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One of the main challenges associated with utilisation of the renewable energy is the need

for energy storage to handle its intermittent nature. Power-to-Gas (PtG) represents a

promising option to foster the conversion of renewable electricity into energy carriers that

may attend electrical, thermal, or mechanical needs on-demand. This work aimed to

incorporate a stochastic approach (Artificial Neural Network combined with Monte Carlo

simulations) into the thermodynamic and economic analysis of the PtG process hybridized

with an oxy-fuel boiler (modelled in Aspen Plus®). Such approach generated probability

density curves for the key techno-economic performance indicators of the PtG process.

Results showed that the mean utilisation of electricity from RES, accounting for the

chemical energy in SNG and heat from methanators, reached 62.6%. Besides, the proba-

bility that the discounted cash flow is positive was estimated to be only 13.4%, under the

set of conditions considered in the work. This work also showed that in order to make the

mean net present value positive, subsidies of 68 V/MWelh are required (with respect to the

electricity consumed by PtG process from RES). This figure is similar to the financial aids

received by other technologies in the current economic environment.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The current European energy policy was established in 2009

through the European Renewable Energy Directive (RED 2009/

28/EC) [1], which sets aminimumof 20% of renewable share in

the European final energy consumption by 2020 and a 10% of

renewable penetration in the transport sector. The European
ES, hydrogen energy stor
rces.
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Commission updated these figures in November 2016 with a

new proposal to ensure 27% renewables in the final energy

consumption in the EU by 2030 [2].

Each country is obligated to fulfil its individual emissions

reduction target that has been adapted to their different re-

sources and the features of its own energy market. In 2013/

2014, all Member States, but the Netherlands, showed an

average share of renewable energy sources (RES) equal or
age; LHV, lower heating value; PtG, power-to-gas; RED, renewable
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higher than their corresponding indicative trajectory set out

by the European Directive. In 2015, European RES share was

estimated to be around 16.4% of the gross final energy con-

sumption, while the Directive had projected only 13.8%. Larger

penetration of RES will be required in the next decades to

achieve the global emissions reduction target (20% in 2020 or

27% in 2030) and further work must be done to increase the

current share of biofuels in the transport sector (0.5%) to meet

the Directive target.

The high share of RES in the electricity production system

will lead to fluctuating periods of surplus power that could

limit the operational predictability and flexibility of the elec-

tricity network [3]. Thus, energy storage technologies are

imperative in future electricity systems to manage intermit-

tent renewable energy [4,5]. Current energy storage tech-

niques (pumped hydroelectric storage, compressed air energy

storage, flywheels, electrochemical storage, thermal energy

storage) present limited potentials for large scale applications

due to special location requirements, short storage periods,

slow discharge times or low energy storage densities [3].

Hydrogen energy storage (HES) overcomes these issues, but it

lacks a proper distribution infrastructure and transformation

technology. Besides, HES implies additional handling safety

measures. To avoid the mentioned limitations, Power-to-Gas

(PtG) energy storage, which combines HES and methanation

to convert mixtures of renewable H2 and CO2 into synthetic

natural gas (SNG), has been shown as a very promising solu-

tion in the last years [6,7]. This final energy carrier can be

easily stored and distributed through the existing gas grid and

transformed into electricity or heat in the conventional
Fig. 1 e Scheme of the energy sys
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equipment that is characterised with high efficiency, dura-

bility and limited investment costs (Fig. 1).

The conversion of electricity in the PtG system is carried out

by an electrolyserwhich produces hydrogen. The consumption

of the generated hydrogen through the Sabatier chemical re-

action producesmethane and thus SNG is obtained. The global

chemical process is carried out through two consecutive re-

actions: inverse water-gas shift reaction and CO methanation.

The inverse water-gas shift reaction is endothermic and re-

quires the presence of a catalyst. CO methanation takes place

always promoted by inverse water-gas shift reaction.

