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1. Introduction
High share of solar and wind energy challenges current energy systems as their production is
intermittent and seasonal (Zakeri et al. 2015). Power-to-gas (P2G), or more widely, power-toproduct (P2X) technologies producing synthetic 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 (Agora Energiewende 2014; Varone and Ferrari, 2015). Even
though P2G technologies are available only a few commercial business cases have been
implemented (Lehnert et al. 2014).
The main focus in this paper has been on initial screening of several industry-integrated P2X
concepts in order to identify the best business candidates for near term deployment in sectors that
would also have high global impact. The work includes techno-economic 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 (profit, EBIT,
EBIT DA, payback time, pre-tax IRR, LCOF) are presented for selected business cases.

2. Methodology
In this paper numerous technologies and business set-ups for integration of power-to-H2, -SNG,
-MeOH and -gasoline with several industrial processes have been analysed. These include pulp
& paper (Kuparinen et al. 2016; Breyer et al. 2015), combined heat & power (CHP) (Tsupari et
al. 2016), wastewater treatment (Hyyryläinen 2015; BioCat 2016), oil refining 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
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developed. Analyses have been conducted with today’s commercial electrolysis technology
(alkaline electrolysers, AEC) and future potential estimated with more efficient solid oxide
electrolyser cell (SOEC) system. In Figure 1 the general approach and the techno-economic
feasibility platform used in the studies is presented.

Figure 1. The general approach and techno-economic feasibility platform used in the studies.
The details of the model, including operation strategy, is presented in Tsupari et al. (2016).
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3. Results
The summary of the most important case specific parameters are presented in Figure 2. The
studied cases have significant differences in terms of the benefits of integration.

Figure 2. The most important case specific parameters.
In the following examples, the feasibility of gasoline production by P2MtG route in different
applications is presented. MtG was chosen as an example, as the markets for gasoline are
enormous. However, the feasibility of methanol production would probably be better in the first
applications. The summary of the main economic indicators are presented in Table 1 based on
the key case specific parameters and general default input values presented in Figure 2 and Table
2, respectively. In addition, the sensitivity analyses of H2 production cost is presented in Figure
3.
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Table 1. Summary of the results and the main economic indicators for the studied P2X business
concepts. The case giving the best result for each indicator is highlighted by green and the worst
by red. From the diagram below the indicators, the most feasible operation strategy for each
case is illustrated.

Table 2. The general key inputs for the studied P2X business concepts.
PERFORMANCE DATA
Alkaline electrolyser cell (AEC)
System efficiency to H2 67 % LHV
Heat losses
2%
Presssure range
1 - 30 bar
Solid-oxide electrolyser cell (SOEC), steam electrolysis
System efficiency to H2 77 % LHV
Presssure range
1 - 10 bar
Pressure drop
10 %
Variable O&M costs
Variable stand-by costs
FUEL PRICES
Biomethane
Biomethanol
Biogasoline
BioH2

0.5 €/MWhe
5 % of MWe

75
100
100
60.02

€/MWh
€/MWh
€/MWh
€/MWh

INVESTMENT ESTIMATES NOW
FUTURE
AEC specific inv. for 9MWe
1000
SOEC, steam electrolysis
as AEC now
CO2 to methane for 5MWSNG
1000
650
CO to methane
1000
650
CO2 to methanol 5MWMeOH
1000
650
CO to methanol
1000
650
Methanol to Gasoline
1.63
Methanol to Olefins
1.37
H2 buffer storage (if FCR)
1.73
O2 buffer storage
0.225
O2 liquefication&storage
0.26
Installation cost
WACC
Timeframe

15 %
8%
20

€/kWe
€/kWe
€/kWSNG
€/kWSNG
€/kWMeOH
€/kWMeOH
* MeOH (M€)
M€/t/h
M€ (for 9.6 MWe )
M€ (for 9.6 MWe )
M€ (for 7.2 MWe )
of TPC
years

Scale factor
0.93
0.93
0.93

0.61
0.61
0.61
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Figure 2. The sensitivity of H2 production cost by alkaline electrolysis with different input
parameters in the cases where the excess heat of electrolysis cannot be utilised. Green line
indicates the cost of alternative H2 production process, namely steam methane reforming (SMR).
The cost of SMR is very sensitive for the price of natural gas.

4. Discussion
The industrial sectors analysed in this paper represent a vast potential for global deployment of
P2X processes. About half of the primary energy consumed in Europe is in the heating sector
(Heat Roadmap Europe, 2016). 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 PtX 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. Based on the conducted case studies,
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payback times around 5-10 years are possible with existing technologies and existing market
conditions in CHP applications.
Globally, natural gas consumption corresponds to over 20% of the world primary energy supply
(IEA, 2016). 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
better in the transport sector. Interesting option is to produce directly hydrogen into the natural
gas networks. According to expert interviews, the magnitude of acceptable concentration of H2
in gas network would be around 5%. Even if the share is minor, the global potential is huge, over
8000 TWh. PtH2 concept could also be used to replace existing hydrogen production by steam
methane reforming (SMR). The SMR technology is common for example in oil refineries. With
the current level of electricity prices, the cost of H2 produced by AEC is the same or even below
the cost of SMR.
The iron and steel industry is one of the largest emitters of industrial CO2, accounting for around
6% of global anthropogenic CO2 emissions each year (Arasto, 2015). 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 (IEA GHG, 2011). BF
route provides attractive integration opportunities for PtX 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 CO2 for fuel synthesis leads to higher efficiency
and consequently lower production costs and better profitability. It is possible to use hydrogen
also as a reducing agent in steel mills, but the technology is not (yet) commonly used in steelmaking. Based on the conducted case studies, the profitability of PtX integrated with BF process
utilising converter gases is not feasible with existing technologies and market variables.
Interestingly the operation of this concept would be very profitable and the efficiency would be
good, but the investment on converter gas utilisation is currently too high for the profitable
business case.
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There are several integration possibilities for PtX 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, 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 PtX with current
AEC technology. Based on the conducted case studies, in pulp mill applications payback times
around 20 years are possible with existing technologies and market variables.
Even if wastewater treatment (WWT) plants are small in scale, there is a certain demand for heat
as well as potential to integrate PtX with biogas production by digestion. In addition, in the
locations where land area is expensive and/or WWT capacity should be increased the utilisation
of oxygen enrichment may be profitable. Depending on the economic benefit of oxygen
enrichment or selling price of liquefied oxygen, the payback times of 10-15 years are estimated
for PtX investments in WWT plants.
Capability to offer frequency control (FCR) or “grid service” is often mentioned as one benefit
of PtX processes. It can be concluded that profitability is not dependent on income from the FCR
if highly valuable liquid fuels are produced. In those cases profitability can neither be improved
by applying FCR. However, the capability for flexible FCR operation may improve economics
of the current cases in which the operation is not otherwise so often profitable. In addition, there
are several hours in hourly FCR markets, when the operation in FCR mode would be profitable,
if required flexibility, buffer storages etc. exist, but concept design and additional investments on
flexibility may not be profitable only because of those hours.

5. Conclusion
Numerous PtX technologies and business set-ups have been analysed and according to the
screening studies several potential profitable business cases can be found. 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
it can preliminarily be stated that 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 e.g. higher prices for CO2 in EU ETS.
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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 PtX 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.
Power-to-gas (P2G), or more widely, power-to-product (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.
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