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Scope of the business case work package
The business case work package in the Nero-Carbon Energy project screened several
industry-integrated P2X concepts in co-operation with VTT & LUT researchers, industry
representatives and international collaborators in order to identify the best business
candidates for near term deployment. The focus has been in sectors that would have high
global impact and significant relevance to Finnish industry. The work has included technoeconomic feasibility analyses of specific system operations from operator’s / investor’s
point of view in several market scenarios. As main results operational costs and incomes
as well as profitability indicators (e.g. profit, EBIT, EBIT DA, payback time, pre-tax IRR,
LCOF) are presented.
Additionally systemic analyses have been conducted mainly through life cycle assessment
(LCA) in various P2X processes. Also the enabling framework for P2X business cases
taking into account carbon policy and energy market issues has been approached at LUT
and at VTT in collaboration with the Energy Policy Research Group of Cambridge
University. In global perspective companies’ market responses on renewable energy
investments were looked at as well as the current P2X business penetration through
mapping of global P2X projects.
According to the original project plan for Phase I in the business case work package the
main objective was to create technology and business models based on individual
business cases and their techno-economic and societal performance. As main result
indicator 2-3 technology and business models was expected by the end of 2016.
This summary report gives an overview of each separate task conducted along with some
key conclusions.
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Business case studies
General
The business case work package analysed numerous technologies and business set-ups
for integration of power-to -H2, -SNG, -MeOH, -gasoline, -FT-wax and -olefins with several
industrial processes. These include pulp & paper, combined heat & power (CHP),
wastewater treatment, petrochemicals, production of liquid biofuels (ethanol, diesel),
fertiliser production, NG & hydrogen production, cement and iron & steel industries. The
goal has been to understand the decarbonisation potential of these sectors through
electrification with renewables and to find first profitable business cases from these
sectors. To enable uniform and comparable assessment of the economic performance of
different applications in several market scenarios a techno-economic feasibility platform
has been developed and shared to all project members. Regarding the electrolysis part,
analyses have been conducted with today’s commercial technology for alkaline
electrolysers (AEC) and future potential is estimated with more efficient solid oxide
electrolyser cell (SOEC) system. In general, cases are evaluated in present (2015) market
conditions if not otherwise stated. It is assumed that commercial technology (n’th-of-akind) is available.
As the paying capability seems to be the best in transportation sector due to RES targets,
the most potential applications are determined by the utilisation possibilities of the sidestreams from P2X processes as well as the costs of CO2 or CO utilisation. In general,
utilisation of at least 1-2 side products (heat, oxygen, steam) for additional revenue is
typically required to enable profitability. For fuel production methanol is the most profitable
product for the first applications followed by gasoline and FT-diesel. In the following
paragraphs the feasibility of gasoline production by P2MtG route in different case
applications is presented, if not otherwise stated. MtG was chosen as an example, as
the markets for gasoline are huge. However, the feasibility of methanol production would
probably be better in the first applications. Selected examples are presented also in an
article presented in IRES-conference 2016.

Power-to-X integrated with biomass fired CHP plant
Eemeli Tsupari, VTT
About half of the primary energy consumed in Europe is in the heating sector. In EU,
efficient district heating systems should be increased from today's level of ~10% up to
~50% of heating in 2050 and European Commission has presented targets and means to
increase CHP. Simultaneously, combustion of different types of biomass fuels in CHP
plants has increased. This has created high potential to integrate P2X processes with
biomass firing CHP plants which enables on-site utilisation of heat, steam and oxygen.
Utilisation of heat and steam is straight-forward in CHP systems. Oxygen can be used for
enrichment of combustion air enabling higher temporal loads, more options to control
combustion and increasing shares of fuels with lower heating values (e.g. biomass).
Alternatively oxygen can be liquefied and sold if it is more feasible. Available amount of
CO2 from CHP plants is typically multifold in comparison to the scale of the existing
electrolysers. It is assumed that transmission costs are not applied for electricity
consumed in the CHP plant area, but electricity tax may be claimed (with the possibility for
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tax return for energy intensive industry). Based on the conducted case studies, payback
times around 4-10 years are possible with existing P2X technologies and existing market
conditions in CHP applications.
During the 1st funding period of NeoCarbon project, an article entitled “Economic feasibility
of power-to-gas integrated with biomass fired CHP plant” was published. Also a summary
of the study was presented in the business case work package workshop (available here).
Because the article focused solely on the production of SNG, sensitivity analyses have
been conducted since the publication, for example with different fuels. The summary of the
results are presented in Figure 1.

Figure 1. The cost distributions, profitability and pay-back times of different P2X cases
integrated with CHP plant
In Figure 1, the following assumptions were used:
- Income from O2 40 €/tO2 and from heat&steam 30 €/MWh
- CO2 capture (or purchase) cost 40 €/tCO2
- Realised electricity prices in Finland (FIN2015) and Sweden (SWE2015). No
transmission cost, electricity tax 1.3 €/MWh
- AEC electrolysis with 67% efficiency (LHV)
- Capacities based on 1000 kgCO2/h, corresponding electrolyser size of about 9.1 MW e
and 6.8 MW e for SNG and MeOH, respectively
- Product selling prices (at plant gate): SNG 75 €/MWh, MeOH 100 €/MWh
- WACC 8%, 20 year timeframe, 30% investment subsidy
- No FCR operation, not even during the peak prices (participation on FCR markets
would improve the overall profitability. Due to the limited market size, high incomes
from FCR, or other grid service, can be expected for only the few first operators)
Methanol can be further refined to gasoline (MtG process). For gasoline, the existing
markets are vast but the refining process requires additional investments and results in
lower energy yield (MWh) due to conversion losses.
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Large CHP P2G/P2H study
Aleksi Mankonen, Juha Kaikko, LUT
The aim of the work was to look how P2G/P2H fit into a large CHP plant. The results were
fitted to a large biomass fired CFB plant that delivers both heat and electricity. The main
question was to replace natural gas usage in the CHP plant. In the M.Sc. thesis of Aleksi
Mankonen IPSEPro model of a large CFB boiler furnace was upgraded to reflect better the
partial load and start-up burner stages Thesis.

Figure 2. IPSEPro model of a large CFB boiler for P2X cases integrated with CHP plant
In the fall of 2015 and spring of 2016 Aleksi Mankonen was a visiting researcher at Peter
the Great St.Petersburg Polytechnic University, Russia and in co-operative work compiled
IPSEPro model of methanation and alkali electrolysis.