Different hybridization options of the PtG system with

biogas plants, biomass gasification, sewage plants, fossil

power plants or industrial processes as the source of CO2 have

been proposed [8]. One interesting option for these processes

is the utilisation of the residual oxygen produced by electrol-

ysis in an oxy-fuel boiler that directly produces a concentrated

stream of CO2. During oxy-fuel combustion, pure oxygen is

used as comburent instead of air [9]. Thus, the large N2 con-

tent in air is substituted by the combustion products (mainly

CO2 and H2O), and flue gas can achieve a high CO2 concen-

tration once water vapour is condensed and removed. In the

oxy-fuel combustion, the energy penalty mainly comes from

the air separation unit (ASU) that produces the required oxy-

gen (typically 190 kWh/tO2) [10]. Therefore, by using the oxy-

gen from electrolysis, the electrical consumption of the ASU

would be suppressed. Furthermore, if CO2 is recycled to SNG in

a closed loop (i.e., SNG generated is used in the same or

another PtGecarbon capture system), the energy consump-

tion related to the permanent sequestration of CO2
tem with PtGeoxy-fuel boiler.
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Fig. 2 e Schematic diagram of the proposed oxy-power-to-

gas hybrid concept.
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(compression, transport and underground storage) would be

avoided, since such sequestration process would be post-

poned indefinitely. This hybridization dramatically reduces

the consumption of energy to attain a concentrated stream of

CO2 required in themethanation step since there is no need of

a further stage of separation.

The economics of the PtG systems has been recently ana-

lysed [6,11] and some simplified methodologies for deter-

mining the price ratio of the electric energy sales to the

purchase price of the electricity to make the H2 production

technology applied to PtG economically attractive have been

recently presented [12]. Some works have included both a

techno-economic [13] and a life cycle assessment to deter-

mine the performance, levelised cost and value of PtG plants

purchasing electricity and selling SNG to the market,

depending on the system configuration under a specific reg-

ulatory context [14]. Probabilistic optimal power flow models

have also been used to simulate the operation of coupled

electric power and natural gas systems multiple periods to

avoid overly-optimistic solutions in the design [15]. Other

similar works have also considered the natural gas, heat, and

power demand balances using deterministic models to wind

power and the PtG system [16].

However, the economic results predicted for the deploy-

ment of the PtG technologies in the energy mix have been

obtained through deterministic models. A deterministic

approach can provide useful information under any set of

assumptions, but these models do not take into account the

uncertainty of the input variables and are very sensitive to the

selection of specific assumptions. The inputs of the techno-

economic models such as efficiencies of the equipment, RES

availability, investment costs, electricity and methane prices

can vary significantly depending on the considered environ-

ment. Thus, the deterministic nature of such model pre-

dictions does not provide a final representation of real

economic performance [17] that may lead to cost overruns, as

reported for around 40% of the mega-projects across different

industries [18]. For this reason, the credibility of economic

model prediction can be improved by taking into account the

uncertainties in the model inputs to formulate the estima-

tions of the most advantageous and less advantageous sce-

narios, as well as the probabilistic distributions of the

economic model outputs.

A stochastic analysis, which comprises a set of analytical

tools that systematically consider uncertainty impact on the

key performance indicators [16,19], have been applied to

techno-economic assessments of engineering systems to pro-

vide a profound insight into their operation and performance

[19], to calculate the effect on levelized cost of electricity [20,21]

or to analyse CO2 capture and storage systems [22e24].

Consideration of the uncertainty in the operating conditions at

the process design stage can reduce the occurrence of the

failures associated with vibration stresses and unstable oper-

ation [25e27], equipment overheating [25], and other failures

associated with poor design and increased complexity [28]. By

indicating the probabilities of possible outcomes, a stochastic

approach to evaluation of the process performance provides a

more profound insight into the investment decision-making

process and may potentially lead to a different outcomes

compared to the deterministic approach [24].
Please cite this article in press as: Bailera M, et al., Techno-economic
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As indicated above, the economic performance of the PtG

facilities has only been assessed using deterministic models

that do not consider uncertainties in the input variables. For

this reason, this work employs the stochastic analysis for the

techno-economic performance of the PtG process. This aims

to highlight that the development of improved energy storage

technologies is especially relevant to exploit the greatest

amount of the renewable potential without introducing in-

stabilities in the future renewable electric system.

In this work, a robust approximation model of the PtG pro-

cess usingArtificialNeuralNetwork (ANN),which is inspiredby

thestructureofbiologicalneural networksand theprocess they

utilise to solve problems [29], is combined with Monte Carlo

simulations to generate probability density curves for the key

techno-economic performance indicators of the PtGprocess. In

contrast to the conventional approximation models, ANN

learns the relations between the inputs and outputs by training

[30]. It has been shown to be an accurate approximationmodel

for systems with multiple inputs and outputs [31], even for

highly nonlinear systems [30,32]. It has also been shown to

perform better than generic quadratic multi-variable poly-

nomial model in approximation of nonlinear energy systems

[24]. Data required to the construction of the ANN are derived

from a large number of deterministic simulations in Aspen

Plus®. Considering the effect of uncertainties on the prediction

of key economic indicators, the obtained analysis will

contribute to a deeper understanding of economic feasibility of

the considered energy storage systems.
PtGeoxy-fuel boiler model description

The analyses of the combined system PtG and oxy-fuel boiler

with thermal purposes was first proposed by Bailera et al.

