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Abstract

Climate targets set by international organizations require the implementation of innovative
technologies that ensure the decarbonization of energy sector. It may be partially achieved
through a large penetration of Renewable Energy Sources. Massive energy storage is essential to
handle excess electricity associated to RES and Power-to-Gas represents a promising option to
chemically convert electricity surplus into energy carriers that may attend demands substituting
fossil fuels. Aiming to avoid the influence of policies and market implications, this study
approaches the decarbonization of Spanish system through the analysis of technical potential of
RES. Several scenarios with different shares of RES are defined to cover a number of levels of
energy demand. First, required wind and photovoltaic power has been estimated together with the
required sizes of PtG to completely decarbonize electrical generation and industrial CHP. These
scenarios may be reached by installing RES capacities below the technical potential coupled with
PtG capacities between 80 and 90 GW. The stored energy amounts to 17% of total primary energy
consumption. Secondly, scenarios are modified to consider denuclearization of electrical system.
Required installed RES power still does not surpass the technical potential but become extremely

high and the economic feasibility should be further analysed.

Keywords. Power-to-gas, Energy storage, Spanish scenario, Synthetic Natural Gas

1. Introduction

The current European energy policy was established in 2009 through the European Renewable
Energy Directive (RED 2009/28/EC) [1], which sets a minimum of 20% of renewable share in
the European final energy consumption by 2020 and a 10% of renewable penetration in transport
sector. The Commission updated these figures on November 2016 with a new proposal to ensure

27% renewables in the final energy consumption in the EU by 2030 [2].
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Each country should fulfill individual targets adapted to their different resources and the features
of its own energy market. In the case of Spain, Spanish National Renewable Energy Action Plan
(NREAP) gathered the 2011-2020 road map to meet the requirements of the Renewable Energy
Directive. Spanish Royal Decree 661/2007 regulates electrical energy production under special
regimes and provided for the drafting of a Renewable Energy Plan for implementation during the

period 2011-2020 (REP 2011-2020) [3].

All Member States but the Netherlands showed an average 2013/2014 RES share equal or higher
than their corresponding indicative trajectory of the European Directive. In 2015, European RES
share was estimated to be around 16.4% of gross final energy consumption, while the Directive
had projected only 13.8%. Thus, Spain fulfilled its indicative European RED trajectory with a
RES share of 16.2% in 2014 and 15.6% in 2015 [4]. However, larger penetration of renewables
will be required in the next decades to achieve the global figure (20% in 2020 or 27% in 2030)
and further work must be done to increase the current 0.5% of biofuels penetration in transport

up to the Directive target [5].

The high shares of renewable sources in the electricity production system will lead to fluctuating
periods of surplus power that could limit the operational predictability and flexibility of the
electricity network [6] which will be only partially mitigated through Power to Heat and electrical
vehicle deployment [7,8]. Thus, energy storage technologies are imperative in future electricity
systems to manage renewable intermittent power. Current storage techniques (pumped
hydroelectric storage, compressed air energy storage, flywheels, electrochemical storage, thermal
energy storage) present limited storage potentials for large scale applications due special location
requirements, short storage periods, slow discharge times or low energy storage densities [6].
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 energy storage has been pointed out
in the last years as a very promising solution, which converts mixtures of renewable H, and CO»
into synthetic natural gas (SNG) [9]. This final energy carrier can be easily stored and distributed
through the existing gas grid and transformed into electricity or heat in conventional equipment

with high efficiency, durability and limited investment costs (Figure 1) [10].



64

65

66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81

Figure 1. Scheme of the energy system with PtG

The potential increase of installed capacity of non-dispatchable energy sources in Spain is
extremely high. Installed wind power in 2016 was 22.8 GW, while prospective studies established
a feasible installed capacity of 52.5 GW in 2030 [11] and a maximum potential in the country
between 332-393 GW [12-14]. Similarly, photovoltaic installed capacity in 2016 was around 4.4
GW, although several reports show there is room to install up to 66.5 GW [15]. Moreover, several
nuclear plants are near to finish their lifetime in Spain, so the nuclear debate is currently open.
Both situations clearly foster the idea of a Spanish electrical system mostly based on renewable
sources, thus promoting the decarbonization and the energetic independence. Emission factors of
Spanish electricity producers ranges from 0 to 360 gCO»/kWh in 2016 [16] with an average value
of the electrical mix of 306 gCO»/kWh in 2016 [17] which is still quite far from the targets of
specific emissions established for 2020 (207-218 gCO./kWh) [18]. Regarding the energy
dependence of the country, external dependency in 2016 represented 72.3% of gross primary

energy versus the average value in Europe set in 50% [19].

Therefore, the development of improved energy storage technologies is especially relevant to
exploit the greatest amount of the renewable potential in the country without introducing

instabilities in the future renewable electric system.
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The objective of this study is to quantify the renewable power and Power-to-Gas capacities
required to decarbonize and denuclearize the energy mix of the Spanish electricity system under
different energy scenarios. The technology used for electric power production varies in each

scenario to increase the decarbonization and denuclearization of the system.

2. Energy scenarios: Scope and limitations of the study

In literature, several studies quantify Power to Gas potential under future scenarios of national
energy systems in which RES installed capacity is high enough to frequently lead to electricity
surplus situations [20-23]. However, when these scenarios are tried to be foreseen, the strong
uncertainty coming from economics, regulatory policies and technology evolution leads to
disputable results. Thus, the attempt of defining an accurate estimation of future installed
capacities such as those annually predicted by international organizations [24] mainly based on
economic, political and technologic situation is discarded in this study, and a similar approach to

that followed by Guandalini ef al. [25] and Colbertaldo et al. [26] is applied instead.