Figure 3. Compiled IPSEPro model of methanation and alkali electrolysis at Peter the
Great St.Petersburg Polytechnic University, Russia
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P2H2 concepts
Eemeli Tsupari, VTT
Globally, natural gas consumption corresponds to over 20% of the world primary energy
supply. Gas is less carbon intensive than other fossil fuels and in electricity production the
efficiency of GTCC processes are superior in comparison to alternative technologies.
Therefore gas probably will have a role also in future energy policy, even if ambitious
climate policy would take place. It is technically possible to produce PtSNG to the network,
but the profitability is currently better in the transport sector. An interesting option is to
produce just hydrogen and feed it directly into the natural gas networks. According to
expert interviews, the magnitude of an acceptable H 2 concentration in a natural gas
network would be around 5%. Even if the share is small, the global potential is huge, over
8000 TWh. P2H2 concept could also be used to replace existing hydrogen production by
steam methane reforming (SMR). The SMR technology is common for example in oil
refining. With the current level of electricity prices, the cost of H 2 produced by AEC is the
same or even below the cost of SMR.
In Figure 4, the profitability of direct H2 production to natural gas network, or to replace
SMR, is presented with realised electricity market prices in Finland and Sweden at 2015. It
is assumed that the heat from the electrolyser can be utilised with economic value of 30
€/MWh and oxygen is liquefied and can be sold at a price of 70 €/t. Selling price for H 2 is
assumed to be 2 €/kg (60 €/MWh).

Figure 4. The cost distributions, profitability and pay-back times of different P2H2 cases
Other assumptions used in Figure 4:
- No transmission cost, electricity tax 1 €/MWh (assuming 85% tax return for energy
intensive industry)
- In the cases where FCR has been applied, annual contract with fixed price 16.2 €/MW
is assumed (fixed price of annual contract of FCR-N in Finland 2015)
- AEC electrolysis with 67% efficiency (LHV)
- Electrolyser size 10 MW e
- WACC 8%, 20 year timeframe, 30% investment subsidy
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P2G integration with natural gas production sites
Eemeli Tsupari, VTT
In several natural gas production sites the raw gas includes substantial amounts of CO 2,
which is removed from the gas before transportation or feeding to network. This CO 2 can
be fed to synthesis with H2 produced by solar and/or wind, increasing site’s gas production
by carbon neutral gas. Alternatively, other fuels can be produced. However, the existing
infrastructure for gas treatment and delivery may result in significant cost benefits. This
study was started during NeoCarbon Phase I and will continue during Phase II in cooperation with Masdar Institute at Abu Dhabi. The aim is to publish the results as a joint
journal article.

P2X integrated with steel mills
Eemeli Tsupari, VTT
Steel sector is responsible for about 6.5% of global CO2 emissions. Steel sector and
mineral industries (mainly cement) are the most important single industrial sectors (excl.
power production). About 60% of global steel production is based on blast furnace (BF)
route, which is more carbon intensive than scrap using electric arc furnace (EAF) route. BF
route provides attractive integration opportunities for P2X as high purity oxygen is needed
in steelmaking. In addition, different process gases are available including also streams
containing significantly CO. Utilisation of CO instead of CO 2 for fuel synthesis leads to
higher efficiency and consequently lower production costs and better profitability. It is also
possible to use hydrogen as a reducing agent in steel mills, but the technology is not (yet)
commonly used in steel-making.
In Figure 5, the profitability of PtMeOH and P2Gasoline concepts integrated with blast
furnace based steel mill are presented with realised electricity prices in Finland and
Sweden in 2015. In the Finnish case, relatively high investment is required for converter
gas utilisation. For the Swedish case, it is assumed that converter gases are already
utilised in the mill and thus investments for gas collection are not required but the value of
80 €/t is assumed for the gas, corresponding the cost of 40 €/MWh for replacing energy.
Interestingly the operation of this concept would be very profitable and the efficiency would
be good, but the investment on converter gas utilisation (if required) diminishes the
potential for the business cases. Presentation
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Figure 5. The cost distributions, profitability and pay-back times of different P2X cases in
blast furnace based steel mills.
Other assumptions used in Figure 5:
- Income from O 2 70 €/tO2 and from heat&steam 0 €/MWh (In Finnish case, heat&steam
are assumed to replace the heat recovered from the existing converter gas
combustion)
- No transmission cost, electricity tax 1 €/MWh (assuming 85% tax return for energy
intensive industry)
- AEC electrolysis with 67% efficiency (LHV)
- Capacities based on 2484 kg/h nitrogen free converter gas (CO 81 vol-%, CO2 19 vol%), corresponding electrolyser size of about 17.6 MW e
- Product selling prices (at plant gate): 100 €/MWh
- WACC 8%, 20 year timeframe, 30% investment subsidy
- No FCR operation, not even during the peak prices (participation on FCR markets
would improve the overall profitability. However, due to the limited market size, high
income from FCR, or other grid service, can be expected for only few first operators)

Use of H2 in iron production
Mariana Machado de Oliveira Carvalho, LUT
Iron production is closely related to the steel industry. At the mining stage, most iron ores
(from 50 to 90%) are produced in the form of fines. Because such small particles cannot
be directly utilized for steel production, agglomeration processes are needed. Sintering
and pelletizing require natural gas and coke as energy sources. The replacement of
natural gas by hydrogen produced from water electrolysis was evaluated. Preliminary
results have shown a potential to decrease 30% of the CO2 emissions. This business case
was found to be profitable under optimistic conditions (e.g. AEC 20% cheaper than current
prices, natural gas costs 50 €/MWh and oxygen sold for 70€/t). Further investigation is
needed in order to evaluate the impacts of using the oxygen in the process or full
integration to the steel mill. Presentation
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Figure 6. Economics of applying H2 in iron ore production
Use of hydrogen can be feasible in iron ore production in Brazil. The main current barrier is
the high investment cost. The Brazilian electricity price is very low but will most probably
increase in the future. The expected CO2 emission reduction in iron ore production can be
up to 30%
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Power-to-gas processes in the cement industry
Katja Kuparinen, LUT
Cement industry is responsible for about 7% of global CO 2 emissions, and because
concrete is the most used construction material in the world, cement industry can be
expected to remain a significant energy user also in the future. Energy use in the sector is
mainly fuel use to generate thermal energy. In cement manufacturing process, the most
part of the fuel consumption is fossil fuels, primarily coal, but cement kilns can quite easily
use also renewable fuels due to flexible fuel requirements. CO2 emissions from cement
factories originate not only from fuels, but also from the calcination reaction occurring in
the kiln. Therefore, the CO2 content in cement kiln flue gases is high, and in the future,
when CO2 capture technologies for cement kilns develop, there will be substantial potential
for processes utilising CO2. Hydrogen or other P2X products can technically be used as
fossil fuel substitute in cement kilns, and similar CO 2 reduction schemes can be
implemented around the world.
Evaluation of the possibilities of P2G processes in cement manufacturing environment and
a feasibility analysis on an example case was made and key results presented in the
business case work package workshop in January 2016 (presentation). The study
introduces an electrolyser integration concept for a cement factory in Finland and the
calculations are based on publicly available data on Finnish cement industry. The concept
and its effect on cement production process and economics of the mill was estimated via
two cases. In the first case, H2 was assumed to be used as the only fuel in the cement kiln.
In the second case, only coal that accounts for 9% of the kiln energy demand, was
replaced, and H2 co-combusted with petcoke, crushed tyres, and REF. The main process
flows of the second case are presented in Figure 7. The second case is more reasonable,
because waste fuel utilization in energy production is an alternative for disposal and the
price of waste fuels is typically low.

