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Abstract 

Flexible sector coupling of heat and electricity is a well-documented way of facilitating efficient and 

renewables-based energy systems. Heating is characterised by substitutable heat sources, where some 

facilitate flexibility and sector coupling, while others do not. Earlier studies indicate sector coupling 

hindrances from competing biomass-based heat sources. The scientific contribution of this study is an 

investigation of heat source substitution as a general route to sector coupling. We explore the impacts of 

constraining biomass use, applying the Danish heat sector as a case, to see impacts on indicators such as 

power-to-heat deployment. We do so by introducing taxes on biomass use, ban biomass boilers and 

entirely prohibit use of biomass. These constraints are modelled in the Balmorel model. The results show 

that system costs decrease along with biomass use. Power-to-heat use, CO2-emissions, tax- and electricity 

tariff revenue and end-user heat cost increase, in some cases substantially. It appears that a CO2 price 

signal is sufficient to obtain CO2-reductions, whereas other motivations, including increased electrification 

of the heating sector, may justify constraints on biomass use.  

Abbreviations2 

 
1 Corresponding author - dasn@dtu.dk,  
2 Capex: Capital expenditure 
CHP: Combined heat and power 
DH: District heating 
DKK: Danish kroner 
(M)EUR: (million) Euro 
HP: Heat pump 
kton: kilo ton 
NETP: Nordic Energy Technology Perspectives 
PtH: Power-to-heat 
PV: Photovoltaic 
RG: Resource grade 
TS: Thermal storage 
(V)RE: (Variable) renewable energy 
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1 Introduction 

Coupling of energy sectors, i.e. sectors based on different energy carriers such as heating and electricity, is 
a pertinent measure for improving overall energy- and economic efficiency [1,2]. Benefits include the ability 
to use the least cost technologies to satisfy energy demands, and the ability to flexibly balance and 
integrate the electricity production from variable renewable energy (VRE - here wind power and solar 
photovoltaics (PV)) [3].  
VRE integration can be achieved in the heating sector, by utilising VRE-based electricity for heating 

purposes. This can be in power-to-heat (PtH) units such as heat pumps (HP) in periods with abundant VRE 

production in district- [4,5] and residential heating [6], and by storing heat in thermal storages (TS) enabling 

a decoupling of heat demand and electricity production/consumption [7,8]. Furthermore, TS combine well 

with generation of heat and electricity at combined heat and power plants (CHP) [8,9]. Beyond the 

scientific literature, this has been documented in practice and real-life examples in Denmark (e.g. daily 

plant operation according to electricity prices [10] and on the broader system scale [11]). While the 

potential benefits and technological solutions are well-documented, this flexibility in the interface between 

the electricity and heating systems is not straightforward. Electricity can be used in a multitude of ways, as 

characterised by the term power-to-x. On the other hand, heat can be generated in multiple ways (we can 

call this x-to-heat). Since heat generation thus is characterised by substitute goods (different ways to obtain 

the same service – heat, i.e. x-to-heat), the choice of heat source is dependent on other factors, including 

price [12]. Un-level playing-fields between biomass-based boilers and PtH, caused by the absence of tax on 

biomass in combination with levies on PtH has been documented in e.g. the Baltics [13,14] and Denmark 

[15,16]. This motivates further analyses of constraints on biomass-use.  

Mathiesen et al. [17] have analysed limitations of biomass for increased heat electrification in a socio-

economic perspective, but not in a context of regulatory conditions such as taxes and electricity grid tariffs, 

or as part of a larger energy system (surrounding countries). Lund and Mathiesen [18] have analysed a 

biomass constraint (7.76 EUR/GJ, presumably 2012-level), but only on DH boilers. Energinet and Flex4RES 

have explored the impact of constraining interconnection capacity, CHP flexibility, taxes and electricity grid 

tariffs in the Danish [19] and Nordic [20] energy systems. Sneum et al. [13,21] have explored the 

competition and heat source substitution between biomass-based generation and PtH in individual DH 

plants. No studies have evaluated impacts of addressing heat source substitution to increase flexibility and 

sector coupling, by constraining biomass use on energy system scale and in an existing regulatory 

environment. This study expands existing research by doing exactly that. Further, the results are evaluated 

according to a broader set of indicators than the commonly applied system cost and greenhouse gas 

emissions, thereby providing a comprehensive overview of impacts.  

