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Abstract: Ambitious target of reaching 100% renewable share of primary energy supply in Nordic countries by year 2050 is
analysed by using TIMES-VTT energy system model. Role and feasibility of power-to-gas (P2G) technologies, producing
methane (CH4) gas from surplus electricity, is analysed in context with high levels of wind and solar power. Three scenarios are
set with varying constraints for the energy system and with objective to improve conditions for wind and solar power seasoned
with P2G utilisation. In BASE scenario, non-renewable energy sources are phased out by a high fuel tax for year 2050. In LOHH2, the authors exclude hydrogen-based transport and reduce imported biofuels. In LO-BIO, they decrease availability of
biomass for energy and advanced biofuel production. Reaching 100% renewable target demands significant changes in energy
system, especially in energy production and transport sectors. Transforming primary energy supply to renewable requires high
level of electrification, but also bioenergy is essential for Finland and Sweden. Thus, P2G competes with biomass gasification
technologies. Volatility of wind and solar power productions can be balanced by international trade. Main drivers for P2G are
supply of synthetic gas to transport and industrial sectors, instead of acting as energy storage for surplus electricity.
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Introduction

Introduction of wind and solar power to Nordic countries in larger
extent has significant effects on energy system of each country,
Denmark, Finland, Norway and Sweden, and poses a challenge for
both energy supply and demand. Commitment to Paris Climate
Agreement [1] necessitates significant greenhouse gas (GHG)
emission reductions by Nordic countries by year 2050 and utilising
renewable energy sources is the main tool for achieving these
reductions. In this paper, ambitious target of reaching 100%
renewable share of primary energy supply in Nordic countries by
year 2050 is analysed.
In a national Neo-Carbon Energy (NCE) research project,
transformative scenarios and related paths to 100% renewable
energy system (RES) from 2010 to 2050 have been studied in
collaboration with VTT, Lappeenranta University of Technology
and University of Turku. Energy system analysis and modelling is
an important part of the NCE project and this paper aims at
describing 100% RES scenario analysis with the integrated Markal
Efom system (TIMES)-VTT model describing the entire energy
system. Especially, role and feasibility of power-to-gas (P2G)
technologies, producing CH4 gas from electricity, described, e.g. in
[2] is analysed in context with high levels of wind and solar power.
Scenarios for energy system from the 100% renewable point of
view have been studied by using energy system models such as
EnergyPLAN [3] in several cases. In [4], energy system of Ireland
was studied in terms of electricity, heat and transport sectors by
using EnergyPLAN simulation model. Furthermore, EnergyPLAN
was used in [5] to analyse separately years 2030 and 2050 on path
toward 100% RES in Denmark. Also, in [6] role of smart energy
solutions in reaching this goal was studied by EnergyPLAN.
Finally, similar analysis concerning 100% renewable scenario for
the EU was implemented in [7]. However, these studies do not
include analysis of the consistent path from current energy system
to year 2050.
TIMES and other long-term energy system models are
commonly used to study cost-optimal path to mitigate climate
change to maximum 2°C and thus to transform to low carbon
society by 2050 [8]. However, there are only few studies analysing
energy system development in very high renewable scenarios,
where implementation of carbon capture and storage and