Crushed limestone and
correcting materials

Raw mill
Limestone
Blast furnace slag
Mineral waste

116 961 kg/h
11 873 kg/h
1 245 kg/h

Flue gas

Cement kiln

Preheating

Cooling

85 MW

Solid fuels
10 075 kg/h

Electrolyser

Feed water
2 068 kg/h

Efficiency
68 %

40 °C

Cement clinker
74 337 kg/h

Hydrogen
230 kg/h

Oxygen
1 823 kg/h

Power

11 MW

Cooling water
90 t/h

75 °C

Figure 7. The main process flows in the case, where hydrogen is used to substitute coal in
the cement kiln.
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Figure 8 shows the annual profit and payback period for the second case. The profitability
was estimated using varying electricity prices and electrolyser investment costs. In the
calculations, the following assumptions were made:
· Coal price of 30 €/MWh
· ETS price of 7.50 €/t CO2
· Lifetime 20 a and WACC 8%
· Feed water price 0,40 €/m3
· Sale price for oxygen 50 €/t O2
· Sale price for heat 20 €/MWh

Figure 8. Annual profit and payback period as a function of electricity price when H 2 is
produced to substitute coal in a Finnish cement factory.
Recent electricity prices and current electrolyser investment cost considered, the concept
is hardly profitable at the moment. Economic viability would require low-price electricity,
markets for side products oxygen and heat, high coal price and/or high carbon price. Also
the possibility to utilise oxygen for oxygen enriched combustion in the cement kiln to
increase the production capacity can improve the profitability in the future concepts.

P2X integrated with pulp mills
Eemeli Tsupari, VTT
There are several integration possibilities for P2X also in pulp mills. On-site utilisation of
oxygen is possible in several sites and H2 can be used as a fuel. Typically there are three
major sources of biogenic CO2 in pulp mills, namely recovery boiler, lime kiln and
bark/multifuel boiler. Typically there is no demand for low grade heat in pulp mills, which
limits integration options of P2X with current AEC technology.
The results of the first feasibility analyses are presented in Article II. Since the publication
of this article, new calculation tools have been developed and more detailed analyses
have become possible. In Figure 9, further case studies are presented with realised
electricity prices in Finland and Sweden. It is assumed that oxygen is utilised on site with
economic value of 70€/t and CO2 is captured by lime pre-calcination with the cost of 40 €/t.
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Figure 9. The cost distributions, profitability and pay-back times of different P2X cases in
pulp mill.
Other assumptions used in Figure 9:
- Income from steam 30 €/MWh, no economic value for heat
- No transmission cost, electricity tax 1 €/MWh (assuming 85% tax return for energy
intensive industry)
- AEC electrolysis with 67% efficiency (LHV)
- Capacities based on 1000 kg/h CO2, corresponding electrolyser size of about 6.8 MW e
- Product selling prices (at plant gate): 100 €/MWh
- WACC 8%, 20 year timeframe, 30% investment subsidy
- No FCR operation, not even during the peak prices (participation on FCR markets
would improve the overall profitability. However, due to the limited market size, high
income from FCR, or other grid service, can be expected for only few first operators)

Integration of electrolysis in a pulp mill process
Katja Kuparinen, LUT
The pulp and paper industry is an energy-intensive industry. Globally, it is the fourth
largest industrial sector in terms of energy consumption. During normal operation modern
pulp mills produce heat and electricity burning residual biomass from process. Typically, all
or nearly all the energy used in the process is from the mills own production, and many
mills also produce heat and electricity in excess of their own requirements. At modern pulp
mills the lime kiln is the only user of fossil fuel during normal operation. Lime kilns are
typically fired with fuel oil or natural gas. Often small amounts of alternative fuels, such as
methanol, tall oil, strong odorous gases or oil pitch are co-combusted in the kiln. Water
electrolysis, when integrated in the pulp production process, offers a possibility to replace
fossil fuels in the lime kiln with hydrogen as well as to produce oxygen that is already
needed mainly for bleaching in the pulping process. Hydrogen is suitable as it has been
co-combusted in lime kilns before. When hydrogen is produced using renewable electricity
from the mill, it is a renewable fuel.
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This study evaluated the feasibility of integration of alkaline electrolyser in a large South
American pulp mill. The results were published in an article entitled “Integration of
electrolysis to produce hydrogen and oxygen in a pulp mill process”. The studied mill
produces 1 500 000 ADt/a eucalyptus pulp; several mills of this kinds have been
constructed or planned in South America lately. 165 MW electricity is generated during
normal process using steam from the recovery boiler, and part of it is used at the mill. The
effects of the integration on the main mass and energy balances of the mill were
calculated using Millflow program. Hydrogen was assumed to substitute fuel oil in lime kiln
and oxygen used for mill operations, such as usage as bleaching chemicals and effluent
treatment. Two cases were studied; in Case A, the electrolyser was scaled to meet the
oxygen demand of the mill, and in Case B maximum amount of hydrogen required to fuel
the lime kiln was produced, considering the amount of electricity available. In Case A, the
production of a 24 MW electrolyser covers 21% of the fuel demand of the lime kiln. The
maximum amount of electricity available is 79 MW, which means that in Case B 73% of
lime kiln energy demand can be covered with hydrogen. Oxygen is then produced 217 t/d
in excess of the mill’s needs. Excess oxygen can be used e.g. to improve the operation
and capacity of the recovery boiler, but the effect on the boiler operations is not significant
with this amount of oxygen. The main process flows in Case B are depicted in Figure 10.

Figure 10. The main process flows in Case B, where electrolyser is scaled to the maximum
electricity production of the mill.
The profitability of this concept depends greatly on the prices of the substituted fossil fuel
and the possible other uses for excess electricity. Figure 11 shows how oil and electricity
price variation affects the profitability of the cases, without considering the investment. In
an existing mill, when electricity can be sold instead of using it for electrolysis and when
oxygen production equipment has already been installed, this concept may not be
reasonable considering recent electricity and oil prices. In some cases, due to local
conditions, there are only limited possibilities to sell excess electricity, which makes the
presented concept more attractive. Also, in a new greenfield mill or when there is a need
to increase oxygen production capacity, this concept can offer a possibility to save in
operational costs.
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Figure 11. Estimation of profitability with varying oil and electricity prices in Cases A and B.

P2G as part of wastewater treatment integrates
Risto Hyyryläinen, Janne Keränen, VTT
Wastewater treatment plant can utilise oxygen, ozone, heat and methanol produced in
Power-to-Gas processes. Heat flow from methanation and electrolysis can be utilised in
digestion phase to warm the sludge. WWTPs also use methanol that can be produced
from the hydrogen and carbon dioxide in Power-to-Gas. The integration of these
technologies also sets certain demands for the produced by-products and technologies.