[7,33]. The assumptions of the deterministic model and defi-

nition of efficiencies of the single elements and the hybrid

concept presented in these studies are also applied in this

model. The input data to the Aspen Plus®model, as well as the

chosen calculation methods, are also described in the

following. Fig. 2 illustrates the schematic diagram of the

hybrid concept where the main streams are identified.

The RES power the electrolyser which allows storing this

renewable energy as hydrogen also producing oxygen as a by-

product. Under specific conditions, this amount of oxygen

may completely cover the comburent demand in the oxy-fuel
feasibility of power to gaseoxy-fuel boiler hybrid system under
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boiler. This hybridization increases the efficiency of the oxy-

combustion process through the avoidance of the air separa-

tion unit consumption. Methanation takes place between the

flue gas from theoxy-fuel thermal plant and thehydrogen from

electrolysis toproduceSNG.Heat is recovered fromtheoxy-fuel

boiler and from the exothermic reaction in methanators. This

extra available heat could be integrated in external thermal

processes or in the hybrid concept itself and would lead to

higher thermal efficiencies. Besides, as fuel and SNG are

consumed/produced in the same amount, it is assumed that

CO2 is used as an energy carrier that is continuously recycled to

SNG using renewable electricity. Thus, variable renewable en-

ergy sources are converted to thermal sources on-demand.

The proposed scheme for the hybridization between oxy-

combustion and PtG technologies has beenmodelled in Aspen

Plus® under industrial conditions for steady state operation

and chemical equilibrium. Natural gas is selected to fuel the

combustion process. The deterministic model of each signif-

icant component of the system is presented below.

Oxy-fuel combustion boiler

SNG, which comes from the methanation stage, and com-

burent are introduced into the boiler to reach chemical equi-

librium by minimizing Gibbs free energy. Flue gas passes

through the heat exchangers where steam is produced

reducing its temperature down to 270 �C. This energy corre-

sponds to the useful thermal power output of the oxy-fuel

boiler. Flue gas is then cooled down, while the comburent is

preheated to around 150 �C. 80% of flue gas is then recirculated

to the boiler to control temperature. A condensation stage is

located prior comburent mixing for oxy-fuel applications to

avoid accumulation of large amounts of water. The combur-

ent is composed of oxygen from the electrolyser and pre-

heated recirculated flue gas. The oxygen excess in the boiler is

set as 15%. There is no need of air separation unit module.

Electrolyser

Power from a renewable source ismodelled as an energy input

to the electrolysermodule. The amount of produced hydrogen

will be modified depending on the provided energy that will

then affect the percentage of flue gas directed to the PtG

process, the flow of generated SNG, and the global hybrid

system operation efficiency.

Alkaline electrolyser has beenmodelled by programming a

user-defined subroutine in Aspen Plus®. The inlet power and

water stream are the input variables for the external calcu-

lations. This block splits water in two mass flows of pure ox-

ygen and a mixture of hydrogen with unreacted water. Water

conversion is assumed to be 99.9% with an electrical con-

sumption range from 4.3 to 4.9 kWh/Nm3H2 and an outlet

temperature of 80 �C [34]. These operation conditions leads to

an efficiency range of the electrolyser unit, hLHV ¼ 61.2e69.7%.

Methanation stage

The methanation process considered in this work is based on

two isothermal reactors at 30 bar with an intermediate

condensation stage. It uses high temperature catalysts
Please cite this article in press as: Bailera M, et al., Techno-economic
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(250e550 �C) to recover the high-grade heat as high pressure

steam [35]. The main target of the methanation process is to

achieve methane molar fractions above 95% in SNG so that it

has similar characteristics that the natural gas from the

network, and therefore conventional equipment for natural

gas can be used.

The reactor blocks calculate the composition and temper-

ature of the outlet gaseous streams, at equilibrium state,

minimizing Gibbs free energy in an isothermal process. The

flue gas flow from oxy-fuel combustion directed to methana-

tion process is determined by the electrical power consump-

tion in electrolyser, as well as the CO2 and O2 concentration in

flue gas. A constant H2:CO2 molar ratio of 4 has been set at the

inlet of the first reactor.

