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7 Abstract

8 The suitability of existing sources of CO2 in a region (Ireland) for use in power to gas systems was 

9 determined using multi criteria decision analysis. The main sources of CO2 were from the 

10 combustion of fossil fuels, cement production, alcohol production, and wastewater treatment 

11 plants. The criteria used to assess the suitability of CO2 sources were: annual quantity of CO2 

12 emitted; concentration of CO2 in the gas; CO2 source; distance to the electricity network; and 

13 distance to the gas network. The most suitable sources of CO2 were found to be distilleries, and 

14 wastewater treatment plants with anaerobic digesters. The most suitable source of CO2, a large 

15 distillery, could be used to convert 461GWh/a of electricity into 258GWh/a of methane. The total 

16 electricity requirement of this system is larger than the 348GWh of renewable electricity dispatched 

17 down in Ireland in 2015. This could allow for the conversion of electricity that would be curtailed 

18 into a valuable energy vector. The resulting methane could fuel 729 compressed natural gas fuelled 

19 buses per annum. Synergies in integrating power to gas at a wastewater treatment plant include use 

20 of oxygen in the wastewater treatment process.

21
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27 1 Introduction 

28 The 2020 climate and energy package aims to achieve by 2020: a reduction in greenhouse gas 

29 emissions of 20% compared to 1990 levels [1]; a supply of 20% of energy consumed in the EU from 

30 renewables [1]; and a 20% increase in energy efficiency [2]. In Ireland, the target for renewable 

31 energy by 2020 as a share of gross final consumption (GFC) is 16% [1]. This is to be achieved through 

32 a renewable energy supply in electricity (RES-E) of 40% of GFC, a renewable energy supply in 

33 transport (RES-T) of 10% of total final consumption (in line with Directive 2009/28/EC [1]), and a 

34 renewable energy supply in heat (RES-H) of 12% of total final consumption.

35 In 2015, Ireland’s RES-E was 25.3%, with 84% of all of the renewable electricity generated by wind 

36 turbines [3]. The intermittent nature of the renewable energy generated in the Irish electricity 

37 system presents difficulties in matching supply with demand. The permitted quantity of non-

38 synchronous variable renewable generation is governed by the system non-synchronous penetration 

39 (SNSP) metric as calculated as in Equation 1.

40

41 Equation 1: Calculation of system non-synchronous penetration

42 𝑆𝑁𝑆𝑃 =
𝑊𝑖𝑛𝑑 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐻𝑖𝑔ℎ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝐶 𝐼𝑚𝑝𝑜𝑟𝑡𝑠
𝑆𝑦𝑠𝑡𝑒𝑚 𝐷𝑒𝑚𝑎𝑛𝑑 + 𝐻𝑖𝑔ℎ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝐶 𝐸𝑥𝑝𝑜𝑟𝑡𝑠

43

44 When SNSP limits are reached the output of wind farms must be reduced, also termed as being 

45 “dispatched down”. In 2015, ca. 348GWh was dispatched down, approximately 5% of the total wind 

46 generation in Ireland [4]. 

47 Increased limits for SNSP would result in a lower quantity of electricity being dispatched down, as a 

48 greater portion of system demand could be met by wind generation. Alternatively, increasing system 

49 demand for a given quantity of wind generation would reduce the instantaneous SNSP. Efforts to 

50 increase the SNSP limit in Ireland from 50% are underway with an expected SNSP limit of 75% to be 

51 achieved [5] by 2020; despite this, a certain amount of curtailment will occur, with estimates at 7% 

52 of total electricity generation from wind turbines [6]. 
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53 A number of potential pathways for the use of excess renewable electricity have been proposed 

54 which include: use as source of energy and a reducing agent in the steel manufacturing industry [7], 

55 use in coal to liquid facilities to produce methane gas [8], and production of hydrogen and injection 

56 into the natural gas network [9].  Issues with integrating high levels of variable renewable electricity 

57 generation, and deploying power to gas (PtG) systems as a potential storage solution for surplus 

58 electricity have been discussed in several countries [10–15]. PtG (in this case power to methane) is 

59 the conversion of electrical energy into hydrogen (H2) via electrolysis, followed by the conversion of 

60 this H2 and carbon dioxide (CO2) to methane (CH4) via a Sabatier process (4H2 + CO2→ CH4 + 2H2O). 

61 While the conversion of electrical energy to CH4 is a less efficient process than utilising the H2 

62 directly, CH4 can be injected into the existing natural gas infrastructure. This allows for easier 

63 transportation, distribution, and use of the resulting energy vector.

64 In investigating PtG systems, prior work by Schneider and Kotter [15] identified sources of CO2 which 

65 were in close proximity to the gas network and renewable electricity generators in Germany. A 

66 similar assessment was conducted for Austria by Reiter and Lindorfer [16]. However, neither study 

67 identified the most suitable sites for PtG facilities. Furthermore, the total potential use of electricity 

68 in PtG systems was not compared to the quantity of electricity dispatched down in either region. 