Figure 12. Power-to-Gas integration to WWTP
In the locations where land area is expensive and/or WWT capacity should be increased
the utilisation of oxygen enrichment may be profitable. In this study, three different cases
are examined: Finland, China and Germany. All three cases have different input values
like electricity prices, personnel costs, WWTP sizes etc. With different values the
economics of the integration can be well examined and recognize the most important
factors for the integration profitability. By studying these factors it can be later recognized
their ideal value that the integration is profitable.
The economics of integrating Power-to-Gas technology to wastewater treatment is
affected by numerous factors. The most important factors are WWTPs biogas production
volume, SNG and electricity prices and investment costs. In addition of SNG, that is quite
valuable when sold for transportation, also the oxygen has good value in wastewater
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treatment. If oxygen can be utilised on site, the payback times of 10-15 years are
estimated for P2X investments in WWT plants. MSc Thesis, Presentation

Figure 13. Profits, incomes and costs after first year for Power-to-Gas integration to
WWTP in Finland, profits marked with dots.

Carbon-neutral light olefins
Ilkka Hannula, VTT
Within petrochemical industry the combination of synthetic methanol manufacture with
MTO technology would make it possible to produce light olefins (ethylene and propylene)
from CO2 and water with low-carbon electricity. To satisfy global demand (206 Mt/a) of
light olefins through P2X route, 644 GW electricity and 924 Mt/a CO2 (3 % of annual global
emissions) would be required. With today’s electricity market price scenarios the
profitability of this concept is very low in comparison to making olefins by steam cracking
of fossil hydrocarbon feedstocks. Based on cursory capital cost estimates, the levelised
production cost of olefins would be 2000 €/t at current electricity prices. Presentation
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Figure 14. Routes to light olefins.

Hydrogen enhanced synthetic biofuels
Ilkka Hannula, VTT
In synthetic biofuels production hydrogen enhanced biofuels are likely to be the least cost
methods for large scale decarbonisation of the hydrocarbon supply system. With proper
integration, biomass residues can be converted to biofuels and heat at ~80 % overall
thermal efficiency. Still, more than half of biomass carbon is not utilised at all in fuel
production. Combining the vast resources of wind and solar with bioenergy through P2X
route can effectively more than double biomass ”availability”.

Figure 15. Summary of total capital investments (TCIs) and fuel production. First letter of
the two-letter acronym represent processing route: T = thermochemical, E =
electrochemical, H = hybrid. Second letter represents product: N = natural gas (methane),
M = methanol, G = gasoline.
The following gasoline equivalent production cost estimates were calculated for plants coproducing fuels and district heat: 0.6–1.2 €/L geq (18-37 €/GJ) for synthetic natural gas, 0.7–
1.3 €/ Lgeq (21-40 €/GJ) for methanol and 0.7–1.5 €/ Lgeq (23-48 €/GJ) for gasoline. For a
given end-product, the lowest costs are associated with thermo-chemical plant
configurations, followed by hybrid and then by electrochemical plants. PhD Thesis
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Production of Fisher Tropsch liquid fuel using solid oxide electrolyser cells
Marjut Suomalainen, VTT
The concept of solid oxide electrolyser (SOEC) combined with Fisher Tropsch (FT) plant to
produce naphtha and diesel was evaluated. Fisher Tropsch synthesis and upgrading
process produces liquid fuels which can replace liquid fuels derived from crude oil.
Feedstock required for the FT plant is syngas (mixture of mainly CO and H2). SOEC is the
only electrolyser having the ability to produce syngas that converts both H 2O to H2 and
CO2 to CO (co-electrolysis). In addition, SOEC has the potential to achieve higher
electrical efficiency than other electrolysers. Presently SOEC technology is in the R&D
phase. In this techno-economic evaluation it was assumed that the technical challenges
related to SOEC have been successfully solved and that SOEC is in large scale mass
manufacturing phase around 2030-2050.
For electrical input of 12 MW e the electricity-to-liquid-fuel efficiency of the SOEC-FT case
was 52.8 % (LHV). Electricity-to-syngas efficiency, that is SOEC system efficiency was 84
%(LHV). In the study it was assumed that the heat demand of the SOEC system was
fulfilled using the excess heat produced in the FT plant. The plant produced 197 kg/h of
naptha and 320 kg/h of diesel. The total plant cost was estimated to be 21.3 million euros
including both 15 % indirect costs and 30 % project contingency. SOEC system cost
including rectifier was 23 % of the total plant cost. The SOEC system cost estimation was
based on the assumption that the annual mass manufacturing volume of SOEC systems is
over 250 MW. With the base case assumptions (WACC 8 %, electricity price 36 €/MWh
and CO2 price 40 €/t) the production cost of the liquid fuel was 1.6 €/l (45 €/GJ) at the
annual availability of 85 % (Figure 16). Free electricity price resulted in liquid fuel cost of
0.9 €/l (26 €/GJ) with the same assumptions. Due to the high investment cost the
production cost of liquid fuels was very sensitive to the annual operation time (Figure 17).
There are several options how the feasibility of the case could be improved. Increasing the
plant size would decrease the production cost. Excluding part of product upgrading and
selling the intermediate product (FT wax) to refineries would decrease the investment cost.
The plant could be integrated to an oil refinery thus excluding product upgrading units and
offering options to thermal integration. If possible in the future, oxygen production would
increase the revenues of the plant. However, it would be important to ensure as high
annual operation time as possible. The SOEC-FT case was unfeasible with current prices
of naphtha and diesel and using base case assumptions, but as this study was aimed to
long term future the present prices of liquid petroleum fuels are not relevant when
estimating the feasibility.
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Figure 16. Distribution of the production cost into Opex and CAPEX.

Figure 17. Sensitivity to electricity cost with different availability factors.
During the 1st funding period of NeoCarbon project, a summary of the study was presented
in the business case work package workshop (available in Presentation). An article entitled
“Production of Fisher Tropsch liquid fuel using Solid oxide electrolyser cells” is being
written and will be submitted in 2016.
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P2X applied to Brazilian sugarcane biorefineries
Larissa Noel, VTT and USP (University of São Paulo, Brazil)
Sugarcane biorefineries produce a large amount of CO 2 as a by-product of their
conversion techniques – from the sugarcane carbon balance, 17% is converted into
ethanol and 41% into CO2. Global ethanol production in 2013 was 87.2 billion L (522 TWh)
of which Brazil accounted for 23.2 billion L (139 TWh). In the case study, a typical
sugarcane biorefinery in São Paulo, Brazil with a capacity of 500 t/h of processed
sugarcane was considered. Bagasse is used for bioelectricity and steam production in
CHP plant and CO2 from fermentation and combustion gases are captured. P2G system is
integrated to the sugarcane mill (Flue Gas Treatment included) and operates only during
the harvest season (4008 h/a). Additionally 100 MW solar panels are installed which
supplied 13% of the electrolysis electricity demand during harvest season; during nonharvest season electricity was sold in the stock market. According to the results LCOF
varying between 49 and 156 €/MWh according to electricity price can be achieved. P2G
can increase in 2.6 times the energy produced per hectare of harvested sugarcane. The
reduction of electricity prices and flue gas treatment costs are essential for a higher
profitability as well as if the CHP plant would operate the whole year - P2G system could
operate for more hours during the year.
During the 1st funding period of NeoCarbon project, an article entitled “Carbon mass
balance in sugarcane biorefineries in Brazil for evaluating carbon capture and utilization
opportunities” was submitted and is in press in the Journal of CO 2 Utilization. The first
results of this study were also presented at the conference 5th Carbon Dioxide Utilization
Summit, Dresden, Germany, in October 2015 (conference presentation). A presentation
with the key final results was given at the business case work package workshop and will
be submitted to a Journal as a paper. A summary with the main results from the carbon
mass balance and economics of P2G integration to sugarcane biorefineries is shown in
Figure 18, Figure 19 and Figure 20.
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Figure 18. Levelised cost of fuel (LCOF) of the methane produced versus electricity price
20 | P a g e