SNG is cooled from 395 �C in the Reactor 1 to 260 �C and the

recovered heat is used to produce steam. It is further cooled to

135 �C and water vapour is partially condensed to avoid the

inhibition the methanation reaction. Before Reactor 2, the gas

is heated to 300 �C using heat form isothermal Reactor 1. The

final outlet stream is cooled down to 40 �C to condense water

vapour and reach a purity of methane over 95%.
Methodology of uncertainty analysis

Deterministic assessment methodology

The thermodynamic performance of the PtG process is

assessed by estimating a number of partial efficiencies,

including the energy storage efficiency defined in Eq. (1),

which considers the lower heating value (LHVSNG) and mass

flow of the produced syngas (mSNG), the efficiency of heat

production in the oxy-fuel boiler (Q1) defined in Eq. (2), the

efficiency of the heat recovery in the methanation stage (Q2)

defined in Eq. (3), and the overall thermal efficiency of the

entire PtGeoxy-fuel process given in Eq. (4). Importantly, these

partial efficiencies were calculated with respect to the elec-

tricity input from RES to reflect the relative conversion of RES

to useful products in the PtG process.

hstorage ¼
LHVSNG _mSNG

_Welec

(1)

hproduction ¼
_Q1

_Welec

(2)

hrecovery ¼
_Q2

_Welec

(3)

hthermal ¼
_Q1 þ _Q2

_Welec

(4)

The economic performance of the PtG process is

assessed utilizing the net present value (NPV) approach

that is commonly applied in assessment of engineering

systems [13,36,37]. The NPV can be defined in Eq. (5) as the

difference between the capital investment per unit renew-

able electricity input (R0) and the sum of discounted net

cash flows (Rt) that considers discount rate (i) and the

project lifetime (N).
feasibility of power to gaseoxy-fuel boiler hybrid system under
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NPV ¼ �R0 þ
XN
t¼1

Rt

ð1þ iÞt (5)

The capital investment related to the entire PtGeoxy-fuel

process (R0) is assumed to be between 0.8 and 2.0 MV/MWel

according to the figures reported in the literature [38,39]. The

net cash flow is calculated as the difference between the

annual revenue and expenditure per unit renewable elec-

tricity input using Eq. (6), considering the annual PtG process

operating time (h). This includes:

� the revenue from sales of heat, which stem from heat

production (Q1) and heat recovery (Q2), at a price CQ;

� the expenditure from the electricity consumption fromRES

at a price CRE; and

� the operating and maintenance expenditure of 2% of the

capital investment [39].

Rt ¼
�
CQ

106
$hthermal$h

�
�
�
CRE

106
$hþ 0:02$R0

�
(6)
Stochastic assessment methodology

To account for the uncertainty in the input variables to the

techno-economic models, the stochastic approach is imple-

mented by following the procedure presented in Fig. 3 and

described in detail elsewhere [22,24]. First, the PtG process

model was developed in Aspen Plus® and the corresponding

economic model was built in MS Excel, as detailed in Section

Deterministic assessment methodology. Second, the sto-

chastic variables in techno-economicmodels, alongwith their

statistical representation, were identified. Third, the PtG
Fig. 3 e Swim lane diagram for the stochastic
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process model is much more computationally demanding

than the economic model, and therefore, is not directly

applicable in the stochastic analysis. To achieve a robust

representation of the PtG process, a non-intrusive formulation

based on the stochastic response surface method [40] was

used that represent the relationship between the model input

and output variables. A wide number of approximation

models is available for robust and accurate representation of

the considered model, such as polynomial regression and

surrogate models [41,42] and artificial neural network (ANN)

[24]. Such an approximation model developed based on the

design matrix, which comprises a wide operating envelope of

the PtG process and was generated using Aspen Plus® model.

This study employed the ANN to approximate the PtG process,

as it has been shown to better represent the nonlinear sys-

tems [21]. The ANNmodel and the economic model were then

integrated in MS Excel. These were finally used in the sto-

chastic analysis that employs the Monte Carlo simulations to

randomly generate the input dataset in ten thousand itera-

tions. This generated the probability density curves for the key

techno-economic performance indicators of the PtG process.

Identification of stochastic variables

The stochastic input variables in the techno-economic model

for the PtG process can be divided into the process and eco-

nomic variables (Table 1). The thermodynamic performance

of the PtG process is directly dependent upon a number of

efficiencies characterising its particular components,

including efficiency of the electrolyser and efficiency of the

boiler. These directly affect the ratio of the energy contained

in the syngas produced in the PtG process and RES input,

which is defined as energy storage efficiency, the amount of
techno-economic assessment framework.
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Table 1 e Stochastic variables and their distribution.