69 Ahern et al. [17] assessed the potential PtG resource in Ireland based on the theoretically available 

70 biogas resource. No assessment of the resource of PtG from existing CO2 sources in Ireland was 

71 conducted.

72 The innovation in this work is associated with meeting the objectives of the paper, which are:

73  To assess the suitability of existing sources of CO2 for use in a PtG system in a region with a 

74 high level of installed wind capacity, in this case Ireland;

75  Determine the energy resource of the most suitable CO2 sources (in terms of CH4 produced) 

76 and estimate the electrical energy required by the PtG systems; 

77  Compare the energy resource to natural gas demand and energy used in transportation;



ACCEPTED MANUSCRIPT

4

78  Outline potential configurations for the integration of power to gas facilities with the 

79 identified CO2 sources. 

80

81 2 Methods

82 2.1 Analysis criteria

83 The methodology used to assess the suitability of CO2 sources for use in PtG systems was the Multi 

84 Criteria Decision Analysis (MCDA) method [18]. The MCDA method determines the suitability (Si) of a 

85 given source of CO2 (i) based on the score (xi,j) that a given source of CO2 achieves for a number of 

86 criteria (j=1→M). The relative importance of each criterion can also be accounted for in the MCDA 

87 method by the application of weightings (wj) to each. In this assessment each criterion was assigned 

88 an equal weighting, in the same manner as that applied by Smyth et al. [19] in assessing the 

89 biomethane potential of regions in Ireland. The suitability of a given CO2 source was calculated using 

90 Equation 2.

91

92 Equation 2: Calculation of CO2 Source Suitability

93 𝑆𝑖 =

( 𝑀

∑
𝑗 = 1

𝑥𝑖,𝑗 ∗ 𝑤𝑗)
𝑀

94 Five criteria were selected to determine the suitability of CO2 sources for PtG: total annual quantity 

95 of CO2 produced (mCO2); volumetric concentration of CO2 in the gas stream (CCO2); biological or fossil 

96 production of CO2 (PCO2); distance to the electricity network (DElec
CO2); and distance to the gas 

97 transmission network (DGas
CO2). The scoring system was on a scale of 1 to 10, with 1 being the least 

98 suitable and 10 the most. The range of values for each criterion was divided into 10 equal segments 

99 with the exception of biological or fossil production of CO2 in which biological production was 

100 assigned a value of 10 and fossil production of CO2 was assigned a value of 1 (elaborated upon in 

101 Section 2.3).
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102

103 2.2 Annual quantity of CO2 produced

104 2.2.1 Energy related CO2 production

105 Annual energy related CO2 production from the combustion of fuels for 76 of the largest emitters of 

106 CO2 in Ireland, registered in the Emission Trading System (ETS), was obtained from annual 

107 environmental reports (AERs) from the Environmental Protection Agency (EPA) for 2015 [20]. Each 

108 facility had an installed thermal capacity in excess of 20MW. The activity class of each source was 

109 identified; the number of facilities in each activity class and the total CO2 emissions per activity class 

110 can be seen in Table 1. The total annual emission of energy related CO2 from each potential source 

111 was compared to the ETS licence for each site [21], to ensure that the figures were consistent. 

112

113 Table 1 Industrial Sources of CO2

Activity Class Number of Facilities Energy Related CO2 emissions (t/a)
Brewinga 1 56,020
Cement Production 6 2,369,507
Confectionary 2 4,555
Dairy Processing 16 479,733
Distillinga 1 37,866
Meat Processing 7 34,288
Medical Devices 1 7,465
Mineral Extraction 2 216,295
Oil Refining 1 279,270
Pharmaceuticals 17 174,203
Power Generation 18 11,099,006
Processor Manufacturing 1 28,429
Wood Processing 3 7,510

114 a Emissions of energy related CO2  from brewing and distilling in this instance are from the combustion of fuel onsite for 
115 energy production and do not include CO2 emissions from the fermentation process 
116

117 2.2.2 Alcohol production industry

118 Three large breweries and three large distilleries were identified as sites with high purity CO2 

119 generated in the production of alcohol. The three breweries were disregarded due to the on-site 

120 capture and use of CO2 from the fermenters on site as outlined in their respective AERs. The annual 

121 CO2 production of two of the distilleries (Distillery DA and Distillery DB) was based on information 

122 from personal communications with plant staff. Weekly production of pure alcohol was provided 
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123 from Distillery DA and Distillery DB, this was used to estimate weekly and annual CO2 production as 

124 outlined in Box 1 for Distillery DA.