1.1 Problem statement 
The transition to increasingly renewables-based energy systems can follow various paths. In the heating 
sector, biomass and PtH characterise two different paths; the combustion-heat-path and the moving-heat-
path. These are not necessarily mutually exclusive, but may carry a degree of internal competition where 
one technology pushes the other out of the system, e.g. biomass boilers replacing PtH [21,22]. Good et al. 
coins this kind of cannibalisation “discrepancy between substitutable goods” [23]. PtH is typically 
considered in tandem with VRE, where the ability of PtH to consume electricity from VRE is considered a 
desirable synergy [24–26]. Biomass, on the other hand, is combusted in boilers and CHP plants to generate 
heat and possibly electricity. While all technologies face downsides (e.g. compensation costs to facilitate 
social acceptance of VRE-deployment [27] or undesired effects of refrigerants in HP [28,29]) the focus is 
here to study constraints on biomass use. Such constraints can be motivated by a desire to reduce biomass 
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consumption to politically defined levels (e.g. based on the recurring [30] concerns about biomass 
shortage) or because biomass in many cases [13,21] is an untaxed fuel with no fiscal contribution to state 
budgets. In an energy system perspective, constraining biomass can be motivated by the competitive 
advantage of untaxed biomass against especially PtH, which creates a barrier for flexibility in the interface 
between the heating and electricity sectors [13,17,21]. As consequence of a steady growth (Figure 1) the 
share of solid biomass reached 29% of total fuel consumption [31] and a share of 64% of Danish RE [32] in 
2018. With 63% of solid biomass used in the CHP and DH generation, 29% for individual heating and 7% in 
process industry [32] (1% assumed to be in other uses), Denmark is increasingly relying on biomass in its 
well-developed DH sector as well as areas outside DH systems. It is thus relevant to use the Danish case to 
explore impacts of heat source substitution through biomass constraints.  
 

 
Figure 1 Solid biomass consumption in Denmark 2008-2018 [31] 

 
Beyond the Danish energy context, ‘sustainability of biomass for energy is discussed intensively’ [33] in the 
Nordic context, and the importance of sustainable use of biomass has been noted by the International 
Renewable Energy Agency, the International Energy Agency and the Renewable Energy 
Policy Network for the 21st Century (REN21) [34]. Its sustainability and carbon neutrality has been 
questioned in the public debate, e.g. at the level of Sweden [35,36], Nordics [33] and EU [37]. Further, with 
59.2% of the total EU share of renewables, biomass is a substantial part of the energy mix [38]. This is 
illustrated in Figure 2, where the countries ranking among the highest in per capita use (Denmark, Finland, 
Sweden) and in total (France and Germany) are incidentally part of this study’s modelling area (described in 
2.3).  
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Figure 2 Bioenergy consumption in EU Member States, 2016. Total in Mtoe (left). Per capita in kgoe/per capita 

(right). Figure from Joint Research Centre [38].   

 

1.2 Research question 
Based in the combined hypotheses that increased amounts of variable renewable energy may be integrated 

through increased electrification of the heating sector, and that biomass use may be necessary to constrain 

in the energy sector, in order to maintain use at a sustainable level, we ask  

What are the interactions between substitutable heat sources with different flexibility potentials 

and sector coupling characteristics?   

We answer this question by analysing the case for Denmark, with biomass and PtH as exemplary competing 

technologies.  

After elaborating the methodology in Section 2, the results of the techno-economic analysis is presented in 

Section 3. An in-depth discussion of those results is conducted in Section 4, before concluding on the 

findings regarding indicators and barriers in Section 5.  

2 Methodology 

The intention with this study is to explore heat source substitution and its impact on flexibility in the 

interface between heating and the electricity system. This is explored by analysing the impacts of 

constraining biomass ceteris paribus, i.e. keeping other inputs constant to determine the impact of the 

single constraint. The Balmorel model applies 2012-level input costs and converts these to 2016-level 

output costs. While we report the resulting numbers, the study focusses on tendencies, rather than 

decimals in the specific case. 

2.1 Energy system modelling in the Balmorel model 
The energy system model Balmorel [39] is used to optimize the capacity development of the power and 

heat system of Northern Europe towards 2045. Balmorel is open-source [40], has a bottom-up approach, is 

deterministic, and in this paper it has been used to solve a linear programming problem. The objective 
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function in Balmorel is to minimize discounted system costs, while satisfying the hourly heat and power 

demand of the sectors included:  

min
𝐼𝑁𝑉𝑦,𝑉𝐶𝑦,𝐹𝐶𝑦

∑𝐷𝐹𝑦 ∙ (𝐼𝑁𝑉𝑦 + 𝑉𝐶𝑦 + 𝐹𝐶𝑦)

𝑦

 

The costs of future years are discounted with a discount rate of 4% per year [41], which is used to calculate 

the discount factor (DF). The costs in the optimizations correspond to annuitized investments (INV) (use of 

annuities in Balmorel treated in detail in Gea-Bermúdez et. al [42]), and fixed (FC) and variable operational 

(VC) costs. The variable operational costs include maintenance costs, fuel costs, taxes, and grid tariffs. 

Investments are allowed in multiple power and/or heat generation and storage units, transmission lines, 

and DH expansion of users not currently connected to DH. The decommissioning of generation and storage 

units is also optimized. Decommissioning can take place due to lifetime or because of economic 

profitability. The representative years in the optimizations are 2025, 2035, and 2045. The optimizations are 

performed with a rolling horizon of 2-year foresight, which means that when optimizing investments in 

2025, 2035 is known, and so on.  

To limit the complexity of the problem and due to the large number of scenarios, 4 weeks spread over the 

year with 1-every-3 hours are used in the optimizations as the selected representative time steps. To keep 

the annual statistical representation of the time series with a reduced amount of time steps, the time series 

are scaled individually based on Gea-Bermúdez et al. [27], except for seasonal hydro inflows that were 

scaled linearly. For the same reason, unit commitment costs and variables were not considered in this 

paper. 

