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Preface
The main purpose of the FutureGas project was to contribute to a green transition
through interdisciplinary and coordinated research across the gas sector. The goal was
to answer two main research questions:




What could the role of natural gas, renewable gas and the gas infrastructure
be in a future climate-neutral Danish energy system?
Which role could gas have in the sustainable energy transition towards a
climate neutral energy system?

The project included the major stakeholders of the Danish gas industry as well as
Danish and international universities (see below). The project was supported by the
Danish Innovation Fund.
The project analysed the gas chain from supply to regulation: efficient production and
use of green gases including potential conditioning to natural gas quality, flexible use
of gas also for transport, system integration, as well as the application of measures to
ensure an economically efficient use of gas.
This report illustrates the sensitivity analyses related to the system analyses. The
authors of this report carry individual responsibility for the report. All reports from the
project can be found on the homepage www.futuregas.dk. Scientific articles can be
acquired by mail to the authors.
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Chapter 1
Electric self-sufficiency and CCS
The sensitivity analysis for electric self-sufficiency and CCS is given here.

Electric self-sufficiency for Denmark
Electric self-sufficiency in Denmark has been represented by having an extra constraint that ensures
that import and export is balanced over the year. Even though the base scenario model runs show that
Denmark is a net-importer of electricity, the base scenarios running with the time slices of the sensitivity
runs shows that Denmark is a net-exporter in 2050. After running a number of tests with different
selections of time steps, we see that the model is very sensitive to time step selection when it comes
to whether or not a country is a net-export or net-import country. The following sensitivity analysis
shows the difference from the base scenario, which have been run for the sensitivity analysis time steps.
The impact of this constraint is shown here for the electricity (Figure 1.1) and district heating sectors
(Figure 1.2).
For the electricity sector (Figure 1.1), we see a higher production in the early years coming from
especially solar and wind. The use of gas increases in 2020 but for the following years a smaller use
compared to 2020 is seen. The main fuels that are affected by the self-sufficiency constraint shows to
be wind, solar and gas.
Figure 1.1

Key point

Electricity production difference from base scenarios

More production needed compared to the base years in Denmark in the first years

For district heating (Figure 1.2), the main impact of the self-sufficiency constraint is that there is less
electrification of the sector during the transition, however the changes are small (notice the different
scale on the y-axis compared to Figure 1.1). Instead gas is used to supply the heat in the first years. In
2050, there is a bit more electricity usage in the self-sufficiency scenarios for Late Sprint, which again
most likely relates to Denmark being a net-exporter in the base scenarios in 2050.

Figure 1.2

Key point

District heating production difference from base scenarios

Less electricity in all scenarios – replaced mainly by gas from the grid

The objective function has been compared to the related scenarios, and as expected the cost of being
self-sufficient is higher for all scenarios.
Figure 1.3

Key point

Self sufficiency impact on objective function

All scenarios are more expensive than their relative base

If it, on the other hand, is studied how self-sufficiency in Denmark may affect the overall emissions from
all countries, a slightly positive effect may be seen as illustrated in Figure 1.4. Here, the change in the
different type of emissions, caused by self-sufficiency in Denmark, are illustrated for each of the
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scenarios. Positive values therefore indicate an increase in emission compared to the regular scenario
where net import or net export is a possibility.
Figure 1.4

Change in emissions for all countries when Denmark is self-sufficient

Key point

Self-sufficiency in Denmark causes an overall decrease in emissions in any scenario with
the largest effect being observed in the LS.

From Figure 1.4 we see that in some scenarios specific types of emissions are increased while others
are decreased, and the red line indicate the total change in each scenario. From this it is seen that if
Denmark is not allowed to have net import, an overall decrease in the emissions for all countries is seen
with the largest effect being observed in the Late Sprint (LS) scenario. The primary emission that is
reduced is CO2. To better explain these results, Figure 1.5 illustrates how the fuel usage in the countries
surrounding Denmark, changes when Denmark is required to be self-sufficient.

Figure 1.5

Key point

Change in fuel usage for surrounding countries when Denmark is self-sufficient

Self-sufficiency in Denmark causes a dominating decrease in wind and solar
power consumption especially in the transition years. However, the lower
emissions may be caused by an additionally lower consumption of coal that
then are replaced by greener production in Denmark.