Variable Distribution Nominal value Variationa Reference

Process variables

Efficiency of the electrolyser (%) Normal 65 2 [6]

Efficiency of the boiler (%) Normal 88 2 [7]

CH4 content in synthetic natural gas (%mol) Uniform 85 85e95 [43]

Economic variables

Cost of electricity (V/MWelh) Uniform 0 0e25 [44]

Price of heat (V/MWthh) Uniform 40 20e40 [45]

Specific capital investment (MV/MWel) Normal 1.5 0.1 [38,39]

Operating time (h) Normal 2190 438 [39]

Project lifetime (year) Uniform 25 15e25 [8]

Discount rate (%) Uniform 8.8 8e12 [13]

a Standard deviation for normal distributions and range of values for uniform distributions.
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heat produced in the oxy-fuel boiler and recovered from the

methanation stage, hence the overall thermal efficiency of the

PtG process. These input variables are assumed to be normally

distributed. Moreover, the methane content in SNG is used as

a design target in the methanation stage and impacts the

thermodynamic performance of the PtG process, but to a

smaller extent compared to the efficiencies of the process

components. As this is a design target, it is assumed to have a

uniform distribution.

Although the PtGeoxy-fuel systemwas simulated in steady

state, partial load performance and different RES profiles can

be assumed to be accounted within the distribution functions

of the efficiencies in Table 1. In practice, the operating time

reported in Table 1, which stands for equivalent operating

hours at nominal load, will take place during a larger number

of hours at different partial loads. In a year-round operation,

the system would have an overall performance lower than the

nominal efficiency due to the partial load periods. Thus, those

values of lower efficiencies would describe operations with a

great number of operating hours at partial load, while the

higher efficiencies accounts for operations with a greater

number of operating hours at nominal load.

The economic performance of the PtG process is dependent

uponeconomic variables related to the cost of electricity and the

price of heat, which determine the operating expenditure and

revenue, respectively, capital investment, and the project char-

acteristics, including operating time, project lifetime and dis-

count rate. Most of these variables are assumed to have a

uniform distribution, with exception of specific capital invest-

ment and operating time for which normal distributions were

assumed.As theamountofSNGthat isconsumed intheoxy-fuel

boiler is the same that is later produced in the methanation

stage, both cost and revenue of SNG are considered to cancel

each other, and therefore not included as stochastic variables.

Stochastic response surface approximation model using
artificial neural network

As indicated above, the PtG process model developed in Aspen

Plus® cannot be directly used in the stochastic analysis, as it is

much more computationally demanding compared to the

economic model. This will lead to a high computational de-

mand in the Monte Carlo simulation. Therefore, the design

matrixwas generated using the Aspen Plus®model and used to
Please cite this article in press as: Bailera M, et al., Techno-economic
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develop a robust approximation model that comprehensively

maps the PtG process operating envelope. The design matrix

comprises of 64 entries of process input parameters required in

the techno-economic analysis that were generated from the

following variation of the stochastic process variables:

� Efficiency of the electrolyser was varied between 60 and

75%;

� Efficiency of the oxy-fuel boiler was varied between 80 and

95%;

� Methane content in the SNG was varied between 80 and

95%v.

To accurately represent the PtG process, ANN was devel-

oped using theMATLABNeural Network Fitting toolbox. In this

study, a two-layer feedforward ANN with ten sigmoid hidden

neurons and linear output neurons (Fig. 4) has been developed

based on the designmatrix generated usingAspen Plus® to link

the process inputs to the process model with the process in-

puts to the economic model. The number of hidden neurons

was selected to be higher than the number of the ANN output

parameters to ensure high accuracy. In addition, the input data

were randomly divided between training (70%), validation

(15%), and testing (15%) samples. The weights and bias in the

ANN have been optimised using the Levenberg-Marquardt

backpropagation algorithm with Bayesian regularisation, as it

is expected to result in good representation of nonlinear and

small datasets. The prediction of the ANN model was

compared with the PtG process model in Aspen Plus® and the

resulting discrepancy was found to be less than 1% for all

output parameters. Hence, it was regarded as capable of

accurately representing the design matrix and was used in the

stochastic techno-economic assessment (see Fig. 5).
Results of stochastic techno-economic feasibility
assessment

Thermodynamic performance

As indicated above, the key thermodynamic performance in-

dicators for the PtG process are mainly related to the storage ef-

ficiency, heat production efficiency, overall efficiency, and

avoided CO2 per unit of heat production. The stochastic analysis
feasibility of power to gaseoxy-fuel boiler hybrid system under
/doi.org/10.1016/j.ijhydene.2018.09.131
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Fig. 4 e Structure of the artificial neural network used to map the thermodynamic performance of the PtG process.