The model setup is based on Gea-Bermúdez et al. [27], but with some relevant deviations. The modelling of 

industry is based on three temperature heat demand levels, i.e. low (below 100°C), medium (between 

100°C and 500°C, and high (above 500°C). This modelling reflects in a more accurate way the capabilities of 

different technologies to satisfy the different temperature levels of heat demand. Furthermore, individual 

users not currently connected to district heating are also included. They are modelled by splitting their 

demand in hot water and space heating. Like industry, not all technologies are allowed to satisfy all types of 

heat demand. Vehicle-to-grid and smart charging is allowed for EVs. The assumption on EVs is that by 2050, 

all individual private users will use EV. The modelling and data are based on [43]. Extensive description of 

the concept behind the modelling of the heat sector can be found in Gea-Bermúdez et al. [44]. 

Electricity grid tariffs for district heating units are modelled with a fixed charge that depends on the 

installed capacity of the unit, and with a variable charge that depends on the use of the technology. For 

industrial and individual power consumers, electricity grid tariffs are applied based on energy and peak-

power demand. Taxes on commodity consumption, emissions, electricity production and heat production 

are also considered.  

The data, which is available in the Balmorel Community [40], is mostly coming from the Flex4RES project 

[45]. Key differences are explained in this paper. The CorRES tool [46–48] is used to model wind and solar 

PV time series and capacity factors, for different Resource Grades (RG). The RGs are defined to model that 

the resource is not uniform inside each of the regions modelled. For the case of wind offshore, the RGs 

correspond to type of offshore wind farms, i.e. near shore; far from shore, AC-grid connected; and far from 

shore, DC-grid connected. The capacity factors for the different RGs come from the CorRES tool, whereas 

for solar PV it is a combination of the CorRES tool and the Global Solar Atlas [49]. Wind offshore potentials 

per RG are based on [50–52]. Solar PV potentials for large scale systems are based on Ruiz et al. [53]. 
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Onshore wind potentials include social acceptance restrictions and are based on the combination of 

multiple sources [50,54,55]. The split per RG for wind onshore is based on 10% for the best RG, 40% for the 

second best, and 50% for the worst locations. For solar PV, only two RG are used (50%-50% split of the 

potential), except for large regions where the 10%, 40%, 50% is used. The total potential in Denmark for 

wind and solar technologies applied, is 

• Onshore wind: 6.2 GW 

• Offshore wind: 50 GW 

• Solar PV: 69 GW 

Technology data development towards 2050 is based on The Danish Energy Agency [41]. Figure 3 describes 

the assumed development in investment costs (capex) of wind power and solar PV. Wind offshore capex 

differs from region to region since they are influenced by transmission distance assumptions. 

 

Figure 3. Wind and solar PV technology capex development [41]. Wind offshore costs are different for each 

region in the model due to different transmission length assumptions. 

 

District heating expansion costs (0.396 MEUR-2012/MW) is based on Henning and Palzer [56]. Transmission 

expansion costs, CO2 tax development and fuel price development are based on NETP [50]. The modelling 

of biomass prices is based on step wise price functions from Gea-Bermúdez et al. [27]. Coefficient of 

performance time series for the different HP included are based on Ruhnau et al. [57]. Power demand, 

solar heating and district heating demand data comes from the Flex4RES project [45]. Industrial data is 

based on Wiese and Baldini [58] and Rehfeldt et al. [59]. Individual users’ data is based on Eurostat [60] and 

Ruhnau [61]. Their total demand aggregates both individual users and the tertiary sector. Figure 4 

illustrates the development of fuel- and CO2-prices.  

 

Figure 4. Fuel and CO2 tax price development [50]. 
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In all scenarios, the PtH tax and electricity grid tariffs have the following values  

• PtH tax: 32.3 2012-EUR/MWhelectricity (884 2019-DKK/MWhel [62] deducted 625 2019-

DKK/MWhel [63] = 259 2019-DKK/MWhel) 

• Electricity grid tariffs: PtH for individual users is charged with 44 2012-EUR/MWhelectricity. PtH 

for industrial users is charged with 23.3 2012-EUR/MWhelectricity. PtH in district heating is 

subject to an energy charge of 22.3 2012-EUR/MWhelectricity (average of Eastern and Western 

Danish tariff levels in 2017), and a capacity charge that depends on the installed capacity 

0.033 2012-EUR/kWelectricity per year 

2.2 Biomass barriers to sector coupling and flexibility 
The concept of flexibility in the interface between the heating and electricity system is illustrated in Figure 

5. It applies regarding flexible response to electricity price signals as well as RE penetration in the electricity 

grid. In situation 1, electricity costs are low/renewables penetration is high. A PtH unit consumes low 

cost/low carbon electricity to satisfy heat demand and potentially stores excess heat. In situation 2, 

intermediate electricity prices and/or renewables penetration incentivises use of stored heat or biomass 

boiler generation. In situation 3, high electricity prices/low renewables penetration incentivises CHP-based 

generation, where a potential excess amount of heat can be stored.  
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Figure 5 Least cost dispatch and concept of flexible heating. Own illustration based on [64], [65] and [20]. 