125

Production of ethanol 𝐶6𝐻12𝑂6→2𝐶2𝐻5𝑂𝐻 + 2𝐶𝑂2

Producing 1 mol C2H5OH produces 1 mol CO2

46gC2H5OH also yields 44gCO2

1gC2H5OH also yields 44/46=0.957gCO2

Density of C2H5OH: 0.7893t/m3

Weekly ethanol production: 1.23*106L

Weekly CO2 production:

 (1.23*106/1000)*0.7893*0.957=929.1tCO2

126 Box 1: Calculation of CO2 production based on distillery output for Distillery DA

127

128 Weekly production of CO2 was sourced directly from Distillery DC (personal communication Distillery 

129 DC) and amounted to 92tCO2 per week. Annual production of CO2 from the distilleries assuming 52 

130 weeks of operation per year can be seen in Table 2.

131

132 Table 2 Production of CO2 at distilleries

Distillery Annual CO2 Production (kt/a)
DA 48.3
DB 1.58
DC 4.71

133 Note on distilleries: Only one distillery was large enough to be included in the ETS, the remaining two facilities have a 

134 thermal rating of less than 20MW

135

136 None of the distilleries capture the CO2 produced in the fermentation process, as such it could be 

137 considered available for use in a PtG system as there is no significant on-site use for CO2 at the 

138 distilleries.

139

140 2.2.3 Wastewater treatment

141 An additional source of CO2 was biogas from the anaerobic digestion of sewage sludge at 

142 wastewater treatment plants (WWTPs). A total of 9 WWTPs with anaerobic digestion of sewage 

143 sludge were identified. Data on the annual biogas production by WWTPs was estimated using a 
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144 biogas production per population equivalent (PE) of 24LBiogas/PE/day [22]. Biogas was assumed to be 

145 40%vol CO2 [22,23].   The PE loading of each WWTP in 2015 was calculated using the total influent 

146 biological oxygen demand (kg BODin) in 2015 [20] and the BOD production per population equivalent 

147 of 60gBOD/day [24] as per Equation 3.

148

149 Equation 3 Calculation of PE loading of wastewater treatment plants

150 𝑃𝐸 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =
(𝑘𝑔𝐵𝑂𝐷𝑖𝑛) ∗ 1000

60 ∗ 365

151

152 Calculation of the biogas production from WWTPs was also carried out based on the calculated 

153 sludge production and biogas yield outlined in Fernandes et al. [23] as a check. Both methodologies 

154 yielded similar results. The biogas production and associated CO2 resource of each WWTP is shown 

155 in Table 3.

156

157 Table 3 Production of CO2 at wastewater treatment plants

Wastewater Treatment 
Plant

Loading (PE/day) Biogas production (m3/a) CO2 Production (t/a)a

WWTP1 1,933,205 1.69x107 13,299
WWTP2 250,011 2.19x106 1,720
WWTP3 214,409 1.88x106 1,475
WWTP4 97,832 8.57x105 673
WWTP5 88,876 7.78x105 611
WWTP6 84,820 7.43x105 583
WWTP7 72,226 6.33x105 497
WWTP8 54,322 4.76x105 374
WWTP9 45,503 3.99x105 313

158 aAnnual mass of CO2 produced based on 40%vol concentration of CO2 in biogas, a molar mass of 44g, and a molar volume of 
159 22.414L/mol.
160
161 2.2.4 Weightings applied to CO2 emissions

162 For the MCDA, the range of CO2 emissions was divided into 10 equal bands with a score of 1 to 10 

163 applied to each, the highest CO2 emission band was assigned a score of 10, the lowest CO2 emission 

164 band was assigned a score of 1. The emission band of each source of CO2 was determined and its 

165 score was found.
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166 2.3 Volumetric concentration of CO2 in gas stream

167 The volumetric concentration of CO2 in exhaust gas from the combustion of fuel is dependent on the 

168 fuel type, the combustion technology, and the level of excess air used. This can be seen in Table 4, 

169 which is taken from scientific literature.

170

171 Table 4 Concentration of CO2 in exhaust gas stream

Fuel Combustion method CO2 concentration
(%volume)

CO2 concentration
(%volume)

CO2 Concentration
(%volume)

Reference [25] [15] Values used in this 
work

Natural Gas Boiler 7-10 5-15 6.5
Natural Gas Turbine 3-4 5-15 4
Oil Boiler 3-8 5-15 3.5
Coal Boiler 12-15 5-15 13.5
Cement kiln off gas 14-33 20
Biomass Boiler 3-8 NA

172

173 Biogas was assumed to be 60% CH4 and 40% CO2 [22,23], while the concentration of CO2 in gas from 

174 fermenters in distilleries was taken to be 99%. CO2 present in the exhaust gas stream from a boiler 

175 or a turbine must be separated from the remainder of the gases present (such as N2, O2  and H2O) 

176 before it can be sent to the methanation phase of a PtG system. The concentration of CO2 in a gas 

177 stream influences the energy required to separate the CO2 from the other gases present with higher 

178 concentrations of CO2 reducing the energy requirement for separation and vice versa. The minimum 