Figure 19. Carbon mass balance of a typical Brazilian sugarcane biorefinery with the
integration of Power-to-Gas technology.
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Figure 20. Different cost distributions and incomes considering the best scenario for the
integration of P2G to a sugarcane ethanol mill.
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Fertilisers from air and water with low-carbon electricity
Ilkka Hannula, VTT
Nitrogen is an essential element of life and a part of all plant and animal proteins. It is
commercially recovered from the atmosphere by combining it with hydrogen. Ammonia
production, transport, and consumption is roughly a $100 billion annual worldwide
business (2009) with an average size of typical ammonia plant roughly 1000 MTPD.
Approximately 80 % of ammonia is used as a fertilizer for crops, particularly corn and
wheat. Currently hydrogen for ammonia manufacture is manufactured from natural gas,
but water could easily be utilized as it was done before cheap natural gas.

Figure 21. Levelised cost of ammonia for two different capital charge rate (CCR) as a
function of electricity price.
In fact at least five commercial ammonia plants were in operation in 1980 based on water
electrolysis. The energy use and capital cost are roughly comparable with electrochemical
and steam reforming routes (in 1980 the cost of an electrolysis-based ammonia plant rated
at 300 MTPD was stated to be $80M, which is $174M in 2013 currency). Based on technoeconomic calculations, electro-ammonia becomes interesting when long-term renewable
electricity prices are below 30 $/MWh. Presentation
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P2G business opportunities in households
Paavo Hilber, VTT
P2G systems in household scale offer vast potential for technology expansion and
development. The small-scale PtSNG technology may profit from the contemporary trend
of upscaling the electrolyser units. If the MW-scale electrolysers prove their worth, learning
effects and standardization processes will be transmitted to the entire industry and the
high cost issues might be coped.
The small-scale (5 kW) PtSNG technologies and indicative economics were mapped in the
business case work package. Based on the analysis the entire system costs are currently
too high for being economically feasible due to the fact that the P2G conversion
technology has not reached the commercialization level. Future potential is on the one
hand side dependent on further technical and economic modifications of the plant itself,
but on the other hand side on the advances of market competitors like electric motors and
battery technologies. Presentation
By far the most expensive component is the PEM electrolyser. The electrolyser is
produced in small series and most system elements are handmade and not standardized.
Moreover the stack contains noble metals, which have to be minimized. The remaining
components of the PtSNG system like the methanation unit, the cooling system and
hydrogen storage are comparable low-cost as their elements are available on the market.
However the entire system costs are too high for being economically feasible. If the PtSNG
technology experiences the same learning curve like PV modules, the invest cost may be
amortized for a number of around 1 000 000 units.

Figure 22. Learning curves in the context of 5 kW PtSNG plant
The next step would be developing of an effective integration of excess heat to cover the
consumers` heat demand, as approximately 50 % of the system power input turns into
heat.
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Framework studies
General
The main focus of the studies was on the enabling framework for P2X business cases
taking into account carbon policy and energy market issues. Technical systems when
applied require societal integration. Especially interesting are the outcomes of various
policies to reduce GHG emissions in wide perspective based on life cycle assessment
(LCA) in various P2X processes.
The earnings and the rate of return depend on the economic incentives on renewables.
Pricing model ideas, market architecture and operational principles were drafted to be
continued in phase II of the study. In global perspective companies’ market responses on
renewable energy investments were looked at. The current P2X business penetration was
analysed through mapping of global P2X projects.

Generic platform for case comparison
Eemeli Tsupari, VTT
To enable comparison of different case studies, a general platform for profitability analysis
was created. The platform is based on the hour-by-hour comparison of different operation
strategies of P2X unit with site specific prices for products, by-products and consumables.
The most important consumable in the case of P2X is electricity, for which different price
scenarios can be easily created based on the realised electricity prices in, for example,
Nordic countries. User interface of the platform is presented in Figure 23. The tool is
available to all project members.

Figure 23. User interface of the generic platform for case comparison.
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CO2 to chemicals - a market study
Vesa Arpiainen, VTT
A market analysis for CO2-to-products was carried out in the Carbon Capture and Storage
Program (CCSP) as part of the subtask “Evaluation of CCUS concepts for biogenic CO2
from biorefineries”. It was agreed with task steering group (comprised of members from
Fortum, Neste Oil and Gasum) that this report can be delivered also to NCE project.
This market study, basing on the results from the public literature, includes estimates on
price and global demand of chemicals as well as a short survey in competing production
routes of these chemicals. The CO2 chemicals and fuels studied in this report were
methanol, formic acid, dimethyl carbonate, ethylene carbonate and propylene carbonate.
In addition to the above mentioned chemicals and fuels the synthesis gas technology is
included in this report, because it is possible to use CO2 in the manufacture of synthesis
gas as well as further in C1-chemistry synthesis. Predicting the future markets of these
chemicals is very difficult, because they are highly dependent on the development
manufacturing technology as well as possibly emerging new applications, especially as a
fuel or fuel additive.
Table 1 Current and future market potential for chemicals that can be produced from CO 2.
Product

Currrent market
(Mtpa)

Current market
(CO2 Mtpa)

Future market
(Mtpa)

Future market
(CO2 Mtpa)

Methanol (CH3OH)

60

10

Urea (H2NCONH2)

180

132

210

154

6

1

11

4

0.06

0.02

0.1

1

0.9

Carbamates (RR'NCO2)
Salicylic acid (Carboxylic acids)
Formic acid (HCOOH)
Organic carbonates ((RO)2CO, total market)

>300

>300

0.2

Acyclic carbonates (Dimethyl carbonate, DMC)

< 2

Cyclic carbonates (ethene-, propene-, styrene carbonate)

0.5

2

Polymers, polycarbonates (total market)

100
10

5

45

5

1

10

3

Polyethylene carbonate (assuming PEC could replace PE)

45

0

50

25

Polypropylene carbonate (assuming PPC could replace PP)

80

0

90

45

10

<10
400

100

Polyurethane
Inorganic carbonates (total market)

200

Calcium carbonate (CaCO3)
Sodium carbonates (Na2CO3)
Magnesium carbonates (MgCO3)