 

Biomass has been shown to be both a potential barrier (biomass boilers [66]) and a potential contributor 

(CHP [21]) to increased coupling and flexibility in the heat-electricity system interface. A barrier regarding 

operation is that taxed PtH may be disadvantaged by higher marginal costs than untaxed biomass boilers 

[66]. This potentially reduces the ability of PtH to respond to price signals and, possibly, the overall 

investment incentive in the technology. The dotted lines in Figure 5 illustrates the constraints introduced to 

biomass use in this study. Either by adding a tax on biomass use (the marginal cost of biomass-based 

technologies increases) or by removing the option of using biomass or biomass-based technologies 

altogether (the technology is absent). All these measures will impact the least cost dispatch curve – the 

bold black line. The analyses do not measure flexibility per se, but show the impact on various indicators 

(see 2.4) of constraining biomass use to increase the coupling and flexibility in the interface between heat 

and electricity systems. 
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2.3 Scenarios and scenario variations 
The study is based on modelling of the Northern European energy system, as seen in Figure 6. The scenario 

variations described in this section are only introduced in Denmark. Investment and operation can vary in 

Denmark as well as surrounding countries, according to the scenario variations introduced in Denmark.  

 

Figure 6 Countries in the modelling: Belgium, Denmark (yellow), Finland, France, Germany, Netherlands, 

Norway, Poland, Sweden and United Kingdom. 

 

The study is based on analyses of four main scenarios (Base case, Biomass tax, No biomass boilers and No 

biomass use), with one being split into two sub-scenarios, totalling five scenarios – Table 1.  

Table 1 Scenarios and their variations. 

Scenario Base 
case  

Biomass tax No biomass 
boilers 

No 
biomass 
use 

Scenario 
variation 

 
Bio tax 14.2 

 
Bio tax 28.4 

# 1 2 3 4 5 

Constraint No con-
straints 

14.2 2012- EUR/MWhfuel on 
biomass use 

28.4 2012- EUR/MWhfuel on 
biomass use 

No use or 
investment in 
biomass-
based boilers 

No use 
of 
biomass 

 

The changes apply to all heating. I.e. DH as well as industry and residential heating. The scenarios and their 

variations are described in the following sections. 

2.3.1 Base case – scenario 1 

Scenario variations 2-5 are compared to the results in the Base case. The Base case describes the 

development under conditions corresponding to the present framework conditions, i.e.  

• Biomass boilers allowed  
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• Biomass tax: 0 2012-EUR/MWhfuel 

 

2.3.2 Biomass tax – scenario variations 2-3 

The security of supply-tax (Danish: forsyningssikkerhedsafgift) was a tax on fuels for heating purposes 

proposed in the Danish Energy Agreement of 2012 [67] and in 2013 set to 29.7 DKK-2013/GJ by 2020 for 

biomass [68]. The tax was proposed to mitigate declining fiscal revenues from the reduction of other 

energy taxes [67], with the possible side-effect of increasing PtH and avoiding large deployment of biomass-

based technologies. Subsequently (2014), the tax was rolled back [69] due to political and public resistance 

[70,71]. We explore the tax at two levels, to explore its impact across a wide economic range. From a legal 

perspective, a ministerial 2020 regulatory enquiry found no hindrances to a Danish biomass tax in either 

national regulation or the EU Energy Taxation Directive, as long as there is adherence to EU state aid- and 

non-discrimination rules [72].  

Variation Tax level on biomass Note 

#2 
2013-proposal 

14.2 2012- EUR/MWhfuel In 2013, the 2020 biomass tax was set to be 29.7 
DKK/GJ (2013-level) for biomass [68]. 

#3 

200% of 2013-

proposal 

28.4 2012- EUR/MWhfuel Level chosen to illustrate the impact of highly 

increased 2013-biomass tax. 

 

2.3.3 No biomass boilers – scenario 4 

A targeted approach to reduction of biomass boilers entered into force in Denmark in 2018. Here, the 

approval criteria of DH projects were revised, stating that new biomass boilers at DH plants must show a 

1 500 DKK (200 EUR)/consumer/year end-user saving compared to installing a HP [73]. In in a similar 

command and control manner, No biomass boilers explores the impacts of prohibiting the use of biomass 

boilers in heating. This is intended as a more targeted measure than the other scenarios, to address the 

competition among biomass-based boilers and PtH. 

2.3.4 No biomass use – scenario 5 

The most pervasive measure explored is a complete ban on the use of biomass. The ban acts as an extreme 

scenario of a society which moves entirely away from combusting biomass for energy purposes. Whereas 

this measure and the ban on biomass boilers may seem extreme, Denmark took a similar approach to 

nuclear energy in 1985, banning its use [74], while having clear intensions of deploying it only 9 years 

earlier [75].   

2.4 Indicators for analysing barriers 
The defined set of indicators is intended to cover a range of aspects relevant to policy makers, electricity 

transmission companies, DH stakeholders and end-users. The set of indicators aligns with indicators applied 

by Hedegaard and Münster [76]. To some degree also with Østergaard’s overview of indicators [77] (e.g. 

end-user energy costs (rate impact), CO2-emissions, societal costs, transmission capacity and use), although 

in some areas extending beyond these (e.g. tax- and tariff revenue) and in others excluding these (e.g. 

amount of condensing-based electricity generation, reserve capacity requirement). 