From Figure 1.5, it is seen that the majority of the changes in fuel consumption relates to decreases in
wind and solar power especially occurring in the transition years. However, additionally an overall
decrease in coal is seen in 2020 for all countries and furthermore in 2030 in the LS scenario which may
cause the large decrease in CO2 emissions. Consequently, this may indicate that to achieve selfsufficiency in Denmark electricity production in surrounding countries that originate from fossil fuels
are exchanged by a greener electricity production in Denmark.
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CCS
This sensitivity analysis has been conducted using the TIMES-DK model. In the base scenarios, the
option for capturing CO2 and storing it underground (CCS) is included. This analysis evaluates its role in
the energy system results and more specifically its role in reducing emissions. Figure 1.6 illustrates the
installed capacity of CCS by sector and fuel type.
Figure 1.6

Capacities of long term CO2 storage in the base scenarios

Key point

CCS is mainly prioritized in 2050 and it is most dominating in the industry sector

Only in the early Sprint (ES) scenario is the system prioritizing to install CCS earlier than in 2050. CCS is,
on the other hand, beneficial to the system in 2050 in all base scenarios. The first sector to install CCS
is the industry and it is also within this sector that CCS primarily is used. The most valuable CCS to the
system seems to be the woodchip CCS. To illustrate the role of CCS in emission reduction a sensitivity
analysis was conducted where this option of long-term CO2 storage is not included in the marathon
scenario model. The results can be seen in Figure 1.7.

Figure 1.7

Denmark GHG emission results with and without long term CO2 storage

Key point

No CCS results in less emissions from the transport and industry sectors

From the figure, it can be seen that the only significant differences occur in 2050. In the ‘M’ (Marathon)
scenario, where CCS is allowed, there are emissions in the industry sector as well as transport due to
the negative emissions from the CCS technologies. When CCS is not allowed in the ‘wo/ CCS’ scenario,
there are no emissions from the industry sector as well as a reduction in emissions from the transport
sector. It must be noted that the agriculture sector in the TIMES-DK model is not optimized for this
analysis. So the emission from this sector are constant and do not depend on other modeling
characteristics or parameters. The difference in objective values when you compare allowing to not
allowing CCS is only around 43 MEUR for the total Danish system costs. The results will therefore be
very sensitive to changes in costs and efficiencies of CCS technologies or competing GHG reduction
options.
Narrowing in on the industry sector, Figure 1.8 illustrates the effect in the process heat production of
having CCS in connection with low temperature process heat. Again, the ‘M’ (Marathon) scenario
represent allowance of CCS while the ‘woCCSPHL’ scenario mimics the M scenario but without CCS
being allowed in connection with low temperature process heat.

9

FutureGas

Chapter 1
Electric self-sufficiency and CCS

Figure 1.8

Process heat production in [TWh] with and without carbon capture and storage (CCS)
related to low temperature process heat (PHL)

Key point

Very limited sensitivity to not having CCS with low temperature process heat. The
difference is mainly a small exchange of woodchips with methane in 2050 when CCS
is not allowed.

From the figure, it is seen that only having CCS in connection with high temperature process heat
doesn't change the results much.
If, on the other hand, international transport is included under the same GHG emission cap, there is
less space for emissions in industry and the level of CCS increases as seen in Figure 1.9.

Figure 1.9

GHG emission cap for the Marathoon scenario with and without inclusion of international
transport

Key point

The inclusion of international transport GHG emission budget results in less emissions
in industry and the level of CCS increases
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Chapter 2
Individual heating
This chapter describes the sensitivity analysis performed on individual heating in Balmorel.

Increased fixed cost of the hybrid heat pump
From the base scenario results, the hybrid heat pumps gained a quite dominating share of the heat
production for individual heating in the years 2030-2050. As the hybrid heat pumps are poorly
represented in the Danish market, O&M costs are highly uncertain and no data exist in the Technology
Catalogue from the Danish Energy Agency, assumptions have been made regarding the costs based on
a report by DGC with current realised prices [1] and the Technology Catalogue [2]. For single family
houses, the investment costs consists of a 4kW heat pump (for new houses) and a 10 kW gas boiler [2].
The O&M costs consist of half the O&M costs for the heat pump and half for the gas boiler. The same
principle has been applied for the multi-family houses but for a 160 kW heat pump and a 400 kW natural
gas boiler [2].
To see the effect of the assumed O&M costs for the hybrid heat pumps, a sensitivity analysis was carried
out where this cost was increased in the ‘M’ Marathon scenario. The changes in costs are illustrated in
Figure 2.1, and how this affects the heat production is illustrated in Figure 2.2.
Figure 2.1

