
Finally, straw is not used for bioethanol production through fermentation, as bioethanol is mostly
used in light-duty vehicles, which can be electrified.
Modelling results indicated that relying on domestic biomass resources would not attain energy selfsufficiency in a carbon-constrained case, if assuming no drastic changes in diet, crop production and
land management practices. Nevertheless, if hydrogen, electrofuels or ammonia, among other technological innovations, become commercially feasible alternatives for the supply of liquid and gaseous
fuels, biomass demand would decrease. Among these options, direct air carbon capture could provide the needed CO2 feedstock, which can be combined with hydrogen to produce carbon-neutral
fuels (Blanco, Nijs, Ruf, and Faaij, 2018). Therefore, further research should advance technology
pathways for straw utilisation and the development of an operative regulatory framework, as well
as advance innovative solutions for those sectors that cannot be electrified. This would promote the
transition towards climate neutrality in a cost-efficient way, while both pursuing the target of energy
self-sufficiency and minimising the need for biomass, as its sustainability remains uncertain.
It is challenging to achieve carbon neutrality unless carbon sinks increase, such as natural carbon
sinks or artificial techniques for carbon sequestration. Straw use might bring net negative impacts
on the Danish greenhouse gases balance when applying bioashes from gasification for restoring soil
nutrients and carbon in agriculture fields. However, these impacts are still uncertain. Emissions
associated to indirect land-use changes from other biomass feedstocks should still be compensated
with an increase in carbon sinks to achieve the desired goal of climate neutrality, even more if the
global demand for biomass rises and land governance is imperfect, thus resulting in higher indirect
emissions to be offset.
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The following Supplementary Material provides the background data and assumptions used in this
article:
• Supplementary Material A: Technology data for biorefineries and biogas plants.
• Supplementary Material B: Straw generation in Denmark.
• Supplementary Material C: Exogenous assumptions for socio-economic scenarios.
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Supplementary Material A - Technology data for biorefineries and
biogas plants
Giada Venturini, Amalia Pizarro Alonso and Marie Münster
Main fuel

Process

Inputs

Outputs

Biomethanol

Gasification & FT synthesis

Woodchips

Biomethanol
Heat
Bioethanol
DDGS
Heat
Bioethanol
Sugar beet pulp
Heat
Bioethanol
Heat
Biokerosene
Bio Ethanol
Electricity
Heat
Bioashes
Biokerosene
Bio Ethanol
Electricity
Heat
Bioashes
Biodiesel
Glycerol

Bioethanol

Fermentation

Corn
Electricity

Fermentation

Biokerosene

Biodiesel

Sugar beet
Electricity

Fermentation

Straw

Gasification & FT synthesis

Straw

Gasification & FT synthesis + H2

Straw
Hydrogen

Transesterification of vegetable oil

Rapeseed oil
Bio Methanol
Electricity
Heat
Rapeseed oil
Hydrogen
Electricity

Hydro-treatment of vegetable oil

Biomethane

Gasification & FT synthesis

Straw

Gasification & FT synthesis

Woodchips

Gasification & FT synthesis + H2

Straw
Hydrogen

Methanation Sabatier

Biogas
Hydrogen
Electricity
Biogas
Electricity

Pressure Swing Adsorption

Investment cost
(Me 2016/PJ fuel/year)
36.7

O&M cost
(Me 2016/PJ fuel/year)
1.1

Evald et al. (2013)

19.4

2.2

Evald et al. (2013)

25.1

9.7

Evald et al. (2013)

72.1

5.5

Evald et al. (2013)

185

5.5

Evald et al. (2013)

185

5.5

Evald et al. (2013)

90%

7.9

0.1

Evald et al. (2013)

4%
89%

20.3

0.6

Evald et al. (2013)

118.1

3.6

Evald et al. (2013)

45.7

1.4

Evald et al. (2013)

118.1

3.6

Evald et al. (2013)

5.2

1.6

Jürgensen et al. (2015)

50.2

0.3

Beil and Beyrich (2013)

Efficiency

Output heat

53%

Source

69%
45%
7%
55%
7%
41%
57%
35%

55%
41%

40%

Biodiesel
Bio Ethanol
LPG
Heat
Biodiesel
Bio Ethanol
Electricity
Heat
Bioashes
DME
Heat
Bioashes
Biodiesel
Bio Ethanol
Electricity
Heat
Bioashes
Biomethane
Heat

44%

Biomethane

98%

1%
35%

55%

72%
41%

40%
57%
8%

Table 1: Biorefineries included in the model TIMES-DK. Efficiency = PJ main fuel output/PJ inputs. Output heat = PJ heat/PJ
main output. Abbreviations: Distiller’s Dried Grains with Solubles (DDGS), Dimethyl Ether (DME), Liquefied Petroleum Gas
(LPG), Fischer–Tropsch (FT).

Inputs
Manure
Electricity
Heat
Sugarbeet
Manure
Electricity
Heat
Straw
Manure
Electricity
Heat
Organic waste
Manure
Electricity
Heat
Grass
Manure
Electricity
Heat

Efficiency

Auxiliary input

76%

Input shares
(% PJ)
100%

Investment cost
(Me 2016/PJ biogas/year)
571

O&M cost
(Me 2016/PJ biogas/year)
4

Hamelin et al. (2014), EA Energy Analysis (2014)

51%
49%

521

3

Boldrin et al. (2016), EA Energy Analysis (2014)

75%
25%

444

3

Hamelin et al. (2014), EA Energy Analysis (2014)

82%
18%

444

13

Hamelin et al. (2014), EA Energy Analysis (2014)

85%
15%

444

14

Wall et al. (2013), EA Energy Analysis (2014)

Source

0.6%
1.4%
67%
6.1%
20.3%
75%
1%
1.3%
47%
1.9%
7%
24%
1%
1.3%

Table 2: Biogas plants included in the model TIMES-DK. Efficiency = PJ biogas produced/ PJ input feedstocks. The auxiliary
input for electricity and heat is measured in PJ input/PJ biogas (%). Digestate output rates per biogas plant type are derived
from Hamelin et al. (2014). The assumed methane volumetric content in biogas is 65%. Investment and O&M costs refer to a
medium-size plant (320 kt feedstock/year).
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Supplementary Material B - Straw generation in Denmark
Amalia Pizarro Alonso, Giada Venturini and Marie Münster
This supplementary material presents the methodology applied to estimate the amount of straw available for
energy in Denmark, based on the cropland areas of winter wheat, spring barley, rye, winter barley and oats,
which generate 97.5% of the total amount of straw produced in the country on an annual basis (Statistics
Denmark, 2016). Straw from triticale, spring wheat, grain maize and field peas has not been considered in
this study.
The Danish Agricultural Agency, belonging to the Ministry of Environment and Food, publishes geo-data
for the agricultural sector (Danish Agricultural Agency, 2016). The database Marker16 provides information
about the localising coordinates of the agricultural fields, as well as their extension, in Denmark as of June
2016. These data were downloaded in Shape format (ESRI geodata file structure) and processed with QGIS
Desktop 2.14.22 (QGIS Development Team, 2017). The geo-spatial information of the crops of interest was
aggregated by municipality level (98 municipalities in Denmark1 ), as depicted in Figures 1 - 5.

Figure 1: Winter wheat cropland area in Denmark in 2016 (adapted from Danish Agricultural Agency (2016))

Figure 2: Spring barley cropland area in Denmark in 2016 (adapted from Danish Agricultural Agency (2016))

1 Agricultural

production in the municipality of the island of Bornholm has not been included
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Figure 3: Rye cropland area in Denmark in 2016 (adapted from Danish Agricultural Agency (2016))

Figure 4: Winter Barley cropland area in Denmark in 2016 (adapted from Danish Agricultural Agency (2016))

Figure 5: Oat cropland area in Denmark in 2016 (adapted from Danish Agricultural Agency (2016))

2

243

Paper III

The total amount of straw generated yearly is estimated by using average straw yields for Denmark, for each
type of crop, as defined in Table 1. Even if the yield might vary due to differences in soil composition and use
of fertilisers, a national average value across all the fields is assumed. The total amount of straw generated in
Denmark, under the previous assumptions, is 5.2 Mt/a, as illustrated in Figure 6. Given the different current
uses of straw, and considering that only the fractions used for energy and left on the field could potentially be
used in future energy systems, the amount of straw available is 3.6 Mt/a, with the geographical distribution
represented in Figure 7.
Crop

Straw Yield (t/ha)

Winter Wheat
Spring Barley
Rye
Winter Barley
Oats

4.00
3.01
4.64
3.39
3.05

Fodder
9%
30%
9%
23%
19%

Use of Straw
Bedding Energy Left on Field
9%
36%
45%
14%
21%
35%
21%
25%
46%
16%
30%
32%
15%
10%
65%

Table 1: Straw in Denmark (Statistics Denmark, 2016)

Figure 6: Total amount of straw generated in Denmark in 2016

Figure 7: Estimated straw available for energy production in Denmark in 2016
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Since the late 1940s there has been a gradual consolidation of agriculture into fewer and larger farms (Bojesen et al., 2015), which is especially prevalent in Denmark, with a continuous development towards a more
centralised agricultural sector. Although this trend could be expected to continue over the next years, in our
study we assume that the amount of straw and its geographical availability will be constant throughout time,
supported by the conclusion from Bojesen et al. (2015) for the case of livestock farms. Moreover, when looking
at aggregated areas of, e.g. 25 km2 , no drastic changes are expected with respect to agriculture products,
location of farms and yields.
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Supplementary Material C - Exogenous assumptions for
socio-economic scenarios
Giada Venturini, Amalia Pizarro Alonso and Marie Münster
This supplementary material provides additional background on the input data applied in the analysed socioeconomic scenarios. Tables 1, 2, 3, 4 report the end-use demands for industry, passenger transport, freight
transport and residential sectors, as assumed in the model TIMES-DK. Table 5 includes the assumptions on
fossil fuel price projections, used as input to the modelling framework for all analysed scenarios.

Sector
Agriculture
Chemical
Food
Glass & Concrete
Metal
Other
Private service
Public service
Wholesale & Retail
Motor vehicles

2015
35
10
24
15
14
8
23
26
21
2

2020
38
11
26
17
15
9
27
27
25
3

2025
42
12
28
18
17
10
29
29
26
3

2030
47
13
30
19
18
10
31
31
28
3

2035
51
13
31
20
19
11
32
32
30
3

2040
57
14
34
22
20
12
34
34
31
3

2045
63
16
37
24
22
13
37
35
34
4

2050
69
17
41
26
24
14
40
37
36
4

Table 1: Energy service demands in the industrial sector (PJ) for Denmark, by sub-sector.

Mode
Air International
Air National
Sea International
Sea National
Inland (<5 km)
Inland (>50 km)
Inland (25-50 km)
Inland (5-25 km)

2015
51307
665
1555
194
6185
29977
14444
21305

2020
56765
736
1630
203
6369
31331
15106
22112

2025
61314
795
1667
208
6500
31977
15421
22565

2030
65862
854
1704
212
6631
32622
15735
23018

2035
70047
908
1741
217
6759
33740
16280
23641

2040
74232
962
1778
221
6886
34858
16825
24264

2045
78780
1021
1815
226
7013
35857
17313
24843

2050
83329
1080
1852
231
7141
36856
17801
25422

Table 2: Passenger transport demand (million pass-km) for Denmark, by transport mode.

Mode
Air International
Rail
Sea International
Sea National
Truck International (>50 km)
Truck National (>50 km)
Truck National (<50 km)
Van National (>50 km)
Van National (<50 km)

2015
663
393
54881
2222
10679
9629
1328
2528
1295

2020
695
411
57288
2319
11698
10548
1455
2638
1351

2025
711
421
59695
2417
12453
11230
1549
2664
1365

2030
727
430
62102
2514
13258
11955
1649
2691
1379

2035
742
439
64027
2592
14114
12727
1755
2719
1393

2040
758
449
65953
2670
15025
13549
1869
2746
1407

2045
774
458
67397
2729
15996
14424
1989
2774
1421

Table 3: Freight transport demand for (million ton-km) for Denmark, by transport mode.
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2050
790
468
68841
2787
17029
15355
2118
2802
1435
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Area
Central
Decentral
Individual

2015
119
104
79

2020
125
108
80

2025
130
111
81

2030
134
113
81

2035
137
114
81

2040
140
114
80

2045
143
115
80

2050
146
115
80

Table 4: Heating demand in the residential sector (million m2 ) for Denmark, by heating area.

Fuel
Crude oil
Diesel
Gasoline
Heavy fuel oil
Kerosene
LPG
Natural gas

2015
7.0
9.7
10.5
4.9
9.4
10.3
5.2

2020
10.4
13.1
12.8
8.0
12.5
10.0
5.0

2025
12.0
14.7
14.5
9.7
14.1
14.0
7.0

2030
13.6
16.3
16.0
11.2
15.7
17.4
8.7

2035
14.5
17.2
17.0
12.2
16.7
19.6
9.8

2040
15.2
17.9
17.7
12.9
17.3
20.5
10.3

2045
15.2
17.9
17.7
12.9
17.3
20.5
10.3

2050
15.2
17.9
17.7
12.9
17.3
20.5
10.3

Table 5: Exogenous import price projections for fossil fuels, assumed in the analysed scenarios (e-2016/GJ).
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Uncertainties towards a fossil-free system with high integration of
wind energy in long-term planning
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a
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Kgs. Lyngby, Denmark
b

RAM-løse edb, Æblevangen 55, 2765 Smørum, Denmark

Abstract
There is a large amount of parametric uncertainties that might affect long-term energy planning, due
to the inherent variability connected to the future. Most of these uncertainties are stochastic, i.e. they
cannot be reduced, but can be better characterized. In an attempt to address this issue, studies often
explore different alternative scenarios or perform local sensitivity analyses. While acknowledging
their importance, it is evident that their traditional scope must be reconsidered, as those methods
cannot consider interactions among parameters and hence might omit parameters that are highly
influential. This study aims to explore the whole uncertainty range in order to identify the most
critical parameters towards fossil-free energy systems with high integration of wind-based electricity.
Denmark is used as a case study of a country with large wind resources, which are increasingly
exploited. It pursues three steps: 1) Selection of parameters and characterization of their uncertainties,
2) Global sensitivity analyses through Morris sampling, and 3) Uncertainty propagation and Monte
Carlo runs using Latin Hypercube sampling. Offshore wind upscaling will depend on technological
improvements related to capital costs or efficiencies as well as on the system integration constraints.
Hence, increasing deployments of offshore wind would require policies that foster technological
learning, while promoting the cost-efficient integration of an increase in participation in the power
mix, such as grid transmission expansion. Therefore, methods that deal with the whole uncertainty
space should, to a larger extent, be implemented when uncertainties are assessed in association with
long-term planning of systems with high integration of fluctuating renewable energy.

Keywords: energy systems modelling, fluctuating renewable energy, long-term planning, bottom-up
optimization, uncertainty, global sensitivity analysis
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1. Introduction
The world is at a crossroads concerning the future of energy; climate change (Revesz et al., 2014;
Pecl, et al., 2017), increasing dependence on fossil fuels and volatile fuel prices (Klevnäs, Stern &
Frejova, 2015; Rentschler, 2013) are making our society, ecosystems and economy vulnerable
(European Commission, 2019). Research has highlighted notable impacts of climate change on health,
agriculture (food and fiber production), water resources, ecosystems, energy demand, economics,
conflict, migration, demographics, and so forth (Carleton & Hsiang, 2016). In addition, the global
demand for resources is increasing, driven by population growth and improving standards of living
(Lusty & Gunn, 2014), while often subject to geopolitical issues and price volatility (Dutta, et al.,
2016; Cordell & White, 2015). These challenges call for prompt action that must encourage a
transformation of the existing energy system without jeopardizing the security of energy supply.
The Intergovernmental Panel on Climate Change (IPCC) report on Global Warming of 1.5ºC states
that the share of primary energy from renewable energy sources (RES) - including biomass, hydro,
solar, wind and geothermal, with direct equivalence method- will reach 38-88% in 2050 in all 1.5ºC
pathways (Rogelj, et al., 2018). More specifically, the IPCC 1.5ºC report shows that the share of
electricity supplied by renewables would rise to 59-97%. Nevertheless, the share of the different
renewable technologies differs significantly between pathways. The IPCC 1.5ºC report uses several
Integrated Assessment Models (IAMs) which coupled energy-economy-land-climate systems from
different regions. Apart from IAMs, energy systems models have been used for long-term strategic
energy planning since the aftermath of the 1970s oil crisis. Currently, they are important tools for
addressing the challenges that the world is facing, as they provide relevant insights on the supply and
demand of energy, and represent the complex interactions of the energy sector (Pfenninger, Hawkes,
& Keirstead, 2014). In addition, energy systems models might ensure the techno-economic feasibility
of specific energy pathways, especially in the power sector, which is difficult to capture in IAMs.
Fluctuating renewable energy sources cannot be comprehensively represented in IAMs, as they deal
with the world in an aggregated way, thus short-term dynamics are not integrated (Scholz, Gils, &
Pietzcker, 2017).
Energy models are used as a support tool during decision-making processes, as they illustrate how the
energy future might look. Energy systems analysis might show electricity prices or CO2 emissions,
depending on specific pathways for demographic and economic growth, behavioral change, climate
policy or technological improvement, among others (Hall & Buckley, 2016). There is a wide range of
energy models, each having different underlying features suitable for diverse modelling
tasks(Gargiulo & Gallachoir, 2013). Energy systems models are often classified as either bottom-up
models, with a detailed technological representation; or as top-down models, with a more exact
description of the total economy, and including the energy sector at an aggregated sectoral level
(Bramstoft, Pizarro-Alonso, Karlsson, Kofoed-Wiuff, & Münster, 2018). Energy system models can
either be simulation tools, based on an exogenous set of conditions; or optimization models. In energy
optimization models, decision variables are computed in order to meet the energy demand, while
maximizing or minimizing an objective function, such as costs or welfare. This study uses a bottomup optimization model, with a detailed technological representation of power, district heating and
hydrogen systems.
Long-term energy systems analyses look into how the future might unfold. However, assertions
cannot be attested or verifiable, as the future is a field of uncertainty (Jouvenel, 1967). A common
criticism for optimization models is that the mathematical exactness of the results provided may
presume a mirage of certainty, but results only display the part of “reality” given by the exogenous
specifications (Fortes, Alvarenga, Seixas, & Rodrigues, 2015). In addition, bottom-up models
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optimize energy supply, ceteris paribus to achieve the equilibrium. Nevertheless, the economic
context modelled exogenously, such as fuel prices or agent behaviors, might become affected by the
energy system in context with the full general equilibrium (Bohringer, 1998) (Hourcade, Jaccard,
Bataille, & Ghersi, 2006).
Optimization models are often used with an international scope over a time span of 20-50 years,
combining the short-term dispatch and its dynamics, and the longer horizon of investments. Models
have a detailed representation of space and time, due to the growing requirements of RES integration.
They include a substantial number of assumptions, simplifications, data aggregation and uncertainties,
intrinsic to the irreducible-partial knowledge about the future. Therefore, the robustness of the
conclusions must be checked under uncertainty conditions (Sterman, 2002) (Keppo & Strubegger,
2010). This allows policymakers to make the proper decisions in formulating the future energy plans
(Nie et. al, 2018). Furthermore, they might impact significantly on strategic investment planning (Sun,
Ellersdorfer, & Swider, 2008) (Refsgaard, Sluijs, Brown, & Keur, 2006), particularly in cases where
decisions are irreversible (Nordhaus & Yohe, 1983) or with a high degree of lock-in effect, such as
long lifetimes and significant lead times of investments associated to the energy sector. Furthermore,
because energy models aim to support the discussion concerning the required energy transition, it
should be transparent how the results derived from certain assumptions (Wiese, Bökenkamp,
Wingenbach, & Hohmeyer, 2014). This will ensure a larger public acceptance of modelling results,
and hence, a society demanding a change in the energy paradigm.
In an attempt to address uncertainty, studies conduct local sensitivity analyses in key parameters
(Borgonovo & Plischke, 2016), i.e. varying one factor at a time, which are not able to capture the
impact of multiple uncertainties. In addition, most of the studies explore alternative scenarios in order
to get some more robust information on the future structure of energy systems (Pye, Sabio, &
Strachan, 2015) (Lunz, et al., 2016). Nevertheless, the number of scenarios is limited and only few
uncertainties are captured (Fragkos, Kouvaritakis, & Capros, 2015) (Trutnevyte & Strachan, 2016).
Examples of some of the techniques for structuring and discussing energy scenarios are the scenariosaxes techniques or the story-and-simulation approach. The scenario-axes technique aims to identify
the two most important driving forces, i.e. those parameters that would be both uncertain and have a
large impact on results (van't Klooster & van Asselt, 2006). Similarly, the story-and-simulation
approach uses logically constructed stories as simulations, showing the implications of different
narratives that represent a wide range of future eventualities (Wilk, 1991). However, the identification
of the driving forces or eventualities remains a challenge, as it is often based on epistemological
arguments. This might lead to the omission of relevant parameters, if scenario-developers are not
aware of them or do not deem them as being relevant.
Apart from local sensitivity analyses and explorative scenarios, uncertainties in energy system models
are mostly dealt with using fuzzy mathematical programming, (dynamic) stochastic programming,
robust optimization, and interval programming (Zeng, Cai, Huang, & Dai, 2011) (Soroudi & Amraee,
2013) (Ioannou, Angus, & Brennan, 2017). The application of stochastic modelling generally implies
a very large computational time, which might be critical given the need to have models that are able to
capture both short-term dynamics and long-term foresight. The number of variables grows
exponentially with the amount of uncertainties evaluated, so often, only two or three uncertain
parameters are considered (Bistline & Weyant, 2013). Furthermore, there is often little information
about the probability distribution functions of the uncertainty range of the parameters, which must be
well defined for stochastic modelling (Usher, 2015). Fuzzy programming employs the fuzzy set
theory to account for uncertainty resulting from vague information and ambiguity, and when sets have
non-sharp boundaries (Muela, Schweickardt, & Garces, 2007) (Moradi, Hajinazari, Jamasb, &
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Paripour, 2013). When using interval programming, each uncertain parameter is represented as an
interval number, which is useful when the probability distributions are unknown. However, some
information might be missed, and it is impossible to consider situations that lie on the middle (Zhu,
Huang, He, & Zhang, 2012).
As energy systems models are to be used effectively and responsibly, supporting the decision-making
process, the impact of uncertainties in the inputs to the model on the results must be well identified,
quantified and addressed explicitly during the modelling and the interpretation of results, as shown by
Mirakyan & De Guio (2015).
This study suggests a combination of a global sensitivity analysis and uncertainty analysis in order to
describe the impact of the whole parametric uncertainty space in the development of systems with
high integration of wind-based energy. This is as opposite to most of the sensitivity analyses that
explore the input space by moving along a one-dimensional corridor, but leave the multi-dimensional
space unexplored. This study address the impact of e.g. a parameter P1 and a parameter P2 higher
than expected, P1 higher and P2 lower, P2 lower and P2 higher, etc. theSaltelli, et al. (2019)
demonstrated that there is a systematic problem in practical sensitivity analyses developed in highly
quoted papers concerning energy, and this study aims at proposing a framework for better exploring
uncertainty in energy systems analyses.
There are several studies aiming at evaluating the impact of the whole parametric uncertainty space in
the energy system, such as Fais, et. al (2016) and Pye, Sabio & Strachan (2015) for a low-carbon
United Kingdom with the TIMES model, Moret et al. (2017) with an energy systems model for
Switzerland, Marcucci, et al. (2019) for the global energy system with the MERGE-ETL model or
Bosetti, et al. (2015) with the global optimization model WITCH and MARKAL-US (for United
States), and the global recursive dynamic simulation model GCAM (see section 5 for further
information). Fais, et. al (2016); Pye, Sabio & Strachan (2015); and Bosetti, et al. (2015) found that
nuclear energy was playing the most crucial role in ensuring low-carbon developments. Nevertheless,
societal preferences to nuclear technology are highly uncertain, as pointed out in the IPCC report of
1.5ºC (Rogelj, et al., 2018). Moret et al. (2017) highlighted the importance of interest rates, and to a
lower extent, of annual capacity factors in the future Swiss energy system cost when using a monthly
resolution. Scenarios that deal with a larger share of solar and wind, with a detailed spatiotemporal
representation, should be explored, as was also suggested by Becker, Rodriguez, Andresen, Schramm,
& Greiner (2015).
To the best of the authors' knowledge, there is no study especially dealing with the entire input
uncertainty space in long-term planning of systems with high integration of wind energy. Global
sensitivity analyses might enable the identification of the main sources of uncertainty to the
deployment of the wind power industry at local, regional, or global levels. Creutzig, et al. (2017)
pointed out that “some models, whose results were included in AR5 [IPCC Fifth Assessment Report,
(IPCC, 2014)], imposed strict constraints on solar, such as requiring high levels of backup, limiting
the total share of wind and solar ( . . . ), or limiting growth rates”, which have been deemed as too
conservative in subsequent assessments. Furthermore, Pietzcker, et al., (2017) found that improving
power representation in IAMs substantially increased wind and solar optimal shares. Therefore, a
more detailled representation of variable renewable energy resources is needed. When using models
with a more aggregated representation of space and time, which cannot capture short-term dispatch
dynamics within the long-term planning horizon, the degree of deployment of variable renewable
energy is significantly driven by that aggregation, and uncertainty cannot be properly characterized.
This was e.g. observed when comparing the TIMES model (32 time slices and two power regions)
with the detailed spatiotemporal model Balmorel (672 time slices and 13 power regions) for Denmark
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by Venturini, Pizarro-Alonso, & Münster (2019), where the TIMES model did initially used
extremely high investments in wind just for exporting to other countries that were modelled through a
price interface, but without considering that the export price would decrease with the increase of
exports. The Mexican TIMES model (15 times slices and 5 power regions) was compared with the
Balmorel model (288 time slices and 53 power regions) by Solano-Rodríguez, Pizarro-Alonso,
Vaillancourt, & Martin-del-Campo (2018). The estimate of the TIMES model initially suggested that
the result would be half the level of wind deployment compared to that of the Balmorel model due to
the spatiotemporal induced constraints.
This paper aims to support the discussion around description of uncertainty characterization in energy
systems with high integration of fluctuating renewable energy sources, especially wind. In this way
this paper intends to support the identification of the main parameters affecting the deployment of the
technology with a detailed representation of geography and time. Since the oil crisis of the 1970s,
Denmark has been a pioneer in developing commercial wind power, and it was the first country in the
world to construct an offshore wind farm. On June 2018, the Danish government signed an energy
agreement with the support of all the sitting parties in their parliament. The aim of this agreement is
that the North Sea will become a global leading region for offshore wind (Danish Ministry of Energy,
Climate and Building, 2018). For all the above mentioned, uncertainties in a fossil-free Danish system
are evaluated, as an example of a country with an already large share of variable renewable energy in
its power mix: 40.7% of wind-based electricity generation in Denmark during 2018, slightly declining
from the 2017 record of 43.4%, but expecting to rise to 80% by 2035. Therefore, results, although
framed in a Danish setting, may be interpreted for application in other countries with large offshore
wind potential and relatively low solar resources.
This study has been conducted with the bottom-up optimization model Balmorel with simultaneous
least-cost optimization of investments and dispatch of power, district heating, and hydrogen (see
section 2.1) (Ravn, 2001). This article presents a framework for dealing with many uncertain
parameters when using the Balmorel model, without constituting a computational burden by
performing many optimizations, but each one deterministic. The methodology includes a global
sensitivity analysis with the elementary effects approach, also known as Morris sampling, followed by
a statistical evaluation of the uncertainty propagation through Monte Carlo, using Latin hypercube
sampling.
The aim of the study is twofold: 1) Provide robust solutions from energy system models to decisionmakers by proposing a framework for exploring the impacts of critical uncertainties to deliver fossilfree systems with a high integration of wind energy; and 2) Identify the parameters that most affect
the uncertainty of energy prices and wind deployment, which could also represent the most efficient
way to reduce them, e.g. through allocation of resources for research or through prioritizing specific
policies.
In this manuscript, section 2 presents the suggested methodology, section 3 states the main heuristic
assumptions and section 4 shows the results, which are further discussed in section 5. Concluding
remarks are highlighted in section 6.