INDICATORS STAKEHOLDER  TO DETERMINE HOW 



Page 11 of 31 
 

Electricity- 
and heat price  

End-user benefits and costs are allocated 

Tariff revenue Grid operators changes in electricity use impact tariff 
revenue 

System cost Society pure (no tax or electricity grid tariffs) 
societal costs develop 

Tax revenue State fiscal impacts are impacted by constraining 
an untaxed fuel 

CO2-emissions Society climate is impacted by constraining an 
assumed carbon neutral fuel 

Fuel Society/state fuel efficiency is impacted, which may 
influence priorities on security of supply or 
reduction in biomass use 

Capacities Society/state electricity and heat capacity is impacted, 
especially regarding PtH and VRE 

Storage 
capacity 

Society/state energy storage, especially TS, is impacted in 
the scenarios 

Transmission Society/state the degree of transmission-use is impacted 

 
The above indicators do not explicitly measure flexibility (as e.g. proposed by Lannoye et al. [78] or 

Flex4RES [20]), as the intention is to determine the broader energy system impacts, whereof increased 

flexibility is a part – similar to the approach on power system transformation applied by IEA and NREL [79]. 

The study is conducted as a ceteris paribus analysis, i.e. changing one parameter to indicate its impact in 

the energy system. The approach is used to explore impacts of isolated actions, as seen in Bloess et al. [6], 

which identifies four such ceteris paribus studies for heat pumps alone. Whitaker [80] justifies the use of 

ceteris paribus analysis through the following example: in predicting with an econometric model it would be 

possible to make careful predictions of the changes in all exogenous variables that accompany a tax cut. But 

a failure to do so involves no logical inconsistency, and the resulting ceteris-paribus prediction of the tax 

cut’s effects will still have substantive interest. 

While we model the quantitative consequences of introducing constraints, we do not attempt to derive 

generalisable quantitative relationships between the introduction of a constraint and the scenario output 

on a certain indicator. The reason is the context-specificity of the Nordic energy system. Such perspective 

may be pursued in subsequent studies, based on the present study. 
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3 Results: Impacts of biomass constraints 

This section presents results of energy modelling with brief factual descriptions, while interpretations are 

provided in the discussion, Section 4. The intention is, as stated earlier, to gain insight into the impact of 

substitution among heat sources in relation to flexibility and sector coupling. All in- and decreases are in 

comparison to the Base case (100%). While modelling results are obtained for all modelled countries, 

results are mainly presented for Denmark to show the national impacts of introducing Danish biomass-

constraints. 

3.1 Greenhouse gas emissions 
The Danish share of emissions is vanishingly small (Base case: 0.37% - Figure 7) in the system as a whole. 

That said, constraining biomass in Denmark results in broader energy system impacts by increasing overall 

emissions. Total emissions increase to 101.49% (No biomass use), corresponding to 2 244 kton/year. 

 

Figure 7 Average annual total CO2-emissions in Northern Europe. Emissions are accounted in the country where 

they occur. 

 

Danish national emissions increase in especially gas- and coal-based CHPs (Figure 8).  

Base case Bio tax 14.2 Bio tax 28.4
No biomass

boilers
No biomass use

United Kingdom 17,650 17,529 17,535 17,576 17,536

Sweden 665 666 665 665 666

Poland 37,114 37,216 37,273 37,187 37,300

Norway 1,220 1,222 1,225 1,223 1,224

Netherlands 15,154 15,251 15,310 15,134 15,385

Germany 51,072 51,047 51,147 51,101 50,836

France 13,205 13,193 13,166 13,226 13,186

Finland 3,052 3,065 3,061 3,062 3,070

Denmark 559 993 1,547 735 2,794

Belgium 10,719 10,678 10,662 10,749 10,658

Grand Total 150,410 150,862 151,591 150,659 152,653
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Figure 8 Average annual Danish internally generated CO2-emissions divided on generation technologies. 

 

3.2 System costs, taxes and electricity grid tariffs 
System cost (Figure 9) is aggregated of investment and operation, excluding energy taxes and electricity 

grid tariffs. Bio tax 28.4 and No biomass use displays the least system cost (85%-86%). This is caused by the 

displacement of Danish electricity generation (and its affiliated costs), with imported electricity and a shift 

towards fuel-free technologies (VRE, solar thermal and PtH), decreasing the overall fuel cost.  

Electricity trade is a considerable source of revenue in all scenarios, on par with or higher than the system 

cost. Net system costs decrease as biomass-use is decreased, reaching negative values (i.e. a net system 

revenue) in the scenarios with the most pervasive biomass constrains.  

 

Base case Bio tax 14.2 Bio tax 28.4
No biomass

boilers
No biomass use

CHP 526 949 1,197 376 2,103

Condensing 5 5 5 5 5

Boilers 28 40 345 354 686
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Figure 9 Average annual electricity trade impact on net annual system costs. 

 

Tax revenue increases as constraints are added (Figure 10). Part of the increase is based in CO2-taxes 

(increasing up to 5.7 times), but the major increase comes from fuel- and electricity taxes, increasing up to 

6.8 times. This is partially caused by a shift from untaxed biomass to taxed fuels and electricity, and 

partially by the introduction of biomass taxes in the tax scenarios.  