Changes in fixed O&M costs for hybrid heat pumps in the high cost scenario
[Euro/kW]

Base scenario

High cost scenario

Heat pump, single-family
Heat pump, multi-family
Natural gas boiler, single-family
Natural gas boiler, multi-family

14.0
1.2
10.2
0.8

67.8
5.9
20.5
1.7

Source

Using the fixed O&M cost of a 4 kW heat pump and a 10 kW natural gas boiler for
single-family houses and a 160 kW heat pump and a 400 kW natural gas boiler for
multi-family houses [2]

In Figure 2.2, the ‘M’ (Marathon) scenario represents the unchanged costs while the ‘highCostHybrid’
mimics the M scenario but with the increased costs illustrated in Figure 2.1. It is seen that the majority
of the heat production from hybrid heat pumps are exchanged by heat production from air-to-water
heat pumps, indicating that the air-to-water heat pumps becomes more economical beneficial when
the costs on operation and maintenance of hybrid heat pumps are increased.

Figure 2.2

Heat production for individual heating with increased fixed O&M cost of the hybrid heat
pump

Key point

The hybrid heat pump is replaced by air-to-water heat pumps
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No gas in individual heating
In the base scenarios, gas seems to have an important role in the individual heating, meanwhile there
are discussions in society of phasing out gas for individual heating, wherefore it could be interesting to
further study this importance and the general role of gas in individual heating. An interesting
perspective is therefore how the results from the individual heating sector would change if no gas
technologies are available. To enlighten these perspectives, a sensitivity analysis is carried out in which
the base ‘M’ (Marathon) scenario is compared to a ‘nogasIndheat’ scenario, in which no gas
technologies can be used for satisfying demands of the individual heating sector. The two scenarios are
compared in Figure 2.3 which shows how the heat production changes when the gas technologies are
no longer available. Positive values are therefore increased production compared to the M scenario.

It is seen that in order to satisfy heat demands under the new conditions, gas technologies are replaced
by air-to-water heat pumps. If a potential shift to district heating was modelled, it is expected that a
share would change to that option.
Figure 2.3

Difference in heat production for individual heating when not allowing for gas in the
sector

Key point

Gas is replaced by air-to-water heat pumps

An interesting perspective is then what effect it has on the system costs as this may indicate how
valuable the gas technologies are in this sector. To illuminate this, Figure 2.4 shows how the system
costs change when the gas technologies are no longer available. A positive value therefore means an
increase in system costs compared to the costs in the M (Marathon) scenario. The costs are divided
into different categories and as some costs increase and some decrease, the small red line indicates
the overall change in costs in a given year.
Generally, not having gas technologies available causes increased capital costs and grid tariffs related
to generation, and this is especially seen in the early years but decreasing towards 2050. However, both

in 2020 and 2030 an overall increase in system costs is obtained. On the other hand, with gas
technologies being absent, fuel costs related to generation and to some extent also operational costs
(generation) are decreased with largest decreases seen in 2030. Consequently, the total system costs
are reduced in 2040 and 2050 compared to the reference M scenario. Over the full period, an increase
in costs are found.
Figure 2.4

Key point

Difference in objective function from base scenario

Not allowing for gas in individual heating is most expensive in the first
years, but in 2040 and 2050 it is less expensive than the base scenario

A last perspective on this, is how the average individual heating price may be affected by the availability
of gas technologies. Figure 2.5 therefore illustrates the yearly average individual heating price for the
‘M’ (Marathon) scenario and the ‘noGasIndheat’ scenario in which gas technologies are not available.
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Figure 2.5

Average individual heating price

Key point

Not allowing for gas makes the average price higher but from 2030 it is almost at the
same level as for the base scenario

Generally, the price on individual heat increases when gas technologies are not allowed, but this is
mainly seen in year 2020 where the price in advance is higher, while in 2030-2050 the individual heating
price seems less sensitive to the availability of gas technologies.