2. Methodology
This section introduces the energy system optimization model Balmorel, as used in this study,
including a description of the detail of spatial and temporal resolutions adopted. Afterwards, it
presents the framework for uncertainty characterization in Balmorel applied in this analysis.
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2.1 The energy systems model Balmorel
Due to larger shares of variable renewable energy resources in future energy systems and the required
integration of power, heating and transport sectors, the combination of long-term perspectives,
considering the dynamics of short-term dispatch is needed. Authors have often represented the need
for a combined approach, by initially optimizing long-term investment decisions, and subsequently,
optimizing the short-term operations, defining capacities exogenously from the first step.
Nevertheless, the impact of short-term variabilities might influence investment decisions, and with
growing shares of variable renewable energy it should not be neglected. This imposes computational
challenges, given by the need to have energy system models with detailed representation of space and
time.
The Balmorel model has been used for a broad range of energy systems analysis (Wiese, et al., 2018),
specially dealing with the integration of large shares of variable renewable energy (Karlsson &
Meibom, 2008), as it considers the electricity and district heating sectors in an international
perspective with flexible spatial and temporal resolutions (Pizarro-Alonso, Cimpan, Söderman, Ravn,
& Münster, 2018). Initially, Balmorel was mostly used on a North-European context; nevertheless, it
has also been applied in a wide international context, e.g. for developing an electricity system Master
plan for the Eastern Africa Power Pool (EA Energy Analyses; Energinet, 2014), to develop power
scenarios for the Chinese energy transition (Xiong, Zhang, Mischke, & Zhang, 2014), or to assess
greenhouse gas emissions mitigation instruments in the power sector in Mexico (Barragán-Beaud,
Pizarro-Alonso, Xylia, Syri, & Silveira, 2018). Therefore, due to the extensive use of the Balmorel
model for analyzing a growing penetration of variable renewable energy sources, it has been chosen
in this study to assess the impact of uncertainties in long-term planning models that entail a detailed
representation of technical components of the energy system.
Balmorel is an open-source model written in the GAMS (General Algebraic Modelling System)
language. It is a partial equilibrium model with a bottom-up approach, and in this study simulates and
optimizes generation, transmission and consumption of electricity, district heating and hydrogen
(Pizarro-Alonso, Cimpan, Söderman, Ravn, & Münster, 2018), as depicted in Figure 1. The
exogenous variables used in the model are fuel prices, resource availability, selected final energy
demands, committed and planned power and district heating plants (heavily influenced by policies,
e.g. nuclear or coal thermal plants capacity depending on phase-out policies) and available
transmission capacity as well as policies with regards to limits to fossil fuel consumption. Other
variables related to electricity production and transmission, district heating production and storage, as
well as hydrogen production and storage, are subject to free optimization across all the geographic
entities and time slices in the model. Balmorel is deterministic and assumes perfectly competitive
markets.
In this study, the analysis is based on minimizing total socioeconomic costs for satisfying the energy
demand over the whole area modelled in an hourly time resolution over one full year (objective
function). The optimization is done at each selected year, e.g. 2050 in this study, through a myopic
approach, without any knowledge about what happens beyond that specific time (Hedenus, Johansson,
& Lindgren, 2013) (Keppo & Strubegger, 2010) (Babrowski, Heffels, Jochem, & Fichtner, 2014). The
foresight is perfect within the year, assuming that the model can fully anticipate the future in the
short-term planning horizon of that year; e.g. electricity and district heating (DH) demand in a specific
location at a given time, and fluctuation of power generation from wind.
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Figure 1. The Balmorel energy system model (as applied in this study).

2.1.1 Spatial and temporal resolutions
The Danish electricity market is part of an increasingly connected power grid, the electricity price is
cleared on the Nordic and German markets. Therefore, an international approach is taken, where the
power sector of Germany, Norway, Sweden and Finland is also modelled; nevertheless, these five
countries are considered as isolated from the remaining parts of Europe (see Figure 2).
Due to the interplay between the electricity and district heating sectors (e.g. cogeneration plants and
heat pumps), and of these sectors with hydrogen production through electrolysis, an integrated
modelling approach is also required. Hydrogen and district heating demand is modelled for the five
countries. Furthermore, a detailed spatial representation of Danish district heating networks is used:
the 34 largest DH grids are modelled independently, as unique, and the rest of networks are
aggregated by power regions, i.e. Denmark East and West, as shown in Figure 3.
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Figure 2. Power transmission regions in Balmorel (as applied in this study).

Figure 3. Representation of Danish district heating networks in the Balmorel model in this study (Bornholm Island is
also represented in the model but not included in this map).

This study uses an hourly time resolution to be able to capture sudden changes from intermittent
generation (e.g. wind, solar) that might affect the net total residual demand, It excludes intra-minute
or inter-minute variations, which are considered to be handled in the reserve market, and are
therefore, outside our scope. Nevertheless, modelling 8760 time slices, i.e. hours, for each
geographical entity would imply a very large number of equations and endogenous variables, creating
a computational burden. Therefore, in this study, four full weeks with an hourly resolution are
selected to represent both daily and seasonal patterns in energy demand and fluctuating renewable
production. The selection of the four full weeks seeks to minimize the differences between the annual
duration curve made of 8760 hourly time slices, and the aggregated one, built with 672 (4 weeks x
168 hours) time slices, while covering the four seasons. Afterwards, these four full selected weeks
with an hourly resolution are scaled with the annual values to ensure that balances are satisfied. As
illustrated in Figure 4, the aggregated load duration curves for electricity demand and wind power
production are very similar to the annual ones, including the representation of the right-hand and lefthand extreme sides for offshore wind production, although smoothening the peak on the left-hand side
of the electricity demand. The selection of the four representative weeks minimizes the differences in
the residual demands compared to the annual values, aiming at reducing the structural uncertainty of
the model introduced by temporal aggregation.

8

258

Paper IV

Figure 4. Duration curves for 52 full weeks vs. 4 representative weeks (hourly resolution) in West Denmark (1 represents
the maximum value in the year of optimization). The residual demand is estimated assuming the electricity demand
minus 70% of wind production.

2.2 Methodology for characterization of the uncertainty in Balmorel
There are two main types of uncertainty in the energy system model Balmorel:
- Structural uncertainty. Any model is an abstraction, approximation and interpretation of the
reality; which allows us to deal with the world in a simplified manner (Rothenberg, 1989). The
mismatch between the real system and the assumed one, due to the specific mathematical
formulation or the model structure, results in uncertainty in the results (Refsgaard, Sluijs, Brown,
& Keur, 2006).
- Parametric uncertainty. Uncertainty about the exogenous variables, i.e. input parameters.
Consistency of the model can be made by comparing with the results from other models that share the
same underlying assumptions (Yue, et al., 2018), e.g. assessing equifinality. In this study, the
Balmorel model is used for long-term forecasts, which have been corroborated against historical data
in prior analysis (Tveten, 2015), and compared to other model results, such as TIMES-DK (Venturini,
Pizarro, & Münster, 2019). In this manuscript, we have purposely avoided the term “model
validation”, as suggested by Saltelli, et al. (2008), since Balmorel outputs cannot be proven true.
Explicit characterization of the structural uncertainty is out of the scope of this manuscript, as this
study focuses on analyzing the impact of parametric uncertainty on the optimization results, which
might encompass the inherent uncertainty associated to nature, societal variabilities (e.g. policies),
technological surprises, new developments or breakthroughs in technology (van Asselt & Rotmans,
2002), etc. Furthermore, as Balmorel is a partial equilibrium model, uncertainties associated to the
exogenous assumptions of the economic system and the impact of the energy sector in the general
equilibrium, such as demands or fuel prices, are also analyzed.
Sensitivity analysis is “the study of how uncertainty in the output of a model can be apportioned to
different sources of uncertainty in the model input” (Saltelli, Tarantola, Campolongo, & Ratto, 2004).
An uncertainty analysis quantifies the uncertainty in the modeling output, and ideally sensitivity and
uncertainty analyses should be run in tandem (Saltelli, et al., 2008). Therefore, sensitivity analysis
assists in the estimation of the most contributing parameter variations in the results as well as those
inputs that are non-influential, providing an indication of the importance of specific parameters. The
first approach for handling uncertainty were local sensitivity analyses that evaluated the impact of an
input change in selected outputs while fixing the others, and which are traditionally used in energy
systems analyses. From the late 1980s, to overcome the limitations of one-at-a-time perturbations,
methodologies for global sensitivity analyses were developed, which can consider the whole variation
range of several parameters (Saltelli, et al., 2008). Due to the large number of stochastic uncertainties
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associated to energy systems models and the relatively high computational time associated to
Balmorel modeling resulting from the detailed spatial and temporal representation, the screening
method of Morris sampling is applied (see section 2.2.1). Morris sampling allows characterizing
uncertainty semi-quantitatively, i.e. identifying and ranking influential parameters, but not
quantitatively, as done e.g. in variance-based quantitative methods, such as Sobol indices, but which
are computationally demanding (Kristensen & Petersen, 2016). Hence, an uncertainty analysis is
subsequently required to quantify the effects of parametric uncertainties on the overall modeling
results but considering only those parameters that had an influence. The work follows the stages
depicted in Figure 5 and introduced below, which are further described in the next subsections:

Figure 5. Methodology for analyzing uncertainty in Balmorel applied in this study.

1.

Heuristic selection of parameters that might affect the selected modeling results the most
(Danish electricity and district heating prices, and deployment of wind in Denmark – see
section 3.3.1), and characterization of their uncertainty. Due to the large number of parameters
in energy systems models, only some of them are initially selected, based on literature search
and expert review (see section 3). Filtering is critical, in order to ensure the computational
tractability of the global sensitivity analysis. Nevertheless, the choice of parameters must be
done in a thorough way, and it was initiated by a literature review based on historical analyses
and accompanied by a small expert participative process.

2.

Global Sensitivity Analysis. Morris sampling is applied for assessing the relative impact of
input parametric uncertainties on the selected modeling outputs. This is used to identify and
rank the most critical parameters, and to simplify the model for subsequent steps, by fixing
non-influential parameters. Furthermore, the prioritization of influential parameters could
support the establishment of actions, such as stringent policies, research focus or data
acquisition improvement requirements, which could minimize the uncertainty of the outcome.

3.

Uncertainty Analysis. Monte Carlo simulation with Latin Hypercube sampling (LHS) is applied
for quantifying uncertainty in the results based on the uncertainty in the inputs that had an
influence on the previous step.
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In the following subsections, steps 2 and 3 are further described for analyzing the uncertainty in longterm energy planning when using the Balmorel optimization model.
2.2.1 Global sensitivity analysis: Morris Sampling
Global sensitivity analyses explore the whole uncertainty range of the inputs, revealing which of these
contribute the most to the variance in selected model outputs, or ascertaining some interaction effects
within the model (Branger, Giraudeta, Guivarcha, & Quirion, 2015). The advantage of the screening
method of Morris sampling is that it discretizes the input space for each parameter, and then performs
local sensitivity analyses in a global context, being computationally less demanding.
The method uses a special sampling technique, Morris sampling (Morris, 1991), which seeks to
explore the uncertainty input space with a minimum number of points. Morris sampling has two
degrees of freedom to be specified: p, the number of value levels that an uncertain input parameter
can take within its uncertainty range in the unit hypercube [0,1], which should be an even number to
be optimal, such as 2, 6 or 8; and r, the number of repetitions, typically between 10 and 50
(Campolongo, Cariboni, & Saltelli, 2007).
The design is based on generating a random starting point for each trajectory r, θ , and then
completing it by moving one factor at a time with a Δ increase or decrease, with equal probability but
always ensuring that it lies within the uncertainty range. Δ is a perturbation factor of θi, applied in a
random order of i (Campolongo, Cariboni, & Saltelli, 2007), calculated with Equation 1, and which
guarantees that the p levels have equal probability of being chosen (see Figure 5). Samples are
assumed to be uniformly distributed in [0,1], and then transformed from the i-dimensional hypercube
to their uncertainty distributions.
𝛥=

𝑝
2 ∙ (𝑝 − 1)

[1]

Figure 5Figure 6 exemplifies Morris sampling, where a base value (circles with a black line mark) is
randomly selected for each repetition, and all the trajectory points are generated by randomly
increasing or decreasing by Δ within the uncertainty range, one-at-a-time, each of the i-th input
parameters. The number of trajectories is equivalent to the defined number of repetitions.

Figure 6. Morris sampling example - representation of the eight-level grid (p = 8, Δ= 4/7) in the three-dimensional unit
hypercube input space [0,1] for four repetitions (trajectories), and 16 runs, represented by dots-sampling points.

The method estimates the elementary effects, EE, on the results from variation of each input
parameter i, θi, at each repetition, i.e. a local sensitivity analysis. The elementary effect for each input
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i on each output y for the r-th repetition, is calculated as the partial derivative of y with respect to i, as
shown in Equation 2; where y(θ) is the scalar model output evaluated at input parameters
(θ1,θ2,θi,…,θM), whereas y(θ1,θ2,θi+Δ,…,θM) is the scalar model output corresponding to a Δ change in
θi.
𝐸𝐸 =

𝑦(𝜃 , 𝜃 , 𝜃 + 𝛥, … , 𝜃 ) − 𝑦(𝜃 )
𝛥

𝑓𝑜𝑟 𝑖 = 1: 𝑀

[2]

The total number of runs needed to calculate the EE for M parameters, repeated r times, is r∙(M+1),
which is equivalent to the total number of local sensitivity analyses performed. Once all EEi have
been calculated for r random samples of input parameters, sigma-scaling of EEi is applied, using
Equation 3, so that the impacts of input parameters on various outputs can be comparable. σ i is the
standard deviation of the input parameters, while σy is the standard deviation of the output y from
optimization results.
𝑆𝐸𝐸 = 𝐸𝐸 ∙

𝜎
𝜎

𝑓𝑜𝑟 𝑖 = 1: 𝑀

[3]

The statistical summary of the sigma-scale elementary effects associated to the i-th parameters from
all the trajectories r, 𝑆𝐸𝐸 , is calculated: the arithmetic means, 𝜇 , and the standard deviations,
𝜎 , which are assembled in scatter plots for visualization. The mean, 𝜇 , assesses the overall
influence of the parameter i on the output y, and the standard deviation, 𝜎 , estimates interactions
effects with other factors, where a high value indicates that the elementary effects would be strongly
affected by the choice of the other parameters’ values (Campolongo, Cariboni, & Saltelli, 2007).
Furthermore, in each plot, two lines corresponding to the positive and negative double estimated
standard error of the mean, semi, against σi, are drawn (see the application of the methodology in
Figure 11):
𝑠𝑒𝑚 =

2∙𝜎
√𝑟

𝑓𝑜𝑟 𝑖 = 1: 𝑀

[4]

As described by Sin, Gernaey, & Lantz (2009), if the elementary effect of a parameter (𝜇 , 𝜎 )
falls within the two lines (±𝑠𝑒𝑚 , 𝜎 ), its impact can be interpreted as negligible on the model output
variation.
2.2.2 Uncertainty analysis: Monte Carlo simulation
Following the Morris screening, the Monte Carlo simulation procedure presented by Sin, Gernaey, &
Lantz (2009) is applied for estimating the uncertainty of the results of interest. Several other
uncertainty analysis methods are available; however, the Monte Carlo procedure is generally accepted
as computationally-effective and reliable (Helton & Davis, 2003). One of the main drawbacks of
using Monte Carlo simulation is that a large number of samples might be necessary to obtain a
reasonable accuracy, which implies long computational times. Therefore, only those factors that have
a significant impact on the results in the Morris screening are considered for Monte Carlo simulations,
and the non-influential parameters are fixed in their reference value.
Monte Carlo simulation is a method for evaluating a deterministic model using sets of random
numbers, within the uncertainty range characterized in step 1 (see Figure 5), as input parameters. It
does not require any modification of the original Balmorel model. The uncertainty analysis procedure
applied involves the following three steps, as also briefly depicted in Figure 5:
1. Probabilistic sampling from input uncertainty. In order to obtain random numbers but ensuring
a certain degree of stratification over the range of each of the M input parameters, the Latin
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Hypercube Sampling method is applied (Helton & Davis, 2003). The N near-random defined
samples, θj, contains one value for each input parameter, θi,j:
𝜃 = 𝜃,

𝑓𝑜𝑟 𝑖 = 1: 𝑀 𝑎𝑛𝑑 𝑗 = 1: 𝑁

[5]

Stratification makes likely that the estimate is better than with a complete random sample of the
same size, i.e. N, improving the computational efficiency as less runs would be required
(Soroudi & Amraee, 2013) (Helton, Johnson, Sallaberry, & Storlie, 2006). In the Latin
Hypercube Sampling, exemplified in Figure 7, the cumulative distribution function, i.e. [0,1], of
each parameter is divided into N equally probable strata. One value from each stratum is
randomly selected. The N values obtained for each parameter are randomly combined, forming
an N*M tuple. There is no even distribution of points across the uncertainty space, as it would
happen with optimal space-filling sampling, thus ensuring certain degree of randomness within
the equiprobable strata.

Figure 7. Example of two-dimensional Latin Hypercube sampling [0,1] with N=5. Dots represent the sampling points.

2. Propagation of the input uncertainty, θN×M, to the Balmorel model input data and solving the
model with each of the N samples. Thereby, producing one solution for each row vector θj, i.e. a
set of N values of the selected model outputs y, Yj.
3. Statistical evaluation of the model results. This characterize results uncertainty with respect to
the uncertainty in the input parameters, e.g. cumulative distribution functions shown in Figure
14.
The following section describes the main data associated to the methodological framework that has
been presented.

3. Scenario description
Denmark aims to be climate-neutral and independent of fossil fuels by 2050 (Danish Ministry of
Energy, Utilities and Climate, 2018). The government has a few energy policy milestones on the
journey towards decarbonization, such as 40% reduction of greenhouse gas (GHG) emissions by 2020
compared to 1990 levels, phase out of oil burners and coal power plants by 2030, and net fossil-free
electricity and heating sectors by 2035. The scope of this article is to analyze how Denmark could
achieve those targets for the electricity, district heating and hydrogen systems in the year 2050, in the
most cost-effective way, while identifying the main sources of uncertainty and thus, constraints and
drivers towards a low-carbon development.

3.1 Definition of the Reference scenario
The Reference scenario in this study represents an image of how the future might unfold, given a
future set of plausible assumptions that would allow countries to fulfill their climate pledges, although
13
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the specific regulation might still not be in place to achieve it. The Reference scenario is not a
forecast, since there are many unknowns whose influence in the results are subsequently analyzed.
Based on studies from the Danish Energy Agency that analyzes different coherent pathways of the
future energy supply, a scenario representing net fossil-free electricity and district heating sectors, and
a massive electrification within transport and industry, is considered (Danish Energy Agency, 2014).
This situation has also been deemed as the preferred pathway from a socio-economic perspective
under climate constraints in other Danish energy systems analysis (Venturini, Pizarro, & Münster,
2019). Furthermore, hydrogen is used for biogas upgrading to biomethane in order to limit biomass
use, because of the fact that the sustainability of imported biomass might be arguable (Pizarro Alonso,
Cimpan, & Münster, 2018), and to minimize imports and increase subsequently the degree of energy
self-sufficiency. Data can be found in Balyk, et al. (2019), and values related to time-series and power
transmission in Pizarro-Alonso, Cimpan, Söderman, Ravn, & Münster (2018). It is assumed that the
country must be self-sufficient in terms of annual power generation and could only become a net
exporter of electricity.
The underlying framework for Sweden, Norway and Finland is a Nordic Carbon Neutral Scenario
(CNS) (Norden; IEA, 2016), which “reflects the national climate targets in the Nordic countries for
2050, where Nordic CO2 emissions fall by 85% compared to 1990 levels” (IEA, 2013). The CNS
would still require offsets to be used in order to ensure the goal of net zero emissions, aimed by the
Nordic countries in their Declaration on Nordic Carbon Neutrality, signed on January 2019 as their
response to the findings of the IPCC 1.5ºC report. For Germany, a two-degree scenario (2DS) is
assumed, reflecting the German contribution, to achieve “an energy system consistent with an
emissions trajectory that recent climate science research indicates would give an 80% chance of
limiting average global temperature increase to two degrees Celsius”. The German scenario includes
the nuclear and coal phase-out plans by 2022 and 2038, respectively.

3.2 Selection of parameters and characterization of their uncertainty
The input parameters, whose uncertainty is considered in this analysis, are related to weather induced
variations, fuel prices, local resource potentials, technology development (improvement), evolution of
the nuclear capacity, power transmission lines, economic growth and energy demand. The selection of
these parameters has been done through discussion among authors of this manuscript as well as
colleagues; nevertheless, the creation of a larger experts working group to better identify the most
critical data would be recommended. The characterization of the uncertainty range of the selected
parameters can be found in the Supplementary Material 1 and is summarized in Table 1. Uniform
distribution functions have been assumed, due to the lack of data regarding probability distributions,
excepting for weather-induced variations. Furthermore, preliminary research preceding this study
showed no significant changes when using normal distributions for meteorological variations.
Therefore, uniform distribution functions have been used for simplicity, although a better
characterization of the uncertainty in further research is recommended.
There are two types of parametric uncertainty: epistemic, due to limited information and a lack of
knowledge about the appropriate data, and stochastic, due to variation of aleatory nature. The
uncertainty ranges in Table 1 correspond mostly to the stochastic variability one sees in the system
being modeled, as the future remains unknown and could potentially evolve in many ways. Therefore,
perfect knowledge cannot provide a deterministic solution; however, it will provide a “perfect”
characterization of the variability (Refsgaard, Sluijs, Højberg, & Vanrolleghem, 2007).
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Table 1. Parameters uncertainty assuming uniform distribution by 2050 (R= value in the Reference scenario)
Parameter
πOn Wind
πOff Wind
πSolar PV
πSolar DH
πHydropower
ρWP price
μStraw
μBiogas
μMSW
κOn Wind
κOff Wind
κSolar PV
κSolar DH
κBio CHP
κGasTurbine
κGasEngine
κGasBoiler
κHeatPump
κHeatStor-L
κAEC
κH2Stor-C
νAEC
νHeatPump
λnuclearSE
λnuclearFI
τavailability
τInv Lim
τInv Cost
DR
δElec DK
δElec DK-EV
δElec DE
δElec NO
δElec SE
δElec FI
δDH DK

Description

Lower bound

Upper bound

Capacity factor of Danish onshore wind
Capacity factor of Danish offshore wind
Capacity factor of Danish solar photovoltaic panels
Capacity factor of Danish solar collectors
Hydropower production in Norway and Sweden
Wood pellets price
Straw allocated for electricity and district heating in Denmark
Biogas allocated for electricity and district heating in Denmark
Municipal solid waste for incineration in Denmark
CAPEX onshore wind turbines
CAPEX offshore wind turbines
CAPEX solar photovoltaic panels
CAPEX solar collectors
CAPEX biomass cogeneration plant
CAPEX gas turbine cogeneration plant
CAPEX gas engine
CAPEX gas boiler
CAPEX heat pumps
CAPEX inter-seasonal heat storage
CAPEX alkaline electrolyzer
CAPEX hydrogen storage
Efficiency of alkaline electrolyzer
Coefficient of Performance (COP) of Heat Pumps
Nuclear capacity in Sweden
Nuclear capacity in Finland
Availability of Danish power transmission lines
Investments limits in new transmission capacity
CAPEX in transmission lines connecting Denmark
Discount rate
Electricity demand in Denmark
Electricity demand in Denmark for Electric Vehicles
Electricity demand in Germany
Electricity demand in Norway
Electricity demand in Sweden
Electricity demand in Finland
District heating demand in Denmark

-20%·R
-20%·R
-10%·R
-10%·R
-20%·R
-40%·R
0.0 PJ
42.0 PJ
0.0 PJ
-20%·R
-20%·R
-20%·R
-20%·R
-35%·R
-20%·R
-20%·R
-20%·R
0.5 M€2015/MWh
-50%·R
-35%·R
-30%·R
-5%·R
-15%·R
0 MW
0 MW
50%
0
-30%·R
3%
-25%·R
-25%·R
-25%·R
-25%·R
-25%·R
-25%·R
-15%·R

+20%·R
+20%·R
+10%·R
+10%·R
+20%·R
+40%·R
54.0 PJ
64.7 PJ
45.9 PJ
+20%·R
+20%·R
+20%·R
+20%·R
+35%·R
+20%·R
+20%·R
+20%·R
1 M€2015/MWh
+50%·R
+35%·R
+30%·R
+5%·R
+100%·R
5677 MW
3680 MW
95%
+100%·R
+30%·R
5%
+25%·R
+25%·R
+25%·R
+25%·R
+25%·R
+25%·R
+15%·R

It should be noted that it was beyond the scope of this analysis to make a very detailed
characterization of parametric uncertainty, but rather a framework that could deal with it in an
appropriate and simple manner. Some of this uncertainty characterization factors come from a Delphi
process conducted by the Danish Energy Agency during the development of their “Technology
Catalogue for Energy Plants”, and we have adopted their outcomes regarding uncertainty. Further
research should promote an open discussion towards those uncertainties, which could allow
characterizing them better.