Relatively smaller increases are seen in electricity grid tariffs (up to 1.6 times), caused by increased 

electricity use in PtH. 

  

Figure 10 Average annual system cost, tax revenue and electricity grid tariff revenue. 
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3.3 End-user energy costs 
Constraining biomass makes heat costs increase relatively more (up to 151% - Figure 11) than electricity (up 

to 101%). It should be noted that the costs are long run, i.e. including capital costs, and weighted according 

to the cost-distribution among heat consumers and the respective heat demand within each heat 

consumer-category. 

  

Figure 11 Average long run electricity and heat end-user cost. 

 

3.4 Fuel use 
Use of fossil fuels follows a similar pattern (Figure 12) as seen regarding emissions in Section 3.1. 

Restrictions on biomass is compensated by use of natural gas and coal (fossil use increasing up to 6.6 

times).  

 

 

Figure 12 Average annual fossil fuel use. 
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Unsurprisingly, biomass use is reduced in the biomass-constrained scenarios (Figure 13). Beyond the 

scenario No biomass use, which minimises biofuel use to small amounts of non-solid biomass (biogas and 

biooil), the biomass taxation scenarios shows the largest decrease.  

 

 

Figure 13 Average annual biomass fuel use. 

 

Regarding VRE (Figure 14), offshore wind increases the most with a complete ban (132%). The largest 

relative increase (231-242%) is seen in solar thermal, resulting from Bio tax 28.4 and the complete ban.  

 

 

 

Figure 14 Average annual variable renewable energy use. 
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3.5 Generating capacity 
Electric capacities (Figure 15) over the period shows that onshore wind is fully utilised in all scenarios (as 

seen in Section 2.1: 6.2 GW total). Offshore wind capacity increases over the period, most pronounced in 

the highly constrained scenarios. CHP is mostly maintained, but trending downwards. Electricity storage 

sees significant deployment towards 2045 in all scenarios. 

 

 

Figure 15 Generating capacity - electricity. 

 

The most significant increase in heat capacity (Figure 16) is seen for solar thermal (e.g. Bio tax 28.4: 2025 – 

346%) along with the introduction of biomass-constraints. Boiler capacity follows a downward trend in all 

scenarios, while CHP thermal capacity is highly dependent on scenario. While PtH increases in the most 

biomass-constrained scenarios, 2035 and 2045 display a reduction or levelling out among the less 

constrained scenarios. The DH sector reaches a level of PtH around 3 GW in 2035 and remains constant, 

while most of the PtH development happens in the individual heating sector. TS is treated separately in the 

following section. 

2025 2035 2045 2025 2035 2045 2025 2035 2045 2025 2035 2045 2025 2035 2045

Base case Bio tax 14.2 Bio tax 28.4
No biomass

boilers
No biomass use

CHP 3 3 3 3 2 2 2 1 1 3 3 3 3 2 2

Solar PV 1 1 0 1 1 1 1 1 1 1 1 0 1 1 0

Electricity storage 0 3 0 3 0 4 3 4

Offshore wind 3 5 7 3 5 7 3 5 8 3 5 7 3 6 9

Onshore wind 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

 -

 5

 10

 15

 20

 25

G
W



Page 18 of 31 
 

 

 

Figure 16 Generating capacity - heat. 

 

3.6 Energy storage 
The constraints on biomass use leads to a mixed picture on deployment of storage (Figure 17). 
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Figure 17 Inter- and intraseasonal TS. 

 

3.7 Electricity transmission 
Electricity transmission capacity (Figure 18) is largely unaffected by the biomass constraint. In contrast, the 

share of net imports and exports displays larger variation. Biomass-constrained scenarios shift towards 

import, since the national CHP-based generation is reduced, while PtH, and thereby electricity demand, 

increases (No biomass use is most significant with 35 TWh import).  

  

Figure 18 Electricity net export and import. 
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4 Discussion of results 

We use results from Section 3 to identify general tendencies. As in Section 3, numbers are provided in 

comparison to the Base case, unless otherwise stated. 

As summarised in Figure 19, there is a general tendency to decreased system costs and increased 

emissions, regardless of how biomass is constrained. Completely banning use of biomass increases 

emissions fivefold, while a biomass tax of 28.4 2012-EUR/MWh reduces total system cost to a net positive 

revenue of 228 MEUR-2016/year. A ban on biomass boilers has the least overall reduction in system cost 

(21%) and least increase in emissions (139%). These findings underline the relevance of introducing 

biomass constraints as a part of other initiatives, since stand-alone introduction requires a trade-off 

between the desire to substitute biomass and reduce emissions.  

  

Figure 19 Average annual CO2-emissions and Danish system costs, net of electricity trade. 

 

System costs are generally lower in the biomass-constrained scenarios, since increased imports replace 

national generation, while revenue from electricity trade remains relatively high. At the same time, capital 

costs for investment increase to 109-115%. These investments are directed solar thermal, PtH, wind and 

electric storage, which in turn decrease fuel cost to 32%-54%. A shift away from biomass would thus 

require larger up-front investments than the Base case and (except in the case of No biomass boilers) an 

acceptance of decreased national CHP capacity – a security of supply question (or an opportunity to co-

optimise the energy system with neighbouring countries as advocated in the Flex4RES project [20]). 