Willingness-to-shift 100%
As described in the FutureGas System Analysis Background report [2] (henceforth referred to as
Background report), Appendix A, a parameter representing the willingness to shift from one technology
group to another is included in the modelling in order to mimic the human behaviour. As such a
parameter may be hard to determine, it is important to study how sensitive the results are to this value.
In the regular ‘M’ scenario, the willingness to shift is assumed to be 43.4% with the exception being a
shift between the technology groups of oil boilers since this is set to be unrestricted. A new scenario
‘willing’, mimics the M scenario except that the willingness to shift parameter is changed from 43.4%
to 100% meaning that everyone acts economically rational and can shift freely. Figure 2.6 illustrates
how the heat production differ in the two scenarios, and it is seen that allowing everyone to shift freely
causes a complete shift from gas boilers to hybrid heat pumps in 2030. Furthermore, in 2040 the share
of hybrid heat pumps in the ‘willing’ scenario is larger than the combined share of hybrid and gas boiler
in the regular M scenario. The heat production that in M originates from non-waterborn systems is in
the ‘willing’ scenario completely exchanged by production from either a waterborn system or from a
combination of electric boilers and air-to-air heat pumps.
Figure 2.6

Key point

Heat production when willingness-to-shift is 100%

The gas boiler is completely replaced by the hybrid heat pump – the share in 2040 is
higher than the combined share of hybrid heat pumps and gas boilers in 2040 for the
base scenario

It is now interesting to see how these changes in heat production may affect the system costs. Figure
2.6 therefore illustrates how the system costs changes when the restrictions on shifting are removed.
The system costs are divided into categories and for some categories an increase in costs may be
observed while decreases may be seen in other categories, wherefore the red line indicates the yearly
overall change in system costs.
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Figure 2.7

Change in system costs when willingness-to-shift is 100%

Key point

When no restrictions is put on the possibility to shift technology, the overall system
costs decreases with highest decreases being related to transition years. Savings are
mainly caused by lower fuel costs.

It is seen that, when no restriction is put on the possibility to shift technology group, the overall system
costs are unchanged or decreased for any year with the largest decreases being obtained through the
transition years. The unrestricted shifting enables more efficient technologies to be used which is seen
in the main decreases in costs being due to lower fuel costs associated to generation.

Drawing some parallels to the costs of the sensitivity study related to the availability of gas technologies,
it is seen that the decreasing fuel cost behaviour share high similarities in the two sensitivity studies. A
reason for this may be that the possibility of freely shifting technology causes people to shift away from
gas technologies leading to a similar result as when gas technologies are not available. Alternatively,
the high similarities could simply be caused by 2030 being a year where new investments are needed
which forces increases in fuel costs in a similar way. However, different from Figure 2.4 is the increased
costs in grid tariffs and capital costs (generation) which still are present in Figure 2.7 but with much less
magnitude and with the highest impact being in the transition years rather than in the initial years.
In general, it is shown that the results regarding optimal heating options in the individual heating sector
is highly sensitive to changes in assumptions.

Chapter 3
Competing infrastructures
This chapter describes the sensitivity analysis performed on transmission availability and no gas grid
in Balmorel.

Transmission availability decreased to 50%,
no gas grid and no gas grid & electric selfsufficiency.
In this analysis, it is studied how sensitive the system is to the availability of transmissions, the
availability of the gas grid and the availability of the gas grid combined with the restriction of selfsufficiency for Denmark which was analysed in Chapter 1. Again, the reference run is the Marathon
scenario referred to as ‘M’ and three alternative scenarios are then constructed which each mimics the
scenario M combined with one of the following changes:




Scenario ‘lessELtransm_0.5’: The power transmission is decreased by 50% from the
availability in the reference scenario
Scenario ‘NONGAS’: The natural gas grid is not available
Scenario ‘NONGAS_selfsuff’: Unavailability of the natural gas grid combined with a restriction
of Denmark being self-sufficient.