3.3 Global sensitivity analysis and uncertainty analysis
In this study, the Morris sampling was designed to calculate r=35 elementary effects for the 36
parameters, resulting in 1295 simulations, which corresponds to 35∙(36+1). It was conducted with
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p=8, which correlates to the 12.5th percentile of the parameters’ uniform distribution [0,1]
(Campolongo, Cariboni, & Saltelli, 2007).
Monte Carlo simulations were conducted for the non-negligible parameters from the Morris
screenings. A confidence interval of 99% was chosen to perform the statistical analysis of the results.
Different sizes of samples, i.e. number of data points, were generated using Latin Hypercube
Sampling, with the goal of analyzing the impact of the sample size in the characterization of the
results uncertainty.
This study assumes that parameters are independent of each other, i.e. there is no correlation between
them, and each one is independently sampled, in order to decrease the complexity. Nevertheless, the
sampling techniques used, Monte Carlo and LHS, have a stratified structure that covers a very wide
range of the uncertainty space, most probably including the effect of possible correlations. Therefore,
although some parameters might be correlated, such as weather induce variations in wind, solar
irradiation, and precipitation patterns, their correlated impact is most likely considered in some of the
model repetitions, although their results might not be representative enough.
3.3.1 Selection of modeling output analyzed
As investments in the energy sector depend on expectations for developments in the wholesale market
prices, the effect of parametric uncertainty on the annual average electricity and district heating prices
in Denmark is assessed. The optimization from Balmorel seeks to minimize total socioeconomic costs
for satisfying the electricity, district heating and hydrogen demands for a given year. Electricity and
district heating prices are dual variables that represent long-term marginal costs of producing one unit
more of electricity or heat. Furthermore, as this study has a focus on the wind industry, the parametric
uncertainty is also evaluated with respect to the level of wind capacity deployment in Denmark.

4. Results
4.1 Results of the Reference scenario
The size of a model influences its solving time and the Reference scenario model of this study can be
characterized by 3,087,823 rows, i.e. equations, and 3,289,007 columns, i.e. variables or endogenous
parameters that are optimization results. CPLEX solves the linear programming model using the
barrier algorithm in approximately 850 seconds in a computer with a 2.19 GHz processor and 32 GB
RAM with GAMS 24.8 for the Reference case. Subsequent model runs, departing from the previous
solution, take approximately 20% less time than in the Reference scenario.
In the Reference scenario, electricity production in Denmark by 2050 would mostly be supplied by
wind and solar photovoltaic (PV), with minor contributions from biomethane plants and waste
incineration cogeneration facilities, as shown in Figure 8. Incineration plants would run almost at a
steady level, due to the need to get rid of waste and the limited storage possibility -it is assumed that
50% of the industrial waste could potentially be stored but household waste cannot- as well as to
minimize over-dimensioning of the plants, which are capitally intensive (Pizarro-Alonso, Cimpan,
Söderman, Ravn, & Münster, 2018). Wind and solar intermittencies would be balanced through gas
cogeneration plants and electricity trade with neighboring countries (see Figure 9). Due to the
existence of planning constraints as well as land limitations when investing in new wind farms, there
is a maximum technical potential for onshore and offshore wind deployment in Denmark, as estimated
in the “Nordic Energy Technology Perspectives” (Norden; IEA, 2016). The maximum potential for
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onshore wind in Denmark is reached, but the potential for offshore technology, 133 GW, is
significantly larger than the installed capacity in the Reference scenario, 5.4 GW.
Heat pumps would provide approximately 46% of the total district heating demand in Denmark by
2050, waste incineration around 26%, and excess heat from industries, biorefineries and electrolyzers
almost 20%. Gas cogeneration plants running on biomethane fuel would satisfy up to 9% of the total
district heating demand, driven by the requirements on back-up power capacity. Excess heat and
incineration plants would supply the base-load demand. Heat pumps and heat-storage would balance
the system, as illustrated in Figure 9, in order to minimize electricity imports when the residual
electricity demand is high and to limit investments in heat pumps.

Figure 8. Electricity and district heating production in Denmark by 2050 – Results from the Reference scenario in
Balmorel. A negative value in net imports of electricity means that the country exports more electricity than it imports at
an annual level.

Figure 9. Hourly electricity and district heating production in Denmark by 2050 – 672-time steps (1-time step = 1 hour in
this study), 1 representative full week of each season– Results from the Reference scenario in Balmorel.

4.2 Global Sensitivity Analysis (GSA)
4.2.1 GSA on electricity prices
Based on the input parameter uncertainties, defined in Table 1, Morris sampling resulted in 1295
deterministic model runs. The sigma-scale elementary effects for each of the 36 uncertain input
parameters are calculated using Equation 2 and 3. The r sigma-scaled elementary effects of the annual
Danish electricity prices are plotted as histograms in Figure 10 for a number of selected parameters,
so as to exemplify the subsequent construction of Figure 11. The larger the absolute value of 𝜇 , the
more the parameter i contributes to the output uncertainty. A small 𝜎
indicates that the effect of its

17

267

Paper IV

perturbation in the output will be the same, independently of other possible uncertainties. A large
𝜎
reflects that there are interactions with at least one other parameter.

Figure 10. Histogram of the distribution of the sigma-scaled elementary effects of nine selected input parameters on the
weighted average annual Danish electricity price in Balmorel, r=35 random observations of EE i.

The uncertainty on some input parameters, such as the capacity factors of hydropower plants or
photovoltaic panels (πHydro, πSolar DH), capital costs of onshore wind turbines (ΚOn Wind), or wood pellets
prices (ρWP price) has a negligible impact on electricity prices, as their EEs are practically zero in Figure
10. However, the other parameters represented in Figure 10 affect to a different degree the output. The
distribution of EEs of the parameter of wood pellets price (ρWP price) presents a standard deviation of
almost zero, which indicates that its effect on electricity price is not affected by the uncertainty of
other parameters. However, the effect on the output from the uncertainty of other influential
parameters depends on the variation of other uncertain parameters; especially the capacity factor of
offshore wind turbines (πOff Wind), which is the parameter with the largest standard deviation of EEs on
the average annual electricity price.
The mean and the standard deviation from the distribution of the sigma-scaled elementary effects,
𝑆𝐸𝐸 , are calculated and they are plotted in Figure 11. In each subplot, each cross represents the
estimated mean and standard deviation of the elementary effect of the parameter labeled next to it. If a
parameter (i.e. the cross) lies inside the wedge of the two lines (±𝑠𝑒𝑚 , 𝜎 ) (see Equation 4), its effect
on the output is negligible and can be deemed as insignificant. On the contrary, if a parameter lies
outside the two lines of the standard-error-of-the-mean wedge, the uncertainty on it has a significant
impact on the output.
Graphical results from the Morris screening shown in Figure 11 point out to 21 significant parameters
on long-term Danish electricity prices: capacity factors of offshore and onshore wind turbines, and
photovoltaic panels (πOff Wind, πOn Wind, πSolar PV); the discount rate (DR); capital costs of offshore wind
turbines, photovoltaic panels, alkaline electrolyzers, gas engines and inter-seasonal heat storage (ΚOff
Wind, ΚSolar PV, ΚAEC, ΚHeat St-L, ΚGas Eng); availability of municipal solid waste and biogas (upgraded to
biomethane quality) for electricity and district generation in Denmark (μMSW, μBiogas); electricity
demand in Denmark, Sweden and Finland, and transport electrification as well as district heating
demand in Denmark (δElec DK, δElec SE, δElec FI, δElec DK-EV, δDH DK); availability and investments in power
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transmission lines (τavailability, τInv Lim, τInv Cost); and efficiencies associated to alkaline electrolyzers and
heat pumps (νAEC, νHeatPump) (see Table 1). All the parameters considered significant are interrelated as
their standard deviations (the y-axis on Figure 11) are different from zero. This highlights the
importance of conducting a global sensitivity analysis to identify the parameters that could affect the
results the most.

Figure 11. Estimated mean and standard deviations of the distribution of elementary effects of the 36 input parameters
on the weighted average electricity prices in Denmark by 2050, where b) is a zoomed part of the a)-plot. An influential
parameter must be within the two lines in each subplot, which correspond to mean = ±sem i (see section 2.1, Eq. 4). The
circles highlight some of the parameters discussed in the manuscript.

Nowadays, the main drivers of electricity prices, which reflect short-term costs, are mainly related to
fossil fuel prices, CO2 taxes and power transmission limits, such as bottlenecks (Dansk Energi, 2018).
Long-term prices indicate the socio-economic cost associated to the production of one unit more of
electricity, including capital costs if there is not enough installed capacity to satisfy an increase in an
additional unit of demand, but being equivalent to the short-term prices for most of the time steps. The
parameters affecting results the most are the capacity factor and capital costs of offshore wind
turbines. Higher capacity factors or lower capital costs would promote the deployment of wind
technologies in the Balmorel model, whose objective function seeks to minimize the total cost for
satisfying a given demand. In turn, higher offshore wind capacity would allow decreasing annual
average electricity prices, as wind would have a bidding price of zero in the short-term market. The
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capital cost of onshore wind does not affect significantly electricity prices, so despite the fact of its
uncertainty, as defined in Table 1, the onshore wind potential would be exploited in Denmark.
The effect of the parameters affecting Danish long-term electricity prices most significantly is
summarized below:


Learning rates on offshore wind turbines might play a very important role in decreasing
electricity prices by 2050. Therefore, there should be a focus on decreasing the cost of the
wind turbine itself, as well as its installation, operation and maintenance, and on increasing
capacity factors. Furthermore, the development of a mature offshore wind market will
increase the efficiency of the collaboration among different players and promote competition,
which might decrease even further offshore wind costs.



Lower capital costs of photovoltaic solar cells would allow a larger deployment of the
technology in spite of low solar irradiation levels (compared to other countries, e.g. in Europe,
Cyprus, Malta and Spain had on average 50% larger irradiation levels during the period 19852016 than Denmark) (Pfenninger & Staffell, 2016). Since capacity factors of wind turbines
are higher during the night and wintertime in the North Sea area, and solar PV only produces
during the day, especially during summertime, the two technologies could supplement each
other, decreasing the need for electricity imports at higher prices. This seasonal match to
demand has also been pointed out by Creutzig, et al. (2017). This would yield a more
diversified electricity matrix and a decrease in electricity prices. Therefore, in spite of the fact
that some countries have relatively low solar irradiation levels and large wind resource
potentials, such as e.g. the Nordic and Baltic countries, Great Britain, and Ireland; solar PV
could supplement in a cost-efficient way wind deployment, especially with larger
technological developments.



Proper market mechanisms must be introduced to reduce the risk of investments assessed by
investors, which could promote the acceptance of lower returns. This could have a significant
impact on electricity prices, promoting investments in technologies which are more capitally
intensive, but have no variable operational cost, such as solar and wind.



Denmark is not an isolated system but rather a part of an increasingly larger power market,
where the electricity price is set. Neighboring countries affect Danish electricity prices
significantly, from two angles: transmission capacity and electricity demand. On one hand,
larger investments in transmission capacity would lead to lower electricity prices in the long
term, as Denmark would be able to integrate larger shares of fluctuating renewable energy
and to balance their production with cheaper imports. On the other hand, increases in
electricity demand in neighboring countries would increase Danish electricity prices. This
shows the importance of taking inter-regional approaches regarding energy planning, and to
establish goals and policies, e.g. in energy efficiency and transmission capacity, at European
level.

4.2.2 GSA on district heating prices
Results from the Morris screening on district heating prices, illustrated in Figure 12, identify 15
significant parameters: capacity factors of offshore and onshore wind turbines (πOff Wind, πOn Wind,); the
discount rate (DR); capital costs of heat pumps, offshore wind turbines, photovoltaic panels, alkaline
electrolyzers, and inter-seasonal heat storage (ΚHeat Pump, ΚOff Wind, ΚSolar PV, ΚAEC, ΚHeat St-L); availability
of municipal solid waste and biogas (μMSW, μBiogas); district heating demand in Denmark, and
electricity demand in Denmark and Sweden (δDH DK, δElec DK, δElec SE); limits to the investments in
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power transmission lines (τInv Lim); and efficiencies associated to heat pumps (νHeatPump). All of them are
also significant for electricity prices, excepting the capital cost of heat pumps, ΚHeat Pump. The reason
why there are 14 parameters that affect both electricity and district heating prices significantly is
because electricity and district heating markets are and will become increasingly interconnected, as
depicted in Figure 9. Furthermore, all the parameters deemed as significant are also interrelated, as
their standard deviations are different from zero.

Figure 12. Estimated mean and standard deviation of the distribution of elementary effects of the 36 input parameters on
the weighted average district heating prices in Denmark by 2050, where b) is a zoomed part of the a)-plot. An influential
parameter must be within the two lines in each subplot, which correspond to mean = ±sem i (see section 2.1, Eq. 4). The
circles highlight some of the parameters discussed in the manuscript.

Long-term Danish district heating prices would be significantly sensitive to actions and policies with
regards to some of the parameters summarized below:


As shown in Figure 9, the role of heat pumps in the future district heating supply is very large,
satisfying almost half of the demand. Therefore, the coefficients of performance (COP) as
well as capital costs of heat pumps are important in order to ensure cheap district heating
prices. The use of heat pumps that operate with a lower source-sink temperature difference,
leading to an increased efficiency, should be promoted as well as research that focuses on
technological improvements.



The large electrification of the district heating supply by heat pumps emphasizes the
importance of the development of more efficient and cheaper offshore wind technology, i.e.
the access to cheaper electricity prices will also lead to lower district heating prices.



Efficiency improvements that could lead to a demand reduction would not only decrease the
total cost of satisfying the end-use demand, but would also impact markets, thereby
decreasing district heating prices for all consumers. Therefore, the analysis of proper
regulatory frameworks that promote or enforce efficiency targets is important.



A larger availability of municipal solid waste and biogas, which is subsequently upgraded to
biomethane quality, would decrease district heating prices by minimizing the use of heat
pumps when electricity prices are high and vice versa. Therefore, the allocation of waste and
biomass resources for electricity, district heating and fuel production would impact heating
prices.
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4.2.3 GSA on wind capacity deployment in Denmark
The are 22 parameters having a significant influence on the wind deployment in Denmark, as shown
in Figure 13, which are: capacity factors of offshore wind turbines, hydropower plants and
photovoltaic panels (πOff Wind, πHydro, πSolar PV); capital costs of photovoltaic panels, gas turbines and
inter-seasonal heat storage (ΚSolar PV, ΚGas Tur, ΚHeat St-L); availability of municipal solid waste and
biogas for electricity and district generation in Denmark (μMSW, μBiogas); electricity demand in
Denmark, Sweden, Norway and Finland, and transport electrification as well as district heating
demand in Denmark (δElec DK, δElec SE, δElec NO, δElec FI, δElec DK-EV, δDH DK); availability and investments in
power transmission lines (τavailability, τInv Lim, τInv Cost); efficiencies associated to alkaline electrolyzers
and heat pumps (νAEC, νHeatPump); evolution of nuclear capacity in Finland and Sweden (λ nuclear FI, λnuclear
SE); and wood pellets price (ρ WP price) (see Table 1).

Figure 13. Estimated mean and standard deviation of the distribution of elementary effects of the 36 input parameters on
the installed capacity of onshore and offshore wind power in Denmark by 2050, where b) is a zoomed part of the a)-plot.
An influential parameter must be within the two lines in each subplot, which correspond to mean = ±sem i (see section 2.1,
Eq. 4). The circles highlight some of the parameters discussed in the manuscript.

The deployment of wind farms will be driven by a combination of different parameters, where an
increase in the capacity factors of wind turbines (e.g. due to a higher efficiency of the wind turbine,
better site selection, etc.) could largely raise investments. Moreover, as indicated in the Danish
Energy Agreement from 2018, a successful expansion of offshore wind will require that the electricity
transmission infrastructure is conveniently upgraded at an international level. This will enable exports
of large volumes of wind-based electricity when there is surplus, and imports when there is a deficit
due to high residual demands. As Figure 13 shows, an increase in the demand, not only in Denmark
but in the Nordic countries, could be balanced by an increase in installed capacity in offshore wind in
Denmark, if proper transmission lines are built.
The amount of electricity generated by hydropower plants would also affect wind capacity, if it
decreases, e.g. due to less precipitations or snow melt, and increase in wind capacity could balance it,
and vice versa.

4.3 Uncertainty Analysis
4.3.1 Quantification of the uncertainty on electricity and district heating prices
Based on results from Morris sampling, Monte Carlo simulations were first conducted for the 22 input
parameters whose uncertainty was considered influential for the electricity and district heating sectors
in the previous subsection. The Latin Hypercube Sampling method was applied for generating
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samples of θ10×22, θ15×22, θ25×22, θ50×22, θ100×22 and θ200×22 (θN×22) (see section 2.2). Running Monte Carlo
simulations in the Balmorel model resulted in N results for each output, shown in Figure 14. Results
were statistically evaluated by using a confidence interval of 99%, as shown in Figure 15. It must be
noted that high uncertainty in the prices is not synonymous with low quality of the Balmorel model,
but a result of the stochastic variability of the inputs. It would be more accurate to communicate the
uncertainty range rather than stating the mean. The number of Monte Carlo runs, i.e. N, does not
affect the mean of electricity and district heating prices significantly, even with a small number of
samples.

Figure 14. Impact of N Monte Carlo simulations on the cumulative distribution function of electricity and district heating
prices.

Figure 15. Impact of N Monte Carlo simulations on the 99% confidence interval of Danish electricity and district heating
prices, i.e. truncated distribution functions to ±3 standard deviations from the mean.

In Figure 14, there is a higher range on the right side, i.e. higher than the mean value, than on the left
side, for both electricity and district heating prices. For this reason, the skewness and kurtosis of the
cumulative distribution functions are calculated (see Table 2). For both electricity and district heating
prices, the cumulative distribution functions are generally skewed to the right (positive skewness): the
tail on the curve´s right hand side, i.e. high prices, is longer than the tail on the left-hand side, i.e.
lower prices, and the mean is greater than the mode, i.e. in a larger amount of runs prices are lower
than the mean. The kurtosis of the cumulative distribution functions is low, which means that data
from the tails are generally less extreme than in a normal distribution, whose kurtosis is 3. It could
indicate that the perceived risk to deviate from the mean value would not be relatively high, and
similar for both electricity and district heating prices.
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Table 2. Skewness and kurtosis of cumulative distribution functions of electricity and district heating prices depending on
N Monte Carlo simulations (* kurtosis following the non-excess convention).

Skewness
Electricity Price
-0.2
N=10
0.9
N=15
0.1
N=25
0.2
N=50
0.6
N=100
0.2
N=200

DH Price
0.7
-0.4
0.3
0.2
0.3
0.2

Kurtosis*
Electricity Price
1.7
2.9
1.7
2.6
3.0
2.5

DH Price
1.9
2.2
1.8
2.4
2.6
2.9

Graphical techniques could also be useful to estimate the sensitivity of the model towards a
parametric perturbation. As Saltelli et al. (2008) say “a uniform cloud of points could be a symptom
(though not a proof) of a non-influential factor”. The scatterplots of electricity prices against some
parameters with the largest influence, as identified by Morris sampling, are shown in Figure 16, and
display different behaviors. The scatter plot of offshore wind capacity factor shows a downwards
pattern, and the graph of offshore wind capital expenditures might seem slightly upwards when
performing a higher number of repetitions. Nevertheless, in the plot related to limitations in the
investment in new power transmission capacity is not possible to detect any trend among them. The
interpretation of the impact of these parameters could be regarded as an indicator of non-linearity
between the modeling output, i.e. electricity prices, and variations in the input parameters. This
stresses the need to perform independently global sensitivity analyses and uncertainty analyses to
avoid underestimating influential parameters.

Figure 16. Scatterplots of the most-influential parameters from the Morris sampling compared to weighted average
annual electricity prices.

In Figure 17, cobweb plots are used to visualize the simulations as a set of trajectories that connect the
value of each parameter in each run, highlighting those leading to the largest and lowest values of
electricity prices (Kurowicka & Cooke, 2006). The lowest electricity prices, i.e. green lines in Figure
17, are associated to high capacity factors and low capital costs of offshore wind (πOff Wind, ΚOff Wind),
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and low discount rates (DR), and vice versa for the highest electricity prices, i.e. red lines. The
interrelations among them are responsible to drive the model output into their extreme ranges.

Figure 17. Cobweb plot of N=200 Monte Carlo simulations of electricity prices, depicting the six parameters ranked with
the highest influence in the Morris sampling (green lines: 5% lowest electricity prices, red lines: 5% highest electricity
prices). Each line represents a scenario, and the values of the six selected parameters according to the Latin Hypercube
Sampling.

4.3.2 Quantification of the uncertainty on wind capacity deployment
When performing 100 Monte Carlo simulations varying the 22 parameters deemed as relevant in
section 4.2.3, how uncertainty could influence the development in the electric power sector is
assessed, as shown in Figure 18. Large investments in offshore wind are related to Denmark
becoming a net annual exporter of electricity. Whenever wind-based power investments are smaller,
solar PV capacity investments increase.

Figure 18. Annual Danish electricity generation in N=100 Monte Carlo runs by 2050, sorted by electricity generation
from wind.

The lowest investments in wind capacity in Denmark would occur when the wind capacity factor is
lower than expected and the possibilities to expand power transmission lines are smaller, as illustrated
in the green lines of Figure 19. In this case, solar PV technologies become more cost-competitive, as
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they rely less on the transmission capacity, and would start playing an important role in the Danish
power system. Despite the aforementioned, wind power production remains the main technology in all
the 100 Monte Carlo runs, as solar and wind supplement each other well. The competition between
wind and solar in regions with high wind resource potential but relatively low solar irradiation would
not be driven so much by differences in technology costs, but on the possibility to use the power
transmission grid or not; therefore, on the systems integration.

Figure 19. Cobweb plot of N=100 Monte Carlo runs of installed wind capacity in Denmark, depicting the six parameters
ranked with the highest influence in the Morris sampling (green lines: 5% lowest capacity, green dotted lines 5-10%
lowest capacity, red dotted lines: 5-10% highest capacity, and red lines: 5% highest wind capacity). Each line represents a
scenario, and the values of the six selected parameters according to the Latin Hypercube Sampling.

5. Discussion
The world is undergoing rapid changes and there are many uncertainties that might impact the energy
sector, such as economic, and population growth, technological development and climate change,
which have a stochastic nature, i.e. due to an inherent variability rather than from a lack of
knowledge. As Van't Klooster & Van Asselt (2006) stated, “studying the future seems a mission
impossible, since both the appearance of the future and its underlying dynamics are unknown and
unknowable”. In spite of the partially irreducible uncertainties, decisions have to be made regarding
energy systems, aiming at reducing the undesired effects from uncertainty (Walker, et al., 2003),
because “where the future is ill-defined, hardest to see, and pregnant with possibilities, our actions
may well have their largest influence in shaping it” (Lempert, Popper, & Bankes, 2003). The aim of
this study is to contribute to have a deeper understanding of the incomplete and stochastic knowledge
associated with the future energy system (Stirling, 2010).
Local sensitivity analyses, varying one factor at a time up and down around a reference value, are
extensively used in energy systems modelling (Fais, Keppo, Zeyringer, Usher, & Daly, 2016).
Results, when applying this approach to this study, are shown in Figure 20, which shows that the
capacity factor of offshore wind farms would be affecting electricity prices and wind deployment in
Denmark the most. Furthermore, the COP of heat pumps would have a strong influence in Danish
district heating prices. Nevertheless, other parameters deemed as significant in the global sensitivity
analyses, and the cobweb plots from Monte Carlo simulations (Figure 17 and Figure 19), might
appear as non-influential when omitting the effect of interaction between other parameters, e.g. the
impact of limitations to the expansion of the power transmission grid. One-factor-at-a-time
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approaches cannot consider those interactions, and global sensitivity analyses are better suited for
overcoming these shortcomings (Saltelli, et al., 2019) (Saltelli & Annoni, 2010) in order to provide
insight in the potential influence of all sorts of uncertainties in inputs, and to discriminate among
parameters for the accuracy of the outcome. Nevertheless, although local sensitivity analyses might be
limited to prioritizing which parameters affect results in a meaningful way, they play an important
role in ensuring an understanding of the modeling complex systems dynamics; i.e. ascertaining
cascading effects because of a change in a single parameter. The objectives of sensitivity analysis can
be numerous, and model validation and understanding are important features, provided by one-factorat a time analyses. Hence, their use should still be recommendable, although their traditional scope
must be re-considered.

Figure 20. One-at-a-time sensitivity analysis from the unit hypercube uncertainty range (the Reference value does not
have to correspond with the 0.5 of the range).