Data references colour coded accordingly:

114
50
3.5

50 (calculated)
15 (25% mined)
mainly mined

<1
>300

Mikkelsen 2010
and IPCC 2005
Styring 2011
GCCSI(2011)
Aresta (2014)
Aresta (2015)
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Finnish gas users – Potential to expand P2G
Heikki Lindfors, LUT
The potential to expand P2G to Finnish gas users is excellent especially in industries like
glass manufacturing that have a high share of NG usage. Main NG users and therefore
main industrial groups to be considered for P2G applications are metal industry with pulp
and paper. Oil refining and chemical industries use natural gas as raw material for
hydrogen, but they use own raw material NG to make hydrogen. The total technoeconomical short term reduction potential could be ~100 Mt CO2, when the industry in total
is ~3000 Mt CO2. Glass industry reduction potential is ~50% but the amount of NG usage
is small. Additionally, it is also important to include the P2G potential outside the NG
network in locations where it is not also feasible to construct the network. This P2G
enabled gas usage outside the NG network was also included as a key assumption in
conducted case evaluations. MSc Thesis, Presentation

Figure 24. Industrial heat supply versus heat level in EU-27.
Industries that require high temperatures can readily apply P2X technologies. In this
regard the iron/steel and minerals industries are very potential.
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Table 2. CO2 emission reduction potential by SNG substitution in studied sectors.

Largest industrial processes currently that apply natural gas as fuel in Finland are the pulpand paper industry, chemical industry, and steel industry sectors. Oil refining and chemical
industries uses natural gas as raw material for hydrogen. In oil refining, the hydrogen is
used for cracking, metal, sulphur and nitrogen removal. There is a clear possibility to
replace hydrogen from natural gas by SNG in these applications.

Potential for GHG emission reductions using surplus electricity in hydrogen,
methane and methanol production
Ville Uusitalo, Sanni Väisänen, Risto Soukka, LUT
A life cycle assessment (LCA) model has been created with GaBi software to evaluate
greenhouse gas (GHG) emissions from various P2X processes. By using the model
carbon footprints for various products such as hydrogen, oxygen, methane and methanol
can be calculated. Then these products or their use can be compared to conventional
production methods in order to figure out GHG reduction potential.
During the 1st funding period of NeoCarbon project, an article1 entitled “Potential for GHG
emission reductions using surplus electricity in hydrogen, methane and methanol
production” was submitted for review process. The key results of the LCA model are
presented in the Figure 25.

1

In review process, not yet available in public domain
27 | P a g e

0,07
0,06
0,05
0,04

kgCO2eq/MJe

0,03
0,02
0,01
0,00
-0,01
-0,02
-0,03
-0,04
H2 (PtX)

H2 (PtX) H2 (steam CH4 (PtX) CH4 (PtX)
total
reforming)
total

CH4
(natural
gas)

Renewable elctricity production

Water production

Hydrogen compression for further processing

CO2 capture with MEA

MEA production

CO2 compression

Methanation

Methanol conversion

Reference

Oxygen

CH3OH
(PtX)

CH3OH C3OH from
(PtX) total
gas
synthesis

Total

Figure 25: A comparison of GHG emissions from H2, CH4 and CH3OH production,
according to P2X route used or alternative production method used.
The figure show that all P2X processes lead to GHG emission reductions compared to
alternative production methods for similar products but there are significant differences in
the magnitude of the reductions. Direct hydrogen replacement leads to highest GHG
emission reductions. With political decisions P2X products may be directed to
transportation sector replacing fossil petrol. These options also lead to high GHG emission
reductions.
P2X products show tremendous potential. To harness the most advantages from P2X
production routes, hydrogen should primarily be used to replace hydrogen from steam
reforming. An industry utilizing hydrogen thus creates the ideal playground for P2X.
Hydrogen utilization in the transportation sector is also a good option, especially if fossil
transportation fuels can be replaced through a changed composition of the vehicle pool.
By combining the GHG reduction results with the total costs of each alternative the
reduction cost of GHG emissions can be calculated. That is essential information when
cost-effectiveness is pursued in GHG emissions reduction as well as when the importance
of a technological solution in a GHG reduction path need to be identified. There may be
other more environmentally friendly and economical options with higher potential to
replace conventional H2, CH4 and CH3OH production. Therefore, future comparative
studies of a broader nature are needed.
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Justifications for energy investments
Samuli Patala*, Ida Korpivaara*, Anne Jalkala*, Aino Kuitunen*, (Birthe Soppe**)
*LUT, **University of Oslo
Technological issues are easily addressed as main components when moving into lowcarbon economy but it is also important to understand institutional and behavioural issues.
Incumbent energy companies can shape reality with their rhetoric which is a crucial aspect
in understanding how they potentially contribute to carbon lock-in. In organizational
literature, how organizations legitimate their actions under conditions of institutional
change is a central yet little understood question. To address this gap, we investigated
how incumbent energy firms legitimate investments into both novel and conventional
technologies during transitional period between the disruption of an established
technological regime and the prospect of a new one.
We examined the rhetorical strategies that energy incumbents use to gain legitimacy for
their investments into renewable (legitimacy-gaining/novel) and non-renewable
(legitimacy-losing/conventional) technologies. Based on mixed-method content analysis
with 483 press releases from years 2010 to 2015, the rhetoric strategies of 34 electric
utility companies were studied. By utilizing computational content analysis tool, themes
and categories of justifications were derived from the releases. Key words of each
category were mapped for occurrences and co-occurrences to see whether and how
differently the investments are justified in cases of renewable and non-renewable
technologies. As a main result, categories of rationalization, normalization, moralization
and authorization were found. In the Table 3 subcategories and their occurrences can be
seen.
Based on the comparisons made between renewable and non-renewable investments, it
seems that electric utilities borrow the language related to renewable technologies to
legitimate investments into conventional and polluting technologies. Electric utilities also
justify non-renewable investments in substantially more pronounced and blended way
compared to renewables. Results show how incumbents, in their effort to continuously
hold on to established technology, engage in innovative behavior by blending rhetorical
frames in novel ways. By associating conventional energy technologies with sustainability
arguments, incumbents not only attempt to survive and maintain their position, but also try
to create a new social reality among shareholders and the wider audience.
An article with title “Legitimacy under institutional change: How incumbents appropriate
clean rhetoric for dirty technologies” was sent to Organization Studies (JUFO 3 / IF 2.886)
and received a positive feedback. Article, Presentation
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Table 3. Comparisons of subtheme occurrence of justifications
Subtheme