Guandalini et al. looked for the upper technical limit of installed power for each non-dispatchable
technology since long-term energy systems will ideally make the most from their resources, and
therefore will tend to reach the maximum installation potential. Considering geographical and
climate constraints together with the development of the state of the art in technology, the
maximum reasonable power capacity for a given region may be estimated (Table 1) [12,13,15].
Wind and photovoltaic are those non-dispatchable technologies with larger growing potential and,
therefore, those considered to define the scenarios under study. The possibility of decarbonizing
and denuclearizing the Spanish electrical mix under different technological scenarios through the
penetration of massive wind and photovoltaic energy sources is assessed. Then, results of wind
and PV installed capacities are compared with the technical maximum as a measure of its

feasibility.

Table 1. Technical potential in Spain.from different studies

Technology Technical potential [GW] | References
392.95 [12]
Wind 340.00 [13]
151.00 — 332.00 [14]
Photovoltaic 66.51 [15]

Electric demand is assumed to keep constant and similar to the current situation. Although the
electrical demand has slightly grown in the last years in Spain (annual growth of 0.7% in 2016

and 1.2% in 2017 [27]), the trend in European countries is the conservation or slight decrease of
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demand as a consequence of energy efficiency improvements and limited economic growth. As
an example, total net electricity generation in the EU-28 in 2015 was 4.5 % lower than its relative
peak of 2008 [28]. Therefore, it must be kept in mind that the results obtained from this study will

be valid in case this assumption is fulfilled.

Thus, this study is conducted using the electric demand data and hourly distribution corresponding
to 2016 (last reported data by Spanish transmission system operator) which is considered the
reference year [17]. This demand is covered through a combination of base power (CHP and
nuclear power), non-dispatchable power (small hydroelectric, geothermal, concentrated solar,

wind and photovoltaic) and back-up technologies.

2.1 Current Spanish scenario and selected technical potential for wind and PV power

Firstly, current situation of the Spanish electrical mix must be analysed to better understand the
motivation and justification of some of the assumptions included in this analysis. The main
technologies included in the mix have been divided (i) base load (nuclear and cogeneration), (ii)
non-dispatchable RES (hydro, geothermal, concentrated solar, wind, photovoltaic) and (iii) back-

up technologies (fossil fuels and dispatchable technologies such as biomass power plants).

Regarding base power, there are not planned projects for increasing current nuclear capacity in
the mid-term (7.8 GW). The seven existing plants commissioned between 1983 and 1988
still participate in the energy market with capacity factors around 90%. All these plants
should shut down in the near future but given their high share in the energy mix they will
probably get granted with 10-year lifetime extensions by favorable reports from the

authorities [29,30]. Thus, we consider a constant nuclear power capacity in the study.

The decarbonization of industry also represents a hot topic in Europe and the implications of
changes in CHP for future EU electricity demand will be relevant [31]. CHP operates at full load
most of the time and cannot be regulated, since over 600 companies (mostly chemical, paper, and
food industries) produce 50% of CHP power production. Because of the 2008 financial crisis, the
production was slowed down, and therefore the Spanish CHP association expects that installed
capacity remains constant at 6.7 GW for the next years [32]. So, we consider that CHP installed
capacity, operating hours and distribution throughout the year keep unchanged from 2016 data.
This trend has been also checked with accumulated data in 2017 [17].

With regard to non-dispatchable technologies, hydropower is a well consolidated technology in
Spain with 20.6 GW of installed capacity. This value is already close to its maximum potential
estimated to be near 33 GW [33]. Large projects are not expected to occur in mid-term, while
forecast indicates a moderate increase of installed power by repowering existing plants or

powering irrigating dumps. Thus, hydropower may be considered constant in our scenarios.
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Geothermal resource is scarce in Spain and so do its share in the energy mix. Conservative
prospective studies account only for near 83 MW of new installation by 2020 [13], therefore we

may assume that geothermal capacity keeps constant in the mid-term also.

Regarding concentrated solar power, no new projects are expected since incentives have been cut.
So, even though the national renewable energy action plan (NREAP) envisaged CSP capacity of
5 GW by 2020 [34], we do not consider any growth in the installed capacity.

As stated, base load and part of non-dispatchable renewable technologies are not expected to
significantly grow and their contribution will be much less important in the share of electric
generation than wind or photovoltaic contribution. As a simplification, the decarbonization
process - and the potential denuclearization - of electricity production is assumed to be conducted
by increasing wind and photovoltaic installed power, since they represent the main renewable

sources in Spain and have the greatest growth potential (Table 1).

The maximum potential deployment of wind power in Spain has been valued between 151-393
GW [12-14]. The most reliable model was that developed in the framework of RESHAPE project
[12] which considers two main factors of influence in the estimation of available wind energy
potential: (i) the local wind regime influencing the energy yield of a turbine, and (ii) the land area
available for construction of wind turbines which determines the total available wind capacity
potential. Thus, the selected maximum potential considered in this study is 393 GW which is still

far from the current installed capacity of 22.5 GW.

When dealing with photovoltaic power, the estimation of the technical potential becomes quite
complex, since the available surface depends on many variables. A reduced number of
comprehensive studies have been published so far [13], from which the most reliable data are
those of IEA’s reports [15]. Based on the estimated available surfaces on buildings and ground

(617 km?), the technical potential results in about 66.51 GW of installed photovoltaic systems.

Finally, the back-up power required to cover electrical demand beyond base load and non-
dispatchable sources includes fossil conventional thermal plants (coal and gas) and renewable
energy sources such as biomass or biogas and waste. Current installed capacity of controllable
and adjustable back-up technologies rises up to 91 GW: 46 GW coal thermal plants, 39 GW
natural gas combined cycles, around 2.5 GW biomass and biogas facilities and 3.5 GW waste

facilities [27].

The increase of wind and photovoltaic power capacity aims to replace current fossil fuels-based
backup technologies (coal and natural gas, 85 GW), partially decarbonizing the energy mix. This

decarbonization is supported by the utilization of synthetic natural gas produced by means of
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Power to Gas facilities which absorb surplus electricity from non-dispatchable RES and manage

the availability of this energy later in time.