The advantages of the Morris screening over other methodologies for global sensitivity analyses are
the requirement of less runs (see section 2.2.1). In this analysis, the impact of uncertainty from 36
input parameters is evaluated, a factorial design would imply more than 3.7·1041 runs; however, using
Morris sampling methodology 1295 runs (for r=35) are carried out. Nevertheless, it is important to
mention that the computational cost associated with the Morris screening depends on the number of
parameters considered, so it might also be computationally too demanding if the number of uncertain
parameters is very large (Sin, Gernaey, & Lantz, 2009).
If assuming that the uncertainties in model inputs are all stochastic, i.e. non-reducible, rather than
epistemic due to a lack of knowledge; the uncertainty methodology applied in Balmorel helps to
quantify how much we could deviate from the expected outcome. The global sensitivity analysis helps
finding out which parameters contribute the most to that uncertainty. This also allows to establish
priorities and facilitate debate with regard to promotion of technology developments for offshore wind
turbines, importance of adequate energy policies for the increase of efficiency, enhancement of
collaboration among countries in terms of power trade, etc. As Jouvenel expressed in “The art of
conjecture” (1967), it is crucial to have visions about the future, based on clear reasoning, and by
doing so, troubles can be detected before they arise, making changes in the desired direction.
Notwithstanding, the methodology used assumes “certain uncertainties”, i.e. some estimates are
available or have been assumed, although through educated guesses and literature review. In order to
ensure the validity and relevance of the process, continuous feedbacks and the inclusion of a larger
multidisciplinary group should be created. This group should have a broad view and be aware of
possible biases. This might increase the quality of the exercises presented in this study, that prevent
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that relevant uncertainties are neglected, underestimated or overestimated, but bearing in mind the
perils of group dynamics.
Global sensitivity analyses may also be used for guiding model development and simplifications, for
focusing the representation and calibration efforts where it is critical in terms of driving model
responses (Bosetti, et al., 2015). Our results highlight the importance of a detailed spatial
disaggregation when modeling the electricity generation and the power trade as well as the possibility
to use a less detailed spatial disaggregation for the district heating demand (see Figure 3).
Furthermore, it focuses on an accurate representation of available heat sources, which could influence
the efficiency of heat pumps, the parameter with the highest influence in future Danish district heating
prices according to the results from the Morris sampling. Nevertheless, optimal location of waste-toenergy plants and biorefineries requires a very detailed geographical representation, which could be
done in a previous step prior to the global sensitivity analyses.
Fais, et al. (2016) combined global sensitivity analysis in a bottom-up energy systems optimization
model, TIMES, for a low-carbon United Kingdom by 2050, comprising all the sectors, e.g. including
transport and industrial process heat demand, but without entailing a fossil-free system as in our
study. They conducted the global sensitivity analysis with 32 scenarios that represent all possible
combinations of five dimensions with two possible values (25). Their results showed that
decarbonization would be highly dependent on nuclear power plants and biomass carbon capture and
storage. Renewables do not play a significant role in their reference case, although they can rise up to
97% of the electricity supply in 2050 in some of the scenarios. Nevertheless, given the fact that the
nuclear power plant under construction in England, Hinkley Point C, might have a cost of
92.5£/MWh, and that results from the second allocation round of the Contracts for Difference scheme
for two offshore projects, Hornsea and Moray East windfarm, were of 57.5£/MWh (UK Department
for Business, Energy & Industrial Strategy, 2017), this might indicate that reference values and the
scope could be updated. Similarly, Pye, Sabio & Strachan (2015), also explored the uncertainties that
would have most impact on the UK energy transition. Initially, they propagated the parametric
uncertainty through a Monte Carlo approach, and then performed a global sensitivity analysis with
scatterplots and multivariate linear regression analysis of selected results. They identified biomass
availability, gas prices and nuclear capital costs as the most critical parameters, but uncertainties
related to variable renewable energy and transmission grids were deemed as less influential elements.
Results from both studies suggest the need for using detailed spatial and temporal models when
analyzing the parameters that might influence electricity generation the most, in order not to minimize
the potential of variable renewable energy by dimensional aggregation of space and time, and to
consider a wider range of possible uncertainties of renewable energy technologies. Bosetti, et al.
(2015) focused their analysis in eight parameters related to solar and nuclear power, biofuels,
bioelectricity, and carbon capture and storage. They performed a global sensitivity analysis with 740
runs for three different climate constraint scenarios with the global models WITCH and GCAM, and
the regional model MARKAL-US. Bosetti, et al. (2015) identified the predominance of nuclear
energy cost as the main source of variation among models, and subsequently, they highlighted the
importance of exploring advanced nuclear possibilities and social acceptance of the technology.
Nevertheless, some pathways that limit the warming to 1.5ºC no longer see a role for nuclear fission
by the end of the century due to societal preferences (Rogelj, et al., 2018).
Marcucci, et al. (2019) applied Monte Carlo analysis in a technology rich integrated model, MERGEETL, in order to analyze the effect of the parametric uncertainty in realizing the stringent target from
the Paris agreement. The PROMETHEUS model produces joint empirical distributions of several
variables, which are important for the evolution of the global energy system, such as population and
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economic growth, fossil resource potentials, technology performance and learning rates. The use of
PROMETHEUS, for sampling of the joint probability distributions of the parameters, significantly
differs from this study, in which the probability distributions of the uncertain inputs are ad hoc,
mainly based on literature. Chen et al. (2017) found no report on interactions among multiple
parameters in electric systems planning models; however, methodologies dealing with joint
probability distributions might be recommended, as also suggested by Yu et al. (2018). Marcucci et al.
(2019) found that the availability of biomass resources, the rapid decrease of the costs of renewables
and improvements in energy efficiency were the factors with the largest effect on the cost of carbon
on a global level. Our study also suggests that the capacity factors of variable renewable energy
technologies and the possibility to integrate them efficiently, e.g. through an adequate transmission
grid, would probably also have a large impact on the cost of carbon on a global level, as they do it in
the Danish electricity prices of a fossil-free system.
Global sensitivity analysis could also be a way to screen parameters for performing a posteriori
stochastic analysis with a reduced number of parameters. Some authors, such as Usher & Strachan
(2012), indicated that results from stochastic optimization might be very different from the average of
the deterministic scenarios, illustrating pathways that would seek to minimize risk, and thus providing
valuable information.
For all the above mentioned, uncertainty and sensitivity analyses should play an essential role when
using energy models and correctly interpreting and communicating their results, even when models
have a very detailed spatiotemporal resolution for capturing short-term dispatch dynamics. As
demonstrated in this study, mature analysis methods exist for dealing with input uncertainty, this
being the main challenge the computational burden. Nevertheless, the importance of energy scenarios
should not be disregarded when coherent and structured pictures about the future are created. Policy
makers would get on the one hand, a clear and concise message, but on the other hand, a conditional
advice, which would enable a plural policy debate (Stirling, 2010).
Scenarios provide order and meaning to events and decisions; and the audience, including nonenergy- modeler experts can easily follow their pathways, i.e. the effects of parameters in the
outcome. In addition, they avoid the risk of providing a sense of “false exactness”, which might grow
from bias when estimating probabilistic functions. Human judgment remains crucial for decisionmaking, and scenarios are a powerful tool for communication, suitable for the purpose of helping
people to image desirable futures and to take proper actions to achieve them (Onkal, Sayim, & Gonul,
2013). Their relevance and adequacy might improve by integrating the quantitative approach of global
sensitivity analysis prior to the construction of scenarios, which would highlight the main parameters
to bring them into focus when building narratives, rather than using a purely heuristic prioritization. It
should, however, be borne in mind that scenario building is not a reductionist process, but an “art like
storytelling” including a plurality of views (Wilk, 1991) (Mahony, 2014).

6. Conclusions
Diverse uncertainties might influence the long-term planning of the energy sector, such as economic
and population growth, technological development, climate change, etc. Most of these uncertainties
are owing to an inherent variability of long-term forecasts and cannot be reduced. However, they can
be, and should be, characterized. Energy models are used as support tools for decision-making
processes, and knowledge of the uncertainty might help to reduce the undesired effects thereof and
help to provide robust solutions. In an attempt to address uncertainties, most studies explore different
alternative scenarios or perform local sensitivity analysis, altering one factor at a time. However, the
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effect of interrelations between parameters is not properly considered, and other approaches are
necessary in order to deal with these shortcomings. A methodology, for dealing with stochastic input
uncertainty over different combinations of the uncertainty space but keeping the solution of the model
deterministic, is described and applied. As a novelty, this study assesses the impact of uncertainty in
systems with a large potential of integration of high shares of wind-based electricity; therefore,
models with a detailed spatiotemporal representation are required. The Balmorel model is used for
long-term planning of a Danish fossil-free electricity and district heating generation by 2050, as an
example of a country with large offshore wind resources. The applied methodology for describing the
parametric uncertainty involves three stages:
1. Pre-selection of the parameters that might affect results the most and characterization of their
uncertainty, based on literature search and expert review.
2. Global sensitivity analysis through Morris sampling to identify and rank all the influential
parameters as well as the interrelations between them.
3. Uncertainty analysis using Monte Carlo simulation with Latin Hypercube Sampling, with a
subsequent statistical evaluation.
In the first step, 36 parameters were deemed relevant for inclusion in this study. Results from global
sensitivity analyses identified critical parameters, which supports research prioritization and the
definition of scenarios as well as model development and simplification. Electricity prices would
mainly be affected by the improvement of offshore wind technology, capital costs of solar
photovoltaic panels, development of the transmission power grid and discount rates. Therefore,
countries or regions with large offshore wind potentials and the possibility to increase power
transmission in cooperation with other countries and regions (e.g. through an adequate policy
framework), would greatly benefit from a larger improvement of the offshore wind technology,
especially with higher capacity factors. However, technological development of solar photovoltaic
systems is also important - in spite of the fact that some countries might have relatively low potentials
- as it might support a more cost-efficient seasonal match to demand. District heating prices would be
affected the most by the efficiency and cost of heat pumps, and thus also by the evolution of the
electricity market.
According to the Monte Carlo runs, in regions with large offshore wind potential, if the grid
infrastructure is not adequately upgraded, wind could be under-deployed, imposing higher societal
costs. Offshore wind upscaling at high rates will depend not only on technological improvements, but
increasingly on constraints of the system integration. Hence, large deployments of offshore wind
would require policies that foster technological learning, but also that promote the cost-efficient
integration of growing shares in the power mix.
Uncertainty and global sensitivity analyses should play an essential role when using energy models
and communicating their results, because all the parameters identified as influential in the selected
outputs were affected by the uncertainty of other parameters. Mature analysis methods exist for
dealing with parametric uncertainty, as demonstrated in this study. The main challenge is the
computational burden, especially in models dealing with high integration of fluctuating renewable
energy; and thus having a very detailed spatiotemporal representation. Nevertheless, their ultimate
reliability will depend upon a reasonable quantification of input uncertainty ranges, which should be
further improved.
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This document, attached as supplementary information of the article “Uncertainties towards a
decarbonized system with high integration of wind energy- Global sensitivity analysis and
uncertainty characterization in long-term energy planning”, describes the uncertainty ranges
considered in Table 1 of the manuscript, supported by historical data and literature review. The
reference values that are not described in the main manuscript, are found in Pizarro-Alonso et. al
(2018) – Supplementary Material B; however, technological costs and efficiencies have been
updated with the most recent data from the Technology Catalogue for Energy plants of the Danish
Energy Agency and Energinet (2018), and fuel prices, with the latest forecasts from the Danish
Energy Agency, as used in Venturini, Pizarro-Alonso & Münster (2019).
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1. Weather induced variations
This section describes the historical variations in generation from wind, solar and hydropower
technologies based on historical data. Nevertheless, effects of climate change, such as a rise in mean
surface temperature, changes to hydrological cycles, and higher incidences of extreme weather events
(e.g. heat waves, heavy precipitation, hurricanes) might have a large impact in generation from variable
renewable energy in the future (Chandramowli & Felder, 2014). This has been considered out of the
scope of the present study, but uncertainty ranges regarding weather induced variations have been
assumed in order to acknowledge the possibility of a higher variability from a rise in global
temperature, as the Nordic region is expected to bear higher increases in temperature than the global
average.
1.1 Capacity factor of wind turbines
Fluctuations in the yearly capacity factor of wind turbines due to inter-annual wind resource variability
are evaluated according to calibration of reanalysis of historic data from 1995 to 2014 from MERRA-2
(Modern-Era Retrospective analysis for Research and Applications, Version 2) (Staffell & Pfenninger, 2016).
As illustrated in Figure 1, the annual variation of the coefficient of performance of existing wind
turbines in Denmark was 18.4% (99.73% confidence in a normal distribution). Hence, the expected
variability in annual full load hours of operation of wind turbines is assumed to be plus or minus 20%
in Denmark.

Figure 1. Variation of the annual coefficient of performance of existing wind turbines adjusted to a
normal distribution (1995-2014) (Staffell & Pfenninger, 2016)
1.2 Capacity factor of solar PV and solar collectors
The expected variability in capacity factors of solar photovoltaic panels and solar collectors is assumed
to be plus or minus 10% in Denmark. This range is similar to the one from the calibration of reanalysis
historical data from 1985 to 2014 from CM-SAF (The Satellite Application Facility on Climate Monitoring)
(Pfenninger & Staffell, 2016), which yielded an 8.6% variability in solar PV generation in Denmark
(99.73% confidence in a normal distribution), as depicted in Figure 2.

Figure 2. Variation of the annual coefficient of performance of existing solar plants adjusted to a
normal distribution (1985-2014) (Pfenninger & Staffell, 2016)
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1.3 Hydropower production in the Nordic countries
The electricity prices in Nordic countries are significantly affected by hydrological conditions. The
capacity of hydropower plants to produce electricity depend on the water cycle providing seasonal rain
and runoff from snowpack (IEA, 2005). Precipitation, snow and snow melting varies between seasons
and between years. According to data published by the Norwegian Ministry of Petroleum and Energy
(Norwegian Ministry of Petroleum and Energy, 2015), the variation in annual inflow into the
Norwegian hydropower system between 1990 and 2013 has been around plus or minus 25%. However,
regulation between years is possible in large dams, which can store water in years with heavy
precipitation for using it in years of light precipitation. Therefore, total variations in electricity
production from hydro during that period, have been approximately +17% and -14%. In a future,
variations in the hydrological cycle might be larger, due to effects from global warming, which might
increase precipitation/evaporation, flooding or melting of freshwater glaciers, changing the river flows
(Chandramowli & Felder, 2014). An uncertainty range of plus or minus 20% is considered, to be in a
slightly more conservative side.

2. Wood Pellets Prices
Wood pellets are a globally traded commodity, whose consumption is expected to rise, which will be
intertwined with increasing trading from timber rich regions. There are uncertainties about their prices,
because they are many dynamics involved (NREL, 2013) and the underlying markets are highly
heterogenous (Lamers, et al., 2012). The price of wood pellets depends on availability restrictions and
global demand for biomass, which in turn depends on population and economic growth, and climate
policies and the desired technological pathways to achieve them. There are also uncertainties associated
with global land use and crop yields (Danish Energy Agency, 2014). Biomass availability at an annual
level might also be weather dependent, because e.g. if globally there is extensive biomass use for
heating, and the winter is mild, the demand decreases, an overstock might be created, and price might
drop. Transportation is a major component of wood pellet prices, ranging from around 10% of the price,
to up to 50%, depending on the distance as well as the mode (NREL, 2013). In addition, although intraEU trade in wood pellets is important, the United States, Canada and Russia export significant amount
of pellets to the EU, and this will most likely increase over time; hence, the variations in currency
exchange rates also affect significantly wood pellets price (Johnston & van Kooten, 2016). Due to the
large amount of uncertainties, they are often handled through long-term contracts, where the buyer
pays a premium for supply security.
Comparing different biomass price projections of evolution of wood pellets price in Denmark (Danish
Energy Agency, 2014) (Norden ; IEA, 2016), a range of plus or minus 25% has been observed.
Nevertheless, some studies (Lamers, et al., 2012) (Johnston & van Kooten, 2016) suggest an even higher
increase in biomass prices, hence an uncertainty range of plus or minus 40% has been considered.

3. Local resource potentials
3.1 Straw allocated for electricity and district heating in Denmark
Available straw for electricity and district heating in Denmark will depend on the national level of
farming, which is estimated to stay constant, on the sustainable usage rate that allows to maintain soil
quality, and on other possible competitive uses, mainly fodder, bedding for animals or for biofuel
production. The amount of straw allocated for biofuel production will depend on the level of ambition
for decarbonization of heavy transport by road, aviation and shipping, and the type of policies adopted
for achieving it, such as electrified roads, ammonia production for shipping or restriction to biomass
imports.
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Due to these possible uncertainties, assuming that only the straw that is currently used for energy or
left on the fields could potentially be used for energy in the future, an uncertainty range of 54 – 0 PJ is
considered (Venturini, et al., 2019).
3.2 Biomethane allocated for electricity and district heating in Denmark
The potential of biogas in Denmark will depend upon the level of animal farming in the country, the
amount of treated manure, the upgrade of biogas to biomethane with hydrogen, and other competitive
uses, such as transportation. Assuming that the biogas production in Denmark remains constant, in the
reference scenario 64.7 PJ are produced, as all the biogas is upgraded to biomethane with hydrogen,
boosting its production (Danish Energy Agency, 2014). The uncertainty range considers from full
allocation of biomethane to electricity and district heating, to an allocation of zero.
3.3 Residual combustible waste allocated for incineration in Denmark
The amount of available municipal solid waste for incineration is estimated with the use of the
econometric tool FRIDA (Andersen & Larsen, 2012) and the recycled targets defined in (Pizarro-Alonso,
et al., 2018), which are updated according to the circular economy package of the European Union.
There is uncertainty about how much the economy will develop, how much the amount and
composition of household waste will evolve, or the ambition of the recycling targets. In addition, in a
fossil-free energy system, the role of waste as a resource could be discussed, and waste pyrolysis might
be preferred, to produce higher added-value fuels or chemicals for sectors that are more difficult to
decarbonize, instead of electricity and heat. The full uncertainty range by 2050 has been considered,
including the effect of a 20% increase in residual combustible waste allocated for incineration in
Denmark (which could also be imported from other countries): 45.9 – 0 PJ.

4. Technology development
The expected cost in new technologies, are the result of a multitude of different cost-reducing processes,
including “learning by doing, learning by researching, learning by using, learning by scaling and
learning by copying (i.e. knowledge spill overs)” (Wiesenthal, et al., 2012). There is uncertainty around
the impact of research and innovation efforts on these factors. In addition, market prices of raw
materials (particularly steel, copper, cement and rare earth minerals) and components produced by
third parties, increased labor costs or competition between manufacturers may play an important role
in the technology’s costs (Wiesenthal, et al., 2012) (Lantz, et al., 2012) (IRENA, 2012). Potential breakthrough in the technologies, depending on unforeseeable changes, has not been considered, as this
could be better handled by assessing alternative scenarios.
4.1 Capex wind turbines
Cost reductions in wind turbines are expected, especially in offshore wind, as it is a less mature
technology than onshore (JRC, 2014). However, the anticipated magnitude of those reductions is
difficult to gauge. In 2012, IRENA said it might “depend on the impact of turbine manufacturers based
in emerging economies” (IRENA, 2012).
In the case of onshore wind turbines there are costs, such as cost of land or compensation for loss of
value for nearby settlements, which can vary from 0% to around 25% of the total investment, depending
on the specific location of the project (Danish Energy Agency; energinet, 2018). The costs of wind
turbines for typical offshore farms represents a smaller portion of the total investments, compared to
the onshore projects. After 2030, it is expected that the “best wind sites” for offshore farms have already
been utilized, and slightly “worse sites” would have to be used, farther from the shore and in deeper
waters. On one hand, research and expansion plans for offshore wind farms deployment in Europe is
likely to reduce costs; however, on the other hand, projects far from the shore and in deep waters would
increase costs.
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Some estimations represent a degree of uncertainty of around plus or minus 20% (Danish Energy
Agency; energinet, 2018) (Lantz, et al., 2012) (IRENA, 2012), which is considered in this analysis for
both onshore and offshore technologies.
4.2 Capex solar panels and solar collectors
The capital cost of solar panels has dramatically decreased during this decade, as shown in Figure 3 for
the United States. In the future, further cost reductions are expected, estimated on learning rates for the
module and inverter, and an increase in efficiency of the solar panels, which will also decrease the cost
of land (Danish Energy Agency; energinet, 2018). Nevertheless, the level remains uncertain, so a ±20%
range is considered.

Figure 3. Historical evolution of solar PV costs (utility scale) in the United States (Fu, et al., 2017)

4.3 Capex Wood Pellets cogeneration plant
According to the estimations from the Danish Energy Agency and Energinet (2018), an uncertainty
range of ±35% is considered, regarding the capital costs of wood pellets cogeneration plants.
4.4 Capex gas technologies
According to the estimations from the Danish Energy Agency and Energinet (2018), an uncertainty
range of ±20% is considered, regarding the capital costs of gas turbines cogeneration plants, gas engines
and gas boilers.
4.5 Capex heat pumps
Large scale heat pumps belong to the category of “Commercial technologies with moderate
deployment so far and significant development potential” according to the Technology Catalogue of
the Danish Energy Agency and Energinet (2018). Therefore, a decrease in the cost of the technology is
estimated as learning accumulates. Nevertheless, there is uncertainty related to the extent of learning
and capital costs evolution, and the estimated capital costs for heat pumps ranges from 0.5 to 1
M€2015/MWheat.
4.6 Capex inter-seasonal heat storage
The first large scale heat storage which operates inter-seasonally in Denmark was constructed in 2012
in Marstal, and afterwards, in 2014 in Dronninglund. Currently, there is a heat storage under
construction in Høje Taastrup, which is expected to be finalized by 2019. Hence, as the experience in
building large heat-storages, such as water pits, is still small, costs fluctuate between projects and will
also depend on the extra-required civil engineering work, which is very site specific. An uncertainty
range of plus or minus 50% has been considered in this study.
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4.7 Capex of alkaline electrolyzers
In this study, we have assumed that hydrogen is produced via alkaline electrolysis, which is a process
that has been used since the end of the 18th century. Nevertheless, despite being a mature technology,
its application in the energy sector has been limited, and it is mostly used in niche markets. Therefore,
the technology is evolving so that alkaline electrolyzers could integrate and even favor the integration
of higher shares of variable renewable energy. Experts say that the technology should become cheaper
and more efficient, but some say it will happen by 2020 and others suggest a more gradual
improvement towards 2050. An uncertainty range of plus or minus 35% with respect to the original
value is used in this study (Danish Energy Agency; energinet, 2018).
4.8 Capex centralized hydrogen storage
Presently, there is no experience regarding centralized underground hydrogen storage in Denmark and
the literature is scarce (Sgobbi, et al., 2016). Therefore, an uncertainty of plus or minus 30% has been
considered, as this range was pointed out for gaseous hydrogen storage underground in Europe in
(Krewitt & Schmid, 2005).
4.9 Coefficient of performance of heat pumps
As described in section 4.4, the deployment of large-scale heat pumps is still not mature, and
improvements are expected. The coefficient of performance depends on the specific efficiency of the
plant, i.e. on both mechanical and thermal losses, which could be reduced; and on the difference of
temperature between the heat source and the heat sink, which can decrease with better systems
integration, e.g. decreasing the delivery temperature of the district heating or utilizing sources of excess
heat, such as industries. An uncertainty range of minus 15% and plus 100% with respect to the reference
value is evaluated, as suggested by the Danish Energy Agency & Energinet (2018).
4.10 Efficiency of alkaline electrolyzers
Section 4.6 describes the learning potential of alkaline electrolysis, and experts have stressed the
importance of increasing the efficiency. This study considers an uncertainty range of plus or minus 5%
with regards to the reference value, as suggested by Bolat & Thiel (2014), and the Danish Energy Agency
& Energinet (2018). Nevertheless, it has been considered out of the scope of this study the analysis of
other types of electrolyzers, such as SOEC (solid oxide electrolyzer cell), which could potentially have
a breakthrough in the future Danish hydrogen supply.

5. Nuclear capacity
There are uncertainties to the outlook for nuclear power, as it is related to public acceptance and policies
based on perceived risks. Sweden and Finland are the only Nordic countries with nuclear power
capacity, but its future remains unclear. This is highlighted in the Nordic Energy Technology
Perspectives (2016), where two different scenarios regarding nuclear capacity are considered (see
Figure 4): Carbon Neutral Scenario – Base (CNS-Base) and Carbon Neutral Scenario – Fast Nuclear Phase out
(CNS-Nuclear Phase out). The uncertainty ranges in this study consider the two extremes: no nuclear
capacity in Finland and Sweden by 2050, and in the other extreme, the same installed capacity by 2050
as in 2040 in the CNS-Base scenario (3680 MW in Finland and 5677 MW in Sweden), which could depict
a situation where the lifetime of the nuclear power plants is extended.
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Figure 4. Evolution of installed nuclear capacity in Finland and Sweden (Norden ; IEA, 2016)

6. Power transmission capacity
Transmission capacity is to play a key role in enabling higher shares of variable renewable energy
through market integration. The expansion plans described in the Ten-Year Network Development
Plan published by ENTSO-E are illustrated in Figure 5. Nevertheless, there are uncertainties related to
grid development, as they require international cooperation and agreements and the realization of a
project might take up to ten years with all needed planning and permitting, apart from the engineering
work. Uncertainties related to the power transmission capacity will be related to available capacity,
implementable capacity and costs, which are described in the subsections below.

Figure 5. The Ten-Year Network Development Plan in Northern Europe (green: under construction,
yellow: in permitting, red: planned but not yet permitting, dark grey: under consideration and light
grey: commissioned) (ENTSO-E, 2018)

6.1 Available capacity of the transmission lines
Capacity allocation of power transmission lines between the Nordic countries and Germany is regularly
limited due to internal bottlenecks in the adjoining grids. There is electricity surplus generated in
Northern Germany from wind, which cannot be distributed to the southern region of the country due
to congestions (Oggione & Smeers, 2013). In order to meet the challenges posed by bottlenecks, a
reinforcement and expansion of distribution grids is needed. The German supervisory authority and
the TSOs see the problem as temporary, which could be solved by further expansion within a ten-year
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period, but it is questionable whether it will be sufficient to meet the demands that intermittent power
will make on the infrastructure, moreover considering that it takes long time to build the lines due to
local political opposition (Swedish Energy Markets Inspectorate, 2015).
It is assumed that the congestion problem has been solved by 2035, by expansion of internal grids, and
thus, the availability of the lines is 90%, only reserving 10% of the capacity to manage short-term
fluctuations. However, some information suggests that the availability of the lines could be reduced to
50% (communication from the Danish Energy Agency). Therefore. the full range from 50% to 95%
availability is analyzed.
6.2 Investments in transmission lines
Planning new grid capacity is a time-consuming process and building new transmission lines comes at
additional costs. More importantly, planning procedures in many IEA countries can take between 3
and 10 years, which means grid extensions cannot be realized without significant lead times (IEA, 2005).
Therefore, some limitations to the maximum power transmission capacity expansion are considered.
An uncertainty range of investments in transmission lines between plus 100% of the reference values
(for each specific line) and no new exogenous investment is considered.
6.3 Capital costs for investments in power transmission
There are uncertainties about the capital cost that the expansion of power transmission lines will have,
as they will depend on voltage, construction work, labor and land costs, etc. An uncertainty range of
plus or minus 30% with respect to the reference value has been assumed in this study.