179 theoretical thermodynamic work required, in an isobaric and isothermal process, for separation into 

180 a stream with a high concentration of CO2 (for use in a PtG system) and a waste gas stream (with low 

181 CO2 concentration), can be calculated as the negative of the difference of the Gibbs free energy of 

182 the final separated streams [26]. The work required per kg of CO2 separated from each source of CO2 

183 can be seen in Figure 1. The sources of CO2 were reclassified depending on the fuel they used and 

184 the combustion method if the exhaust gas originated from fuel combustion. The energy requirement 

185 was calculated according to the methodology outlined in Wilcox [26]. The concentrations of CO2 in 

186 each gas stream were varied by +/-5% of the original concentrations to give an estimate of the 

187 variation in energy required for CO2 separation. A variation of +/-5% in the percentage of CO2 
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188 captured and the CO2 purity was also applied where applicable to indicate the range of potential 

189 energy requirements.

190

191
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192 Figure 1: Theoretical work (kJ) required per kg of CO2 separated from each source. Values in brackets 

193 correspond to the percentage of total CO2 that is captured from a source, and the purity of the 

194 captured CO2 respectively. Error bars illustrate the range in values for a variation of +/-5% of CO2 

195 concentration in the original gas stream and in the percentage of CO2 captured and the CO2 purity 

196 where applicable.

197

198 The range of energy requirement for CO2 separation was divided into 10 equal bands, the band with 

199 the lowest energy requirement was assigned a score of 10, and the band with the highest energy 

200 consumption was assigned a score of 1.  With respect to the MCDA, the score assigned to each 

201 source for the CO2 concentration criteria was based on the band of energy consumption for CO2 

202 separation in which it was located. 

203
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204 2.4 Biological or fossil production of CO2

205 The source of CO2 used in power to gas systems can impact overall CO2 emissions from the system. 

206 Approximate CO2 emissions from 4 scenarios depending on whether the source of CO2 used in the 

207 PtG system was biogenic (i.e. arising from a biological process) or non-biogenic (the combustion of 

208 fossil fuels) were determined based on the final quantity of CO2 emitted by: the CO2 source; PtG 

209 facility; and end user of the produced CH4. Four idealised scenarios were considered as per Table 5.

210

211 Table 5 Scenarios of biogenic and non-biogenic CO2 use in power to gas systems

Scenario Source of CO2 Fuel used in vehicle
S1 Combustion of fossil fuel at a power station Combustion of diesel in a vehicle producing CO2

S2 Capture of the CO2 from combustion of fossil fuel at a 
power station and conversion to CH4 

Combustion of CH4 offsetting diesel use in a 
vehicle.

S3 Production of CO2 at a distillery Combustion of diesel in a vehicle producing CO2.
S4 Capture of CO2 from the distillery and conversion to 

CH4 
Combustion of CH4 offsetting diesel use in a 
vehicle.  

212  

213 The assumption in these scenarios is that 1m3 CO2 can produce 1m3 CH4
 with an energy content of 

214 37.78MJ/m3CH4. The scenarios are based on the emission of 1m3 CO2 from a fossil fuel fired power 

215 station, and the emission of CO2 from the combustion of 30.98MJ of diesel (to account for a 

216 reduction in efficiency of CNG fuelled engines of ca. 18% [27]) with an emission factor of 94gCO2/MJ 

217 [28,29]) in a diesel vehicle. The scenarios with a biogenic CO2 source (a distillery) assume that the 

218 emission of 1m3 CO2 is a result of the input of 1m3 CO2 into the distillery in the form of the biomass 

219 accepted by the distillery. The CO2 intensity of electricity used in the PtG system was taken to be 

220 130gCO2eq/MJ for Ireland [3]. The efficiency of the PtG system was taken to be 56% as per section 

221 2.6. Scenarios S1 to S4 are illustrated in Figure 2.

222 The total amount of CO2 emitted in each of the scenarios S1, S2, S3, and S4 is 4.875kgCO2, 

223 10.733kgCO2, 1.483kgCO2, and 8.77kgCO2, respectively. The increase in CO2 emissions in the system 

224 with PtG is a result of the CO2 intensity of electricity used. If renewable electricity that would 

225 otherwise have been dispatched down is used the CO2 emissions in S1, S2, S3, and S4 reduce to 

226 4.875kgCO2, 1.963kgCO2, 1.483kgCO2, and 0kgCO2 respectively. Alternatively, guarantees of origin 
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227 could be used to ensure that all of the electricity consumed by the PtG plant is sourced from 

228 renewable generators. In reality the CO2 emissions from systems will be higher (owing to CO2 arising 

229 in the operation of the process and the electricity used to produce the H2 in the PtG system) 

230 however the total CO2 emissions from a PtG system using biogenic CO2 will be less than those from a 

231 PtG system using non-biogenic CO2. As such, it was deemed important to distinguish whether the 

232 CO2 source was in fact biogenic or non-biogenic. A biogenic source of CO2 would result in lower 

233 emissions of CO2 in the power to gas system than if a non-biogenic source of CO2 were to be used. 