2.2 Proposed scenarios

After providing basic information on the electrical mix trends and situation, the three possible
scenarios that will be analyzed in this work are defined in the following paragraphs. The first
studied framework denoted as Scenario 1 (Table 2) quantifies the growth of wind and PV installed
capacity and the required Power-to-Gas capacity needed to completely decarbonize the backup
power system of Spain. The back-up technologies, Gas Turbines (GT) and Combined Cycles (CC)
required under this scenario are fed by synthetic fuel (H> or CH4) produced from the surplus

renewable electricity through PtG facilities.

In a second scenario (Scenario 2), decarbonization is extended to also cover the CHP technology.
Under this scenario, conventional CHP is considered to be fed by renewable synthetic fuel
generated by PtG. It is assumed that CHP technologies will present the same hourly production
patterns since they are associated to socioeconomic factors which are expected to remain constant.
Thus, the required increase of wind, photovoltaic and PtG capacities are quantified in order to
have enough available electricity excess to fulfill both backup and CHP’s fuel requirements. In
these two first scenarios, four cases are evaluated (Table 2). Each of these cases accounts for one

specific synthetic fuel and one single transformation technology.

A third scenario (Scenario 3) is analyzed, in which backup and CHP conventional technologies
are substituted by fuel cells fueled with H, from surplus renewable electricity. The growth of
Power-to-Gas technology will be significantly different from Scenario I and 2 given the greater
efficiency of the reconversion technology. Besides, the heat to electricity production ratio of fuel

cells highly differ from conventional CHP technologies.

Table 2. Scenarios under study to decarbonize the electrical Spanish system.

Scenario 1 Scenario 2 Scenario 3

Electrical demand

Reference year 2016 Constant demand & pattern | Constant demand & pattern Constant demand & pattern
Base load
CHP! ConvenFional Conventional Fuel Cell
based on fossil fuel based on PtG based on PtG
Nuclear? Conventional Conventional Conventional
Non-dispatchable
Wind Growing capacity Growing capacity Growing capacity
PV Growing capacity Growing capacity Growing capacity
CSP Constant capacity Constant capacity Constant capacity

Hydroelectric power

Constant capacity

Constant capacity

Constant capacity

Geothermal power

Constant capacity

Constant capacity

Constant capacity

Backup power (based on PtG)

GT based on H2 Case A Case A -
CCGT based on H2 Case B Case B -
GT based on CH4 Case C Case C -
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CCGT based on CH4 Case D Case D -
Fuel Cell based on H2 - - Case E
! The amount of heat provided by CHP is considered constant.

2Nuclear installed capacity and operation factor are considered constant.

Additionally, the study assesses the possibility of denuclearizing the energy system, under the
framework of these three scenarios. The energy produced by nuclear power would be replaced
also by wind, PV and renewable backup, so the required installed capacity drastically growth.

The closer to the technical upper limit, the more limited feasibility of deployment for each case.

3. Methodology of PtG capacity calculation

Once the target of each scenario and the conditions of the considered cases have been defined,
the steps which have been followed to obtain the results are presented in this section. Figure 2
illustrate the flowchart with initial data sources (elliptic boxes), the data management (rounded
boxes), the final calculated variable (square boxes) and the conditions for scenarios and cases

(rthomboid boxes).

The surplus electricity was defined and calculated for previous years with historical data.
Obtained values show similar requirements of back-up electricity and surplus energy for similar
installed capacities. Thus, the hourly distribution of the operation of different generation
technologies along the year leads to similar behaviors when the annual timeframe is considered.
This will be used to establish a reference hourly distribution pattern for wind and photovoltaic
technology which will be used in the estimation of surplus energy in future situations. Hourly
demand, base power production and CSP/hydroelectric/geothermal production are directly taken

from 2016 data.

Only wind and photovoltaic power are considered to grow in future scenarios to decarbonize the
system. So, first we calculate the wind and photovoltaic production by using the hourly
distribution derived from 2016 data and a given installed capacity. Then, the balance of the
electricity system is computed to estimate surplus electricity periods and back-up requirements at
every hour in prospective scenarios. The method used to derive the optimal PtG capacity for a

specific scenario is explained through the use of the duration curve of the surplus electricity.

Once PtG is sized, the stored energy is analysed to determine the potential to match deficiency
situations according to the selected scenario of decarbonization, back-up technology used, and
synthetic fuel produced. Whenever a mismatch exists, the wind and PV installed capacity are

modified (iterative calculations).
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Figure 2. Flowchart of the methodology used for calculation of PtG capacity under proposed scenarios

3.1. Balance of energy definition

The energy balance is defined in Eq. 1 to determine whether an electricity system with high
renewable sources penetration will require the operation of dispatchable electricity conventional

sources to complete the coverage of the demand or the operation of energy storage technologies.
BE; = Y. Enpt + X EpLe — D¢ (Eq.1)

This energy balance definition, BE;, compares the production from base-load energy sources,
Y. Epp ¢+, and non-dispatchable energy sources, ), Eyp ¢, with the hourly electrical demand, D;.
Between 2014 and 2016, annual Spanish electrical demand remained almost constant and ranged
243-249 TWh/year. The non-dispatchable sources will include different climate-dependent
technologies. To calculate the potential surplus of energy those technologies which are included
in the base load must be also considered. In Spain, the base load consists of electrical generation

from CHP which is related to industrial production following its own patterns and nuclear
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generation. Nuclear operates over 7200 hours per year providing an average of 22.2% of total

electricity production in 2016 [17].