Tax revenue increases significantly (2-6 times) in all biomass-constrained scenarios, as increasing amounts 

of taxed fuels are used – and as the biomass tax increases. In theory, this amount could be spent to 

compensate for the increased emissions. From an economic perspective, this is feasible at all the CO2-price 
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Figure 20 Tax revenue and potential CO2 mitigation costs. 

 

Electricity grid tariff revenue increases in all scenarios, as the share of PtH increases. While no detailed 

analysis has been conducted on distribution grid deployment in this study, it is expected that the increased 

tariff revenue will be necessary to cover grid reinforcements for deployment of PtH.  

The relatively large increases in heat cost for end-users indicate that the biomass-constraints comes at a 

cost for heat consumers. In theory, this may be a Ramsey problem (as discussed regarding cost-allocation 

between heat and electricity by Olsen and Munksgaard [81]), while in practice it may be a political 

question, whether the heat-consumers should pay the cost for decreased biomass use and increased 

electrification. Large investments (in the order of 100s of MWs) in Danish biomass-based boiler and CHP 

capacity have been made in recent years. With an assumed technical lifetime of 25 years, the Danish 

Energy Agency assumes that the payback of these investments will extend into the 2040s. [32]. All things 

being equal, recovering these costs will be slowed down by biomass-constraints. 

While the intention of a biomass constraint may be to increase the national share of variable renewable 

electricity capacity, the major increase is seen within solar thermal. Contrary to the notion that increased 

solar thermal entails increased interseasonal TS [82], this is not the case here. Further analysis should 

clarify whether this is a result of the time-steps used in the modelling. If not, the limited impact in 

interseasonal TS-size indicates that a certain degree of saturation may be met at large-scale deployment. 

The overall large deployment of TS confirms Sneum and Sandberg’s [21] and Lund’s [2] finding that TS is 

indeed a no-regrets solution.  

The biomass constraints have a dampening effect on the biomass consumption, but coal and natural gas 

use partially compensates for the absent biomass; a potentially undesired consequence, which requires 
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excluding biomass crops [83]. The Base case slightly exceeds this (182 PJ/year) while the constrained 

scenarios are within these bounds (9-148 PJ/year).  

Figure 21 illustrates the inverse relationship among selected technologies. The biomass constraining 

measures increase solar thermal and, to a lesser degree PtH, inversely to the decline in CHP capacity. Thus, 

the correlation coefficient between CHP and respectively PtH and solar thermal is -0.95 and -0.97, 

indicating strong inverse relations in these scenarios. This nuances an argument by Mathiesen et al., who 

underline the importance of combined use of CHP, solar thermal and PtH, to reduce biomass-use [17]. In a 

later study, Lund and Mathiesen Constraints on biomass thus comes with the trade-off between CHP on 

one side and PtH and solar on the other, as also found by Sandberg et al. [84]. Boilers display similar 

tendency, but to a lesser extent as they decline in all scenarios. 

   

Figure 21 Indication of relationships between capacities of boilers, CHP, solar thermal and PtH. Share of total 

heat capacity in model years 2025-2035-2045.  

 

From being an electricity exporting country, constraints on biomass leads to increased imports to a degree 

where Denmark becomes a net importer. From a CO2-perspective, this is not problematic as long as the 

surrounding areas are also subject to the CO2-pricing scheme (which is the case in this study). This enables 

transparency in ensuring that imported electricity has a CO2-signal factored into the price. Thellufsen and 

Lund’s [85] study of cross-border versus cross-sector interconnectivity indicates benefits of a balance 

between CHP, PtH and interconnection (and electric vehicles). Whereas the studies are not directly 

comparable, Thellufsen and Lund’s identified balance may indicate that such similar balance between 

technologies is found in the unconstrained Base case scenario’s increased deployment of CHP, less PtH and 

increased exports. 
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section 3. The summary is not intended to be normative in terms of indicating the preferred scenario, but it 

enables a comparison of scenarios. The comparison shows that a complete ban on the use of biomass 

would have the highest impact on 9 of the 13 indicators represented in the figure. No biomass use can be 
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that a combination of hydrogen use and electrification may be the most efficient measure to reduce 

biomass use to stay within sustainable biomass use levels. Such an approach may indeed lead to similar 

reductions in biomass use as in our study, without the strong constraint on biomass use. Introducing 

constraints on biomass use increases system emissions, tax- and tariff revenue, heat prices, electricity 

demand, fossil- and VRE use, and capacities of TS and PtH. Conversely, biomass constraints reduce Danish 

system costs and overall fuel- and biomass use. Lund and Mathiesen [18] confirms the latter finding, 

pointing out that left to market prices alone, i.e. without biomass constraints, biomass use reaches the 

highest level among their analysed scenarios.  

 

 

Figure 22 Visual summary of indexed impacts on 13 selected indicators in selected scenarios. Scenarios with 

net positive system cost have been set to 0. 