investments on new nuclear are excluded or minimised. In [9],
development toward high share of renewables in France in 2012–
2050 is analysed by using TIMES model with considerably high
intra-annual temporal resolution to analyse effects of variable
renewable energy sources in French energy system. This paper
shows that high renewable energy penetration requires significant
investments in production capacity, and utilisation of flexibility
options, import and demand response are important to maintain
stable electricity production sector. Furthermore, in [10] different
long-term energy system model (regional model of investments and
development (REMIND)) concentrating on electricity production
and transmission is used for analysis on path toward decarbonised
global power supply during 2010–2100. However, regardless of
using long-term energy system models, these studies concentrate
merely on 100% renewable electricity supply and do not analyse
effects on other energy sectors in detail. Also, P2G technologies
are not included.
Feasibility of P2G technology in energy system concerning
optimal use of P2G as energy storage system, also from spatial
deployment point of view, in 85% renewable energy scenario for
Germany was analysed in [11]. Furthermore, in [12] P2G was
examined from systems analysis and economic assessment point of
view in Germany, also concentrating on use of hydrogen and
synthetic gas in transport sector and reconversion to power. Effects
of large-scale P2G utilisation on renewable-based electricity
production and gas system of Belgium are studied in [13] from
inter-sectoral point of view. These studies do not analyse effects of
P2G on development of the energy system from the long-term and
inter-regional point of view.
Case of 100% RES and utilisation of P2G technologies for
Finland is analysed in [14] showing that the hour-to-hour power
and heat balances work, and with cost reduction assumptions for
renewables and P2G, the future energy system could be based on
renewables with similar costs. This paper was limited to Finland
and electricity import and export, as well as hydropower flexibility
was modelled in a robust manner leaving room and need for P2G
in balancing the seasonal generation and load. Furthermore, merely
year 2050 is examined by assuming overnight investments for the
entire energy sector and analysis of the path to RES is left aside.
The Nordic market has been analysed with 30–50% shares of
wind and photovoltaic (PV) in [15] showing more limited use of
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Fig. 1 Basic structure of the TIMES-VTT energy system model

Table 1 Assumed investment costs of selected important
energy technologies used in the 100% RES scenarios
Technology
Investment cost (€/kW) in year
2050
on-shore wind

900–1000 €/kWel

off-shore wind

1700 €/kWel

PV solar

300–700 €/kWel

P2G

1000 €/kWgas

biogasification plant

1500 €/kWgas

biogasification combined heat
and power (CHP)
natural gas combined cycle
(NGCC) CHP
NGCC
biomass heat plant

1250 €/kWel
600 €/kWel
500 €/kWel
300–400 €/kWth

P2G for balancing, once the export and import capacities available
and large hydropower flexibility is used. These studies focus on
electricity sector, with link to heat demand, but leave other sectors
outside the model.
The purpose of our paper is to provide, by using TIMES-VTT
model in three different scenarios, a plausible long-term path
toward RES including all energy-related sectors, and analyse
effects of high volume of solar and wind powers on Nordic power
generation. In the earlier scenario analysis with RES, all energy
sectors have not been included and some studies have not included
cross-border trade of energy commodities and thus this paper gives
a more comprehensive picture of the 100% renewable pathways.
As an example, the role and feasibility of P2G technology in
energy system is examined in this context enabling utilisation of
sustainable synthetic gas, produced from 100% renewable
electricity, in other sectors instead of merely in power generation.

2 Description of TIMES-VTT energy system model
The TIMES-VTT optimisation model used in this paper is based on
the TIMES model framework, described in detail in [16],
developed under the International Energy Agency (IEA) Energy
2

Technology Systems Analysis Programme. TIMES-VTT is a
partial equilibrium model containing all the important sectors of
the energy system, from energy resource extraction via energy
production to end-use sectors such as transport, residential and
industry, with a target of minimising total discounted cost of
energy system. As an output, optimisation model provides energy
flows inside the system, and activities, capacities and costs of
energy technologies in each model year. There are several
interconnected regions in terms of energy commodity trade in the
model; however, this paper concentrates merely on Nordic
countries in terms of results and other 13 regions are not analysed
in detail, even though these regions are obviously included in the
model runs.
Simplified representation of the basic structure of the TIMESVTT model is illustrated in Fig. 1. More detailed description can be
examined, e.g. from supplementary material of [17]. TIMES-VTT
model has been constantly used to support national policy making
in Finland [18] and also to study Nordic [19], European [20] and
global level energy and GHG emission scenarios [21].