7. Economic growth and Energy demands
7.1 Socioeconomic discount rate
The social discount rate is used to harmonize future costs into present values in order to make them
comparably, reflecting how the future should be weighted with regard to the present from a societal
point of view, taking into account inevitable or unpredictable risks (Garcia-Gusano, et al., 2016).
Currently, the social discount rate in Denmark is set by the Ministry of Finance at a 4%. Nevertheless,
this value could change, as the true social benefit could be subject of discrepancies. A socioeconomic
discount rate ranging from 3% to 5% is analyzed, as in the Nordic countries lower or higher values do
not seem likely, but uncertainty within this range is often discussed.
7.2 Final energy demand
The model Balmorel follows a bottom-up approach and without any linkage to a top-down model,
which could identify market reactions to technological changes, such as rebound effects. In addition,
this study assumes that demand is price inelastic and there is no endogenous modelling of energy
efficiency measurements, which are exogenously given.
In the last years, there has been an increase in the electricity demand forecasted for data centers, which
was not included in the energy scenarios considered previously by the Danish Energy Agency (2014)
or in the Nordic Energy Technology Perspectives 2016 (Norden ; IEA, 2016). The latest scenarios
developed by the Danish Energy Agency (2017) show an uncertainty range of electricity demand in the
corporate sector of approximately 10% (Danish Energy Agency, 2017). Therefore, due to the use of
partial equilibrium models, assumptions with regard to energy efficiency, and the possibility to have
disruptive electricity demands from new sources, an uncertainty range of plus or minus 25% with
regard to the reference value of electricity demand is analyzed.
The uncertainty range for district heating demand has been assumed to be 15%, because although
uncertainties are mostly related to changes in temperature comfort levels and the implementation of
energy efficiency codes in new and existing houses, there is a large degree of uncertainty regarding the
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possibilities of retrofitting existing houses and the expansion of district heating networls. TIMES-DK
(Venturini, et al., 2019), which models endogenously energy efficiency measurements, results in a
district heating demand 15% higher than the one forecasted by the Danish Energy Agency (2014).
Major lifestyle or behavior changes that might greatly affect the energy demand (Vithayasrichareon &
MacGill, 2012) or the effects of climate change on the energy system are not considered.
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Abstract
This study conducts an integrated energy system assessment to evaluate pathways for using locally
distributed sustainable biomass resources in the conversion to renewable gas and liquid biofuels in
future integrated energy systems. A modelling framework with a detailed spatiotemporal representation is used, optimising the usage and transportation of local biomass resources for producing
renewable gas and renewable liquid fuels through the OptiFlow model, along with the comprehensive power and district heating model Balmorel, integrating short-term dynamics in the long-term
planning horizon. Results for a fossil-independent Danish energy system by 2050 show that production of bio-jet fuel in Denmark would impose high pressure on national biomass resources.
Electrofuels, such as biomethanol, have economic viability and promising potentials. The results
regarding renewable gas production show that anaerobic co-digestion of a mixed feedstock to produce biogas, which is further upgraded to biomethane using water scrubbing for CO2 removal, is
the preferred option. Biorefineries are located near larger cities to benefit from economy of scale
and access to large district heating networks, as excess heat from biorefineries might supply up to
21% of the national district heating demand. On the other hand, biogas plants are located in the
countryside, as the costs of transporting, particularly manure, are a determining factor. Therefore,
the analysis shows that geographical allocation of resources and production, as well as synergies
across energy vectors, have an impact on the renewable gas and liquid fuel results.
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1. Introduction
Mitigation of climate change requires a transition of the energy system towards renewable-based
energy production [48, 49, 14, 74, 75]. The Paris Agreement aims at limiting the increase of average
global surface temperature in this century to well below 2◦ C above pre-industrial levels, and even
to pursue efforts to keep the raise to 1.5◦ C [82].
Various decarbonisation pathways are presented [47, 48], emphasising that large amounts of bioenergy are required to supply energy in the future [75]. Moreover these pathways also illustrate that
the contribution from gas varies significantly across global scenarios underlying the uncertainty
regarding future energy supply mix [75]. Gas and renewable gas as a fuel, and the already-existing
gas infrastructure can potentially play a key role in facilitating an effective and cost-efficient energy
transition, as it can 1) be used in various energy sectors, including those where decarbonization
is challenging; 2) be used in conversion technologies, e.g. to produce liquid biofuels and electrofuels; 3) facilitate system integration; and 4) serve as a flexibility resource, both in the short- and
longer-term, e.g. due to large gas storage facilities, flexible production of hydrogen, and flexible
generation of electricity and heat in peak-load situations [41, 34, 35, 36, 18, 25, 62, 59].
Focusing on the role of renewable gas and renewable liquid biofuels in future energy systems,
different methodologies can be applied, varying from top-down to bottom-up models. Considering
techno-economic bottom-up models, conversion of biomass to renewable gas and liquid biofuels can
be modelled with different spatial details, varying from global integrated assessments models (IAM)
to local supply chain models. Supply chain models, see e.g. the literature reviews in [1, 53, 26], often
compute the economic feasibility of one-specific end-product, with high spatial resolution, but are
leaving out the optimal usage of resources in a wider perspective than what is best for the supply
chain. In global IAM, the technical representation and spatial resolution is poor and the models
often underestimate VRE potentials by imposing constraints [68]. Holistic and integrated energy
systems models for regions or countries are categorised in between global IAM and local supply
chain models, and take into account synergies across the energy system, and thus are suitable for
conducting scenario assessments of future pathways for renewable gas and renewable liquid fuel
conversion technologies, taking into account conditions, such as resource availability, energy and
climate targets, and development of energy prices and demands.
Comprehensive literature reviews of energy systems models have been conducted [73, 50, 45, 27, 64,
3, 15, 4, 39, 51], and in general, characterise energy systems models into simulation and optimisation
models. Each modelling approach has advantages and disadvantages. While simulation models tend
to have a higher temporal resolution, optimisation models compute the least-cost configuration of
the energy system.
Energy simulation models have been applied to assess the role of renewable gas and renewable liquid
fuels for future energy and transportation systems globally, in regions such as the European Union
[38] using the PRIMES model [28], in the Nordic countries [11, 77] using the STREAM model [12],
and, for example, in Denmark using EnergyPlan [58, 57, 60], STREAM [78, 81], and other simulation models e.g. [18, 29]. Energy optimisation models have been applied to find the optimal
utilisation of renewable gas and renewable liquid fuels, where in particular the MESSAGE [40]
and TIAM [56, 55] modelling frameworks are suitable for global assessments, and where, for example, the MARKAL [44, 9, 10, 8] and TIMES [83] modelling frameworks are applied in a more
country specific context for optimising supply of the end-use demand in the transport and industry sectors, as an integrated part of the energy system. Results from the aforementioned studies
show that biomass is converted into liquid biofuels in the future to supply the long-haul transportation services. Biofuel conversion technologies. e.g. fermentation to produce bioethanol for
cars, and thermal gasification process followed by Fischer-Tropsch synthesis to produce biodiesel,
to supply the long-haul transportation is found in [18, 29, 81]. Biokerosene and electrofuels also
show a promising future to satisfy the needs for liquid and gas biofuels, as the electrolysis technology matures and due to limited availability of sustainable biomass resources, or other carbon
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sources [67, 72, 58, 57, 60]. While simulation tools tend to apply hourly representations, optimisation models often aggregate time into temporal slices. Moreover, non of the reviewed energy
systems assessments encompasses endogenously optimisation of the utilisation, and transportation
across geography, of all the locally distributed biomass resources. The study by [83] focuses on the
utilisation of straw in the Danish energy system, and takes into account the transportation of this
resource between municipalities; however, it excludes the transportation of other resources, such as
deep litter, organic waste and grass, for renewable gas production. Therefore, the literature shows
a gap of studies that optimise the use of biomass, and the production of renewable gas and liquid
biofuels with a detailed spatiotemporal resolution.
This article bridges this research gap by applying a modelling framework, which allows optimisation of locally distributed sustainable biomass, and the production of renewable gas and liquid
biofuels in future energy system with a detailed spatiotemporal representation. The study models
local biomass utilisation for renewable gas production (biogas, syngas, biomethane, synthetic natural gas (SNG), and hydrogen), as well as renewable liquid fuel production (methanol, biodiesel,
ethanol, biooil and biokerosene), in the generalised spatio-temporal network model OptiFlow [70].
OptiFlow is co-simulated with the comprehensive power and district heating optimisation model,
Balmorel [84, 71], allowing a holistic system perspective and positive synergies across energy sectors.
A case study of Denmark in a Northern European context is chosen to illustrate and evaluate the
developed modelling framework. This region is chosen, as the Nordic countries are a pioneer in implementing variable renewable energy (VRE) sources, along with the fact that the [24] announced
a long-term vision of achieving a fossil fuel independent energy system by 2050. The prospective
deployment of renewable conversion technologies to attain the energy transition will have a significant impact on the entire energy system, requiring increased system flexibility to accommodate
larger penetrations of VRE resources, and integration across energy sectors and vectors. Denmark
has already started the journey towards renewable-based production by being a world leader and
innovator in the implementation of wind power [46]. Moreover, the transition of the gas system
appears, as the Danish TSO, Energinet, reported that in July 2018, 18.6% of the national monthly
gas consumption was satisfied by biomethane, and that it is expected that more than 10% of the
gas consumption will stem from biogas by 2019 [33]. The future Danish energy system, as a case
study, is therefore interesting to investigate, also seen from a global perspective, due to its long-term
energy and climate policy targets, increased generation from distributed renewable energy sources,
limited domestic residual biomass resources, as well as the foreseen challenges in the context of
decarbonising the heavy-transport and industrial sector as well as ensuring balancing of electricity
production from VRE technologies.
Following the introduction, section 2 presents the methodology developed and applied in this study
to model the potential role of renewable gas and renewable liquid biofuels in the Danish energy
system by 2050. Section 4 describes the data assumptions applied to conduct the scenario analysis.
Sections 5 and 6 present the results obtained by the Balmorel-OptiFlow co-simulation and discuss
the impacts of the results. Finally, section 7 contains the conclusions.
2. Methodology
Bottom-up energy system analysis is applied for evaluating the role and impacts of renewable gas
and renewable liquid fuel production in the Danish energy system by 2050. Bridging the identified
research gaps, the modelling framework in this study applies a detailed spatial resolution, which is
required to represent the production of renewable gas and renewable liquid from local sustainable
biomass resources, taking into account the transportation of resources across geography. Moreover,
high spatial resolution is required to represent disaggregated district heating networks, as heat
cannot be exchanged between district heating networks (unless neighbouring networks become
connected), and to assess the trade-offs between transport of resources, economies of scale and
3
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biorefinery location next to district heating networks, which could efficiently use the excess heat
provided.
Modelling the future Nordic-German energy system, with a focus on Denmark, calls for representative temporal profiles, as the system integrates high shares of variable renewable energy sources.
The modelling framework developed and applied in this study encompasses the above requirements
by modelling the local biomass resource for renewable gas and renewable liquid fuels in the the
generalised spatio-temporal network optimisation model, OptiFlow. This model is co-simulated
with the Balmorel model, which facilitates the required detailed modelling of the power and district heating systems. This modelling framework explores synergies between renewable gas and
renewable liquid fuel production, and the power and district heating networks.
2.1. Balmorel
Balmorel is an open-source energy system optimisation model, and in this study it includes the
electricity and district heating sectors. The model relies on a bottom-up modelling approach, and
is a deterministic, partial equilibrium model, which assumes perfect competition, and economic
rationality [84]. The Balmorel model entails a comprehensive representation of technical components in the current energy system, e.g. electricity and heat generation technologies, and power
transmission lines. Balmorel computes the conversion of energy sources to electricity and district
heating, the storage of heating and electricity, and the transmission of power through interconnections. The Balmorel model allows simultaneous optimisation of both investments and operational
decisions for dispatch [71].
The objective of Balmorel is to maximise social welfare, which is equivalent to minimise the total
cost of the system when assuming inelastic energy demands, as applied in this study for simplicity.
Balmorel can be run in several modes, e.g. economic dispatch, unit commitment, discrete binary
investments for economy of scale, and myopic or perfect foresight within a year and between years.
In this paper, Balmorel is run optimising simultaneously the economic dispatch and investments,
by minimising the total costs for satisfying the district heating and power demands, using a perfect
foresight approach within the year of optimisation. A simplified version of the main equations used
in Balmorel for electricity and district heating generation are described below. The nomenclature
is found in Appendix.
Minimize
z=

X XXX
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· pa,g,s,t +
g

+

·
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(6)

Equation 1 represents the objective function, and as a result of the optimisation, the total cost
for satisfying the electricity and district heating demand, z, is minimized. The variable costs of
operation of the technology g, including costs related to fuel consumption and environmental taxes,
are given by cvOP
; and the amount of commodity associated to those costs, produced or consumed
g
by a specific technology g, located in the area a, at each time period, defined by the temporal slice
(s, t), is given by pa,g,s,t . The annualised capital expenditures in technology g are defined in cCAP
,
g
which takes into account the discount rate and the economical lifetime of the investments, which
are defined by the variable pnew
a,g , which represents the capacity installed of technology g in area a.
Equation 2 represents the constraint of flow of a commodity, pa,g,s,t , given by the installed capacity
of technology g in the area a, and the availability of the plant at that specific time period s, t.
However, when a plant is non-dispatchable, e.g. wind or solar, the production of the technology g
in the area a is fixed at each time period (s, t), but with the possibility to curtail some generation,
pcurt
a,g,s,t , as shown in Equation 3. Equation 4 describes the limits to power transmission between
interconnected regions r − r0 given by the capacity of the lines and their availability at the time
period (s, t).
Equation 5 ensures that the electricity demand, del
r,s,t , is met in all regions (geographical areas a
are aggregated into transmission regions r) and time periods. Electricity might be transmitted
between regions; ptrans
r,r0 ,s,t shows the amount of electricity exported from region r ∈ R to region
,
and
the
variable ptrans
r0 ∈ Rexp
0
r0 ,r,s,t denotes the amount of electricity imported, including losses,
r,r

from the region r0 ∈ Rimp
r0 ,r towards r during the time period s, t. Similarly, Equation 6 represents
that all the district heating demand, ddh
a,s,t , is satisfied in all areas and time periods, but without
the possibility of heating exchange between areas.
All the variables, excepting the total costs of the system z, are non-negative. Availability of
resources, including fluctuation of variable energy; such as wind, solar or hydropower; water storage
in hydro reservoirs or heat storage, as well as technical restrictions, e.g. related to operation of
combined heat and power plants, are not described in the equations above. However, they are all
constraints in the optimisation in Balmorel.
Renewable gasses (such as biogas, syngas, biomethane and bio-SNG) are currently included to a
limited extent in Balmorel, given by exogenous potentials and prices, and the usage of biomass
for energy conversion is only modelled for thermal processes. This means that the production of
those renewable gasses is not directly included in the model, but is represented by a fuel price in
Balmorel, equivalent to their production cost or their market value [52]. Studies evaluating the
role of hydrogen in future energy systems have been conducted by developing a hydrogen add-on
to Balmorel [61, 54]. To allow a comprehensive representation of renewable gas and use of local
biomass resources as well as a more detailed representation of district heating demands and supply
in the integrated energy system, the spatio-temporal network optimisation model, OptiFlow, is
fully integrated within Balmorel.
2.2. OptiFlow
OptiFlow is a generalised, spatio-temporal network optimisation model, which may represent any
network flow related to e.g. energy, mass, economy or environment. It is a deterministic partial
5
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equilibrium model built upon a bottom-up approach. OptiFlow is an open-source tool that allows
modelling of networks with high spatial and temporal resolution, which in particular is important
in systems with locally distributed production and consumption, and with high shares of generation
from variable renewable energy sources, such as Denmark.
OptiFlow can perform optimisation based on a multi-criteria approach for any selected flow of
the network. However, in this study, the model is hard-linked with Balmorel; and therefore,
both objective functions are integrated to minimise the total system costs. OptiFlow optimises
the transportation of resources and products, as well as investments and operations of different
technologies for their transformation and storage, subject to defined boundary conditions, such as
the surrounding energy system. OptiFlow allows optimising the location, size and operation of
conversion plants, depending on e.g. costs of transporting local biomass resources, their seasonal
availability and the existence of district heating demand.
The model is formulated as a generalised network model, based on node-arc relationships. The
applied terminology applies processes (P ) as the nodes, connected through flows (F ) as the arcs.
A process p represents any physical or mathematical conversion process, including transport across
the spatiotemporal dimension. A flow f might represent any stream and its properties (e.g. fuel in
mass units, fuel in energy units, ash from waste, etc.), including monetary or emissions flows. The
AP P F , which
topology of the connections between nodes and arcs is described through the set Ra,p,p
0 ,f
0
defines that a flow f goes from the process p to the process p in the area a. The nomenclature
related to OptiFlow is found in the Appendix.
Processes are classified into source (P So ), sink (P Si ), buffer (P B ), interior (P I ), transport (P T )
and storage (P St ) processes. The Buffer processes represent the relationship with the background
system or the boundary conditions. In a buffer process, flows can enter, Va,p0 ,p,f,s,t , and/or leave,
B
, can be positive,
Va,p,p00 ,f,s,t , the systems boundary. The sign of the buffer process net flow, Va,p,f,s,t
B
negative or zero, as expressed in Equation 7. In addition, the net buffer flow, Va,p,f,s,t , might also be
linked, through soft or hard-linkages, to other models, as the energy tool Balmorel. Source processes
are buffer processes that only have flows entering the network, such as, resources or feedstocks.
In contrast, sink processes are buffer processes that only have flows leaving the system, such as
demands, waste, or products that are sold to the market. By applying this modelling framework,
the direction of the flow from source processes and to sink processes are known beforehand, unlike
the net flow from buffer processes, whose sign is unknown.

B
Va,p,f,s,t
=

X

p00 ∈P
PF
|(a,p0 ,p,f )∈RAP
a,p0 ,p,f

Va,p0 ,p,f,s,t −

X

Va,p,p00 ,f,s,t

p0 ∈P
PF
|(a,p,p00 ,f )∈RAP
a,p,p00 ,f

∀a ∈ A, p ∈ P B , f ∈ F, s ∈ S, t ∈ T

(7)

OptiFlow allows multiple flows to enter and/or leave interior processes, where they can be transformed to other flow or flows, mixed into one flow or split in several flows with the same or different
characteristics than the inlet flow. Flows can either enter or leave a specific process with fixed or
variable ratios. A simplified mathematical formulation for the conversions in interior processes is
FF
expressed in Equation 8, where the parameter cAP
a,p,f,f 0 describes the relationships of transformation,
0
splitting or joining of a flow f into a flow f in the process p in the area a.
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∀a ∈ A, p ∈ P, f ∈ F, f 0 ∈ F, s ∈ S, t ∈ T

(8)

On the left side of the equation there are the flow or flows f entering the process p from the process
or processes p0 , Va,p0 ,p,f,s,t , and on the right side there are the flow or flows f 0 leaving the process p
FF
towards the process or processes p00 , Va,p,p00 ,f 0 ,s,t . The parameter cAP
a,p,f,f 0 multiplies the input flow,
0
i.e. f , to get the flow f through transformation and/or combination of one or more flows f in the
process p. However, when a flow f is split into several flows f 0 in the process p, which is defined
1many
AP F F
0
through the set Ra,p,f,f
0 , the parameter ca,p,f,f 0 multiplies the output flows f .
OptiFlow enables transportation of resources across connected geographical areas by different transportation means. As high transportation costs per unit of energy are associated to transport of
low energy density and high water content resources, such as manure; this feature is key when
modelling renewable fuel production systems. Specific flows f can be transported from an area a
to another area a0 by means of different transportation types defined as transport processes P T , e.g.
AAP F , and represented with the variable V transport .
trucks, which is described through the set Ra,a
0 ,p,f
a,a0 ,p,f,s,t
The equation for the transportation process is presented in Equation 9.

Va,p0 ,p,f,s,t +

X

a0 ∈A
F
|(a0 ,a,p,f )∈RAAP
a0 ,a,p,f

Vatransport
0 ,a,p,f,s,t =

X
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F
|(a,a0 ,p,f )∈RAAP
a,a0 ,p,f

transport
Va,a
0 ,p,f,s,t + Va,p,p00 ,f,s,t +

∀{a ∈ A, p ∈ P T , p0 ∈ P, p00 ∈ P,

00
AP P F
PF
f ∈ F|(a, p0 , p, f ) ∈ RAP
a,p0 ,p,f ∧ (a, p, p , f ) ∈ Ra,p,p00 ,f }, s ∈ S, t ∈ T

(9)

OptiFlow enables the definition of a flow enforcement, e.g. fixed relationships between two input
flows f and f 0 to the process p, Va,p0 ,p,f,s,t and Va,p00 ,p,f 0 ,s,t respectively,defined through the paramx
. Equation 10 shows fixed relationships between incoming flows, which can be used
eter eIn2in−F
a,p,f,f 0
to define input ratios to a specific process, auxiliary consumption, etc.

x
Va,p0 ,p,f,s,t = Va,p00 ,p,f 0 ,s,t · eIn2in−F
a,p,f,f 0

∀{a ∈ A, p ∈ P, p0 ∈ P, p00 ∈ P, f ∈ F, f 0 ∈ F|

PF
00
0
AP P F
(a, p0 , p, f ) ∈ RAP
a,p0 ,p,f ∧ (a, p , p, f ) ∈ Ra,p00 ,p,f 0 }, s ∈ S, t ∈ T

(10)

Moreover, OptiFlow allows intra-seasonal and inter-seasonal storage processes, and enables unique
flows to be modelled, so that the specific properties of the flows, such as energy content, water
content, nutrient content, etc., can be tracked throughout the network.
Based on the above model description, OptiFlow allows flexible modelling of complex networks
with a detailed temporal and spatial resolution, including transport. Therefore, it is a suitable tool
for optimising the complete chain representing renewable fuel production and their integration in
future energy systems.
7

307

Paper V

2.3. Linkage of OptiFlow and Balmorel
OptiFlow can operate as a stand-alone model or as a fully integrated add-on within the Balmorel
model. In this study, OptiFlow is co-simulated with Balmorel, as shown in Figure 1, to represent
the couplings and ensure a simultaneous optimisation of renewable gas -natural gas and hydrogenand liquid fuel production, and the electricity and district heating sectors.

Figure 1: Modelling framework of the co-simulation of Balmorel and OptiFlow

By hard-linking OptiFlow and Balmorel, simultaneous exchanges of metrics between both models
take place through some selected Buffer Variables in OptiFlow and balance equations in Balmorel:
B
for p
1. Exchange of monetary flows through the objective function, by adding the term Va,p,f,s,t
Econ
Econ
B
M
oney
M
oney
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, where P
⊆P , and f ∈F
, where F
⊆ F , i.e. the net flow in OptiFlow
of money, to the right side of the Equation 1, as illustrated below.
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2. Electricity and district heating generation and consumption are linked to the electricity and
B
heat balancing equations in Balmorel, using the terms Va,p,f,s,t
in OptiFlow for the buffer
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process p ∈P , where P ⊆P , and f ∈F , where F ⊆ F , i.e. the net flow of electricity
(generation and demand); and for p ∈PDH , where P DH ⊆PB , and f ∈FDH , where F DH ⊆ F ,
i.e. the net flow of district heating (generation and demand). This net flows are added to the
left side of the Equations 5 and 6 in Balmorel, i.e. electricity and district heating balances,
as shown in the following Equations.
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8

308

(12)

(13)

Paper V

OptiFlow and Balmorel interact with the background system with respect to, e.g. fuel prices, using
the same common exogenous parameters. OptiFlow interacts with the background system with
regards to spatio-temporal available biomass resources and renewable gas injection to the transmission grid, as well as hydrogen and liquid biofuel production, which are constraint to exogenous
demands that satisfy the end-use consumption in freight transport, shipping, aviation and industry.
Furthermore, Balmorel is also constrained by spatio-temporal resource potentials (e.g. wind, solar,
solid biomass, etc.), and exogenous demands of electricity and district heating.
3. Modelling of renewable gas and renewable liquid fuel production in BalmorelOptiFlow
3.1. Geographical and temporal dimensions in the optimisation models
This study looks into the snapshot of one year, 2050. The snapshot year is modelled using a
representative chronological temporal resolution and assuming a perfect foresight approach within
the year of optimisation.
As the Danish power market is part of an increasingly connected power grid, electricity dispatch is
modelled on the Nordic (Norway and Sweden), and German markets, i.e. a part of the NordPool
market.
Conducting energy analysis of systems characterised by high shares of wind resources and district
heating calls for a high spatial resolution to model investments in transmission capacity requirements and, to a certain degree, disaggregated district heating networks. Moreover, a detailed
spatial resolution is needed when investigating the role of bioenergy in future energy systems, as
energy resources are distributed locally and the transportation costs per energy unit is significant,
especially for wet resources, e.g. manure [6, 5]. The Danish district heating system consists of
more than 400 district heating networks [42], but is represented using 36 district heating demand
Areas in Balmorel, where 34 Areas represent unique district heating networks and the two remaining Areas represent the aggregated demand in rural areas, for Eastern and Western Denmark, as
illustrated in [66]. Biomass resources are distributed with a higher spatial resolution, 98 Areas,
representing potentials for each municipality in Denmark, where transport takes places between
geometric centres of each Area by assuming euclidian distances, as illustrated in Figure 2. Transportation of resources can appear by different transportation means, however, only transportation
by trucks is included in this study. The spatial resolution is detailed for Denmark; however, only
few aggregated district heating areas are modelled in the surrounding countries.
3.2. Description of renewable gas and renewable liquid fuel production modelling in OptiFlow
The simultaneous socioeconomic optimisation of Balmorel-OptiFlow finds the least-cost system for
satisfying defined end-use energy demands, under given scenario conditions, i.e. different background behaviours. The socio-economic assessment excludes taxes, subsidies, and other externalities from the optimisation.
In this study, OptiFlow is used to model the energy value chain from locally available residual
biomass resources i.e. manure, deep litter, organic waste, grass, and straw, which are further
explained in section 4.1. Afterwards, resources are transported by road towards the storage and/or
conversion facilities. Wood chips are modelled using a national potential and assuming a price
where the transportation cost is already included. In addition to domestic biomass resources,
wood pellets imports are also considered, and it is assumed that their price already includes the
transport to the gate. During the biomass conversion process, electricity, heating and fuel/s that
satisfy exogenously given end-use demands are produced. The network modelled in OptiFlow is
shown in Figure 3.
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(a) District heating Areas in Balmorel and Opti- (b) Transport of biomass resources by truck beFlow. The figure shows the Danish district heating tween the resource Areas in OptiFlow, which repdemand by 2050.
resent Danish municipalities (transport by ship is
omitted in this map).
Figure 2: Geographical representation in the Balmorel-OptiFlow modelling framework applied in this study. Conversion technologies can be installed in the 36 district heating demand Areas in Balmorel-OptiFlow (34 Areas are
unique district heating networks and two Areas represent aggregated demands from smaller networks). Biomass
resources are distributed with a higher spatial resolution, 98 Areas corresponding to municipalities. Transport takes
places between geometric centres of each Area by assuming euclidian distances.