The back-up power of the system will be required to complete the coverage of the electrical
demand whenever this variable takes a negative value, namely BE". The back-up technologies
include coal, gas and biomass or waste traditional thermal power plants. In those periods in which
base load and non-dispatchable generation surpass the total demand, the balance becomes positive
BE", and surplus electricity may be directed. Power to Gas is the only storage technology taken
into consideration in this study since its order of magnitude (GWh-scale) and the country-level
analysis leave apart from the discussion the low energy capacity equipment. Other large-scale
storage equipment, such as hydro pumping, are also out of the scope of the study since they have

mostly achieved their maximum capacity.

From data provided by Spanish Electrical Grid (Red Eléctrica Espaiiola) in its Transparency
Report [17] and the definition of energy balance from Eq. 1, the hourly energy balance has been
calculated for the three set of available data (2014. 2015 and 2016) to detect deviations. An
analysis of data between 2014 and 2016 [17] concluded that a statistical treatment cannot be
applied since most relevant information for our study which is related to the peak situations would
be eliminated. It can be seen in Table 3 that annual values of back-up requirement, |BE~|, and
excess electricity, BE*, present the same order of magnitude in the past years. Since energy
demand and production are influenced by several different factors, it is natural to observe a certain
degree of fluctuations, like those highlighted in Table 3. From this perspective could be very
challenging to predict the exact amount of required PtG capacity since the forecasting of the exact

RES production patterns for the forthcoming years is extremely difficult.

Current Spanish energy scenarios do not present surplus energy large enough to propose the
installation of PtG technologies as a solution to decarbonize any sector. The annual excess varies
from 160-560 GWh distributed along the whole territory with a peak power between 2.7-5.6 GW
[17]. These current figures do not make attractive the massive deployment of this technology, but
the energy system continuously evolves, and the future energy scenario is expected be extremely

different.

Table 3. Aggregated values of back-up requirements and surplus electricity in 2014, 2015 and 2016 (Spain).

IBE| BE

[TWhiy] [TWhiy]
2014 65,88 0,36
2015 81,92 0,16
2016 75,99 0,56

10
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In this work, potential scenarios with a higher penetration of RES which may make PtG attractive
will be defined by means of the procedure described in the following paragraphs. Once the
required variables are assumed or estimated under these new scenarios the surplus energy will be

calculated as described in this section, Equation 1.

3.2. Hourly distribution of non-dispatchable RES production
As shown in Figure 2, one of the first steps is the determination of the hourly distribution of wind
and photovoltaic sources. This distribution will be used in the calculation of their electricity

production along the year, E; ., in the different scenarios.

The hourly distribution of electric demand throughout the year, D, is considered to follow a
constant pattern. Also, constant patterns of climate-dependent renewable energy sources are
expected along the years. Therefore, the hourly distribution of wind or PV energy generation
along the year, E; ;, in future scenarios may be linearly scaled. In this study, the reference hourly
pattern is assumed the same than year 2016, and then the generation is scaled up following Eq. 2,

where C; is the proposed installed capacity of the model [25].
EQ
Ei,t = C_io . Ci (qu)

The E l-(,’t /C? factor represents the hourly pattern, i.e., the equivalent operating hours of technology
i, at time t, for a selected reference year. It is known that wind power production behaves as a
chaotic system, and therefore the instantaneous values of Ei(?t /C? highly differ from one year to
another. Nevertheless, the aggregated values of wind power production in previous years (2014,
2015 and 2016) presented in section 3.1 give similar global outputs when the whole year is
accounted. This assumption is essential to scale-up the hourly distribution along the year of RES
generation. Therefore, it is considered that 2016 pattern is representative and the distribution and

number of hours of operation have been calculated through equation 2, taking as reference year

2016.

This approach is only focused on photovoltaic and wind production. This analysis is based on
data of hourly production and load profiles available from transmission system operator websites,

ESIOS — Red Eléctrica Espafiola (Transparency reports, European Regulation 1228/2013) [17].

3.3. Variation parameters to modify installed non-dispatchable RES power

Besides the distribution of operating hours along the year (Ei?t /CY section 3.2), to estimate the
electricity production of wind and solar sources, E; ¢, their installed capacity in the analysed
scenarios, C;, must be addressed. Most of the existing studies are focused on market evolution

and affected by economic and regulation. However, a more global analysis of RES technical

potential should not take into account these aspects, but only limitations due to available resources

11
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and environment safeguard. A review of available data in literature considering the technical
potential is summarized in Table 2. From these studies, values considered as more reliable are
392.95 GW for wind power [12] and 66.51 GW for photovoltaic installed power [15]. These

figures are used in the following as maximum installed capacity.

To express the installed capacity of wind and photovoltaic under each scenario, two new variables

are defined, y, and y,., as presented in (Eq. 3):

_C,-C)
7W_C$ax—cg
0
LG
pv max 0
C v -C v
me (Eq. 3)

These equations compare the productive installed capacity considered in our study, C;, with

maximum achievable installed capacity, , and current productive capacity, C2. In this way,

cmax
L

the percentage of increase over the current installed capacity (reference year, 2016) with respect

to the maximum possible increase of installed capacity is defined. The modified capacity can now

be calculated from (Eq.3) as expressed in (Eq.4):

(CF% = C)Yw
Cp=10CS [1 + co
CH*~Cu)Ypv
Cpv = Cpy [1 + %} (Eq. 4)

3.4.Surplus energy estimation

The terms of (Eq.1), E; , correspond to existing values in the case of historical calculations. When
new scenarios are to be defined these terms must be estimated based on (i) existing values
(reference year) and on (ii) prospective installed power. As presented in section 3.2, current values
are used to define electric demand and the distribution of operating hours of non-dispatchable
technologies. Prospective installed power will be estimated depending on the specific case to

study as presented in section 3.3.

The installed power capacity of wind and photovoltaic sources in the scenario under study is
represented by C; and its value will be always below the technical potential. The model, through
Eq. 2, assumes a constant distribution of the equivalent operating hours for the technologies. The
reference value of installed capacity and the reference generation distribution are considered to

be those of 2016.