3

Scenario definitions and model assumptions

In the TIMES-VTT model, there is a built-in fixed setup developed
under Nordic cooperation [19], representing development of the
Nordic energy system in accordance with Nordic energy and
climate policies until year 2030 in terms of end-use drivers, energy
resources, technology options, country specific details etc. This
reference scenario stands as a basis for other scenarios constructed
by adding scenario definitions or modifying existing assumptions.
Consequently, listing of large amount of model parameters and
assumptions of TIMES-VTT in this paper is not possible or
worthwhile. Therefore, mainly scenario-related assumptions and
parameters from most important energy technologies are
represented here. In Table 1, investment costs of some important
energy technologies involved in RES are listed. Capacity factors
for wind are as follows: 22–32% for on-shore, 31–35% for
nearshore and 38–46% for off-shore. For solar, corresponding
factor is 13%.
To study a renewable system with large shares of PV, optimistic
investment costs were used for PV and P2G technology for the
model to invest in these options. In the model P2G consumes
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electricity with fixed efficiency and produces synthetic CH4 gas
and surplus heat used in district heat supply. Feed of carbon
dioxide (CO2) to P2G system is based on atmospheric capture
process which is embedded in the P2G model as lower efficiency.
Synthetic gas produced by P2G is consumed in power generation
sector by gas-fired power plants (e.g. NGCC technologies in
Table 1).
In this paper, a path to 100% RES and feasibility of P2G
technologies are analysed by setting three scenarios with each
bringing more constraints for the energy system with an objective
to improve conditions for wind and solar power seasoned with P2G
utilisation. Commonly, the scenarios consider descriptions of
possible future states and development. Here, the word scenario
stands for different plausible development pathways toward future.
Definitions of scenarios, named BASE, LO-HH2 and LO-BIO, are
listed in Table 2.
The BASE scenario aims at reaching 100% renewable share of
primary energy supply by setting high penalty tax, over 2000 €/
MWh, for year 2050 on non-renewable energy sources, and by
letting TIMES-VTT find cost-optimal path to year 2050. This tax
allows utilisation of non-renewable fuels in 2050, but costoptimality guides investments toward nearly 100% RES. It must be
noted that some non-renewable energy is used in 2050 due to
industrial processes requiring these commodities as feedstock
materials. However, because in Finland and Sweden substantial
amounts of coal are used in steel production, in all scenarios, blast
furnace-based steel production is phased out during 2030–2050 to
avoid coal consumption. Other model regions such as Western
Europe, USA and China are involved in emission reduction by
setting a relatively moderate tax on GHGs rising to 50 €/ton by
year 2050. This approach implies rather emission reduction than
renewable energy as priority in other regions enabling, e.g.
utilisation of nuclear energy.
LO-HH2 scenario is based on BASE scenario with
modifications concerning hydrogen utilisation in transport sector
and advanced biofuels. To improve feasibility of P2G technologies
by potentially redirecting flow of surplus electricity, option of
hydrogen-based transport is disabled in the LO-HH2 scenario
modelling, that is, hydrogen cannot be utilised in transport sector at
all in this case. This extreme scenario constraint represents possible
collapse of H2 transport path in Nordic countries for some reason,
which could be related to economic, political or acceptance issues.
Also, advanced biofuels are affected by setting an annual upper
limit for imported biodiesel in each Nordic country to 30 PJ,
explained by increasing concerns of sustainability issues of
biofuels.

Table 2 Scenario definitions
Scenario
Definition
BASE

Scenario aiming at 100% renewable share of primary
energy supply in Nordic Countries. In 2050 high tax for all
non-renewable energy sources (including nuclear).
Demand value on end-use based on drivers of population
and economic growth. Average annual GDP growth from
2010 to 2050 within 1.8–2.3% and annual population
growth within 0.1–0.5%. Industrial volumes based on
official estimates [22] in Finland (with blast furnace based
steel production phased out until 2050). In other countries
development of industrial volumes is based on demand
drivers. Techno-economic data on all technologies based
on existing TIMES-VTT model library comprised from
numerous sources, see [17] (investment cost data
updated for PV and P2G in accordance with [14]).
LO-HH2 Similar to BASE with following exceptions. Transport
related use of hydrogen disabled. Import of biodiesel from
outside Nordic Countries limited annually to 30 PJ in
2030–2050 for each country.
LO-BIO Similar to LO-HH2 with following additions. Potential for
energy use of forest biomass and bio crops significantly
limited to lower levels.