0

20

40

60

80

100

0

5

10

15

20

25

30

35

45 46 47 48 49 50 51 52 53 54 55 56 57
C

um
ul

at
iv

e 
pr

ob
ab

ili
ty

 (%
)

Pr
ob

ab
ili

ty
 d

en
si

ty
 (%

)

Storage efficiency (%)

Probability density Cumulative probability

Fig. 5 e Effect of uncertainty on storage efficiency.
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has revealed that the statistical distribution of all these thermo-

dynamic performance indicators is close to the normal distribu-

tion, what indicates a strong influence of the electrolyser and

boiler efficiencieson theperformanceof thePtGprocess, as these

input variables were represented using a normal distribution.

The storage efficiency, which characterises the amount of

electricity from RES stored in the form of chemical energy of

SNG, has been shown to fall between have the mean value of

50.2%, with the figures for the 5th and 95th percentile esti-

mated to be 47.7 and 52.8%. As the storage efficiency was

shown to be directly dependent upon the electrolyser effi-

ciency [7], which was assumed to have a standard deviation

of 2%, these results indicate the linear correlation between

these input and output variables. Therefore, it is important to

maintain high operating efficiency of the electrolyser

throughout the lifetime of the PtG process, to avoid degen-

erating its energy storage capabilities.

The main subsystems of the PtG process operate at a high

temperature, such as oxy-fuel boiler and methanators,
Please cite this article in press as: Bailera M, et al., Techno-economic
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enabling heat recovery for further utilisation and leading to an

increase in the overall efficiency of the PtG process. The sto-

chastic analysis indicated that the heat production efficiency

(Fig. 6a), which is directly related to the oxy-fuel boiler effi-

ciency that varied between 86 and 90%, varies significantly

between 41.8% (5th percentile) and 47.4% (95th percentile),

with themean value of 44.6%. This indicates that per each unit

of RES energy consumed by the PtG process, approximately

0.45 unit of heat will be produced in the oxy-fuel boiler, on

average. On the other hand, variation in the heat recovery

efficiency from the methanators was found not to vary to the

same extent as the heat production efficiency (Fig. 6b). The

stochastic analysis showed that under uncertain input, the

heat recovery efficiency varied between 11.5% and 13.5%, with

themean value equal to 12.4%. This can be directly associated

to relatively small variations in the methane content in SNG

that was assumed to vary uniformly between 85 and 95%vol.

The stochastic analysis (Fig. 6c) have also indicated that the

mean value of the overall efficiency of the PtG process under
feasibility of power to gaseoxy-fuel boiler hybrid system under
/doi.org/10.1016/j.ijhydene.2018.09.131

https://doi.org/10.1016/j.ijhydene.2018.09.131
https://doi.org/10.1016/j.ijhydene.2018.09.131


a)

b)

c)

0

20

40

60

80

100

0

5

10

15

20

25

30

35

38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 (%

)

Pr
ob

ab
ili

ty
 d

en
si

ty
 (%

)

Heat production efficiency (%)

Probability density Cumulative probability

0

20

40

60

80

100

0

5

10

15

20

25

30

35

11.0 11.5 12.0 12.5 13.0 13.5 14.0

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 (%

)

Pr
ob

ab
ili

ty
 d

en
si

ty
 (%

)

Heat recovery efficiency (%)

Probability density Cumulative probability

0

20

40

60

80

100

0

5

10

15

20

25

30

35

49 51 53 55 57 59 61 63 65 67

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 (%

)

Pr
ob

ab
ili

ty
 d

en
si

ty
 (%

)

Overall efficiency (%)

Probability density Cumulative probability

Fig. 6 e Effect of uncertainty on a) heat production, b) heat recovery, and c) overall efficiency of power-to-gas process.
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uncertain input will be 56.7%, and this key thermodynamic

performance indicator is likely to vary between 53.5 (5th

percentile) and 60.2% (95th percentile).