Case occurence, Case occurence, Likelihood
Non-Renewable Renewable
ratio, G2
energy
energy
PROFIT
36.50%
13.60% ***25.15
RELIABILITY
49.00%
15.20% ***47.57
COMPLIANCE_WITH_REGULATIONS
27.90%
12.80% ***12.36
ELECTRIFICATION
16.30%
47.20% ***35.32
EFFICIENCY
72.10%
26.10% ***72.67
TECH_NOVELTY
66.30%
42.10% ***19.34
EMISSION REDUCTION
71.20%
50.10% ***14.98
SAFETY
13.50%
3.70% ***11.64
CUSTOMERS_GENERAL
33.70%
20.00%
**8.06
STRATEGY_GENERAL
37.50%
51.20%
*6.18
CUSTOMERS SUPPLY
38.50%
25.90%
*6.08
WASTE AND RECYCLING
13.50%
5.90%
*5.94
ECONOMY BOOST
15.40%
8.30%
*4.23
AFFORDABLE_ENERGY
9.60%
4.50%
† 3.45
ENVIRONMENTAL VALUES
57.70%
47.50%
†3.42
PORTFOLIO
32.70%
41.90%
†2.91
MARKET AND PRICE REGULATION
6.70%
11.70%
2.35
REGULATION_GENERAL
42.30%
34.10%
2.33
SUPPORT_SCHEMES
6.70%
11.50%
2.14
LAND USE
1.00%
2.90%
1.59
FLEXIBILITY
5.80%
3.20%
1.34
COMMUNITY
50.00%
46.40%
0.42
DIVERSIFICATION
11.50%
9.60%
0.33
EMPLOYMENT
45.20%
42.40%
0.26
GROWTH
45.20%
48.00%
0.26
KNOWLEDGE DEVELOPMENT
22.10%
22.70%
0.01
EDUCATION
7.70%
7.70%
0.00
† p < 0.10
* p < 0.05
** p <0.01
*** p <0.001
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Market reactions to energy investments’ carbon risk
Aino Kuitunen, Ida Korpivaara, (Kaisu Puumalainen), Samuli Patala, Anne Jalkala LUT
Based on the economic theory, the stock markets should be able to evaluate the effect of
large-scale strategic investments to company value. The investments to low-carbon
technologies could be seen as a way to avoid carbon risk and therefore they could provide
more desirable option for stock markets. To study the extent to which this is true in current
stock markets, we investigate the market reactions to power utilities’ energy investment
announcements using an event study methodology. With this method, reactions to 191
press releases from years 2010-2015 and from 32 electric utilities about new electricity
generating investments were analysed. Based on the results, no significant and systematic
reactions can be found to investments in general.
As it can be seen in Figure 26 below showing the average abnormal returns of the sample,
only the day +3 after the announcement (AR_post3) provided significant result being
negative. In line with these results, nor does the carbon-riskiness of an investment make a
difference. In two of the studied cases there was an interesting reaction to the
announcement but these need to be further researched with qualitative methods. Next
step is to widen understanding on the concept of carbon risk perceived by the investors.
Article

Figure 26: Average abnormal returns for investment announcements
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Strategic deployment of carbon-neutral synthetic fuels
Ilkka Hannula, VTT
The role of both R&D and strategic deployment in supporting global transition to lowcarbon fuels in transportation, as well as impact of learning on future costs of carbonneutral fuel technologies was investigated in collaboration with the Energy Policy
Research Group of Cambridge University. The analysis rests on the assumption that
emerging energy technologies, although initially expensive, will become more feasible with
technological advances through learning and increase in the scale of production, and that
strategic deployment programmes are needed to 1) cover the cost difference between
established and new energy technologies and 2) need to continue until sustainable fuels
get to a self-sustaining growth path.

Figure 27. Scenarios for global transportation energy demand (left hand side) and supply
for 2050 and reference year 2010. Demand estimates based on IEA data, supply
estimates created to frame the deployment analysis. Two supply thought experiments “IEA
Electric” (30 % light road vehicles electrified) and “Max Electric” (light road vehicles fully
electrified) were used to estimate the demand for carbon-neutral liquid hydrocarbon fuels,
being 64 EJ/yr or 26 EJ/yr respectively.
Using both, a classic learning curve and more advanced learning-diffusion modelling tools,
the learning investment and capacity deployment, needed to achieve cost competitiveness
with petroleum fuels under different constraints on carbon emissions, was estimated. The
report also analysed possible growth rate trajectories for reaching 1 % share of global
transportation fuel markets within reasonable time frames. The deliverable, to be published
in the form of a working paper, is currently being written.
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Business review on P2X applications globally
Vesa Vartiainen, LUT
The purpose of this work was the screening of existing power to gas projects worldwide
and reviewing the technologies used and applications for the end products. This study
focused solely on technical solutions and feasibility, economical profitability was excluded
as mostly the reviewed projects were not commercial but pilot or demo applications.
A total of 57 projects mostly located in Europe were reviewed by going through
publications, presentations and project web pages. For each project the end product,
electrolysis method, methanation method, input power, application and schedule were
analysed. The driving force for these projects was mainly the larger penetration of
intermittent sources such as solar and wind power, as then demand and production cannot
be balanced using conventional methods. In most projects the power to gas concept was
seen as a solution to this problem. Additionally there were a number of local energy
concepts where P2X was seen as a possibility to fulfil local energy demand using a
renewable source.

Figure 28. The main components of the Utsira wind-hydrogen system showing hydrogen
storage
Not surprisingly the hydrogen was the more popular end product over methane. An
example is the demonstration project of a self-sufficient society based on wind energy and
hydrogen storage was built on the island of Utsira, Norway, Figure 28. As with solar PV
and wind it is probable that first profitable applications are small scale energy projects in
remote areas.
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Figure 29. Layout of the BioPower2Gas system in Germany. 1) PEM electrolyzer, 2)
biological methanation pressure vessel, 3) auxiliary devices, 4) control equipment
Projects in Asia, Europe, (especially Germany), North America, South America and
Oceania were reviewed. Combining biogas plant with a PEM electrolyzer to increase the
biomethane production needs to be studied as business concept, Figure 29. Similar to
WWTP application higher yield of payable products is the main driving force. Power to gas
is a viable concept when power production from intermittent sources needs to be
smoothed and time shifted, when carbon free fuels are produced for vehicles and when
chemical industry needs carbon neutral raw materials. Thesis.

New market architecture and operational principles
Esa Vakkilainen, Jarmo Partanen, LUT
The aim of the study was to describe changes needed to national energy system; what is
the future market architecture and the operational principles especially when Neocarbon
type energy system is applied.
During the study several questions were found. P2G needs highly variable electricity price
for profit. Addition of P2G plants tends to flatten the electricity price. If we operate P2G to
maximum effect then electricity price is rather constant. Why then have P2G? If we do not
operate P2G then electricity price varies a lot. Then we need P2G? Therefore there is a
need to find new way to allocate costs i.e. find a way to determine who should invest in
P2G. As Nordic countries first and Europe later are entering into transformative low cost
electricity era where for all major electricity (hydro, wind, solar, nuclear) variable cost is
below 10 €/MWh, a new pricing mechanism is needed to fund investments.
The possible role of NG price could be high in the future energy markets. Natural gas price
could be the new contract reference. It was noted that buying/selling electricity at variable
(=market) rate should be cheaper than at fixed so consumer electricity contracts need to
be revised. Especially the storage/connection/peak needs to be paid by the users. The
challenge of P2X is not about technology and control but about incentives of how this
definitely needed operation can be funded.
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Figure 30. Neocarbon distributed user
The distributed user that produces own electricity using wind or solar PV and through
biogas and Neocarbon type technologies produces transport fuels, Figure 30. This kind of
user utilizes grid only for balancing and emergency use. So who pays for grid connection if
grid connection is charged based on net yearly electricity use which is zero?
These and other questions will be studied in WP2 in Phase II of the Neocarbon project.