LO-BIO scenario is based on LO-HH2 scenario with limitations
for biomass utilisation. These constraints for energy use of forest
and field biomasses depict potential situation involving tight
sustainability criteria around biomass resources including side
streams and bio-wastes, and/or alternative material use of biomass
resources. In this scenario, parameterisation of these constraints is
based on results from BASE scenario, that is, biomass utilisation
from BASE scenario is used as baseline and significant reductions
are implemented for these baseline values to decrease biomass use.
Biomass potential in LO-BIO is illustrated in Fig. 2, in which
reductions of 10–40% are implemented compared with results from
BASE scenario. In TIMES-VTT, fuel price of forest residues
representing major source of forest biomass has step function of
cost varying within 11–20 €/MWhth depending on the volume of
utilised biomass.
Reductions of forest biomass potential affect significantly
Finland and Sweden, whereas in the case of field biomass, large
reductions concern Denmark and Sweden. Major decrease in
biomass resource availability should force Nordic energy system to
choose between advanced biofuel production, industrial utilisation
and CHP production, and thus enable improved market for solar
power and P2G.

4

Results and sensitivity analysis

4.1 Effects on energy system
Success of reaching objective of 100% RES by year 2050 can be
examined from Fig. 3, in which development of primary energy
supply is illustrated. Evidently, excluding oil products used in
industrial processes and jet kerosene, majority of primary energy in
2050 is renewable with high volumes of wind and solar power.
Difference between BASE and LO-HH2 in terms of fuel mix is not
significant.
Obviously, in Norway hydropower has major role in energy
system such as with wind power in Denmark, whereas in Finland
and Sweden the role of biomass is significant, mainly due to forest
industries, which also ensure effective use of side products such as
spent liquors, saw dust and bark. Also, harvesting and felling
residues are cost-effectively collected and utilised in energy and
advanced biofuel production. However, recent studies [23, 24]
show that climate impacts may occur due to forest bioenergy
utilisation, which has been considered in LO-BIO scenario. The
results showed that the decreased potential of biomass is replaced
mainly by wind and solar power and additionally in Sweden and
Denmark by imported electricity from Norway and Western
Europe. It must be noted that in TIMES-VTT model, electricity
transmission capacity between regions can be expanded from
existing capacity by investments on transmission infrastructure,
and therefore volume of import and export can exceed current
levels.
Electrification of energy system increased by transformation
toward renewable energy decreases primary energy supply despite
growing end-use due to higher efficiencies of electric-based
technologies and marginalisation of combustion in energy
production. Moreover, in Finland and Sweden phasing out of
nuclear energy decreases primary energy consumption, since
primary energy of nuclear energy is calculated by using theoretical
efficiency of 30%, when compared with 100% efficiencies of wind
and solar power.
Development of electricity production separated by production
technology is depicted in Fig. 4 from which electrification of
energy system, especially in Denmark and Finland, can be
perceived. Furthermore, in Sweden decreased biomass resources in
LO-BIO evoke increased electricity consumption in 2050 reaching
level of 190 TWh, whereas in other countries this effect is subtler.
Role of wind and solar power in Finnish electricity supply is
significant (50% wind and 17% PV in 2050 in LO-BIO) and
Danish electricity generation is based on wind and solar power
(84% wind and 10% PV in 2050 in LO-BIO). Finland, Sweden and
Denmark are heavily dependent on imported electricity supplied by
Norway, rest of Europe and Russia. Especially in LO-BIO Sweden,
severely suffering from nuclear energy phase out, and Denmark
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Fig. 2 Potential for energy use of field biomass and forest biomass in LO-BIO scenario compared with respective result-based biomass utilisation in BASE
scenario