Overall, the stochastic analysis of the thermodynamic

performance have revealed that for each unit of electricity

consumed from RES, the PtG process will, on average, produce

0.502 units of chemical energy in SNG and 0.567 units of heat,

the latter of which stem from both oxy-fuel boiler (~78%) and

methanators (~22%). The total utilisation of electricity from

RES, which accounts for the chemical energy in SNG and heat

from methanators, would reach approximately 62.6%. It has
Please cite this article in press as: Bailera M, et al., Techno-economic
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been also shown that the uncertainty in the input variables do

not have a significant effect on the avoided CO2 per unit of

heat production (Fig. 7), as this was shown to vary between

0.22 (5th percentile) and 0.24 (5th percentile) tCO2/MWelh, with

the mean value of 0.23 tCO2/MWelh.

Economic performance

This study assumes that the revenue associated with the heat

sales must cover all operating and capital costs of the PtG

process over the lifetime of the project. The stochastic
feasibility of power to gaseoxy-fuel boiler hybrid system under
/doi.org/10.1016/j.ijhydene.2018.09.131
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analysis (Fig. 8a) indicated that under the economic condi-

tions specified in Table 1, the mean value of the discounted

cash flows will be �0.2 MV/MWel, with the figures for the 5th

and 95th percentile estimated to be �0.42 and 0.08 MV/MWel,

respectively. Importantly, the probability that the discounted
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cash flow is positive was estimated to be only 13.4%, under the

set of conditions provided in Table 1. As a result, the net

present value of the PtG process, which accounts for both

capital investment and discounted cash flow, was estimated

to have the mean value of �1.7 MV/MWel, and varied between
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ed cash flow and b) net present value.
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�2.0 (5th percentile) and �1.4 MV/MWel (95th percentile). This

indicates that the capital investment cannot be covered by the

revenue from the heat sales alone.

A wide deployment of the PtG process will reduce the need

for curtailment of RES, which is one of the key challenges for

the energy systems with high level of variable RES penetra-

tion. This is because the RES operators need to be paid to

reduce their power output to offset the loss in revenue [46].

Not only the PtG process has a potential to increase the uti-

lisation of RES, but also it could reduce the cost of electricity.

Therefore, the Governments need to provide incentives for

investment in such technologies, for example in the form of

subsidies, to make them more economically attractive. To

assess the extent to which the governmental support is

required to make the PtG process economically feasible, a

sensitivity analysis (Fig. 9) that assumed that the govern-

mental subsidy can vary between 0 and 120 V/MWthh, with

respect to the overall amount of heat available in the PtG

process, was performed.

The analysis revealed that the net present value can

become positive only for the subsidy of 80 V/MWthh, but with

the probability of 0.14%. The probability of the positive net

present value increases to 5.8% for the subsidy of 120

V/MWthh. Considering the mean value of the overall thermal

efficiency of the PtG process of 56.7%, this figure corresponds

to 68V/MWelh, with respect to the electricity consumed by PtG

process from RES. Such figure is close to the lower end of the

range reported for the average wind farm constraint pay-

ments that varied between 70 and 280 V/MWelh between 2010

and 2018 [47]. Therefore, if similar subsidies to the ones for the

wind operators become available, the PtG process could

become economically feasible in the current economic

environment.
Conclusions

One of the main challenges for the renewable energy devel-

opment is the management of the fluctuations in production

and how it is fitted with the demand requirements. For this

reason, energy storage is essential in the deployment of this

source of energy. Power-to-Gas (PtG) is a promising option of
Please cite this article in press as: Bailera M, et al., Techno-economic
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renewable energy storage that transforms energy surpluses

into other energy carriers as SNG and heat. For the quantifi-

cation of the energetic and economic variables of this system,

deterministic analyses have been used. Nevertheless, this

analysis does not take into account the uncertainty of the

input variables and is very sensitive to the selection of specific

assumptions.

This work has presented a novel stochastic approach for

the thermodynamic and economic analysis of PtGeoxy-fuel

under uncertainties of some input variables. In short, this

kind of hybrid process is a Power-to-Heat system, with the

advantages of a better storage functionality than Power-to-

Hydrogen and the possibility of using conventional equip-

ment for natural gas (cheaper equipment than for hydrogen,

less operational complexity and lighter safety measures). The

stochastic analysis has highlighted the stochastic results of

main energy and economic variables of the system. It has also

revealed that net present value and discounted cash flow are

affected by the uncertainty in the input variables to the pro-

cess and economic models.