To study how these scenarios may affect the fuel consumption, Figure 3.1 illustrates how the fuel
production changes from the reference scenario M, when the model is further restricted by the above
mentioned cases. Starting with the scenario where the power transmission is decreased, it is seen that
while this has no effect in 2020 it causes an increased consumption of straw in the transition years and
an increased consumption of solar power combined with a decreased consumption of wind power in
2040 and 2050. On the other hand, restricting the gas grid to be unavailable naturally causes a full
decrease in the natural gas consumption. Initially this results in an increased use of coal, straw and
lightoil. From 2040 an increased use of biomass and wind is found. The additional constraint of selfsufficiency mainly affects the fuel consumption in the transition years where the self-sufficiency causes
a large increase in consumption of wind and solar power, which is not seen if self-sufficiency is not
required.

Chapter 3
Competing infrastructures
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Figure 3.1

Denmark total fuel consumption difference from base scenario

Key point

Having less transmission availability results in less wind consumption and more solar,
straw and natural gas consumption. The impact on both no gas grid and no gas grid &
self-sufficiency scenarios is that the system exchanges natural gas with more
renewables and biomass. However, on the self-sufficiency scenario we have more
solar and less wind in 2040 and 2050.

Again, it is studied how these changes in fuel consumption affect the system costs. Figure 3.2 therefore
illustrates how the system costs change from the system costs of the M (Marathon) scenario within
each of the three alternative scenarios. The system costs are divided into categories and for some
categories an increase in costs may be observed while decreases may be seen in other categories,
wherefore the red line indicates the overall change in system costs.
Figure 3.2

Difference in objective function from base scenario

Key point

Not having a gas grid has almost the same cost as the base scenario, but if the system
is self-sufficient, then that scenario is the most expensive.

From Figure 3.2 it is seen that if Denmark has to be self-sufficient while in the same time not having the
gas grid available, then a significant increase in system costs is seen compared to the reference
scenario, with especially the fixed costs, the capital costs and the grid tariff costs (all associated to
generation) dominating the cost increases. Costs savings are however observed in the cost of fuels. If
the restriction of Denmark being self-sufficient is removed, both the capital costs and the fixed costs
contribute with less cost increases meanwhile fuel costs are further decreased which adds up to a
comparable level of overall system costs to the reference scenario, however still with a slight increase
in overall system cost. Lastly, even with gas allowed and no restriction of self-sufficiency, but however
with less transmission capacity being available, an overall increase in total system costs is observed,
mainly caused by increases in fuel costs.
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Chapter 4
Renewable gas prices and
emission
This chapter describes the sensitivity analysis performed on biogas and biomethane production in
TIMES-DK.

Investment and O&M costs of biogas
Biogas and biogas upgrading production technologies are modelled in the TIMES-DK model. The costs
for these technologies can be found in the Appendix B of the Background report [2] and were provided
by PlanEnergi and Danish Energy Agency’s technology catalogue, see Appendix C in the Background
report [2].
This sensitivity analysis evaluates the investment and O&M costs of biogas production technologies and
biogas upgrading production technologies. In this particular analysis, O&M costs do not include fuel or
transport costs. Costs were increased and decreased by 25% to see how it affects the production of
biogas and biomethane.
The black lines in the figures refer to minimums in the modelling set-up. These minimums were
provided by the Danish Energy Agency and represent existing and planned capacities. In order to
understand where and how the biogas is used, the results are split on the consumption side.

Figure 4.1

Biogas consumption for direct use

Key point

Investment and O&M costs do not have a large impact on the consumption of raw
biogas

Figure 4.1 shows that even when decreasing the investment and O&M costs by 25%, the amount of
biogas consumed directly by biogas engines for example does not change. This shows that the
minimums introduced into the model have a high effect on this result and/or the investment and O&M
costs do not heavily influence the results.
Figure 4.2

Biomethane production

Key point

Investment and O&M costs can have an effect on biomethane production
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Figure 4.2 shows that there is an effect on the biomethane consumption due to cost changes to biogas
production and biogas upgrading technologies in the years after 2020. If fuel and transport costs were
varied simultaneously, the sensitivity would be higher. In the following section, as sensitivity analysis
for the total cost of biomethane production is performed.