234 The score assigned to biogenic sources of CO2 (distilleries, and WWTPs with anaerobic digestion 

235 systems) was 10 and the score assigned to a non-biogenic source of CO2 (all other sources of CO2 

236 considered) was 1 as outlined in section 2.1.

237

238 2.5 Distance to electricity and gas networks

239 Proximity to both energy grids is important for the economic viability of PtG. Increased distance 

240 from each of the energy transmission grids leads to an increased cost of developing infrastructure to 

241 access these networks. The location of each source of CO2 was determined from the AERs for each 

242 facility. A map of the electricity transmission network [30] was digitised manually in QGIS and the 

243 shortest distance from each potential CO2 source to the network was determined.

244 Similarly, a map of the gas network, sourced from Gas Networks Ireland (GNI) was digitised manually 

245 in QGIS to allow for the calculation of the shortest distance from each potential source of CO2 to the 

246 gas network. A map of the location of each of the identified CO2 sources along with the electricity 

247 and gas transmission networks can be seen in Figure 3.

248 The distances from each energy grid were divided into 10 equal bands. The band with the shortest 

249 distance was assigned a score of 10, the band with the longest distance was assigned a score of 1 for 

250 these criteria. The score of each CO2 source with respect to the distance to the electricity network, 

251 and gas network respectively, was based on the distance band it was allocated to.

252
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258 Figure 2: Scenarios for the use of non-biogenic or biogenic CO2 in a PtG system.
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260 2.6 Energy resource associated with sources of CO2

261 The production of CH4 from CO2 according to the Sabatier process can be seen in Equation 4. 

262

263 Equation 4: Production of CH4 from CO2 according to the Sabatier process

264 𝐶𝑂2 + 4𝐻2→𝐶𝐻4 + 2𝐻2𝑂

265

266 The production of 1m3 CH4 requires 1m3 CO2. Knowing the annual mass of CO2 (mCO2
i) emitted at 

267 each CO2 source (i), the potential volumetric resource of CH4 (VCH4
i) of each source was calculated 

268 according to Equation 5. In Equation 5  “MCO2” corresponds to the molar mass of CO2 (44g/mol) and 

269 “Vm” is the molar volume at STP, taken to be 22.414 l/mol.

270

271 Equation 5: Calculation of volumetric CH4 resource associated with source of CO2.

272 𝑉
𝐶𝐻4

𝑖 (𝑚3) =
𝑚

𝐶𝑂2
𝑖

𝑀𝐶𝑂2

∗ 𝑉𝑚

273
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274

275 Figure 3: Map of sources of CO2, electricity network, and gas transmission network. Energy 

276 transmission networks were manually digitised in QGIS and are a general guide of network locations 

277 only.

278
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279 The energy associated with the potential resource of CH4 at each CO2 source was determined using 

280 an energy content of 37.78MJ/m3 for CH4 (eCH4). Calculation of the electrical energy (Eelec) required 

281 (GWh) for the production of H2 at each source was determined as per Equation 6. based on an 80% 

282 efficiency (ηMeth) of methanation, an average of efficiencies sourced from literature [10,11,16,31–41] 

283 and seen to be a conservative estimate, and a 70% electrolyser efficiency (ηElectro), the average of 

284 alkaline electrolysis system efficiencies sourced from literature [10,11,36,39,42–47].  Thus, the 

285 overall efficiency of PtG was 56%. 

286

287 Equation 6: Calculation of electrical energy required for the production of H2 to be used in the PtG 

288 system. Division by a factor of 3,600,000 is to facilitate the conversion from MJ to GWh

289 𝐸𝑒𝑙𝑒𝑐
𝑖 =

𝑉
𝐶𝐻4

𝑖 ∗ 𝑒
𝐶𝐻4

𝜂𝑀𝑒𝑡ℎ ∗ 𝜂𝐸𝑙𝑒𝑐𝑡𝑟𝑜
∗

1
3,600,000

290

291 The efficiency of electrolysis and methanation were also varied by +/-5% of the values stated above 

292 to indicate the range of possible results.

293 The electrolyser size (Pelectro) in MWe required in a PtG facility was calculated assuming a number of 

294 full load run hours (FLHelectro) as per Equation 7. The value of FLHelectro will depend upon a number of 

295 factors such as: electricity prices; gas prices; incentives; and maintenance schedules. Calculation of 

296 the value of FLHelectro incorporating these parameters is beyond the scope of this work and a value of 

297 8,000, which can be considered optimistic was used in this work. The number of full load hours was 

298 also varied by +/-5%, again to given an indication of the range of potential results.