The negative values of energy balance will determine the requirements of back-up power capacity
in the system while the positive values of the surplus energy indicates the amount of annual energy

available for storage. As seen back-up power is not a priori defined in the model but calculated

12
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as hourly back-up amount of energy. In this study focused on the decarbonization of electricity
production, considered back-up technologies will be those fed by hydrogen or synthetic natural
gas from PtG and based in RES. For the sake of simplicity and given the small share of biomass
and biogas fed power plants, the back-up technology has been considered homogeneous for each

studied scenario: gas turbine thermal plants, combined cycles thermal plants and fuel cells.

The surplus energy may be stored as valuable fuel gas (hydrogen or synthetic natural gas) in the
natural gas grid and be used in the proper moment and location to provide electricity or to cover

thermal demand, Figure 1.

3.5. Duration curve and optimal PtG installed power

Once the hourly availability of surplus energy is determined through the calculation of BE; (Eq.1),
the optimal PtG capacity must be defined. To determine the recommended installed capacity of
PtG under each scenario the load duration curve is built and the PtG capacity will be obtained by

choosing a minimum number of 1000 operating hours in x-axis, Figure 3.
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Figure 3. Duration curve with the energy available for the PtG (medium grey) and the dumped energy (dark grey)

The hourly energy surplus (BE;") is sorted in descending order to obtain the duration curve. On
the duration curve, choosing the amount of hour at which the PtG must be able to work at full
capacity, the PtG nominal power to be installed can be calculated. As reported in Figure 3, the
choice of /,,m determines not only the PtG installed capacity, but also the amount of energy that
can be harvested (grey-shaded area) and the energy that has to be dumped (dark grey-shaded

area).

3.6. Renewable fuel production and back-up coverage calculation
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Once the PtG capacity is obtained from the duration curve of surplus energy, the amount of energy
stored as hydrogen or methane and the electricity produced from these synthetic renewable fuels
using three different technologies gas turbine cycles, combined cycles and fuel cells may be

calculated.

The amount of surplus energy stored as H» (Eq. 5) or CH4 (Eq. 6) can be calculated from the grey-
shaded area in Figure 3, by multiplying such area which corresponds to the electricity that can be

handled by the PtG system by the efficiency of electrolysers and the efficiency of methanation

process.
H
Estz = (CPtG " hpom + Z‘?Z?l?mm BEL:F) *MH, (Eq.5)
CH. H
E,™* = Eg? *Ncn, (Eq.6)

The energy available to storage is calculated through the installed PtG capacity, the hours
operating at nominal load and the positive values of surplus energy. In this study, alkaline
electrolyzer with efficiencies around 70% are considered [35] and the average efficiency of
methanation process found in literature is 80% [9,36,37]. Depending on the case of study (Table
2), (Eq. 5) or (Eq. 6) should be used.

3.7.Determination of RES installed capacities

Calculations presented in sections 3.2 to 3.6 are carried out for several production mix
combinations where wind and photovoltaic power are gradually increased as described through
equations (Eq. 3) and (Eq. 4). However, the target of the study is the determination of the new
installed capacity of wind and photovoltaic power required to fulfil the conditions established for
each scenario: (i) coverage of back-up by conventional technologies, (ii) coverage of back-up and

CHP by conventional technologies and (iii) coverage of back-up and CHP by fuel cell technology.
Scenario 1

The target in Scenario 1 (SCI) is to assess the amount of photovoltaic and wind power additional
capacity that must be installed to cover the demand that is not instantaneously covered by based
load and non-dispatchable RES technologies without resorting to traditional fossil-fuel plants.
Negative values of energy balance, BE™, show these periods in which electrical demand is not

covered by base load and non-dispatchable RES.

A new variable, which discriminate whether the decarbonation condition defined for each
scenario is fulfilled or not, is defined through equation (Eq. 7).

_ pluel _ E28°|BEL |

fuel
; |sc1 st nj

(Eq.7)
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This variable will provide different results depending on the gaseous synthetic fuel considered
(fuel: Ha or CHs) and the technology chosen to convert the gas fuel back into electricity (j: GT or
CCGT).

When @ is equal to zero in Scenario 1, the energy stored as synthetic fuel is able to perfectly
cover on an annual basis the electrical back-up needs of the system. Conversely, negative values
of @ indicate that the chosen combination of wind and photovoltaic installed capacities does not
originate a suitable surplus energy pattern and a PtG capacity which are able to make the back-up
system independent from conventional production plants. Finally, the situations in which positive
values @ are found correspond to those in which the RES production, jointly with the PtG, stores

more energy than the needed to cover back-up power.
Scenario 2

The target in this scenario (SC2) is to define the installed capacities of wind and photovoltaic
power required to completely decarbonize the electrical mix. Synthetic fuel produced by PtG from
surplus energy will be used to cover the back-up requirements and the CHP power installed in the

country.

Thus, the only difference in the calculation of @ for this second scenario will be the consideration
of CHP installed capacity which is assumed to remain constant in future situations. Since chemical
energy that power the CHP will be taken from the energy stored by the PtG as hydrogen or
methane, the equation (Eq.7) must be modified as follows (Eq.8):

8760 | pp— 8760
uel _ pfuel =1 |BE¢ | Xi=1 EcHp
¢{ =Ey - ( + CHP (Eq. 8)
sc2 n; Mel

The used fuel can be either H or CH4 and the used technology to reconvert gas fuel into electricity
can be gas turbine or combined cycle. The interpretation of the values obtained for @ is the same

presented in the previous subsection.
Scenario 3

The target in Scenario 3 (SC3) is the same of SC2; to cover back-up generation and CHP electric
production without fossil-fuels. Therefore, the criteria and equation used to determine the
installed capacity of wind and photovoltaic (Eq. 8) to cover both back-up and CHP with renewable
synthetic gas.