This study applies two levels of temporal resolution. Biomass resources are transported to conversion plants on a weekly basis. The conversion from biomass resources to renewable gas or renewable liquid fuels is modelled with a higher temporal resolution, e.g. hourly, in order to represent
variations in electricity and district heating production, and consumption caused by fluctuating
endogenous electricity and district heating prices, whose market is cleared in the Balmorel model,
while avoiding over-capacity.
3.2.1. Modelling of anaerobic digestion in OptiFlow
The biogas modelling framework in OptiFlow distinguishes between inputs to and outputs from
the anaerobic digestion plant. Feedstocks to anaerobic digestion are assumed to be collected and
transported on a weekly basis (S-level in OptiFlow), as the hourly profile is not relevant, thus
decreasing the computational time. Nevertheless, biogas use is represented with a more detailed
temporal resolution (T -level in OptiFlow), e.g. hourly, in order to take into account the variability
of, e.g. endogenous electricity and district heating prices from Balmorel.
Feedstocks are collected in different areas a, assuming an average transport distance of 10 km within
the area were they are generated, and might be transported towards other areas a0 , according to
the Equation 4, where the anaerobic digestion facility is optimally located. Prior entering the
anaerobic digestion plant, some feedstocks must undergo a pre-treatment process, e.g. sanitation
for manure and deep litter, and mechanical extrusion for straw due to its high lignin content [85].
OptiFlow can endogenously optimise co-digestion rates; however, this must be subject to some
constraints. The dry matter content or the viscosity of the of the co-digestion mix can cause
10
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Figure 3: The network implemented in OptiFlow: electricity and district heating production are linked to the
Balmorel model (Equations 12 and 13), biomass resources are linked to the background system through domestic
potentials and prices, and renewable gas and liquid biofuel production are related to the background system through
exogenous demands.
BioSNG: bio synthetic natural gas, CHP: cogeneration, FT: Fischer-Tropsch, TG: Thermal gasification.

practical challenges in the operation, i.e. stirring and prevention from forming swim layers. These
challenges in the operation appear in situations where the dry matter content in the total mix
exceeds a maximum limit of 13% [69, 76]. Therefore, the input feedstock in the co-digestion is
optimised subject to the dry matter constraint. This constraint is implemented through Equation
8, where there are multiple inlet Flows f , i.e. the feedstocks, to the Process p, i.e. the anaerobic
digestion plant.
Biogas from the anaerobic digestion plant can be stored in a gas storage balloon intra-seasonally,
i.e. across T , but limited by the fact that it is not compressed (due to the relatively high CO2
content); therefore, it cannot be stored across S. Biogas can be directly used, after desulfurization,
in a gas engine in order to provide electricity and district heating. Biogas can also be upgraded
through methanation, i.e. catalytic reaction with hydrogen, or through CO2 removal via water
scrubbing. Biogas upgraded to natural gas quality, biomethane, can be injected to the existing
natural gas grid in order to satisfy various end-use demands, but which are outside the boundaries
of the Balmorel-OptiFlow system of this study.
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3.3. Energy and mass balances of renewable gas and renewable liquid fuel technologies
The main theoretical framework applied to calculate proportions of inflows for a given energy
conversion is presented below, using methane and methanol syntheses as examples.
Biogas can be upgraded to biomethane in two distinct ways, by removal of CO2 or via methanation,
i.e. hydrogenation of the CO2 , which is reduced to methane [65]. After the anaerobic digestion
process, it is assumed that the biogas content is 62% methane and 38% carbon dioxide. By
methanation, the amount of methane is approximately 1.5 times higher per unit of biogas from
anaerobic digestion than the biomethane supplied by removal of CO2 . [31].
To produce bio-SNG using thermal gasification, the water-gas shift reaction with hydrogen injection is utilised to obtain a molar ratio of hydrogen to carbon monoxide of 3:1, which is the optimal
stoichiometry to produce methane in the presence of a catalyst [79]. Syngas from thermal gasification generally contains carbon monoxide and hydrogen, at a molar ratio of around 1.8. Therefore,
additional hydrogen is added to the syngas to have a molar ratio of hydrogen to carbon monoxide
of 3:1, which would allow to obtain a high yield of methane. Hydrogen injection prior catalytic
methanation boosts the energy content of the cleaned raw syngas, which results in a double amount
of bioSNG [31]. The energy balance yields that 44% of the desulfurized syngas and 56% of hydrogen
are combined.
CO + 3H2 → CH4 + H2 O
(14)
Methanol is produced as an electrofuel, from hydrogen and desulfurized syngas. Carbon monoxide
from the syngas and hydrogen (from the syngas and additional injection) react over a catalyst to
produce methanol. The highest efficiency of the methanol synthesis is achieved when operating
with at a molar ratio of 2 [63, 32], as defined by the following equation:
CO + 2H2 → CH3 OH

(15)

The composition of the desulfurized syngas obtained from the thermal gasification process yields a
hydrogen to carbon monoxide ratio of the raw syngas of 1.27 (calculated by mole fraction) [63, 32].
By hydrogen injection, the hydrogen level raises. Calculations show that the ratio between cleaned
syngas and hydrogen is 2.22 (calculated by mole fraction); i.e. the energy input to methanol
synthesis unit has to be 69% cleaned syngas and 31% hydrogen.
Figure 4 summarises the fix relationships between incoming flows, which will ensure optimal reacx
tion conditions, i.e. the parameter eIn2in−F
in Equation 10. Furthermore, Figure 4 also shows
a,p,f,f 0
the relationships between flows leaving the CO2 removal, methanation and methanol syntheis proFF
cesses, and their entering flows, i.e. cAP
a,p,f,f 0 from Equation 8.
4. Data assumptions
Fuel potentials and prices, technology development and planned decommissioning of existing energy
plants, energy demands and emissions targets are among the exogenous inputs to the BalmorelOptiFlow model, and is introduced in the following subsections.
4.1. Bioenergy resources and prices
This study analyses the role that available Danish residual biomass resources, grass and wood
chips as well as imported wood pellets could play in the future energy system through production
of renewable gas and liquid fuels. Table 1 presents the estimated potentials and costs for these
bioenergy resources by 2050.
The available bioenergy resources for biogas production are geographically distributed across the
98 Areas in OptiFlow, based on the study by [6], which includes slurry, deep litter and dry manure
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Figure 4: Enforced fix relationships between hydrogen and the other incoming flow that ensure optimal conditions
(numbers on the left), and relationships between output flows and the main incoming flow, biogas or syngas (numbers
on the right). Methanation of biogas and syngas, and the methanol synthesis, are modelled as separate processes
in OptiFlow as also illustrated in the figure. The process for producing biojet using additional hydrogen injection
along with thermal gasification and Fisher-Tropsch synthesis is visualised as one process, which is corresponding to
how it is modelled in OptiFlow.

from pigs, cattle and poultry (see Figure 5a). The geographical availability of grass from natural
areas as well as the spatial distribution of organic waste from households and industries, which
could potentially go towards anaerobic digestion, is also based on [6]. It is assumed that resources
remain constant up to 2050.
The geographical distribution of straw is based on the analysis performed by [83], considering the
amount of straw currently diverted to energy or left-on-field from winter wheat, spring barley, rye,
winter barley and oats. It is assumed the same agricultural level by 2050 in Denmark than in 2016
(see Figure 5a).
As already introduced in Section 3.2, transport of wood pellets and wood chips is outside the
systems boundaries of this study, hence a spatial distribution profile is not needed, and fuel costs
in Table 1 already include the transport cost to the gate of the facility where they are used.
Table 1: Biomass resource potentials and prices in Denmark by 2050.

Input type
Straw
Wood chips
Wood pellets
Manure
Deep litter
Grass
Organic waste
Other biogas
resources

Potential

Reference

PJ

mio ton

54.0
41.6
Import
17.6
6.4
2.7
3.6
5.0

3.7
2.6

[83]
[83]

38.0
3.0
0.5
0.9

[6]
[6, 30]
[6, 30]
[6, 30]
[43]
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Price
e/GJ

e/ton

6.8
7.9
9.8
0.0
0.0
7.1
8.0

102.0
128.0
193.6
0.0
0.0
38.7
32.7

Reference
[21]
[21]
[21]
[76]
[30, 76]
[30]
[30]
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Modelling of 1st generation biofuels through dedicated energy crops, such as rapeseed, or food crops
diverted to energy purposes, such as sugar beets, is not considered in this study, as the potential
development of dedicated energy crop farming in Denmark is highly uncertain [83].

(a) Potential available manure for biogas produc- (b) Potential available straw for energy (data based
tion (data based on [6]).
on [83]).
Figure 5: Main resource potentials for energy production (the potential for other resources can be found as Supplementary Material).

Biomass resources can be transported between centroids of resource areas, as illustrated in Figure
2b. Resources are allocated at a municipality level; therefore, to simulate that resources are
transported from the harvesting location to the energy conversion plant, a distance of 10 km is
implemented for transportation within the resource area. Low energy content resources, such as
manure, are naturally more expensive to transport per energy unit, and thus is chosen as the
determining factor for the minimum distance the resources are transported in OptiFlow. Thus, a
common distance of 10 km for transporting manure to a large energy conversion plant is chosen
[76, 83, 7].
4.2. Energy demands
Balmorel-OptiFlow performs a least-cost optimisation for the energy system in order to satisfy
exogenously defined end-use demands for electricity, district heating, gas and liquid biofuels. Nevertheless, a weakness of the current Balmorel-OptiFlow data set up is the lack of optimisation
on the end-use side, i.e. trade-offs between an increase in the energy efficiency or an increase in
the energy demand, although in the OptiFlow model this could be integrated in a further stage
without any modification of the mathematical code. In order to overcome these shortcomings, the
TIMES-DK model is used [2]. TIMES-DK optimises the complete energy system, although with
less detailed geographical and temporal dimensions than Balmorel-OptiFlow, including the energy
service demands of the end-use sectors. Therefore, the results related to electricity, district heating,
gas and liquid biofuel demands in Denmark by 2050 from TIMES-DK are set as exogenous data
in Balmorel-OptiFlow.
The end-use electricity and district heating demands by 2050 for Denmark are based on results
from a 1.5 degree carbon budget scenario in TIMES-DK. This scenario represents a future where
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the Danish carbon emissions are within the Paris agreement carbon budget, i.e. 500 Mt CO2
accumulated from 2018 until 2050, where the budget is calculated based on a weight of 50% on
population and 50% emissions [80]. Import of biomass, i.e. wood pellets, is allowed to satisfy
energy demand, and the scenario is a result of a socioeconomic optimisation. The end-use energy
demands for the remaining countries in Balmorel are adopted from the Nordic Energy Technology
Perspectives [46], as they are not represented in TIMES-DK. In this base scenario, the total
electricity demand in Denmark is 277 PJ, excluding the electricity demand for district heating
(e.g. heat pumps) or hydrogen production. This demand is a 245% higher than the demand
from 2017 [20], due to an electrification of the transport and industrial sectors as well as an
increase in demand from data centres (classical electricity demand = 37 PJ; transportation = 56
PJ, industry = 137 PJ and data centres = 47 PJ). While the classical electricity demand by 2050
remains around the same level as today, the electricity demand in the industry doubles. Due to the
high uncertainty related to future Danish electricity demands by 2050, scenarios that vary these
quantities are assessed. The district heating demand by 2050 is 143 PJ, given by an expected
expansion of the district heating networks but with an energy efficiency increase in households.
In this way, the results from the scenario show an increase in district heating demand of 30%
compared to the level of today [20]. Spatiotemporal profiles for electricity and district heating
demands in Denmark, Norway, Sweden, and Germany are based on [66].
Demands for renewable gas and liquid fuels depend on the background conditions, represented
through different scenarios that illustrate plausible futures, and which are presented in Section 5.

Figure 6: Modelling framework for the scenario setup: TIMES-DK provides exogenous demands for BalmorelOptiFlow for electricity (excluding electricity demand for district heating and hydrogen production, which is endogenously optimised), district heating, gas and liquid fuels end-use demand. Balmorel-OptiFlow optimises the
least-costly way to satisfy the energy demands from TIMES-DK.

4.3. Techno-economic data for renewable gas and renewable liquid fuel production technologies
As presented in Figure 3, this study assesses the role of the following energy technologies: anaerobic digestion, including feedstock pre-treatment, and biogas upgrading through CO2 removal,
which in this study is facilitated using water scrubbing, or methanation, using a chemical catalytic
process; biogas engine for electricity and heat production; thermal gasification, including the possibility of syngas upgrading with hydrogen; Fischer-Tropsch synthesis of syngas; methanol from
15
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thermal gasification and from power (catalytic reaction with CO2 ); biooil from hydrothermal liquefaction (HTL); and 2nd generation ethanol production (hydrolysis + fermentation). Hydrogen,
used for biogas or syngas upgraded, is assumed to be produced through solid oxide electrolyser cells
(SOEC). Furthermore, intra-seasonal biogas storage, and inter-seasonal hydrogen storage tanks are
considered.
The techno-economic data for the renewable gas and liquid fuel production technologies considered
in this study are presented in Supporting Information (see Appendix). However, to provide an
overview of the main parameters implemented in OptiFlow, the levelised cost of energy (LCoE)
is calculated as a proxy for production costs of the conversion technologies. The results from
the LCoE calculations are shown in Figure 7. Additional LCoE calculations can be found in the
Supporting Information (see Appendix), e.g. illustrating the impact of different feedstocks for
anaerobic (co-)digestion, and of vatying electricity price estimates..

(a) LCoE: renewable gas.

(b) LCoE: renewable liquid fuel.

Figure 7: LCoE calculation of renewable gas and liquid production by 2050. Investment costs are annualised
using a discount rate of 4% and assuming an economic lifetime of 20 years. The techno-economic data are adopted
from various sources (see Supporting Information) [16, 17, 30, 32, 31]. Biogas production is based on anaerobic
co-digestion of manure and deep litter, assuming 10 km of transportation to biogas plant. Biomass resources used
for liquid fuel production is the cheapest available source, i.e. straw for biomethanol, biodiesel, bioehtanol, and wood
for biooil. Electricity price is 40 e/MWh, and heat price is 8.05 e/GJ. Fossil natural gas and gasoline prices are
from [21]. Additional LCoE calculations are provided in the Supporting Information (see Appendix).

4.4. Electricity and district heating technologies
Conducting an integrated energy system analysis, assumptions for the development of the power
and district heating systems are important due to the cross sector synergies with the production of
renewable gases and liquid fuels. Balmorel is a technology-rich bottom-up model, where the existing
Danish stock of power plants, cogeneration and heat-only boilers for DH is based on [19, 66]. Plants
are assumed to be decommissioned according to their technology lifetime. Endogenous investment
decisions are based on a comprehensive database for future technology development, which includes
techno-economic parameters, such as investment costs, operation and maintenance costs, conversion
efficiencies, full load hours for VRE technologies, and ramping rates. Data are largely based on
technology catalogues e.g. [23, 22]. A throughout description of the techno-economic parameters
can be found in Supplementary Information B in [66].
Denmark is well connected to adjacent electricity markets, i.e. Germany, Norway and Sweden,
allowing electricity to be traded across boarders. The configuration of the energy mix in the surrounding countries is therefore crucial for the optimised energy mix in Denmark. Inter-connectors
between electricity trading regions simulated in this study are based on the ENTSO-E projections
towards 2030 [37], and Balmorel is allowed to endogenous optimising investments in additional
transmission capacities, using costs estimates for interconnectors, based on data from [46].
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5. Scenarios
Heading towards 2050, the long-term planning of the energy system is inherently related with
high uncertainty. Therefore, several scenarios are conducted, as summarised in Table 2 and 3, to
investigate various futures for renewable gas and liquid fuel demands as well as to evaluate the
synergies across energy carriers.
The scenarios follow a story line, starting from commercially available technologies and imports of
demanded liquid fuels to a future system where emerging technologies are commercially available,
enabling domestic energy demand to be supplied by Danish resources. Accordingly, the scenarios
follow an order, the challenging sectors are decarbonised step-by-step, ending with scenarios where
also all heavy transportation is decarbonised.
The BioJet scenario hence represents a scenario where all energy demands are supplied by nationally available resources. Energy demands, i.e. electricity, district heating, and gas and liquid
biofuels, correspond to the least-cost solution for the 1.5◦ C scenario computed by the TIMES-DK
model [80]. This scenario in TIMES-DK results in a liquid biofuel demand (excluding biojet fuel)
of 30 PJ, where 10 PJ are used for maritime transport, 5 PJ in heavy transport, and 15 PJ in heavy
transportation in agricultural sector as well as 58 PJ of biojet demand for aviation. Moreover, the
Danish demand for biomethane and bioSNG is forecasted to be 25 PJ for the industrial sector.
Table 2: Description of the scenarios implemented in Balmorel-OptiFlow.

Scenario

Description

Base line

High gas demand, in particular in the industrial sector. Anaerobic digestion plants are
commercially available and biogas is used to supply the gas demand, as this scenario represents a future where thermal gasification technologies are not commercially deployed.
Liquid fuels for the transportation sector and biojet are imported.
High gas demand, in particular in the industrial sector, which can be supplied via biogas
and thermal gasification plants. Liquid fuels for the transportation sector and biojet are
imported.
High liquid biofuel demand for heavy transport due to uncertainties related to the degree
of electrification that can be achieved in the transportation sector. Gas demands are
reduced as electrification of the industrial sector increases. Biojet fuel is imported.
High electrification of the transportation which results in a reduced demand for liquid
biofuels.
Biojet fuels is produced in Denmark, simulating a future where all Danish transportation
demands are supplied by nationally available resources.
As the BioJet scenario, but with a breakthrough of hydrogen use for vehicles.

SNG

Liquid biofuel

More EV
BioJet
H2

Table 3: Main inputs for modelling renewable gas and renewable liquid fuel production in the different scenarios.

Scenarios

Base line
SNG
Liquid biofuel
More EV
BioJet
H2

Biomethane
and SNG
demand
(PJ)
75
75
25
25
25
25

Liquid biofuel for
heavy transport
and shipping
(PJ)

75
30
30
30

BioJet
demand
(PJ)

58
58

Exogenous
hydrogen
demand
(PJ)

Exogenous
electricity
demand
(PJ)

40

217
217
247
277
277
257

Note: More electrification of the industrial sector is simulated by an increase in electricity demand by 30
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PJ. The electrification of the heavy transport sector i.e. trucks, results likewise in an increased electricity
demand by 30 PJ. Finally, a breakthrough of hydrogen vehicles results in an an increase of 40 PJ hydrogen,
and thus 20 PJ decrease of electricity demand.

6. Results
This section presents the main results from the least-cost optimisation in Balmorel-OptiFlow, which
include Sankey energy flow diagrams, production mix for energy conversion, and detailed results
regarding location specific production and transportation of domestic resources.
6.1. Future energy systems
Balmorel-OptiFlow optimises simultaneously investments and dispatch dynamics, in order to satisfy
the total energy demand of a fossil-independent Denmark in the least-costly way, including the
fact that Denmark is a high interconnected country with regard to power transmission, and thus,
expanding the geographical boundaries to the other Nordic countries and Germany.
By 2050, the integrated Nordic and German electricity system would have a high share of VRE
sources, with approximately 43% wind and 25% solar PV, where hydropower, mainly from Norway
and Sweden, could satisfy 28% of the total electricity demand in the simulated system. This would
support the balancing of the systems when the residual demand is higher, i.e. high electricity
demand and limited production from VRE sources. The remaining 5% of the electricity generation
mix is primarily supplied by thermal capacity, i.e. biomass, waste, geothermal, and biogas.
The energy flows from resources, through conversion technologies to end consumers computed
for the Base line and BioJet scenario representing a plausible Danish energy system by 2050, is
visualised in Figure 8.
Figure 8 illustrates a Danish electricity generation portfolio dominated by VRE sources, where
wind constitutes around 70% and solar PV accounts for 25% of the electricity generation. Due to
the high penetration of VRE generation, electricity prices tend to be volatile, which provides the
incentive for flexible power-to-gas or power-to-heat technologies to produce hydrogen or heat in
periods with low electricity prices. The scenario setup illustrates various potential futures, which
yield a variety of plausible energy mix for district heating purposes. The degree of electrification
of the district heating sector as well as the efficient utilisation of excess heat depends on the
simulated scenario. In the Base line scenario heat pumps would account for 58% of the district
heating production in Denmark, while excess heat accounts for 21%, of which data centres would
account for 15%, excess heat from biomethane production would constitute 5%, and the remaining
part would be excess heat from other industries, as reported by [13]. In the BioJet scenario,
efficient utilisation of excess heat plays a larger role, as excess heat would take a share of 35%,
where biorefineries would provide 21%, excess heat from data centres would provide 13%, and the
remaining part would be excess heat from other industries. The remaining district heating for both
scenarios is produced so that waste incineration from municipal solid waste would provide 16%,
and solar thermal would have a share of around 5%.
Focusing on the production of renewable gas and liquid biofuels, the exogenously fuel demand
adopted from TIMES-DK for the aviation sector and the gas demand are met using national
biomass resources and import of wood pellets in the BioJet scenario. As straw is the cheapest and
most available biomass resource, gasification with Fischer-Tropsch synthesis for biojet production
uses preferentially straw over wood chips.
As shown in Figure 8, biomethane is produced to satisfy the gas demand of 25 PJ, from a variety
of resources, illustrating the economic-benefit of mixing resources in the total feed-stock, i.e. codigestion, in the anaerobic digestion process. The biogas is upgraded by CO2 removal using water
scrubbing, and the biomethane is injected into the gas network.
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(a) Base line scenario

(b) BioJet scenario
Figure 8: Energy system by 2050 in the Base line (a) and BioJet (b) scenario. The Sankey diagram reports
the energy flows for the electricity, district heating, gas and liquid fuel systems; from resources (both domestic
and imported) to conversion processes (e.g. power plants, biorefineries) and the energy services provided to the
background system.
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6.2. Renewable gas and renewable liquid biofuel production in Denmark by 2050
Results related to renewable gas and liquid biofuel production obtained by co-optimising OptiFlow
and Balmorel in the different scenarios, are presented in Figure 9.

Figure 9: Renewable gas and liquid biofuel production by 2050 in Denmark for the investigated scenario pathways.

Figure 9 shows in general, that anaerobic digestion is preferred over SNG production via thermal
gasification when gas demands are 25 PJ. This is due to cheaper production costs (under the data
defined in Section 4), and because domestic resources used in gasification could actually be used
to produce other biofuels, while some of the resources used in anaerobic digestion, i.e. manure,
deep litter and organic waste need a waste management treatment, which is provided during the
anaerobic digestion. Therefore, anaerobic digestion should be viewed not only as a process to
produce biogas, but to handle waste in an environmentally sound way.
In addition, the fact that biogas is preferentially upgraded through a CO2 removal process shows
that the gas demand at 25 PJ could be satisfied with the domestic available resources, without
the need to boost their production with H2 . Therefore, if the natural gas price is high enough
at an international level, it could open up the possibility to export gas or increase national gas
consumption, by boosting domestic production with hydrogen upgrading, which also can be indicated in the scenarios with higher gas demands i.e. Base line and SNG. Furthermore, according to
Figure 7a and results presented in the Supporting information (see Appendix), biogas production
via methanation upgrading is slightly more costly than via CO2 removal; therefore, it seems that
this result would be highly sensitive to the evolution of electricity prices, and to a certain extend
of electrolysis technology, e.g. their capital costs and efficiency.
In the SNG scenario, the gas demand is satisfied by biomethane from CO2 removal upgrading and
SNG from straw thermal gasification and syngas methanation. Since straw is not used to produce
biojet, it can be diverted to SNG production, in a more cost-efficient way than by boosting the
gas production with hydrogen biogas upgrading. This leaves more potential for gas production in
Denmark.
Biojet demand is satisfied by both biokerosene production with and without additional hydrogen
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injection. Moreover, Figure 9 shows that biomethanol is produced as an electrofuel in scenarios with
demand for liquid biofuels, i.e. demand for road heavy transport, agriculture and shipping, which is
in line with previous findings documented in the literature [72, 58, 57, 60].Biomethanol is produced
downstream to the thermal gasification process, using straw as the preferred feedstock. Hydrogen
is produced to achieve the optimal stoichiometric ratio in the methanol synthesis. However, as
illustrated in 7b, the LCoE of biooil from hydrothermal liquefaction and biodiesel from thermal
gasification are only marginally higher than the LCoE of biomethanol. All the liquid fuels are
in competition for supplying the maritime demand, and biodiesel and biomethanol compete to
supply the heavy transport sectors. Therefore, uncertainties related to the development of the
technologies and fuel prices might change the optimal production pathway, as differences among
alternative routes are small.
The results underline that Denmark has the potential to be a producer of electrofuels in the future,
due to the unique systems conditions, i.e. high shares of variable renewable electricity generation
that can be efficiently integrated, resulting in low electricity price periods, and large district heating
networks across the country.

Figure 10: Energy resources used in the conversion to renewable gas and renewable liquid fuel production by 2050
in Denmark for the different scenarios.

Figure 10 presents the energy resources used for the production of renewable gas and renewable
liquid fuels. Straw is the cheapest biomass resource and is therefore the preferred feedstock in the
thermal gasification plant to produce biofuels, either biojet or biomethanol. For biogas production,
feedstocks are mixed in the anaerobic digestion. The general finding from the results is, that
performing co-digestion is economically attractive, which is also in line with the LCoE calculations,
and previous studies e.g. [76]. Biogas co-digestion is the optimal option due to the fact that all the
most efficient resources (e.g. Table 1 in Supporting Material, see Appendix) have higher dry matter
contents of 13%, which is the established limit. Therefore, substrates are co-digested with manure,
at the optimal share adequate for anaerobic digestion. The use of straw in biogas production is
found in scenarios with high gas demand and no liquid biofuel production in Denmark for heavy
transport, agriculture, shipping or aviation.
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Wood pellets are imported in those scenarios where biojet and liquid biofuels for transportation
means are domestically produced. Alternatively, instead of importing wood pellets, biofuels could
be imported, as in the Baseline or SN G scenarios.
Finally, different endogenous demands for hydrogen appear across the simulated scenarios. Hydrogen is used in the production of biomethane, SNG or to electrofuels such as biomethanol or
biojet fuel. In the high Base line and SNG scenarios, hydrogen is produced in large quantities
in order to be able to supply the gas demand with the domestically available resources, boosting
biogas production, as well as to optimise the ratio hydrogen to carbon monoxide in methanation
and methanol synthesis reactions from syngas.
6.3. Geographical location of renewable gas and renewable liquid fuel production
The Balmorel-OptiFlow modelling framework has the advantages of allowing integrated assessments
of the production of renewable gas and liquid biofuels with a high spatial resolution. In this way, the
geographical location of the conversion plants is an outcome from the socio-economic optimisation.
Figure 11 visualises the geographical location for production of biogas (11a) and biojet (11b).

(a) Biogas production in the Base line sce- (b) Biojet production in the BioJet scenario
nario
Figure 11: Danish biogas and biojet production by 2050 in the Base line and BioJet scenario, respectively.

Figure 11 shows that biogas is primarily produced in Western Jutland, where most of the animal
farms are located. The biorefineries are located in connection to the six large district heating
networks, where excess heat can efficiently be utilised in the district heating network.
Economy of scale is important when investing in biorefineries. Therefore, the computed capacities
of the renewable gas and liquid biofuel technologies from the different scenarios are compared to
and deemed within the standard capacities of biorefineries.
Excess heat can supply a substantial share of the national district heating demand. Figure 12
visualise the spatial location of excess heat from biorefineries (12a) and excess heat from biorefineries, data centres and industries (12b). More information regarding available industrial excess
heat can be found in [83]. Regarding the potentials of excess heat from data centres, it is still
highly uncertain where those will be located. In TIMES-DK, the potential maximum generation
of excess heat from data centres is 29 PJ by 2050. In this study the potential production is split
equally between the five large district heating networks in Western Denmark i.e. Odense, Aarhus,
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Aalborg, Esbjerg, Herning, and Central Jutland (e.g. Kolding and Fredericia). OptiFlow facilitate
the optimisation of the location of renewable gas and liquid fuel conversion plants.