have large share of electricity supply based on import in 2040–
2050.
Another important sector under transformation due to
renewable target is transport with great majority of current vehicle
stock using fossil fuels. In Fig. 5, development of energy use of
transport sector is depicted.
Evidently, change from internal combustion engines (ICEs) to
electric and hydrogen-based vehicles reduces final energy use due
to higher efficiencies. However, ICE-based vehicles using
especially liquid, but also gaseous biofuels, with higher efficiency
levels, still have an important role in transport sector in 2050.
Disabling hydrogen-based transport in LO-HH2 and LO-BIO
increases consumption of synthetic gas in Denmark and Norway
4

with electric cars also gaining market share. Furthermore, reduced
availability of biomass in LO-BIO affects most advanced biodiesel
production and thus use in Finland.
The path toward RES should be examined from the most
important point of view, that is, level of GHG emission reduction.
Each country succeeds at decreasing GHG emissions to level of
10–15 Mt CO2eq., managing notable mitigation from 1990
emissions (52 Mt in Norway and around 71 Mt in Denmark,
Finland and Sweden). These emission levels include all GHG gases
listed in the Kyoto protocol, e.g. CH4, nitrous oxide and F-gases.
These non-CO2 emissions are generated by agriculture, waste
management, some industrial processes and biomass combustion,
and cannot be entirely mitigated by targeting RES, that is, non-
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Fig. 3 Development of primary energy supply in 2010–2050 in Nordic countries in all scenarios. Non-renewable energy sources are illustrated with shades of
red and renewable including imported electricity with shades of blue

renewable energy sources are not the main source behind these
emissions.
4.2 Detailed analysis of electricity supply
According to Fig. 4, wind and solar power penetrate Nordic energy
system significantly. Therefore, due to their volatile noncontrollable nature, electricity production should be examined in a
more refined level than annually. Since in LO-BIO, wind and solar
power have the largest foothold compared with other scenarios,
electricity supply in 2050 is illustrated in Fig. 6 in terms of model
time slices for LO-BIO.
In TIMES-VTT, milestone years are divided into time slices by
seasonal and day–night variation. Winter season is divided into
base and peak load-based time slices, in which solar and wind

availability vary significantly, as can be examined from Fig. 6.
Evidently, Norway and Sweden use vast hydropower capacity to
balance electricity supply, whereas in Finland high capacity of
solar power result in peak production during spring and summer. In
Denmark, peak production power is over three times the lowest
production power, and therefore Denmark is highly dependent on
import to balance electricity supply. In all Nordic countries, during
winter peak and winter base time slice in the case of Denmark,
electricity storage, specifically compressed air energy storage, is
used to balance day–night variation. However, seasonal utilisation
of any electricity storage, except hydro reservoirs, does not occur.
According to results, the supply of Fig. 6 and electricity
demand is mostly balanced by import and export, depicted in the
case of year 2050 LO-BIO scenario in Fig. 7. Norway exports
surplus electricity generated by wind and hydro during winter
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Fig. 4 Development of electricity supply in 2010–2050 in Nordic countries in all scenarios. Negative values imply net export

season and imports marginally during summer. Denmark imports
electricity throughout the year mainly from Western Europe.
Finland imports electricity from Russia and from Norway through
Sweden, but is net exporter during spring as the highest supply
occurs during spring daytime. These results show that Nordic
countries can balance varying supply of renewable energy by
cross-border trading of electricity. However, due to the robust
nature of time slices in TIMES-VTT, this conclusion should be
verified by an hourly model such as in [14] or [15], with
production capacities from TIMES-VTT results.