 

Finally, a few words on the shortcomings of the analysis and methodology. While the Balmorel model is 

valuable as a tool for energy system analyses, the present analyses are limited by several factors, including 

the  

• assumptions of economic rationality, perfect competition, or the perfect foresight within the 

year  
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can be mitigated by more detailed GIS analysis, as seen by Petrovic and Karlsson [87] 

regarding heat savings and and Möller and Lund on DH expansion [88]. The latter can be 

mitigated by further developing the Balmorel model to include additional areas for potential 

conversion 

• representation of economic- and regulatory conditions in surrounding countries, where the 

study draws on detailed data in many cases but lacks detailed data (e.g. detailed data on 

subsidies) on some of the surrounding countries. While the obvious solution is to collect 

these data, it may not always be possible to dedicate the significant amount of resources to 

do so. Therefore, the ideal solution would be a common and frequently updated database 

enabling comparable analyses on up-to-date data 

• representation of ancillary services markets is omitted in this study. So-called special 

regulation and other types of non-spot markets may drive deployment of especially electric 

boilers [7,89]. This could be defined exogenously, based on statistical data  

• the study is conducted as a ceteris paribus analysis, limiting the insight into combined 

impacts of e.g. intertwined policy actions. Next steps may thus include exploration of 

sensitivities (e.g. through Morris method). 

• assumptions on absent non-combustion emissions from the applied technologies. E.g. 

biomass (CHP/boilers), leakages of refrigerants (heat pumps) and methane (natural gas CHP).  

5 Conclusion 

In this study, we have explored the impacts of heat source substitution as a measure to increase sector 

coupling and flexibility. We find that constraints on biomass does indeed lead to heat source substitution, 

increasing electrification of the heating sector. Compared to the Base case, the PtH capacity increases to 

122%-491%.  

Beyond electrification, there may be other reasons for constraining the use of biomass. The broader energy 

system impacts show that a carbon price trumps biomass-constraining measures, considering the CO2-

emissions among the scenarios. Constraining biomass is thus a trade-off against CO2-emissions, unless 

other measures are taken to mitigate increased emissions. That said, other motivations for constraining 

biomass may be to reduce the biomass use to a politically desirable level, or to replace biomass-based heat 

production with VRE and PtH-based capacity. The biomass constrained scenarios show decreased system 

cost and increased tax revenue, potentially useful for financing mitigation of the increased CO2-emissions.   

A shift away from biomass incur larger up-front investments than the Base case and decreased national 

CHP capacity. The latter may become a security of supply question. While electricity prices are largely 

unchanged, heat prices increase considerably. The question is to what degree the cost should be levied on 

the heat consumers. 

While it is important to underline that energy systems are highly context specific, and that results may 

change with geography, time and regulatory environment, a few commonly perceived truths regarding VRE 

and heat-electricity system interface is challenged by the findings in this study 

• Increased electric VRE capacity may not induce a need for a significantly larger TS capacity. 

The reason may be that the TS capacity is already sufficiently large (e.g. for 2045 Base case: 

496 GWh TS/13 GW VRE; Biomass tax 28.4: 492 GWh TS/15 GW VRE) 
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• Increased solar thermal may not induce a larger interseasonal TS (e.g. for 2035 Base case: 4 

GW solar thermal/449 GWh TS; Bio tax 28.4: 11 GW solar thermal; 397 GWh TS).  

• Banning biomass boilers, the direct competitor to PtH, leads to more PtH, but does not 

increase VRE (Base case and No biomass boilers have equal VRE in 2025 and 2035) 

• Constraining biomass use may increase PtH and VRE-utilisation, but not necessarily lower 

overall CO2-emissions (e.g. 2025 Base case: 5 GW PtH/371.6 MtCO2; Bio tax 7.1: 6 GW PtH; 

372.8 MtCO2) 

• TS is more relevant than electric storage, as TS is deployed to a much larger scale (e.g. 2045 

Base case: electric storage 3 GW/15 GWh vs. TS 42 GW/496 GWh) 

Constraining biomass use will facilitate a shift in the heating system towards moving heat through PtH 

instead of combusting to generate heat. If there is a strong enough CO2-price signal, constraining biomass 

will not reduce emissions, but system cost may decline, tax revenue may increase and the heat consumers 

may finance this transition through higher prices. 

5.1 Future work 
The present study assumes biomass to be CO2-neutral. As there is discussion (e.g. regarding Denmark [90], 

Sweden [35,36], Nordics [33] and EU [37]) regarding the true CO2-emissions and sustainability of biomass, 

the impact could be relevant to explore further. Additional future paths to explore include impacts of 

economic conditions such as electricity taxation, electricity grid tariffs, or technical conditions such as 

thermal storages and turbine bypass. Regulation may have different impacts than intended when originally 

put in place: Topics could be discount rate (currently set at 4% in Denmark) or the detailed DH regulation 

stipulated in the Danish Announcement on approval of projects for collective heat supply 

(Projektbekendtgørelsen [91]) and the Danish Energy Agency’s Guidance to socioeconomic analyses on 

energy [92], which both have significant impacts on the deployment of DH technologies in Denmark. 

Finally, the significant deployment of TS merits further study, since the four weeks applied in this analysis 

may somewhat skew the picture regarding the seasonality and use of especially the large TS.  
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