Power to Gas – Business opportunities in Finland
Ismo Orava, LUT
The purpose of this thesis work was to study investment, operation and maintenance costs
of a PtG plant. Those costs are the base for a profitability calculation model of this thesis.
In the model four different operational schemes are studied and sensitivity analysis for
those four schemes is examined. The sensitivity analysis shows that investment cost,
operating time and incomes from produced oxygen and generated excess heat from
electrolysis are the most critical success factors for profitability.
The developed PtG model, Figure 31, was used to estimate profitability and to keep track
of mass and energy balances. For investment cost estimates a very detailed model was
created for the plant itself including levelling, construction, piping, instrumentation,
electricity, equipment, start-up, engineering and supervision with reserve. The estimated
overall cost was 2 497 k€/MWe. It seemed that for independent operator making synthetic
gas the required electricity price for profitable operation needs to be below 30 €/MWh.
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Figure 31. Developed PtG model
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Conclusions
Numerous P2X technologies and business set-ups have been analysed and according to
the screening studies some potential business cases can be found in the studied industry
integrates. Three greatest economic factors in P2X are electricity price, end-product price
and CAPEX of the facilities needed. Additional revenues from P2X side products such as
heat, oxygen and steam or grid service are also important and evaluating the possibilities
for these has been the major focus in the conducted studies. The main precondition to
enable profitable wide-spread P2X business is very low price of electricity. Some studied
P2X applications could already today operate profitably near current electricity price levels.
For the first applications the best paying capability is offered in transportation fuels due to
RES targets and high marginal €/MWh end-price for other options to reach the given
targets. For fuel production methanol is the most profitable product for the first applications
followed by gasoline and FT-diesel. PtSNG has vast theoretical potential if the paying
capability for carbon-neutral gas would be improved through more ambitious support
mechanism.
As the paying capability seems to be the best in transportation sector, the most potential
applications are determined by the utilisation possibilities of the side-streams from P2X
processes and possibility to avoid electricity transmission costs as well as costs of CO 2 or
CO utilisation. In general, utilisation of at least 1-2 side products (heat, oxygen, steam) for
additional revenue is typically required to enable profitability. Especially attractive sites for
P2X integration are CHP plants and wastewater treatment plants, where heat can be
utilised. Additionally there are rather good integration opportunities within pulp mills, steel
industry and in ammonia production.
It can be concluded that profitability is not dependent on income from the Frequency
Containment Reserves (FCR) if more valuable liquid fuels are produced. However, the
capability for flexible FCR operation during peak prices may improve economics of the first
PtX cases, because the rewards in FCR hourly markets have been high in Finland but the
market size is relatively small. In the case of less valuable products, operation in FCR
markets becomes more feasible because the operation is not otherwise so often profitable.
Because of learning curve effects and economies of scale the costs of new technologies
are decreasing also in P2X systems. In the future development of investment costs the
learning curves and economies of scale must be taken into consideration and a distinction
is to be made between the cost reduction by improving the technology and the reduction
by increasing the cumulative capacity (greater number and size of installed systems).
Besides the further development of technological components and the economics further
development of the legal framework is required. The adaptation of the legal framework
prior to the implementation of the technology on the market is difficult as complications
cannot always be predicted.
P2X technologies producing synthetic gaseous fuels or other products have the potential
to address the issue on intermittency and simultaneously contribute to the reduction of
CO2 concentration in the atmosphere. It seems that in current business conditions P2X
technologies are on the brink of profitable commercial project appearance. Conducted
analyses provide a solid basis for further realisation of new demonstrations and/or
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commercial operations. The earnings and the rate of return depend on the economic
incentives on renewables. The challenge of P2X is not about technology and control but
about incentives of how this definitely needed operation can be funded.
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Appendix: The business case work package publications
1 PhD Thesis has been defended, 4 (+3) journal papers have been (will be) published in
different journals, 6 M.Sc. theses produced and 9 international conference presentations
have been given. Also 3 reviewing workshops have been organised to NCE members.
Journal
Ilkka Hannula, 2015, Co-production of synthetic fuels and district heat from biomass residues, carbon dioxide
and electricity: Performance and cost analysis. Biomass and Bioenergy, Vol. 74, March 2015, pp. 26–46.
Kuparinen, Katja; Vakkilainen, Esa and Ryder, Peter, 2016, Integration of electrolysis to produce hydrogen
and oxygen in a pulp mill process. Appita Journal, Vol 69, No. 1, Jan - Mar 2016, pp. 81-84.
Tsupari, Eemeli; Kärki, Janne and Vakkilainen, Esa, 2016, Economic feasibility of power-to-gas integrated
with biomass fired CHP plant. Journal of Energy Storage, Vol. 5, February 2016, pp. 62-69. DOI information:
10.1016/j.est.2015.11.010.
Eemeli Tsupari, Janne Kärki, Antti Arasto, Jarmo Lilja, Kimmo Kinnunen, Miika Sihvonen, 2015, Oxygen
blast furnace with CO2 capture and storage at an integrated steel mill – Part II: Economic feasibility in
comparison with conventional blast furnace highlighting sensitivities. International Journal of Greenhouse
Gas Control, Vol. 32, January 2015, pp. 189–196.
Ville Uusitalo, Sanni Väisänen, Eero Inkeri, Risto Soukka, 2016, Potential for greenhouse gas emission
reductions using surplus electricity in hydrogen, methane and methanol production. In review process
Ilkka Hannula, David Reiner, 2016. Carbon-neutral fuels for transportation. To be submitted.
Ilkka Hannula, 2016. Polymers from carbon dioxide and water with low-carbon electricity. To be submitted.

Conference
Janne Kärki, Eemeli Tsupari, Esa Vakkilainen. 2016. The most promising business cases for P2X
deployment in renewable energy systems. IRES 2016 conference.
Katja Kuparinen, Esa Vakkilainen, Jero Ahola and Pasi Vainikka: Advanced concepts for integrated SNG
production at pulp mills. REGATEC Barcelona 2015
Christian Breyer, Eemeli Tsupari, Ville Tikka, Pasi Vainikka, 2015, Power-to-gas As An Emerging Profitable
Business Through Creating An Integrated Value Chain. IRES 2015 conference.
Cyril Bajamundi, Pasi Vainikka, Janne Kärki, 2015, Options for delivering CO2 in P2G systems producing
synthetic fuels. IRES 2015 conference.
Kuitunen Aino, Korpivaara Ida, Patala Samuli, Puumalainen Kaisu, Jalkala Anne, 2015, “Good or bad
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