299
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300 Equation 7: Calculation of electrolyser size required at a potential PtG facility. Multiplication by 1,000 

301 facilitates the conversion from GWe to MWe

302 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜
𝑖 =

𝐸𝑒𝑙𝑒𝑐
𝑖

𝐹𝐿𝐻𝑒𝑙𝑒𝑐𝑡𝑟𝑜
∗ 1,000

303 2.7 Scale of potential energy resource and potential uses

304 The potential electricity consumption and CH4 resource associated with the most suitable sites were 

305 compared to national values of curtailed electricity and natural gas demand. The total electrical 

306 energy dispatched down in the Republic of Ireland in 2015 amounted to ca. 348GWh [4]. Potential 

307 uses of the CH4 produced in PtG facilities at the identified sources of CO2 include combustion in gas 

308 boilers to produce heat, and use as a transport fuel in heavy goods vehicles and buses. Total natural 

309 gas consumption in the Republic of Ireland in 2015 was approximately 47,136GWh with 15,013GWh 

310 consumed in the industrial commercial sector [48]. The final energy consumption of road freight 

311 activities in 2015 for the Republic of Ireland was approximately 7,268GWh [3] of which 557GWh 

312 arose from the two main bus fleets in the country [49].

313 The number of Compressed Natural Gas (CNG) powered buses that could be fuelled using CH4 from a 

314 PtG facility was based on a bus traveling 58,163 km per year [50] with a specific energy consumption 

315 of 22 MJ/km[51–56].  

316

317 3 Results

318 The suitability score of the 12 highest ranking CO2 sources can be seen in Table 6 along with the 

319 potential CH4 resource available at each facility, the electrical energy required, and the electrolyser 

320 size. The locations of these facilities are also shown in Figure 4. The electrical energy required by 

321 each potential facility as a fraction of the total dispatched down electricity in 2015 in the Republic of 

322 Ireland can be seen in Table 7 coupled with a comparison to the total consumption of natural gas by 

323 industry, and the total energy consumed in heavy goods vehicles and buses in Ireland.
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324 Table 6: Suitability score of 12 highest scoring CO2 sources. Values shown are baseline results with results for -5% variation in input parameters and +5% 
325 variation in input parameters in parenthesis respectively.

Facility Facility 

Number

mCO2 CCO2 PCO2 DElec
CO2 Dgas

CO2 Suitabilitya Potential CH4 Resource 

(GWh/a)b

Electrical Energy 

Required (GWh/a )c

Electrolyser size (MW)d 

Distillery DA (64ML/a) 1 1 10 10 10 10 8.2 258.21 (245.3, 258.21) 461.09 (485.36, 418.23) 57.637 (63.83, 49.78)

Distillery DC (6.24ML/a) 2 1 10 10 9 10 8 25.18 (23.92, 25.18) 44.96 (47.32, 40.78) 5.62 (6.23, 4.85)

WWTP2 (PE of 250,011) 3 1 8 10 10 10 7.8 9.19 (8.73, 9.19) 16.42 (17.28, 14.89) 2.052 (2.27, 1.77)

WWTP5 (PE of 88,876) 4 1 8 10 10 10 7.8 3.27 (3.11, 3.27) 5.84 (6.14, 5.29) 0.73 (0.81, 0.63)

WWTP7 (PE of 72,226) 5 1 8 10 10 10 7.8 2.66 (2.52, 2.66) 4.74 (4.99, 4.30) 0.593 (0.66, 0.51)

WWTP4 (PE of 97,832) 6 1 8 10 10 10 7.8 3.6 (3.42, 3.60) 6.42 (6.76, 5.83) 0.803 (0.89, 0.69)

WWTP6 (PE of 84,820) 7 1 8 10 10 10 7.8 3.12 (2.96, 3.12) 5.57 (5.86, 5.05) 0.696 (0.77, 0.6)

WWTP1 (PE of 1,933,205) 8 1 8 10 9 10 7.6 71.1 (67.54, 71.1) 126.96 (133.64, 115.15) 15.87 (17.58, 13.71)

Distillery DB (2.1ML/a) 9 1 10 10 7 9 7.4 8.47 (8.05, 8.47) 15.13 (15.93, 13.72) 1.891 (2.1, 1.63)

WWTP9 (PE of 45,503) 10 1 8 10 8 10 7.4 1.67 (1.59, 1.67) 2.99 (3.15, 2.71) 0.374 (0.41, 0.32)

WWTP8 (PE of 54,322) 11 1 8 10 8 10 7.4 2 (1.9, 2.0) 3.57 (3.76, 3.24) 0.446 (0.49, 0.39)

WWTP3 (PE of 214,409) 12 1 8 10 8 10 7.4 7.89 (7.48, 7.89) 14.08 (14.82, 12.77) 1.76 (1.95, 1.52)

326 a Suitability = (mCO2 +CCO2+PCO2+DElec
CO2+Dgas

CO2)/5 as per Equation 2

327 b Sample calculation for Distillery DA: (48,300,521kgCO2)*(22.414/44)*(37.78)/(3,600,000)=258.21 GWh as per Equation 5