The difference resides in the technologies used to generate back the electricity. Scenario 3
considers that fuel cell technologies are used in both back-up technologies and CHP. In the case
of back-up fuel cells technologies, this modification affects to the second term in equation (Eq.

8) through the efficiency in the denominator. The value of conversion efficiency of fuel cell
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systems is accounted to be 0.6 which is slightly lower than nominal values to consider the effect

of part load operation.

With regard to fuel cell technology applied to CHP, the amount of thermal energy produced is
kept constant while the electric and thermal efficiencies differ from conventional technologies.
The new CHP electric production (high temperature fuel cell) will be related to the old values
(conventional technologies) to maintain the same annual trend, following the equation (Eq. 9).
This EZG¢ should replace the previous energy production of CHP in the balance of energy (Eq.

1), which is accounted in the base load term.

Enew Eald ;t)l _el
CHP CHP* L J ’ L J
;el old ;l‘l new (Eq. 9)

4, Results and discussion.

Once presented the methodology to calculate those variable that determines the availability of
energy surplus and the optimal PtG capacity to be installed, results may be obtained for each

scenario and discussed.
4.1.Scenario 1: Back-up coverage through conventional power technologies

As described in section 2.2, under Scenario I the energy stored from PtG facilities will be used
to cover the electrical load provided by back-up technologies. Therefore, the traditionally fossil-
fuel fed back-up technologies are substituted by dispatchable energy technologies fed by
renewable synthetic fuel gas. These dispatchable technologies will be gas turbine cycles and

combined cycles fed by hydrogen or methane from PtG.

The results related to the PtG capacity, the energy stored as H, and the energy that cannot be
harvested by the installed PtG capacity for different situations of installed capacities of wind and
photovoltaic power are mapped in Figure 4. The situations analysed under this scenario varies
from current situation in Spain (2016 as reference year) with regard to wind and photovoltaic
installed power which corresponds to the values at point (0, 0) to an increase of the presence of
both technologies up to a 50% of the theoretically maximum, point (0.5, 0.5). As stated in section
1, current wind and photovoltaic installed power in Spain are 22.8 GW and 4.4 GW while the
maximum installed power considered in Figure 4 are 157.87 GW and 35.45 GW, respectively.

The PtG installed capacity varies from 0.4 GW under current situation (0, 0) where energy
surpluses are rarely found in the electric market as pointed out in Table 1 to 82.4 GW under the
energy mix with the highest wind and photovoltaic penetration. These values are obtained from

the duration curve built for each (x, y) energy mix situation.
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The annual amount of energy stored as hydrogen calculated through (Eq. 5) ranges from 0 TWh
to 242 TWh which corresponds to near a 17% of the total primary energy consumed in the country

in 2016 [38].

Figure 4. (a) PtG capacity [GW]; (b) Energy stored as H> [TWh]; (c) Dumped energy [TWh].

Although energy stored as CH4 is not presented, it can easily be calculated from the trends
reported in Figure 4 (b) by multiplying by the efficiency of the methanation process as indicated
in Eq. 6.

Part of the surplus energy will be lost due to the chosen size of the PtG system which will may
not be able to absorb some of the production peaks. As an example, while chosen PtG capacity in
the most extreme RES penetration situation is 82.4 GW, the maximum available power may reach
152 GW. This value lead to an annual energy availability up to 101.6 TWh (7% of the primary
energy consumed in Spain in 2016) which could not be processed by PtG installed capacity. This
energy could be stored by means of other storage technologies depending on the amount and

hourly distribution.

The main target of this study is to find out the coverage of electrical demand by means of
renewable energy which might be chemically stored through PtG systems and later used to
generate electricity through conventional cycles but using a decarbonized fuel. The stored fuel
presented in Figure 4 (b) can be reconverted back into electric energy to cover the back-up
necessities by means of several technologies such as gas turbines, combined cycles and, only for

hydrogen, fuel cells.

The conversion efficiency for the gas turbine cycles is assumed to be equal to 0.3, while in the
case of combined cycles the value is 0.5. These efficiencies are lower than the generally accepted
nominal values to consider the effect of part load functioning. While the use of gas turbine and
combined cycles promotes an integration between the current productive fleet (24.91 GW current
installed capacity of combined cycles in Spain [27]), to massively use fuel cell technologies would
require a deep overhaul of the productive system. Thus, this last case (case E) will be analysed

separately under Scenario 3.

17



484
485
486
487
488
489
490

491
492

493
494
495
496
497

498

499
500
501
502

503
504
505
506
507

The results related with values of @ are reported in Figure 5. Four combinations of stored
synthetic fuel and electricity generation technology are presented (a) @ for hydrogen and gas
turbine cycles; (b) @ for hydrogen and combined cycles; (c) @ for methane and gas turbine cycles;
(d) @ for methane and combined cycles. From these results, back-up technologies required to
cover electrical demand will be completely decarbonized by means of synthetic fuel generated
through PtG technologies in the ranges of 4.4-35.45 GW of photovoltaic and 39-76.8 GW of wind

power.

Figure 5. (a) @ for H2 and GT; (b) @ for H2 and CCGT; (c) @ for CHs and GT; (d) ® for CHs and CCGT.

The most favourable combination corresponds to the storage as hydrogen and the use of combined
cycles in the electricity generation, while the most penalized combination from an energetic point
of view corresponds to the storage as methane and the use of gas turbine cycles as electricity
production technology. In general, the effect of increased efficiency of combined cycles compared

to gas turbines and the penalty of CH4 production are observed in Figure 5.

4.2.Scenario 2: Back-up and CHP coverage through conventional power technologies.

The target established in Scenario 2 is to cover electricity from back-up and CHP technologies
using the renewable synthetic gaseous fuel produced through PtG facilities. It can be assumed
that average electric and thermal efficiencies of CHP correspond to current values in the CHP

technologies of the country.