6

4.3 P2G utilisation
It is important to dissect the TIMES-VTT results in terms of P2G
operation and analyse the role of P2G in the Nordic energy system.
Production of synthetic gas by P2G should be compared with
competing technology, gasification process of solid biomass
producing synthetic gas. In Fig. 8, production levels of synthetic
gas are illustrated. Evidently, in Sweden, with large forest biomass
resources, gasification process is overwhelming against P2G which
penetrates market merely in LO-BIO, whereas in Denmark P2G is
utilised in all scenarios. Generally, decreased potential of biomass
in LO-BIO increases P2G utilisation in each country.
Fig. 8 also highlights volumes of synthetic gas consumption.
Basically, synthetic gas is used in two sectors, transport and
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Fig. 5 Development of energy end-use in transport sector in 2010–2050 in Nordic countries in all scenarios. Fossil fuels are illustrated with shades of red
and non-fossil fuels including synthetic gas originating entirely from renewable energy sources in year 2050, with shades of blue. It must be noted that
transport end-use includes small volume of fossil fuels in 2050 due to inputs to international bunkers

industry, with transport sector using majority of synthetic gas
supply, evident from Fig. 5. Only in Finland synthetic gas, merely
at relatively small volume is directed into electricity production
sector. In industrial sector, synthetic gas replaces natural gas used
in several processes.
Since P2G can be utilised in energy system to balance variable
supply by using synthetic gas as energy storage, operation of P2G
in favourable scenario should be examined in time slices.
Electricity consumption of P2G technology in time slices from year
2050 in LO-BIO is illustrated in Fig. 9. Evidently, P2G is used
mainly in maximum capacity, except during winter peak time slice
due to scarcity of electricity, and only in Finland operational
variation occurs during a milestone year. In addition, since
synthetic gas from P2G is mainly utilised in industrial and

transport sectors, P2G is not evidently operated with the given
scenario assumptions in order to balance power generation sector.
P2G also produces heat energy for district heating, and,
therefore, P2G acts at least in 2040–2050 as base production for
district heat, except during winter peak. P2G heat supply replaces
conventional heat production, resulting in decrease of residential
CHP production perceived from Fig. 4; however, CHP production
decreases in all scenarios regardless of P2G volumes due to
increasing low-cost electricity production from wind and solar,
which decrease the competitiveness of CHP.
Investment cost used for P2G, stated in Table 1, is at fairly
optimistic level, and therefore sensitivity analysis for this
parameter is performed. In Fig. 10, production levels of synthetic
gas at prices ranging between 500 and 2000 €/kWgas are depicted
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Fig. 6 Electricity production, excluding import, in terms of power, divided into model time slices in Nordic countries in 2050 in LO-BIO scenario

Fig. 7 Import and export of electricity in terms of power, divided into model time slices in Nordic countries in 2050 in LO-BIO scenario

as graph representing how much decreasing investment costs add
P2G operation.
Evidently, utilisation of P2G is highly sensitive to investment
cost, especially in Denmark, in BASE scenario. As market
conditions for P2G improve in LO-BIO due to lower biomass
resources for energy and transport fuels, even at level of 2000
€/kWgas utilisation of P2G is high at least in 2050, also in Sweden
which has the highest threshold for P2G market penetration. In LOHH2 exclusion of hydrogen-based transport makes P2G
competitive in Denmark and Norway.
4.4 Total costs of 100% RES
Finally, direct costs of the path to RES are examined. In TIMESVTT total discounted cost (discount rate at 5%) of the global
energy system during timespan of the model is minimised, but
merely direct costs generated in Nordic countries are examined.
Cost figures allocated for milestone years also represent cumulated
8

costs from years between milestone years, for further details see
[16]. Costs include also revenues from exported commodities such
as oil and gas sold by Norway.
In Table 3, development of accumulated costs of the energy
system is listed. Differences between scenarios are not dramatic, as
it seems that energy system can adapt into more difficult conditions
of LO-HH2 and LO-BIO. Total costs increase most in Finland
during 2010–2050, noting that due to renewable target 1600 MW
nuclear power unit is phased out in 2050, shortening its lifetime
significantly. Finland and Sweden have highest growth in
investment costs, mainly due to nuclear phase out – more than
double from 2030 to 2050. In the model, investment costs concern
merely new capacity installed beyond milestone year 2010.