328 c Sample calculation for Distillery DA: (258.21)/(0.7*0.8)=461.09 GWh as per Equation 6

329 d Sample calculation for Distillery DA: (461.09*1000)/8000=54.637 MW as per Equation 7

330

331
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332

333 Figure 4 Location of most suitable CO2 sources

334

335

336

337

338

339

340

341
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342 Table 7: Comparison of results to annual figures of electricity dispatch down, industrial gas demand, 

343 freight transport energy use, and energy use in the main bus fleets in Ireland. Values shown are 

344 baseline results with results for -5% variation in input parameters and +5% variation in input 

345 parameters in parenthesis respectively.

Facility Facility 

Number

Share of dispatched 

down electricity in 

2015 (%)

Share of 

industrial 

natural gas use 

in Ireland in 

2015 (%)

Share of fuel 

consumption of 

heavy goods 

vehicles in Ireland 

in 2014 (%)

Share of fuel 

consumption of 

diesel buses in main 

fleets in 2015 (%) 

Distillery DA 

(64ML/a)

1 132.6 (139.6, 120.29) 1.72 (1.63, 1.72) 3.55 (3.37, 3.55) 46.38 (44.06, 46.38)

Distillery DC 

(6.24ML/a)

2 12.9 (13.61, 11.73) 0.17 (0.16, 0.17) 0.35 (0.33, 0.35) 4.52 (4.30, 4.52)

WWTP2 

(PE of 250,011)

3 4.7 (4.97, 4.28) 0.06 (0.06, 0.06) 0.13 (0.12, 0.130 1.65 (1.57, 1.65)

WWTP5 

(PE of 88,876)

4 1.7 (1.77, 1.52) 0.02 (0.02, 0.02) 0.04 (0.04, 0.040 0.59 (0.56, 0.59)

WWTP7 

(PE of 72,226)

5 1.4 (1.44, 1.24) 0.02 (0.02, 0.02) 0.04 (0.03, 0.04) 0.48 (0.45, 0.48)

WWTP4 

(PE of 97,832)

6 1.8 (1.95, 1.68) 0.02 (0.02, 0.02) 0.05 (0.05, 0.05) 0.65 (0.61, 0.65)

WWTP6 

(PE of 84,820)

7 1.6 (1.69, 1.45) 0.02 (0.02, 0.02) 0.04 (0.04, 0.04) 0.56 (0.53, 0.53)

WWTP1 

(PE of 1,933,205)

8 36.5 (38.44, 33.12) 0.47 (0.45, 0.47) 0.98 (0.93, 0.98) 12.77 (12.13, 12.77)

Distillery DB

(2.1ML/a)

9 4.4 (4.58, 3.95) 0.06 (0.05, 0.06) 0.12 (0.11, 0.12) 1.52 (1.45, 1.52)

WWTP9 

(PE of 45,503)

10 0.9 (0.9, 0.78) 0.01 (0.01, 0.01) 0.02 (0.02, 0.02) 0.3 (0.29, 0.3)

WWTP8 

(PE of 54,322)

11 1 (1.08, 0.93) 0.01 (0.01, 0.01) 0.03 (0.03, 0.03) 0.36 (0.34, 0.36)

WWTP3 

(PE of 214,409)

12 4 (4.26, 3.67) 0.05 (0.05, 0.05) 0.11 (0.1, 0.11) 1.42 (1.35, 1.42)

Total 203.5 (214.29, 184.65) 2.63 (2.51, 2.63) 5.46 (5.18, 5.46) 71.62 (67.64, 71.62) 

346

347
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348 Based on Table 6, the facilities with the highest suitability and potential energy resource are 

349 Distillery DA, Distillery DC (see Figure 4). Both facilities currently burn natural gas; the total 

350 consumption of natural gas of each facility in 2015 was approximately 188GWh and 60GWh 

351 respectively. The potential CH4 resource available at Distillery DA and Distillery DC could meet 137% 

352 and 42% of the in house natural gas demand of each facility, respectively. The total number of CNG 

353 buses that could be fuelled by CH4 from Distillery DA and Distillery DC would be 729 and 71 per 

354 annum, respectively. 

355 Of the remaining facilities, all but one are WWTPs with existing anaerobic digestion facilities. The 

356 two WWTPs with the largest potential CH4 resource areWWTP1 (PE of 1,933,205) and WWTP2 (PE of 

357 250,011). Both plants thermally dry the digestate produced onsite using a combination of natural gas 

358 and biogas. The thermal energy required for the evaporation of 1kg of water from dewatered 

359 digestate was taken to be 0.98kWh (drying from 23% to 95% dry matter content). The total annual 

360 energy demand for the thermal drying of sludge was calculated to be ca. 49GWh and 8GWh for the 

361 WWTP1 and WWTP2 respectively. The potential energy resource associated with converting CO2 

362 from these facilities to CH4 could meet 146% and 111% of the thermal demand for sludge drying in 

363 each WWTP. The total number of CNG buses that could be fuelled from each facility was found to be 

364 200 and 26 per annum, respectively.