The stochastic analysis of the thermodynamic perfor-

mance has shown that the PtG process reaches on average an

efficiency of 62.6% considering the RES energy input. Per each

unit of RES energy consumed by the PtG process, approxi-

mately 0.45 unit of heatwill be produced in the oxy-fuel boiler,

on average. These values are aligned well with the deter-

ministic results reported in the literature. Regarding the eco-

nomic performance, the mean value of the discounted cash

flows will be �0.2 MV/MWel, that is an unfeasible value. The

probability that the discounted cash flow is positive was

estimated to be only 13.4%, under the set of conditions

considered in the work. The net present value of the PtG

process has a mean value of �1.7 MV/MWel. As a conse-

quence, the capital investment cannot be covered by the

revenue and saves.

With these results, the governmental support is required to

make the PtG process economically feasible. The analysis

revealed that the net present value can become positivewith a

subsidy of 120 V/MWthh, but with the probability of 5.8%. This

figure corresponds to 68 V/MWelh, with respect to the elec-

tricity consumed by PtG process from RES, that is similar to

other technologies in the current economic environment. This
feasibility of power to gaseoxy-fuel boiler hybrid system under
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analysis would allow making more insightful decisions

regarding economic feasibility assessment and further fund-

ing and/or subsidies to the renewable energy.
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Nomenclature
Variables

C price, MV/MWh

h annual PtG process operating time, hours

i discount rate, e

LHV lower heating value, kJ/kg
_m mass flow, kg/s

N project lifetime, years
_Q heat production, kW

R0 capital investment per unit renewable electricity

input, MV/MWel

Rt net cash flow at year t, MV/MWel

t year, years
_W electricity consumption, kW

h efficiency with respect to the electricity input from

RES, e

Subscripts

1 heat production in boiler

2 heat recovery in methanation stage

Elec electrolyser

Production production of heat in the oxy-fuel boiler

Q sales of heat

RE purchase of renewable electricity

Recovery recovery of heat from the methanation process

SNG synthetic natural gas

Storage storage of electricity in the form of methane

Thermal overall thermal production
r e f e r e n c e s

[1] European Parliament. Directive 2009/28/EC of the European
Parliament and of the Council of 23 April 2009. 2009.

[2] European Commission. Proposal for a DIRECTIVE OF THE
EUROPEAN PARLIAMENT AND OF THE COUNCIL on the
promotion of the use of energy from renewable sources
(recast). 2016. COM/2016/0767 final - 2016/0382 (COD).
Please cite this article in press as: Bailera M, et al., Techno-economic
uncertainty, International Journal of Hydrogen Energy (2018), https:/
[3] Aneke M, Wang M. Energy storage technologies and real life
applications e a state of the art review. Appl Energy
2016;179:350e77. https://doi.org/10.1016/
j.apenergy.2016.06.097.

[4] Bailera M, Lisbona P. Energy storage in Spain: forecasting
electricity excess and assessment of power-to-gas potential
up to 2050. Energy 2018;143. https://doi.org/10.1016/
j.energy.2017.11.069.

[5] Lisbona P, Frate GF, Bailera M, Desideri U. Power-to-gas:
analysis of potential decarbonization of Spanish electrical
system in long-term prospective. Energy 2018;159:656e68.
https://doi.org/10.1016/j.energy.2018.06.115.

[6] G€otz M, Lefebvre J, M€ors F, McDaniel Koch A, Graf F, Bajohr S,
et al. Renewable power-to-gas: a technological and economic
review. Renew Energy 2016;85:1371e90.

[7] Bailera M, Lisbona P, Romeo LM. Power to gas-oxyfuel boiler
hybrid systems. Int J Hydrogen Energy 2015;40. https://
doi.org/10.1016/j.ijhydene.2015.06.074.

[8] Sterner M. Bioenergy and renewable power methane in
integrated 100% renewable energy systems. In: Limiting
global warming by transforming energy systems, vol. 14;
2009.

[9] Wall T, Liu Y, Spero C, Elliott L, Khare S, Rathnam R, et al. An
overview on oxyfuel coal combustion-State of the art
research and technology development. Chem Eng Res Des
2009;87:1003e16. https://doi.org/10.1016/j.cherd.2009.02.005.

[10] Hu Y, Li X, Li H, Yan J. Peak and off-peak operations of the air
separation unit in oxy-coal combustion power generation
systems. Appl Energy 2013;112:747e54. https://doi.org/
10.1016/j.apenergy.2012.12.001.

[11] Guilera J, Ramon Morante J, Andreu T. Economic viability of
SNG production from power and CO2. Energy Convers Manag
2018;162:218e24. https://doi.org/10.1016/
j.enconman.2018.02.037.
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