(a) Excess heat from biorefinery processes in Op- (b) Excess heat from biorefineries, data centres
tiFlow in the BioJet scenario
and industries in the BioJet scenario
Figure 12: Supply of excess heat in the district heating networks by 2050 in the BioJet scenario.

Excess heat would constitute 35% of the national district heat generation by 2050 in the BioJet
scenario. Figure 12, shows that excess heat significantly contributes to the district heating supply
in specific locations, in particular, in the larger district heating networks around the biggest cities in
Denmark. Nevertheless, the significant continuous generation of excess heat yield a higher reliance
of thermal storage facilities.
Biogas production from anaerobic digestion uses mainly manure in the feedstock mix. Manure
has a high content of water, and thus a low energy-content. This results in high costs per unit
of energy for manure transport; therefore, in order to minimize transport costs biogas plants are
located near the generation of manure, i.e. in the rural to medium-size networks.
6.4. Transportation of bioenergy resources
Balmorel-OptiFlow optimises the transportation of biomass resources across the country. Figure 13
provides an overview of resources used in the biogas production and allocate these into resources
transported within the Area (i.e. with the assumption of 10 km transportation from source to
conversion plant), and resources transported between resource Areas.
The dominant resource in the biogas plants is manure, as shown in Figure 13. Manure has a
low energy content, and thus high transportation costs per energy unit. The results are evident,
manure is preferably used locally as illustrated in the BioJet scenario where 25 PJ biomethane
is produced, with only a very limited transportation of manure between resource Areas. Higher
energy content resources, such as food waste, tend to be economic viable to transport over longer
distances. Moreover, a high fraction of food waste is collected in the larger cities, where biogas
plants usually are not built as they are far away from other co-substrates, and thus food waste is
transported to other Areas.
In the Base line scenario, almost all the domestic biomass resources for biogas production are used.
In this scenario manure is also transported between areas, i.e. more than 10 km.
23

323

Paper V

Figure 13: Transport of resources within Areas or between Areas in OptiFlow for biogas production. The results
show that low energy content resources is more expensive to transport per energy unit, and thus primarily is utilised
locally and are not transported over longer distances.

6.5. Scenarios for Denmark’s electricity and district heating systems by 2050
The scenario story-lines varies not only in the pathways for the production of renewable gas and
liquid biofuels, but also in the generation of electricity and district heating. It is therefore interesting to investigate the systems effects in the electricity and district heating system caused by the
different scenarios, see 14.
In general, Figure 14 shows that increased electricity consumption (from electrolysis and heat
pumps) is met by increased investments in wind generation technologies, i.e. offshore wind turbines,
as the potential for onshore wind is already fully exploited. In the scenarios where biojet fuel is
not produced in Denmark, less excess heat from the biorefinery process is available in the district
heating network, which would be compensated by an increased utilisation of the excess heat from
data centres, less need for cooling down the heat in periods where demand is low, and, especially,
heat pumps. The increase in production from heat pumps yields higher electricity consumption,
which is met by increased wind generation. In the Liquid Biofuel scenario, the increased demand
for liquid biofuel results in a higher production of biomethanol; however, as biojet is not produced
in Denmark, the results of the scenario show a lower stream of excess heat from the biorefineries
to the district heating network compared to the BioJet and H2 scenarios, which is compensated
by increased production of heat pumps and less need to cool down heat.
7. Conclusions
This study conducted an integrated energy system assessment for evaluating pathways for using
locally distributed sustainable biomass resources in the conversion to renewable gas and liquid biofuels in future Danish energy systems, while taking into account the spatial and temporal system
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Figure 14: Differences in the Danish electricity and district heat production by 2050 between the simulated scenarios
and the Base line scenario.

integration across energy vectors. To conduct the integrated energy system analysis, the study developed and applied a modelling framework, where optimisation of the usage and transportation of
local biomass resources for producing renewable gas and renewable liquid fuels was implemented in
the generalised spatio-temporal network flow model, OptiFlow. OptiFlow was integrated within the
comprehensive power and district heating optimisation model, Balmorel, which allowed a holistic
system perspective and positive synergies across energy carriers and sectors.
The results of the co-optimisation of OptiFlow and Balmorel represent an energy system, where
investments and operations optimisation was undertaken for the integrated energy system, under
exogenous scenario conditions, which represent plausible energy futures, including renewable gas
and liquid biofuel demands in Denmark by 2050. The results showed that to satisfy renewable gas
demands, anaerobic co-digestion of a mixed feedstock to produce biogas was the preferred option,
where the biogas was further upgraded to biomethane using water scrubbing for CO2 removal.
However, in scenarios with high demand for renewable gas, methanation of the biogas became
economic optimal, to boost the biomethane outcome from the biomass resource, and production
of bioSNG from thermal gasification appeared to meet demands.
Straw can be used as energy resource in various conversion technologies, and thus the competition
was investigated. Straw was used in biorefinery plants for the production of biojet fuel, in scenarios
where biojet fuel was demanded from production in Denmark. In scenarios where biojet fuel was
not produced in Denmark, a fraction of the available straw resource was used in biogas production
and in thermal gasification plants. Electrofuels, such as biomethanol, showed promising economic
viability, in scenarios with high biofuel demand and in scenarios where biojet fuel was produced
outside Denmark, due to the unique systems conditions, i.e. high shares of variable renewable
electricity generation that is efficiently integrated and connection to large district heating networks.
Excess heat accounted for 35% of the heat supplied to the district heating network in the BioJet
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scenario, of which, excess heat from biorefinery processes constituted 21%. This illustrated the
benefit gained from synergies across energy sectors. Moreover, the geographical location of conversion plants was determined in OptiFlow. Biorefineries were located near larger cities to benefit
from access to large district heating networks, as they benefit from economy of scale. While biogas
plants were located in the country side, as the costs of transporting, in particular, manure was the
determining factor. The results showed that the low energy content fuel, such as manure, were
preferable used locally, while higher shares of the remaining biomass resources were transported
across areas.
The results from the energy system assessment illustrated the benefit from fully integrating OptiFlow within Balmorel. In the co-simulation, OptiFlow benefited as the results showed that
generation of excess heat was significant (not marginal). The excess heat generation from conversion technologies in OptiFlow was geographical specific, and was dynamically dependent on the
endogenously calculated district heating prices in Balmorel. Moreover, power-to-gas technologies
were also influenced by endogenous computed electricity prices. Balmorel benefited from having a
detailed geographical representation and dynamically optimised the use of excess heat. Thereby,
this study bridges the research gap by the developed and applied modelling framework, which
allowed optimisation of the locally distributed sustainable biomass usage and the production of
renewable gas and liquid biofuels in the Danish energy system, while taking into account the spatial
and temporal integration between energy systems.
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cvOP
g
ddh
a,s,t

Variable operational cost of technology g
District Heating demand in the area a in
the time period s, t
del
Electricity demand in the region r in the
r,s,t
time period s, t
g
ka,g,s,t
Availability of the technology g in the
area a in the time period s, t
tr
kr,r
Availability of the transmission line be0 ,s,t
tween the region r and the region r0 in
the time period s, t
pex
Existing capacity of technology g in area
a,g
a
ptrex
Existing power transmission capacity be0
r,r ,s,t
tween region r and region r0 in the time
period s, t
Sets for OptiFlow
R1many
Flow f that goes inside a process p, where
a,p,f,f 0
it is transformed into more than one flows
f 0 in the area a
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Ra,a0,pT ,f Flow f that can be transported from the
area a to the area a0 through the transport process pT
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P So
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Techno-economic data for renewable gas and renewable liquid fuel
conversion technologies
Table 1: Techno-economic parameters for biogas conversion technologies. The techno-economic parameters for each resource
represent the costs of and including pre-treatment.

Investments
e/ton

O&M costs
e/ton

Energy Density
GJ/ton

Dry Matter
%

32.2
15.3
42
4.9
29.3

2.9
5.7
8.6
5.4
8.6

0.464
2.120
8.440
4.096
5.453

6%
28%
85%
37%
58%

Manure
Deep litter
Straw
Organic waste
Grass

Source
[Ea
[Ea
[Ea
[Ea
[Ea

Energy
Energy
Energy
Energy
Energy

Analyses,
Analyses,
Analyses,
Analyses,
Analyses,

2014]
2014]
2014]
2014]
2014]

Table 2: Techno-economic parameters for liquid biofuel conversion technologies. TG: Thermal Gasification; FT: Fischer Tropsch;
HTL: Hydrothermal Liquefaction.
Main fuel

Process

Inputs

Shares
%

Bioethanol

Fermentation

Straw

100%

Biodiesel

TG-FT

Dry biomass

Biooil

HTL

Biokerosene

Biokerosene

Outputs

Shares
%

Inv
MEUR/MW

OM
EUR/MW

Source

Bioethanol
Heat
Electricity

41%
24.6%
3.0%

0.89

68191

Danish Energy Agency [2013, 2014]

100%

Biodiesel
Heat
Electricity

39%
21.3%
3.0%

1.89

53424

Danish Energy Agency [2013, 2014]

Dry biomass

100%

Biooil
Heat
Electricity

86%
0%
5.3%

0.95

150954

Danish Energy Agency [2013, 2014]

TG-FT

Dry biomass

100%

Biokerosene
Biofuel
Heat
Electricity

40%
16.8%
21%
3.6%

1.33

58590

Danish Energy Agency [2013, 2014]

TG-FT + H2

Dry biomass
Hydrogen

100%
34%

Biokerosene
Biofuel
Heat
Electricity

40%
23.2%
25.0%
3.4%

1.33

58590

Danish Energy Agency [2013, 2014]

Table 3: Techno-economic parameters for technologies.
Main fuel

Process

Inputs

Syngas

TG

Dry biomass

100%

Syngas
Heat

Hydrogen

Electrolysis

Electricity

100%

Hydrogen
Heat

Biomethanol

Methanol synthesis

Syngas
Hydrogen

100%
45%

Biomethanol
Heat

114%
10.8%

0.1764

5281

Energinet [2018]

Bio SNG

Methanation

Syngas
Hydrogen

100%
128%

Bio SNG
Heat

200%
17%

0.4932

24613

[Energinet, 2018]

63%
35%

1.4900

40536

Ea Energy Analyses [2017]

100%

0.4176

10335

Ea Energy Analyses [2017]

0.4932

24613

Ea Energy Analyses [2017]

Bio SNG

Dry biomass
Electricity

Biomethane

Water scrubbing

Biogas

Biomethane

Methanation

Biogas
Hydrogen

Shares
%

100%
9%
100%
100%
60.5%

Outputs

Bio SNG
Heat
Biomethane
Biomethane
Heat
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Shares
%

Inv
MEUR/MW

OM
EUR/MW

75%
15%

0.6300

25236

[Energinet, 2018]

79%
21.3%

0.3564

10746

[Ea Energy Analyses, 2017]

150%
17%

Source
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Figure 1: LCoE of producing biogas for each of the energy resources.
Note: As the maximum dry matter content is 13%, biogas cannot be produced from monodiegestion of those resources indicated
by * i.e. only manure can produce biogas via monodiegestion.
Key point: Using mono-digestion of manure results in the highest cost of producing biogas, while higher energy content resources
are cheaper.

Figure 2: LCoE of producing biogas for co-digestion of energy energy resources.
Note: The shares of the visualised codigestion processes: Manure / Deep litter (69.4% / 30.6%); Manure / Straw (91.5% / 8.5%);
Manure / Organic waste (78.0% / 22.0%); Manure / Grass (87.0% / 13.0%). It should moreover be noted that the feedstock
can mixed in more ways than presented in this LCoE calculation, as it is only a maximum limit that is defnied in the modelling
framework.
Key point: Using co-digestion of a mix of two energy resource inputs yields lower costs of producing biogas compared to monodigestion of manure. The mix of manure and deep litter results in the lowest LCoE. These resources are often collected from the
same location. Using a feedstock of manure and straw results in the highest LCoE of the co-digestion plants.
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Figure 3: LCoE of producing hydrogen using a SOEC electrolysis. The LCoE calculations are made using varying estimates for
electricity prices and full load hours of operation.
Key point: The electricity price is the dominant factor for the costs of producing hydrogen via a SOEC electrolysis. The different
variations of shown in the figure show that the costs of producing hydrogen depends on the electricity prices, and full load hours.

Figure 4: LCoE of producing renewable gas with natural gas quality. The average electricity price is 40 EUR/MWh.
Key point: Under the static input parameters, the LCoE calculations show that it is cheapest to upgrade biogas to biomethane
via CO2 removal by water scrubbing. Moreover, the LCoE calculations illustrate that BioSNG H2 from thermal gasification is
cheaper to produce compared to biometahen using manure and straw as feedstock.
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Potential available biomass resources

Figure 5: Potential available manure for biogas production (data based on Birkmose et al. [2013]).
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Figure 6: Potential available straw for energy (data based on Venturini et al. [2019]).

Figure 7: Potential available deep litter for biogas production (data based on Birkmose et al. [2013]).
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Figure 8: Potential available organic waste for biogas production (data based on Birkmose et al. [2013]).

Figure 9: Potential available grass for biogas production (data based on Birkmose et al. [2013]).
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Abstract
Energy systems models are often built ad-hoc for the specific purpose they are intended to be used
for, with limited flexibility for further changes. In addition, the geographical and temporal resolution are not flexible enough to handle movements across the spatiotemporal dimension. Therefore,
there are a wide variety of different tools for diverse purposes, and it is likely that new models are
created when new insights from the energy sector arise. Modelling of future energy systems calls
for new tools that can handle in a fully flexible way different networks, and geographical and temporal dimensions. The OptiFlow general network flow model is presented, which is an open-source
optimization model with a bottom-up approach. The model is built upon the network graphic
theory, and can represent any movement of a flow (arc) across processes (node), and across the
space and time dimensions, i.e. transport of resources, and storage or time consumption processes.
This model can be used to represent in a flexible way any network model, including any energy
carrier and other commodities, and can be integrated or hard-linked with the energy systems analysis model Balmorel. OptiFlow has been used to model waste management processes and biomass
value chains, as well as their relationship with the surrounding energy system. Furthermore, a description of the model for a case study of cascading hydropower is presented. Flexible, data-driven
modelling tools enable the possibility to represent any process or set of processes that might have
an influence or get affected by the energy sector. Energy systems analysis need general models
that can be adapted to the scope and purpose of each project by different data sets. OptiFlow
minimizes the need to develop new modelling tools in order to enable a deeper insight of some
specific sector, providing a general model whose network design and spatiotemporal resolution are
user-defined.
Keywords:
energy system modelling, energy systems analysis, generalized network model, network flow
optimization, bottom-up optimization
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1. Introduction
Optimization of the energy system requires complex, and sometimes conflicting decision-making,
especially when considering its linkage with other sectors such as agriculture, waste management,
water, etc. Economic, environmental and social impacts must be integrated, and the overall best
trade-off between several factors is needed. Energy systems analysis are valuable tools in providing
structuring insights regarding plausible optimal energy systems. Nevertheless, energy systems
models often have a structured representation of the energy system, e.g.: resource availability resource conversion and use - transmission & storage - use. There is little flexibility with regard
to the integration of new energy carriers, or the level of spatiotemporal resolution used.
The TIMES model (The Integrated MARKAL-EFOM System), a model generator that ”was developed as part of the IEA-ETSAP’s methodology for energy scenarios to conduct in-depth energy
and environmental analyes” [1] allows for a flexible representation of commodities and three type
of processes: general processes, storage processes and inter-regional trading processes [2]. The
model TIMES-DK, which is the Danish version of the TIMES model, is characterised by 32 nonsequential time slices and two geographical entities, Denmark East and West [3]; although it could
be modified to have a more detailed resolution. However, spatial and temporal representation in
TIMES might not be flexible enough to capture dispatch dynamics, storage, transport of resources,
and economies of scale that require certain disaggregated modelling.
New modelling initiatives, such as the oemof model [4] and the backbone model [5], allow for a
flexible representation of multiple energy carriers, and storage, with flexible representation of space
and time. Nevertheless, resource transportation and processes that might consume time are not
included.
This manuscript presents the OptiFlow modelling tool, which is a general model which could be
used to represent any process or flow, including energy carriers. The model is built with a network
approach, in order to facilitate the design of a topological network which might represent any
sector; as networks are characterised by a simple non-mathematical structure that can be easily
depicted in a figure.
The following sections describe the mathematical formulation of OptiFlow as well as some examples
of its use.
2. Description of the OptiFlow model
Frequently used energy systems models have a limited flexibility with regards to representation of
conversion pathways (e.g. Balmorel) or flexible spatial and temporal dimensions (e.g. TIMES). In
order to overcome some of these drawbacks, and to benefit from the graphical thinking provided
by network optimization, the OptiFlow model has been developed. OptiFlow is a generalized
network flow model that represents any kind of network with a flexible spatial and temporal
resolution, including resource transportation. OptiFlow is a data-driven model, which optimizes
simultaneously the topological network design of a resource use under scarcity and competitive
uses. It calculates preferred conversion pathways as well as dimensioning and operation of different
technologies for its transformation and storage, subjected to defined boundary conditions, such
as the surrounding energy system (through linkage or integration with Balmorel), specific market
conditions or political goals. OptiFlow has been applied to represent biomass and waste value
chains (combustible waste, straw, RE-gas production) and it is being applied to model cascading
hydropower flows.
OptiFlow is a generalised spatio-temporal network optimisation model, deterministic, with partial
equilibrium, and built upon a bottom-up approach as open-source. OptiFlow allows modelling of
networks with a flexible spatial and temporal resolution, which is becoming increasingly important
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in systems with high shares of generation from variable renewable energy sources and locally
distributed production and consumption.
OptiFlow optimises simultaneously the topological network design of a resource use, i.e. preferred
conversion pathways including transportation, as well as dimensioning and operations of different
technologies for its transformation and storage, subjected to defined boundary conditions, such
as the surrounding energy system, specific market conditions or political goals. OptiFlow allows
optimising the location, size and operation of conversion and storage facilities under scarcity of
resources and competitive uses.
Multi-level networks can be viewed as a generalisation of several important network optimisation
problems such as topological network design problems, fixed-charge problems, or uncapacitated
location problems [6].
2.1. Spatial resolution in OptiFlow
Three different hierarchical levels of spatial resolution are adopted in OptiFlow, as represented in
Figure 1.
• Country c ∈ C , which include all the data at a national level; such as political targets,
resources, etc.
• Region r ∈ R , which belongs to a country. Frequently, energy systems analysis represent
different power grids by regions that might be connected to other regions from the same or
a different country. In order to ensure that OptiFlow could be fully integrated with common
energy modelling tools, the division by region has been kept. In addition, availability of
resources can be constrained at a regional level.
• Area a ∈ A , within a region r, represents local potentials of resources as well as demands.
Transport networks of resources between areas, of the same country or a different one, can
be defined, which might represent e.g. the existing road or railway infrastructure, shipping
lines, the stream of a river for modelling water flows, pipes, etc.

Figure 1: Spatial dimensions in OptiFlow

2.2. Temporal resolution in OptiFlow
OptiFlow features three different hierarchical time scales, as represented in Figure 2: years (y ∈ Y ),
weeks (s ∈ S), and terms (t ∈ T ). Investment decisions and depreciation related to capacities occur
on a long-term time horizon, in year time steps, y, where the user decides the degree of foresight,
3
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being a compromised between computational time, uncertainty towards the future, and near-term
implications of long-term restrictions. The user might decide to follow a myopic approach, without
any knowledge about what happens beyond that specific year, or a rolling horizon approach, setting
a desired level of the foresight window, e.g. 10 years with milestones every 5 years. The foresight
within the year is perfect, unless otherwise stated.
A dual time resolution is applied, as not all the processes require the same modelling detail, and the
size of the network, and hence the computational time can decrease by only using smaller temporal
representations when relevant. Processes which are not specifically hourly dependent occur at a
time slice s, which is chronological, and often represents weeks; they might still vary across the
year due to seasonal fluctuations. The processes which require a higher precision with regards to
temporal fluctuations are modelled for a set of t chronological time slices, which are subdivisions of
the time slice s and represent chronological short-term variabilities, such as hourly data. In order
to allow that the same equation might be used to represent s-dependant processes and processes
which are s, t-dependent, the first ones occur at a single element within t ∈ T , and the latest during
the full length of the set T .

Figure 2: Temporal dimensions in OptiFlow

2.3. Mathematical description of OptiFlow
OptiFlow is formulated as a generalised network model, based on node-arc relationships. The
applied terminology denotes processes (P ) as the nodes located in the area a in the time period
y,s,t, connected through flows (F ) as the arcs. Processes can be further classified mainly into
transport (P T ), storage (P St ) and buffer (P B ) processes. OptiFlow may represent any network
flow and enables unique flows to be modelled, so that the specific properties of the flows, such
as mass, energy value, C-fossil content, etc., can be tracked throughout the network, ensuring in
this way that linearity is maintained (see Figure 3). Therefore, the arc or arcs connecting two
processes do not represent a single flow, but a set of flows that are bundled and which should
not be disaggregated until a conversion takes place. The objective is to determine an optimum
combination of nodes and arcs subject to certain limitations, such as availability of resources or
demands, and respecting specific rules of flow conservation and transformation.

Figure 3: Node and arcs in OptiFlow
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OptiFlow allows multiple flows to enter and/or leave a process, where they can be transformed to
other flow or flows (see Figure 4), mixed into one flow or split in several flows with the same or
different characteristics than the inlet flow (see Figure 5). Flows can either enter or leave a specific
process with fixed or variable ratios.

Figure 4: Arc with gains in OptiFlow: transformation of a Flow

Figure 5: Join and Split of Flows in OptiFlow

The transformation of one flow to another might imply a flow gain or loss or a transformation
to another commodity. In addition, there might be flows that are consumed or generated by
sending out or receiving the flow at a specific node but do not travel on the arc themselves, such as
generation of by-products or auxiliary consumption, i.e. a flow needs a certain amount of another
flow to go through the process. The topology of the connections between nodes, i.e. the arcs, is
Y AP P F , which defines that a flow f goes from the process p to the
described through the set Ry,a,p,p
0 ,f

1many
many1
process p0 in the area a during the year y. Furthermore, the sets Ry,a,p,f,f
0 and Ry,a,p,f,f 0 indicate,
0
respectively, if a flow f is join with other flows as f or if a flow f is split into several flows f 0 of
the same quality. By using this specific topology denotations the flow bundles are not mixed, and
the same node, i.e. process, can be mathematically used to model transformations, split and join
of flows, resembling conversion processes in reality, which take place in the same physical facility,
as depicted in Figure 6.

Figure 6: Multiple Flows in OptiFlow - The green input flows are join into the Flow 2-2, the red flow 1-3 has a loss
or gain and its transformed into flow 2-1, and the pass of the green flow 1-2 through the process implies a flow gain
or loss of the blue flow 2-3
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The OptiFlow model has an objective function whose value is minimized, subject to constraints
that depict the network topology (see subsections 2.3.1-2.3.5), and which could be classified into:
• Balance equations that represent movements of flows through the network, and across the
spatial and the temporal dimensions.
• Bounding constraints to flows entering and/or leaving the network.
• Capacity constraints that restrict the amount of flow in a process.
• Flow constraints that represent flow unbundling limitations, enforcement or limits to flow
concurrencies, as well as restrictions to movements of flows within the temporal dimension.
2.3.1. Objective Function
OptiFlow can perform optimisation based on a multi-criteria approach for any selected flow of the
network, following the principle of Pareto optimality.
The cost involved are a fixed setup cost associated with supply nodes and arcs chosen and a variable
cost dependent on the amount of flow within each arc.
2.3.2. Balance Equations
The balance equation for each node of the network, excepting storage processes pSt , is shown in
AP F F defines the
Equation 1 (see the nomenclature in Appendix A), where the parameter cYy,a,p,f,f
0
0
relationships of transformation, splitting or joining of a flow f into a flow f in the process p in
P T indicates the level of temporal resolution according to
the area a in the year y. The subset Rp,t
the specification of which processes are dependant on the full t ∈ T slice, and which ones only in
s ∈ S, and are thus represented as a single element t (see subsection 2.2).
X

p0 ∈P
AP P F
|(y,a,p0 ,p,f )∈RY
y,a,p0 ,p,f

AP F F
Vy,a,p0 ,p,f,s,t · cYy,a,p,f,f
0 +

∧(y,a,p,f,f 0 )∈R
/ 1many
y,a,p,f,f 0

+

X

Vy,a,p0 ,p,f,s,t +

X

transport
Vy,a
0 ,a,p,f,s,t

∧p∈P T

X

Vy,a,p,p00 ,f 0 ,s,t +

p00 ∈P

AP P F
|(y,a,p,p00 ,f 0 )∈RY
y,a,p,p00 ,f 0

∧(y,a,p,f,f 0 )∈R
/ 1many
y,a,p,f,f 0

X

X

a0 ∈A
AAP F
|(y,a0 ,a,p,f )∈RY
y,a0 ,a,p,f

∧(y,a,p,f,f 0 )∈R1many
y,a,p,f,f 0

+

p0 ∈P,f 00 ∈F
AP P F
|(y,a,p0 ,p,f 00 )∈RY
y,a,p0 ,p,f 00

AP F F
Vy,a,p0 ,p,f 00 ,s,t · cYy,a,p,f
00 ,f 0

∧(y,a,p,f,f 0 )∈Rmany1
y,a,p,f 00 ,f 0

p0 ∈P
AP P F
|(y,a,p0 ,p,f )∈RY
y,a,p0 ,p,f

=

X

p00 ∈P,f 00 ∈F
AP P F
|(y,a,p,p00 ,f 00 )∈RY
y,a,p,p00 ,f 00

AP F F
Vy,a,p,p00 ,f 0 ,s,t · cYy,a,p,f,f
0

p00 ∈P

AP P F
|(y,a,p,p00 ,f 0 )∈RY
y,a,p,p00 ,f 0

∧(y,a,p,f,f 0 )∈R1many
y,a,p,f,f 0

AP F F
Vy,a,p,p00 ,f 00 ,s,t · cYy,a,p,f,f
00 +

X

a0 ∈A
AAP F
|(y,a,a0 ,p,f )∈RY
y,a,a0 ,p,f

transport
Vy,a,a
0 ,p,f,s,t

∧p∈P T

∧(y,a,p,f,f 00 )∈R1many
y,a,p,f,f 00

AP F F
PT
∀{y ∈ Y, a ∈ A, p ∈ P, f ∈ F, f 0 ∈ F, t ∈ T |(y, a, p, f, f 0 ) ∈ RYy,a,p,f,f
0 ∧ (p, t) ∈ Rp,t },

{p ∈ P St |f ∈
/ f 0 }, s ∈ S

(1)

On the left side of the equality sign in Equation 1 there are the flow f or flows f 00 entering the
process p from the process or processes p0 , and on the right side there are the flow f 0 or flows f 00
AP F F is a multiplier
leaving the process p towards the process or processes p00 . The parameter cYy,a,p,f,f
0
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associated to the input arc of the flow f or flows f 00 , to obtain the flow f 0 through transformation
1many
or combination (if defined in the set Ry,a,p,f,f
0 ) of one or more arcs-flows in the process p. However,
1many
when a flow f is split into several flows f 0 in the process p, which is defined in the set Ra,p,f,f
0 , the
Y
AP
F
F
0
00
parameter cy,a,p,f,f 0 multiplies the output flows f and f .