Biomethane production prices
For the base scenarios, the produced (and consumed) amounts of biomethane and biogas are found in
TIMES-DK and implemented in Balmorel. If the model is instead allowed to optimize use based on
varying biomethane prices, the analysis shows a strong relation between the biomethane consumption
and the biomethane price. As this price is uncertain, the sensitivity to uncertainties in this price is
interesting to study. The relation is studied using Monte Carlo simulations where an uncertainty span
is put around a reference value of 12 €/GJ, and the results are illustrated in Figure 4.3.
Figure 4.3

Effect of the biomethane price in the biomethane consumption

Key point

A tendency of lower biomethane production prices leading to very large biomethane
consumptions is seen indicating a strong sensitivity to the biomethane production price

From Figure 4.3 it is clearly seen that the biomethane consumption is expected to be highly sensitive
to the biomethane price as a clear tendency of lower production prices leading to of higher
consumptions is seen.

Natural gas production prices
This sensitivity analysis aims at studying how sensitive the results are to the assumed natural gas
production price. With the base scenarios as reference, new ‘high price’ scenarios are constructed
which each mimic their respective scenario except for the price of natural gas being increased for some
years. To retain a somewhat realistic price increase, the new high price scenario is constructed by

having unchanged natural gas production prices in 2020, a price increased by a factor 1.5 in 2030 and
doubling of the price in 2040 and 2050, see Figure 4.4.
Figure 4.4

Changes in the natural gas production prices and assumed biomethane prices

[Euro/kW]

Natural gas
ES scenario

M scenario

Biomethane
LS scenario

All

Base

High price

Base

High price

Base

High price

Both

2020
2030
2040

5.97
6.76
8.23

5.97
10.14
16.46

5.98
6.76
8.23

5.98
10.14
16.46

5.98
4.90
5.39

5.98
7.35
10.78

18
15
10.6

2050

8.23

16.46

8.23

16.46

5.39

10.78

11.2

Source

The high price scenario retains prices in 2020, multiplies the price of 2030 with 1.5 and the prices
of 2040 & 2050 with a factor 2

To see what effect these price changes have on the fuel consumption, Figure 4.5 illustrates the change
in fuel consumption from a base scenario to a scenario with high natural gas prices. A positive value
indicates a higher fuel consumption in the high price scenario compared to the regular scenario.
Figure 4.5

Sensitivity in gas consumption to natural gas production prices

Key point

A general decrease in natural gas consumption is seen and a dominating shift from
natural gas towards biomethane happens in the years with the highest increase in
natural gas prices

In the years 2040 and 2050 where the highest increase in natural gas production prices occurs, the
natural gas is exchanged by biomethane and biogas, with biomethane constituting the dominating part.
A low or no increase is seen in the first years, this is due to a shift to non-gas technologies, such as
electric heat pumps.
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Negative emissions from biogas
An emission value of -13.3 kg CO2-eq/ton of manure is included in the TIMES-DK model. In the model,
manure is only used for the production of biogas and so this negative emission value is thus associated
with this production technology.
This analysis studies what happens when the emission value of manure is 0 kg CO 2-eq/ton compared to
the previously stated negative value.
Figure 4.6

Biogas production

Key point

Inclusion of negative emissions on manure has little effect on biogas production results

The figure shows that the negative value associated with the manure has a small effect on the
production of biogas.

Chapter 5
Transport Sector
This chapter describes the sensitivity analysis performed on the transport sector in TIMES.

Import of biomass and biofuels
The TIMES-DK model was used to analysis the future Danish transport sector. The ‘M’ (Marathon)
scenario, allows for importation of biofuels and biomass and ‘M_NoBioImport’ does not allow for
biomass or biofuel imports to analyse the self-sufficiency of Denmark.
Figure 5.1

Transport fuel consumption

Key point

Restriction on biomass and biofuels leads to greater electrification of transport sector

As expected, when biomass imports and biofuel imports are restricted, there is less biofuel
consumption and a higher share of electrified transport. Additionally, the production of electrofuels
occurs in 2050.
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Inclusion of international transport
For the base scenarios, international transport demands are not included in the modelling. However,
to understand how they could affect the results, this sensitivity analysis evaluates their impact on
modelling results. Additionally, a scenario has been made with the inclusion of international transport
demands and a restriction on biomass and biofuel imports.
Figure 5.2

Transport fuel consumption

Key point

Inclusion of international transport demands for Denmark results in a higher demand
for liquid fuels

When international transport is included, a significantly higher amount of fossil fuels and biofuels are
needed to satisfy the demands. When biomass and biofuel imports are restricted, about 45 PJ of
electrofuels are needed in 2050 to satisfy the transport demands that can not be electrified.
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