Using CHP electricity production data of the Spanish market between 2012-2016 [17], the
average electric efficiency of CHP in Spain is calculated to be 0.33, while the thermal efficiency
is around 0.47. If those figures remain unchanged, so does the ratio between thermal and electric
CHP production. This fact is highly relevant since the operation of CHP systems follows the

thermal requirements of the end users and while the electric output is regulated consequently.
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Analogously to the previous scenario, the results obtained for @ under Scenario 2 are reported in
Figure 6 for methane and hydrogen, and for the technologies gas turbine and combined cycle. It
is worth noting that these technologies are those used for the re-conversion of the fuel into
electricity when the PtG provides the electric storage service. They are not the technologies used
for the CHP, which, at this stage of the study, are characterized only by average electric and

thermal efficiencies.

Electricity back-up generation and conventional CHP technologies will be completely
decarbonized in the Spanish energy mix by means of using synthetic fuel generated through PtG
technologies when photovoltaic and wind power capacities increase in the country up to the

ranges of 4.4-35.45 GW and 71.4-109.2 GW, respectively.

Figure 6. Case with the CHP which is powered by PtG-produced fuels (a) @ for H> and GT for the electric storage;
(b) @ for H> and CCGT for the electric storage; (c) @ for CHs+ and GT for the electric storage; (d) @ for CHs and
CCGT for the electric storage.

Again, the situation with the lowest energy penalty corresponds to the storage as hydrogen and
the use of combined cycles in the electricity generation, while the most penalized combination
comes from the storage of methane and its conversion into electricity in gas turbine cycles.
Prospective studies point out that these values of photovoltaic installed capacity could be reached
in the country [12] while required wind installed capacities are far beyond the figures estimated

in these studies [11] .

4.3.Scenario 3: Back-up and CHP coverage with FC technologies.

Scenario 3 introduces the possible modification of electricity generation technology to a more
efficient one such as high temperature fuel cells. This technology will be applied to (i) only back-
up technology and (ii) both back-up and CHP technology. Therefore, given the technology
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considered in this scenario, only hydrogen is accounted as possible synthetic gaseous fuel

generated by PtG.

The high temperature fuel cells used in CHP characterized by an electric efficiency equal to 0.6
and a thermal efficiency equal to 0.2. Since these efficiencies are different from the current ones,
being equal the produced thermal energy, the CHP electric production must be re-scaled. CHP
electric production pattern is considered to remain unchanged, but the size of the power produced
in each hour is calculated using equation (Eq. 9). The new electric efficiency of CHP technology
modifies the production data, thus, for the same values of y,, and y,,, a PtG capacity different from

Scenarios 1 and 2 is expected. Apart from this, the workflow of this case is the same.

In Figure 7, results related with the PtG capacity, the amount of energy stored as H», the values

assumed by @ with or without considering the quota of fuel needed to power the CHP are reported.

Figure 7. (a) PtG capacity [GW]; (b) Energy stored as H> [TWh]; (c) ® for H2 and FC, without considering the CHP
energy requirements, (d) @ for H> and FC considering the CHP energy requirements.

PtG installed capacities obtained in Scenario 3 vary from 6.9 GW for current installed capacities
of wind and photovoltaic power to 91.4 GW to the highest non-dispatchable installed capacities
considered in the calculations, (0.5, 0.5). When comparing Figure 7 (a) and 4 (a), it is clear that
the effects of the increased CHP electric production strongly influences the optimal PtG installed
capacity for low values of y, and y,. Higher wind and photovoltaic installed capacities

overshadow the CHP production.

Figure 7 (b) indicates that the annual chemical energy stored in the form of hydrogen could vary
between 13.5 and 298.3 TWh which represent up to 20.7 % of the annual primary energy
consumption in the country. Furthermore, comparing Figure 7 (b) and 7 (c) it becomes clear that

the system does not need any electric storage service to decarbonize the participation of back-up
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technologies. In fact, the stored energy and @ are equal what means that there is no residual load
to be covered by back-up technologies even for current RES installed capacities; i.e. the increased

CHP production is enough to cover the electric demand also for low values of y,, and y,,.

In Scenario 3, the whole amount of fuel produced from PtG is used to power the CHP facilities.
To totally cover the CHP demand without hydrogen supplied from abroad, the quota of installed
RES must be pretty high, as showed in Figure 7 (d). RES combinations that fulfil the condition
established in Scenario 3 ranges between (i) 4.4 GW of photovoltaic power and 114.6 GW of
wind power and (ii) 35.45 GW photovoltaic power and 93.0 GW of wind power.

4.4. Potential denuclearization of the energy mix under SC1, SC2 and SC3

This section summarizes the results obtained when the previously described scenarios introduce
a modification in the electricity production data: not considering the contribution of the nuclear
plants. The trends illustrated in Figure 8 are similar to those reported in Figure 4, but the values
are systematically decreased because the duration curve is lowered by the absence of nuclear
production. Installed PtG capacity estimated to better manage surplus situations varies up to 76.2
GW for the highest RES penetration analyzed in the study while for non-denuclearized SC/ and
SC2 was calculated in 82.4 GW.

Figure 8. (a) PtG capacity [GW]; (b) Energy stored as H> [TWh]; (c) Energy dumped [TWh].

Under the denuclearized scenario, the annual amount of energy stored as hydrogen calculated
through (Eq. 5) ranges from 0 TWh to 204.6 TWh which corresponds to approximately a 14% of
the total primary energy consumed in the country. The amount of surplus energy which cannot be
handled by the installed PtG capacity along the year is 96.4 TWh. This amount should be stored

by means of a different storage technology.

Analogous consideration can be deduced from Figure 5 and Figure 9. The trends are similar but
the values of y,, and y,, which make @ equal to zero are much higher than those reported for SC/.