Figure 7: Transport processes in OptiFlow - The area 1 is connected to area 2, the area 2 is connected to the areas 1
and 3, and the area 3 is connected to the area 2 for transport of the flow from process 0 to process 2 by the specific
transport process 1

Furthermore, the Equation 1 includes transportation of resources across connected areas (see Figure
7). Specific flows f can be transported from an area a to another area a0 by different transportation
modes defined as transport processes P T , e.g. trucks, ships, watersheds or pipelines, whose topology
Y AAP F .
is defined through the set Ry,a,a
0 ,p,f
There are three different types of storage processes in OptiFlow (see Figure 8): inter-seasonal
P St−iS , where flows (f =f 0 ) are stored between different S and the t-resolution is not relevant
(Equation 2); intra-seasonal P St−iT storages, where flows can be stored within t but not within s,
so that the storage volume at the end and at the beginning of s must remain constant (Equation 3);
and inter and intra-seasonal storages P St−iSiT , where flows can be stored between t and between
s and only the storage volume at the end and at the beginning of the year y must be maintained
(Equation 4).

Figure 8: Modelling of different storage processes in OptiFlow - P St−iS (in red), P St−iSiT (in green) and P St−iT (in
blue)

Equation 2 ensures the inter-seasonal conservation balance of the process p ∈ P St−iS located in the
area a in the year y, so that the flow f stored at the period s+1 is equivalent to the flow f stored in
7
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the previous s, plus the amount of flow f sent to storage from the process p0 , considering possible
AP F F , minus the flow f taken from the storage towards the
efficiency losses or gains through cYy,a,p,f,f
St−iS
00
process p . The level of the storage Vy,a,p,f,s
is constant within the year y. The parameter wpP0 ST
,s,t
provides information about the relative weight of the time slice s, t with respect to a year of 8760
hours, considering if the process is t-dependent (the full t ∈ T ) or not (a single t).
St−iS
St−iS
Vy,a,p,f,s+1
= Vy,a,p,f,s
+

X

p0 ∈P,t∈T
PF
|(y,a,p0 ,p,f )∈RAP
y,a,p0 ,p,f

X

−

p00 ∈P,t∈T

AP F F
Vy,a,p0 ,p,f,s,t · cYy,a,p,f,f
· wpP0 ST
,s,t −

T
∧(p0 ,t)∈RP
p0 ,t

Vy,a,p,p00 ,f,s,t · wpP00ST
,s,t

PF
|(y,a,p,p00 ,f )∈RAP
y,a,p,p00 ,f
T
∧(p00 ,t)∈RP
p00 ,t

AP F F
∀{y ∈ Y, a ∈ A, p ∈ P St−iS , f ∈ F|(y, a, p, f ) ∈ RYy,a,p,f,f
}, s ∈ S

(2)

The intra-seasonal balance of Equation 3 is analogous to Equation 2, but the flow f conservation
St−iT
is ensured at each t, and the level of Vy,a,p,f,s,t
is constant at the end and at the beginning of t ∈ T ,
ST
i.e. within s. The parameter ls,t states the type of chronology used in the temporal data set, as
well as the duration in hours of each t data, e.g. t ∈ t24 might mean that one full day with 24
ST = 1), or that four days, with data every four hours, i.e. six time slices
hours is represented (ls,t
ST
per day, are used (ls,t = 4).

St−iT
St−iT
Vy,a,p,f,s,t+1
= Vy,a,p,f,s,t
+

X

p0 ∈P
PF
|(y,a,p0 ,p,f )∈RAP
y,a,p0 ,p,f

X

−

p00 ∈P

AP F F
ST
Vy,a,p0 ,p,f,s,t · cYy,a,p,f,f
· ls,t
−

T
∧(p0 ,t)∈RP
p0 ,t

ST
Vy,a,p,p00 ,f,s,t · ls,t

PF
|(y,a,p,p00 ,f )∈RAP
y,a,p,p00 ,f
T
∧(p00 ,t)∈RP
p00 ,t

AP F F
∀{y ∈ Y, a ∈ A, p ∈ P St−iT , f ∈ F|(y, a, p, f ) ∈ RYy,a,p,f,f
}, s ∈ S, t ∈ T

(3)

The intra-seasonal and inter-seasonal balance represented in Equation 4 is equivalent to the one in
Equation 3, but with the possibility to store flows between s (left side of the equality sign).

St−iSiT
St−iSiT
St−iSiT
Vy,a,p,f,s,t+1|t<T
+ Vy,a,p,f,s+1,t
= Vy,a,p,f,s,t
+
1 |t=T
X
AP F F
ST
+
Vy,a,p0 ,p,f,s,t · cYy,a,p,f,f
· ls,t
−
p0 ∈P

PF
|(y,a,p0 ,p,f )∈RAP
y,a,p0 ,p,f
T
∧(p0 ,t)∈RP
p0 ,t

X

p00 ∈P

ST
Vy,a,p,p00 ,f,s,t · ls,t

PF
|(y,a,p,p00 ,f )∈RAP
y,a,p,p00 ,f
T
∧(p00 ,t)∈RP
p00 ,t

AP F F
∀{y ∈ Y, a ∈ A, p ∈ P St−iSiT , f ∈ F|(y, a, p, f ) ∈ RYy,a,p,f,f
}, s ∈ S, t ∈ T

(4)

The transition from the different temporal resolutions is handled through the use of a storage
process, so that when a flow is s-dependent and it has the possibility to go to a t-dependent
process, it must pass before through a mathematical intra-seasonal storage process P St−iT , so
that it can be optimally distributed through different t-slices within s (Equation 3). On the other
8
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hand, when a process that is s-dependent needs to consume a t-dependent flow f ∈ F T −S , such as
auxiliary electricity demand, but it is still desired not to adopt a more detailed temporal resolution
(e.g. the main process operates on a steady basis), it is handled by assuming that the s-dependent
process happens at a single t, which is repeated throughout all the t ∈ T , and the auxiliary flow is
consumed or produced at t ∈ T , as shown in Equation 5.
Vy,a,p,p0 ,f,s,t =

X

Vy,a,p,p0 ,f,s,t

t∈1

AP P F
∀{y ∈ Y, a ∈ A, p ∈ P, f ∈ F T −S |(y, a, p, p0 , f ) ∈ RYy,a,p,p
/ P timeT ∨ p0 ∈
/ P timeT )},
0 ,f ∧ (p ∈

s ∈ S, t ∈ T

(5)

Some flows f might require certain amount of time to move between nodes, i.e. from p0 to p00
Y AP P F and
through the process p ∈ P T del or p ∈ P Sdel , according to the topology defined in Ry,a,p
0 ,p,f
Y
AP
P
F
Ry,a,p,p00 ,f (see Figure 9). This provokes a delayed at the t-level (e.g. hours), as described in
Equation 6, or at the s-level (e.g. weeks), shown in Equation 7; and which might also imply a flow
AP F F .
gain or loss through the parameter cYy,a,p,f,f

Figure 9: Modelling of processes that consume time in OptiFlow - P St−Sdel (in red) and P St−T del (in green)

AP F F
Vy,a,p0 ,p,f,s,t = (Vy,a,p,p00 ,f,s,t+dT del |t+dT del ≤T + Vy,a,p,p00 ,f,s+1,t+dT del −T |t+dT del >T ) · cYy,a,p,f,f
a,p,f

∀{y ∈ Y, a ∈ A, p ∈ P
00

∧ (y, a, p, p , f ) ∈

T del

0

a,p,f

a,p,f

00

0

, p ∈ P, p ∈ P, f ∈ F|(y, a, p , p, f ) ∈

AP P F
RYy,a,p,p
00 ,f }, s

∈ S, t ∈ T

a,p,f

AP P F
RYy,a,p
0 ,p,f

(6)

AP F F
Vy,a,p0 ,p,f,s,t = Vy,a,p,p00 ,f,s+dSdel ,t · cYy,a,p,f,f

AP P F
∀{y ∈ Y, a ∈ A, p ∈ P Sdel , p0 ∈ P, p00 ∈ P, f ∈ F|(y, a, p0 , p, f ) ∈ RYy,a,p
0 ,p,f
AP P F
∧ (y, a, p, p00 , f ) ∈ RYy,a,p,p
00 ,f }, s ∈ S, t ∈ T

(7)

2.3.3. Bounding constraints
The buffer processes represent the relationship with the background system or the boundary conditions. In a buffer process, flows can enter and/or leave, e.g. consumption or production of a
resource, emissions or capture of CO2 , expenditures or earnings, etc. In addition, the net buffer
B
flow, Vy,a,p,f,s,t
, might also be linked, through soft or hard-linkages, to other models, as the energy
tool Balmorel [7] (see section 3). Source processes are buffer processes that only have flows entering
9
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the network, such as, resources, feedstocks, etc. In contrast, sink processes are buffer processes
that only have flows leaving the system, such as waste, products that are sold to the market, etc.
By applying this modelling framework, the direction of the flow from source processes and to sink
processes is known beforehand, unlike the net flow from buffer processes, whose sign is unknown.

Figure 10: Buffer Processes in OptiFlow
B
The balance equation of the buffer process p ∈ P B related to the net flow f , Vy,a,p,f,s,t
, in the
area a at the time period y,s,t is described in Equation 8 as equal to the sum of all the incoming
Y AP P F , minus the sum of the
flows, Vy,a,p0 ,p,f,s,t , from processes p0 , as defined by the topology in Ry,a,p
0 ,p,f
00
Y AP P F .
leaving flows, Vy,a,p,p00 ,f,s,t , towards processes p , according to the topology of Ry,a,p,p
00 ,f

B
=
Vy,a,p,f,s,t

X

p0 ∈P
AP P F
|(y,a,p0 ,p,f )∈RY
y,a,p0 ,p,f

Vy,a,p0 ,p,f,s,t −

X

Vy,a,p,p00 ,f,s,t

p00 ∈P
AP P F
|(y,a,p,p00 ,f )∈RY
y,a,p,p00 ,f

∀ y ∈ Y, a ∈ A, p ∈ P B , f ∈ F, s ∈ S, t ∈ T

(8)

The user might set some fix, lower or upper bounds to the variable of the net flow from buffer
B
, although the limitation would be indexed also at an area a and at s, t resoluprocesses, Vy,a,p,f,s,t
tion. However, if constraints must be indexed to different levels of spatial or temporal resolution,
specific equations are needed, e.g. Equation 9 shows a fix consumption of flow f in the country c.
X

a∈A,s∈S,t∈T
|(y,a,p0 ,p,f )∈AC
cP
P
PF ∨
Y AP P F )
∧(y,a,pB ,f )∈( p∈P RY AP B
B
p∈P R
y,a,p

B

,p,f

y,a,p,p

B

∀ y ∈ Y, c ∈ C, p ∈ P , f ∈ F

C−F x
B
P ST
Vy,a,p
0 ,p,f,s,t · wp0 ,s,t = p
y,c,pB ,f

,f

(9)

2.3.4. Capacity Constraints
Include investment equations here Bundle constraints or generalised upper bounding side constraints: the arc has a capacity that restricts the total flow of all commodities on that arc.
2.3.5. Flow Constraints
Enforcement or limits to flow concurrencies, when the flow f entering the process p from process
p0 needs a fix/maximum/minimum amount of another flow f 0 entering the same process p from
process p00 in the area a at the time period y,s,t. Equation 10 shows a fix relationship between the
two incoming flows f and f 0 , and maximum and minimum ratios can be defined in new equations
by changing the equals sign by a less-than or a greater-than sign.
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x
Vy,a,p0 ,p,f,s,t = Vy,a,p00 ,p,f 0 ,s,t · eIn2in−F
y,a,p,f,f 0

∀{y ∈ Y, a ∈ A, p ∈ P, p0 ∈ P, p00 ∈ P, f ∈ F, f 0 ∈ F, t ∈ T |

AP P F
00
0
Y AP P F
PT
(y, a, p0 , p, f ) ∈ RYy,a,p
0 ,p,f ∧ (y, a, p , p, f ) ∈ Ry,a,p00 ,p,f 0 ∧ (p, t) ∈ Rp,t }, s ∈ S

(10)

When an input flow f is split, OptiFlow might set a fix/maximum/minimum allocation from f , to
the output flows f 0 , as shown in Equation 11; or the ratio between two of the split output flows f 0
and f 00 , as defined in Equation 12.
X

Vy,a,p,p00 ,f 0 ,s,t =

p00 ∈P

X

p0 ∈P,p00 ∈P
AP P F
|(y,a,p0 ,p,f )∈RY
y,a,p0 ,p,f

x
Vy,a,p0 ,p,f,s,t · eOut2in−F
y,a,p,p00 ,f 0

∀{y ∈ Y, a ∈ A, p ∈ P, f ∈ F, f 0 ∈ F, t ∈ T |

00 0
Y AP P F
PT
(y, a, p, f, f 0 ) ∈ R1many
y,a,p,f,f 0 ∧ (y, a, p, p , f ) ∈ Ry,a,p,p00 ,f 0 ∧ (p, t) ∈ Rp,t }, s ∈ S

X

X

Vy,a,p,p0 ,f 0 ,s,t =

p0 ∈P

AP P F
|(y,a,p,p0 ,f 0 )∈RY
y,a,p,p0 ,f 0

p0 ∈P

(11)

Out2out−F x
Vy,a,p,p0 ,f 00 ,s,t · ey,a,p,f,f
0 ,f 00

AP P F
|(y,a,p,p0 ,f 00 )∈RY
y,a,p,p0 ,f 00

∀{y ∈ Y, a ∈ A, p ∈ P, f ∈ F, f 0 ∈ F, f 00 ∈ F, t ∈ T |

1many
00
PT
(y, a, p, f, f 0 ) ∈ R1many
y,a,p,f,f 0 ∧ (y, a, p, f, f ) ∈ Ry,a,p,f,f 00 ∧ (p, t) ∈ Rp,t }, s ∈ S

(12)

There might also be restrictions to movements of flows across the temporal dimension, so as to
ensure that the differences in amounts of flow between consecutive time slices is lower than a
defined value. This is important in energy systems, where plants might face high costs as well as
a decrease in their life expectancy with high ramp-up and ramp-down rates, apart from the fact
that due to mechanical restrictions, it might not be possible.
3. Linkage of OptiFlow and Energy Systems Analysis models
OptiFlow can be operated as a stand-alone model, which might be soft-linked with other models,
or it can be used simultaneously as an add-on within existing tools, such as Balmorel [7], where the
integration takes places through common endogenous variables and the use of the same exogenous
parameters. If a flow f in OptiFlow is linked to Balmorel (net consumption or production), this
must come from a buffer process pB , so that the energy systems model represents the boundary
conditions.
4. Case Study - Pumped Hydro
This section, as an example of the versatility of the OptiFlow model, illustrates how this type of
general network tools could be used to model cascading hydropower (the output of an upstream
facility impacts downstream reservoirs and plants) in energy systems analysis in a simplified way.
Cascade hydropower often constitutes a modelling challenge that might be handled by soft-linking
energy systems analysis with watershed models, but which increases the complexity of the solution
[8].
An example of a block diagram illustrating cascading hydro in a simplified manner is shown in
Figure 11, whose arc and nodes, i.e. processes and flows are identified in Table 1. The network
topology depicted in Figure 11b, is described through the subsets of Tables 2-4.
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Set
Flows

Buffer Processes
Storage Processes

Internal Processes

Time Consumption Processes

Components
WaterInflow-Main;
WaterInflow-TributaryA;
WaterInflow-TributaryB;
MainRiver;
MainRiver-Hydr1; MainRiver-Re3; MainRiverHydr2; TribRiverA; TribRiverB; TribRivers;
AllRivers; Electricity
WaterInflow-Main;
WaterInflow-TributaryA;
WaterInflow-TributaryB; Electricity-Process
WaterReservoir1; WaterReservoir2; WaterReservoir3; WaterReservoir4; WaterReservoir5;
WaterReservoir6
HydroPlant1; HydroPlant2; HydroPlant3; HydroPlant4; HydroPlant5; HydroPlant6; Split;
Join
TimeDelay

Table 1: Description of sets of Figure 11.
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Figure 11: Simplified representation of a case with cascade hydropower: a) block diagram, b) conceptual visualization for OptiFlow modelling of cascade hydropower.
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Once the structure of the model is built, the parameters must be introduced in the data-driven
model OptiFlow. Some parameters needed are efficiencies (e.g. water inflow to power ratio for
hydropower plants, evaporation rates, rain, etc.), water inflow profiles, time delays, other flow
constraints (e.g. related to minimum/maximum water flows), and capacity constraints of reservoirs
and hydropower plants. Furthermore, the electricity generation is considered to be outside the
boundaries of the system, which could be represented through a price interface profile or by linking
the model with an energy systems analysis tool, such as Balmorel.
Process to p
WaterInflow-Main
WaterReservoir1
Split
HydroPlant1
HydroPlant1
TimeDelay
WaterReservoir2
Split
TimeDelay
WaterReservoir3
Join
HydroPlant2
HydroPlant2
TimeDelay
WaterInflow-TributaryA
WaterReservoir4
HydroPlant3
HydroPlant3
TimeDelay
WaterInflow-TributaryB
Join
WaterReservoir5
HydroPlant4
HydroPlant4
TimeDelay
Join
WaterReservoir6
HydroPlant5

Process from p0
WaterReservoir1
Split
HydroPlant1
TimeDelay
Electricity-Process
WaterReservoir2
Join
TimeDelay
WaterReservoir3
Join
HydroPlant2
TimeDelay
Electricity-Process
Join
WaterReservoir4
HydroPlant3
TimeDelay
Electricity-Process
Join
Join
WaterReservoir5
HydroPlant4
TimeDelay
Electricity-Process
Join
WaterReservoir6
HydroPlant5
Electricity-Process

Flow f
MainRiver
MainRiver
MainRiver-Hydr1
MainRiver-Hydr1
Electricity
MainRiver-Hydr1
MainRiver-Hydr1
MainRiver-Re3
MainRiver-Re3
MainRiver-Re3
MainRiver-Hydr2
MainRiver-Hydr2
Electricity
MainRiver-Hydr2
TribRiverA
TribRiverA
TribRiverA
Electricity
TribRiverA
TribRiverB
TribRivers
TribRivers
TribRivers
Electricity
TribRivers
AllRivers
AllRivers
Electricity

AP P F
Table 2: Topology of flows f from process p to process p0 in the area a in the year y: RYy,a,p,p
00 ,f of Figure 11.

5. Conclusions
Future energy systems modelling requires flexible tools that are able to represent systems with
a growing integration of variable renewable energy, but also increasingly inter-related with other
sectors, such as waste management, biomass or water, among others. In order to overcome these
challenges, a general network flow optimization model is presented in this manuscript, OptiFlow.
OptiFlow provides a flexible, modular capability to represent energy systems, or any other system,
which could be illustrated with a topological network design. The model has a fully flexible
representation of space and time, including movements across these dimensions. The model has
been used for optimizing the transport and use of residual combustible waste in waste incineration
plants and the transport and use of biomass resources in biorefineries. In addition, an example of
how the model could be used for modelling cascading hydro is presented. Further research should
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Join Process
Join
Join
Join
Join
Join
Join

Input Flows f
MainRiver-Hydr1
MainRiver-Re3
TribRiverA
TribRiverA
TribRivers
MainRiver-Hydr2

Output Flow f 0
MainRiver-Hydr2
MainRiver-Hydr2
TribRivers
TribRivers
AllRivers
AllRivers

Table 3: Topology that shows that more than one flow f goes inside a process p, where it is transformed into one
flow f 0 in the area a in the year y: Rmany1
y,a,p,f,f 0 of Figure 11.

Split Process p
Split
Split

Input Flow f
MainRiver
MainRiver

Split Flows f 0
MainRiver-Hydr1
MainRiver-Re3

Table 4: Flow f that goes inside a process p, where it is transformed into more than one flow f 0 in the area a in the
year y: R1many
y,a,p,f,f 0 of Figure 11.

aim to develop an architecture modelling framework using graph theory, which could facilitate the
modelling of complex network designs.
The development and open-availability of models as OptiFlow is important in order to have flexible, data-driven and general models, which can be used to model multiple inflows and outflows,
including changes in the temporal and geographical dimensions. This type of general models can
be used for a wide variety of applications, as the ones aforementioned, decreasing the time/budget
that projects should allocate to develop new ”tailor-made tools”.
References
[1] R. Loulou, G. Goldstein, K. Noble, Documentation for the MARKAL Family of Models. ETSAP. (2004).
[2] R. Loulou, G. Goldstein, A. Kanudia, A. Lettila, U. Remme, Documentation for the TIMES model - Part I.
(2016).
URL https://iea-etsap.org/docs/Documentation for the TIMES Model-Part-I July-2016.pdf
[3] O. Balyk, K. S. Andersen, S. Dockweiler, M. Gargiulo, K. Karlsson, R. Nraa, S. Petrovi, J. Tattini, L. B.
Termansen, G. Venturini, TIMES-DK: Technology-rich multi-sectoral optimisation model of the Danish energy
system, Energy Strategy Reviews 23 (2019) 13–22. doi:10.1016/j.esr.2018.11.003.
[4] S. Hilpert, C. Kaldemeyer, U. Krien, S. Gnther, C. Wingenbach, G. Plessmann, The open energy modelling
framework (oemof) - a new approach to facilitate open science in energy system modelling, Energy Strategy
Reviews 22 (2018) 16–25. doi:10.1016/j.esr.2018.07.001.
[5] N. Helistö, J. Kiviluoma, J. Ikäheimo, T. Rasku, E. Rinne, C. O’Dwyer, R. Li, D. Flynn, Backbone an adaptable
energy systems modelling framework, Manuscript submitted for publication.
[6] F. Cruz, J. Smith, G. Mateus, Algorithms for a multi-level network optimization problem, European Journal of
Operational Research 118 (1) (1999) 164–180. doi:10.1016/S0377-2217(98)00306-3.
[7] F. Wiese, R. Bramstoft, H. Koduvere, A. R. Pizarro Alonso, O. Balyk, J. G. Kirkerud, . G. Tveten, T. F. Bolkesj,
M. Mnster, H. V. Ravn, Balmorel open source energy system model, Energy Strategy Reviews 20 (2018) 26–34.
doi:10.1016/j.esr.2018.01.003.
[8] B. Stoll, J. Andrade, S. Cohen, G. Brinkman, C. B. Martinez-Anido, Hydropower modelling challenges. (2017).
URL https://www.nrel.gov/docs/fy17osti/68231.pdf

15

357

Paper VI

Appendix A. Nomenclature in OptiFlow
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Sets
A
C
F
P
R
S
T
Y
Subsets
AC
c
AR
r
F Ind
F T −S

period y, s, t
Net amount of stored flow f in the process pSt−iS in the area a during the time
period y, s
Vy,a,p,p0 f,s,t Flow f from the process p to the process
p0 in the area a during the time period
y, s, t
ac−K
Vy,a,p
Accumulated installed capacity of the
process p in the area a in the year y
K
Vy,a,p
New installed capacity of the process p in
the area a in the year y
transport
Vy,a,a0,p,f,s,t
Flow f that is transported from the area
a to the area a0 through the transport
process pT during the time period y, s, t
Free variables
B
Vy,a,p,f,s,t
Net flow f from the buffer process pB in
the area a during the time period y, s, t
VfInd
Net amount of indicative flow f Ind
Binary variables
Dec
Uy,a,p
Decommissioning of the full/no capacity
of the process p in the area a in the year
y
ES
Uy,a,p
Minimum size of the investment in the
process p in area a in the year y is/is not
achieved
Parameters
AP F F
cYy,a,p,f,f
Relationship between the flow f and the
0
flow f 0 in the process p in the area a in
the year y
Time delayed s of the flow f in the prodSdel
a,p,f
cess p in the area a
del
Time delayed t of the flow f in the prodTa,p,f
cess p in the area a
x
eOut2out−F
Fix bound between the flows f 0 and f 00 ,
0
00
y,a,p,f,f ,f
both as a result of splitting the flow f in
the process p in the area a in the year y
x
eIn2in−F
Fix bound between the two input flows f
y,a,p,f,f 0
and f 0 to the process p in the area a in
the year y
x
eOut2in−F
Fix bound of the split flow f 0 in the proy,a,p,p00 ,f 0
cess p going to process p0 in the area a
in the year y with respect to its original
flow
ST
ls,t
Length of the time segment s,t [hours]
x
pC−F
Fix consumption of flow f from the buffer
y,c,pB ,f

St−iS
Vy,a,p,f,s

Areas
Countries
Flows
Processes
Regions
Seasons
Time periods in a season
Year

Areas a in country c
Areas a in region r
Indicative flows f
Flows f that are t-dependent but that
could be consume in an s-dependent process
PB
Buffer processes p
PT
Transport processes p
P St−iSiT Inter and intra-seasonal storage processes
between and within s, subset of pSt
P St−iS
Inter-seasonal storage processes between
s, subset ofpSt
P St−iT
Intra-seasonal storage processes within s,
subset of pSt
St−Sdel
P
Process with a time consumption between s, subset of pSt
St−T del
P
Process with a time consumption between t, subset of pSt
St
P
Storage processes p
P timeT
Processes p that are t-dependent
F
RAAP
Flow f that can be transported from the
a,a0,pT ,f
area a to the area a0 through the transport process pT
PT
Rp,t
Level of temporal dependency of the process p
R1many
y,a,p,f,f 0 Flow f that goes inside a process p, where
it is transformed into more than one flow
f 0 in the area a in the year y
Rmany1
More
than one flow f that go inside a
y,a,p,f,f 0
process p, where it is transformed into
one flow f 0 in the area a in the year y
Y AP F F
Ry,a,p,f,f 0 The flow f is related to the flow f 0 in the
process p in the area a in the year y
AP P F
RYy,a,p,p
Topology of flows f from process p to pro0 ,f
cess p0 in the area a in the year y
Positive variables
St−iSiT
Vy,a,p,f,s,t
Net amount of stored flow f in the process pSt−iSiT in the area a during the
time period y, s, t
St−iT
Vy,a,p,f,s,t
Net amount of stored flow f in the process pSt−iT in the area a during the time

P ST
wp,s,t
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process pB in the country c throughout
the year y
Number of hours the time segment s,t is
repeated within the year considering if
the process p is t-dependent or not [hours]
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