5

Conclusions

In this paper, a path to 100% RES during years 2010–2050 in
Nordic countries is examined by using TIMES-VTT model for
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Fig. 8 Production of synthetic gas by biogasification and P2G in Nordic countries in 2010–2050 in all scenarios

three scenarios. Results indicate that reaching this target is
possible, but demands significant changes in every sector of the
energy system, especially in power generation and transport
sectors. Transforming primary energy supply to renewable in 2050
requires high level of electrification in energy system, e.g. in
industrial processes, vehicle stock and heating methods.
Furthermore, energy-based utilisation of biomass is essential
especially for Finland and Sweden to cope with renewable target.
Therefore, reduction of biomass resources in LO-BIO scenario
seriously affects energy systems in these countries.
High levels of wind and solar power provide renewable
electricity in each country and, according to model results,
volatility of production can be balanced by international electricity
trade. Path to RES is costly and requires high investments notably
in Finland and Sweden with phased out nuclear power. However,

reaching target accomplishes significant emission reductions, even
though non-CO2 emissions cannot be totally mitigated.
In this paper, feasibility of P2G technology in RES was
analysed. Main drivers for P2G utilisation are supply of synthetic
gas to transport and industrial sectors, instead of acting as energy
storage for surplus renewable electricity. Furthermore, P2G has to
compete with biomass gasification in synthetic gas production.
However, in the case of reduced biomass resources, P2G has a
strong foothold on synthetic gas supply even with relatively high
investment costs. Supply of CO2 into P2G plant requires further
study, since P2G can be linked to CO2 sequestration process of
biomass combustion in energy and industrial sectors and thus costefficiency of P2G can be improved by such symbiotic industrial
link.
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Fig. 9 Electricity consumption of P2G in terms of power, divided into model time slices in Nordic countries in 2050 in LO-BIO scenario. Installed capacities
of P2G can be obtained in GWgas from maximum levels of the graphs

Finally, the robust nature of time slices in TIMES-VTT must be
addressed. Analysis of P2G technology operating as energy storage
is somewhat problematic with a robust model, since variations of
wind power cannot be highlighted when using low number of time
slices. Therefore, results in this paper concerning P2G should be
treated with some reserve. It is thus essential to link results from
this paper to another, preferably hourly based, energy system
model such as wind power integration in liberalised electricity
market (WILMAR) [25] or Balmorel [26], but this connection is
ongoing and future work. However, our results, especially in terms
of investments and sectors outside power generation, are relevant
and highlight important issues involving adaptability of energy
system under cataclysmic change. Overall, both approaches are
useful in analysing possibility of RES.

6
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Fig. 10 Production of synthetic gas by P2G depicted cumulatively by varying investment costs in 2030–2050 in Nordic countries in all scenarios
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Table 3 Development of total costs (M€), excluding taxes and subsidies (note – feed-in tariffs cannot be modelled in TIMESVTT due to non-linear nature), of the energy system, accumulated into milestone years, in 2010–2050 in Nordic countries in all
scenarios
2010
2020
2030
2040
2050
Denmark
BASE
LO-HH2
LO-BIO
Finland
BASE
LO-HH2
LO-BIO
Norway
BASE
LO-HH2
LO-BIO
Sweden
BASE
LO-HH2
LO-BIO

7
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

[9]
[10]

[11]

[12]
[13]

12

9783
9783
9783

19,050
18,888
18,865

21,742
21,207
21,098

24,637
23,899
24,211

25,147
24,289
24,461

16,835
16,835
16,835

27,170
27,165
26,722

33,786
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42,863
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15,344
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24,680
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25,764
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35,588
35,411

41,002
40,162
40,139

50,783
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