Therefore, while retaining the current fossil-fueled CHP facilities, it would be possible to cover
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the annual electrical demand after removing the nuclear energy from the Spanish energy mix, by
installing additional wind and photovoltaic power and applying PtG as electric storage. The share
of installed RES which fulfil this condition is rather high and its economic feasibility should be
analyzed. If methane is accounted as energy vector, the installed capacities of wind which fulfil
the SCI conditions ranges between 76.4 and 130.1 GW, for 66.5 and 4.4 GW of photovoltaic

power, respectively.

Figure 9. (a) @ for H2 and GT; (b) @ for H2 and CCGT; (c) ® for CH4 and GT; (d) ® for CH4 and CCGT.

Figure 10 reports the results of denuclearized Scenario 2 in which the CHP is powered by the fuel
produced by the PtG. Again it would be still possible to fulfil the energy requirements of the
electric system with the adequate combination of wind, photovoltaic and PtG installed capacities.
Though, the RES capacity required is extremely high. In fact, for ., equal to 0.35 and y,. equal to
0.25 (one of the cases which satisfy the condition @ = 0 for H; as stored fuel and CCGT as
electricity conversion technology) the installed capacity of photovoltaic and wind is
approximately equal to 154 GW, against a demand peak in the 2016 of around 40 GW. It is
therefore clear that the system would need to be greatly oversized when the electricity production

is entrusted only to RES.
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Figure 10. (a) @ for H2 and GT for the electric storage; (b) ® for H2 and CCGT for the electric storage; (c) @ for
CH4 and GT for the electric storage; (d) @ for CH4 and CCGT for the electric storage. Case with the CHP which is
powered by PtG-produced fuels.

Lastly, the results for a denuclearized Scenario 3 are reported in Figure 11. Under SC3, the energy
was only stored as hydrogen later converted into electric energy by means of fuel cells to cover
both types of demands: back-up technologies and CHP production. The PtG installed capacity
obtained following the proposed methodology is 84.6 GW (7 GW lower than the option which

include nuclear production).

Figure 11. (a) PtG capacity [GW]; (b) Energy stored as H2 [TWh]; (c) @ for H2 and FC for the electric storage,
without considering the CHP energy requirements; (d) ®@ for H2 and FC for the electric storage, considering the
CHP energy requirements.

The main difference with the case that includes nuclear production (SC3) relies in the increase of

CHP electric production. Given the modification of the ratio between the electric and thermal
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efficiency in CHP systems, the annual stored energy and @ (calculated without considering the
CHP energy requirements) are not equal anymore. This behavior corresponds to negative values

of BE, (requirement of back-up technology) during the year.

In analogy with the previous cases, when fuel required by the CHP is considered into the @
calculation (Figure 11 (d)), the values of y,, and y,, required to cover the electric demand of the
system by means of RES and PtG installed capacities, are pretty high. The increase in CHP
production affects the duration curve shape, thus, this case is not the most burdensome from the

load coverage point of view.

A detailed economic analysis to assess the levelized cost of electricity of variable renewable [39]
under each of the proposed scenarios will complete the information required to understand which
scenario is more reliable to be implemented in order to manage high wind and photovoltaic energy
penetration in the Spanish electrical system. However, a thorough economic analysis of the
proposed scenarios is beyond the scope of the study whose objective is the assessment of the

technical feasibility.

5. Conclusions.

This study estimates the required installed power of wind, photovoltaic and PtG in Spain to
decarbonize the electric system in the mid-large term. The analysis uses the maximum technical

potential of installing new wind and PV power capacity as a measure of the feasibility of results.

The used methodology combines the definition of the balance of energy at time ¢, BE,, which
shows the surplus energy situations (positive values) as well as the back-up requirements
(negative values) every hour. This allows to properly size the PtG capacity by maximizing the
amount of stored electricity at nominal load in the duration curve. Then, the whole system is
solved by iterative calculations that make match the negative values of BE,, with the recoverable
electricity from the stored synthetic fuels, by modifying the installed capacity of wind and PV in

each iteration.

Three scenarios are defined to reach different levels of decarbonization in the electricity system:
(1) decarbonize only back-up technologies in electric generation, (ii) to additionally decarbonize
industrial CHP in the country without replacing current CHP technologies and (iii) to decarbonize
both back-up and CHP by considering fuel cells supplied with renewable H, as implemented
technology. All these scenarios may be covered by installing RES capacities below the technical
potential estimated for the country. Installed PtG capacities between 80 and 90 GW will be
required depending on the expected conditions of electrical coverage. This system allows to store
an amount of surplus energy which is equivalent to 17% of total primary energy consumption in

the country.
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Finally, a potential denuclearization is approached. The same scenarios are studied without

accounting for nuclear power in the electrical generation system. The technical potential of wind

and photovoltaic power capacity to fulfil this condition is not surpassed but the required capacities

are extremely high and the economic feasibility of such system should be further analyzed.

Nomenclature

Ci Installed capacity of technology i
E;, Electricity generated by technology i at hour ¢
D, Electrical demand at hour ¢
Rnom Number of hours working at nominal load
SE, Surplus energy at hour ¢
N2 Efficiency of electrolyzer
NcH4 Efficiency of methanation process
ner Thermal efficiency of gas turbine cycle
nccer  Thermal efficiency of combined cycle
nrc Efficiency of fuel cell system
Vi Percentage of increased installed capacity of wind power
Vov Percentage of increased installed capacity of PV power
@ Difference between stored energy and required stored
energy
Subscripts
PtG Power to Gas
PV Photovoltaic power
st stored
w Wind power
Acronyms
BL Base load
CAES Compressed air energy storage
CC Combined cycle
CHP Combined heat and power
ECS Electrochemical storage
FC Fuel cell
FES Flywheels energy storage
GT Gas turbine
HES Hydrogen energy storage
ND Non-dispatchable
PHS Pumped hydroelectric storage
PtG Power-to-Gas

[TWh]
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RED Renewable energy directive
RES Renewable energy sources

TES Thermal energy storage
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