365

366 4 Discussion

367 4.1 Scale of resource and potential CO2 emission reductions

368 The results of the MCDA show that the most suitable sources of CO2 for the development of PtG 

369 facilities in Ireland were those, which had high concentrations of CO2 and produced the CO2 in a 

370 biological process such as alcohol fermentation, and anaerobic digestion. This is in agreement with 

371 work by Reiter and Lindorfer [16]. Additionally, these facilities were in close proximity to both the 

372 gas and electricity networks. The total resource of CH4 (396GWh), which could potentially be 

373 produced by PtG systems was ca. 2.6% of industrial natural gas consumption, or 4.5% of the energy 
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374 consumption of heavy goods vehicles in Ireland in 2015. The total electrical energy required to 

375 produce this potential CH4 resource was found to be greater than the total quantity of dispatched 

376 down electricity from renewable sources (mainly wind turbines) in 2015. As such, PtG could be seen 

377 as an energy conversion mechanism for significant quantities of renewable electricity that would 

378 otherwise be dispatched down.  As Ireland (as an EU state) heads to 80% reduction in GHG by 2050 

379 and the associated increase in intermittent renewable electricity, as an island nation, the levels of 

380 electricity that will be dispatched down are likely to increase. 

381 In terms of industrial gas use, the total theoretical resource of CH4 arising from PtG facilities 

382 identified in this work could meet the annual energy requirement of the largest brewery in the 

383 country which consumed 291.5MWh of natural gas and has publically expressed interest in the use 

384 of renewable gas. It should also be noted that whiskey production in Ireland is undergoing significant 

385 growth, estimated to be approximately 220% between 2002 and 2012, with plans in place for up to 

386 20 new distilleries and expansion of existing distilleries in order to increase production by 41% from 

387 2015 levels [57]. GNI aim to supply approximately 1,440GWh of renewable gas in 2025 [48], the 

388 theoretical resource potential of PtG identified in this work could meet 28% of this goal. 

389 In terms of energy consumption in transport, the total potential CH4 resource identified could meet 

390 71.6% of the energy consumption of the two main bus fleets in the country (the capital city bus 

391 service and the national bus service). The total theoretical CH4 resource identified of 396GWh could 

392 fuel a total of 1,119 CNG fuelled buses. If the same number of buses, traveling the same distance 

393 were to be fuelled by diesel, with an approximate fuel efficiency of 17.36MJ/km, a total of 314GWh 

394 of diesel would be required. GNI have secured funding for the development of CNG service stations 

395 in line with Directive 2014/94/EU [58] to promote the use of natural gas as a transport fuel in 

396 Ireland, specifically in heavy goods vehicles and buses [59]. Development of a market for the use of 

397 CNG transport fuel would also allow for the use of methane gas produced in PtG systems in vehicles.  

398 GNI have a goal of supplying between 1,801-3,603GWh of CNG as a transport fuel in 2024-2025 [48]. 
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399 CH4 produced in the potential PtG facilities identified in this work could meet 11-22% of the 

400 projected CNG demand in transport.

401  

402 4.2 Energy policy implications

403 The use of PtG systems to produce CH4 from excess renewable electricity has a number of energy 

404 policy implications. Firstly, the use of PtG systems to convert renewable electricity into CH4 gas acts 

405 as an energy storage mechanism for electricity that would otherwise have been wasted. Within 

406 Ireland this is significant as the only largescale energy storage system in existence is a pumped 

407 hydroelectric system (PHES), Turlough Hill. While new systems have been mooted, none have been 

408 developed in recent years. Within the EU, future potential for large scale energy storage systems 

409 such as PHES range from 4GWh to 123TWh depending on constraints considered [60]. There are 

410 concerns regarding the further development of PHES systems including the availability of 

411 environmentally acceptable sites [61].  In contrast the small footprint of PTG systems reduces the 

412 impact on the surrounding landscape and environment. 

413 Secondly, PtG systems allow for the stored energy (in the form of CH4) to be used in either the heat, 

414 transportation, or electricity sector [62]. In the case of transportation the renewable CH4 produced 

415 from excess renewable electricity can be used as a source of renewable transport fuel within the EU 

416 and is classified as a renewable gaseous transport fuel of non-biological origin (Directive 2015/1513). 

417 The use of such renewable gaseous fuels is incentivised by weighting their energy contribution by a 

418 factor of 2 toward the target of renewable energy use in transportation of 10% by 2020 (Directive 

419 2015/1513) [63]. Proposals for new EU legislation promoting the use of energy from renewable 

420 sources indicate that from 2021 fuel suppliers will be required to ensure that a minimum share of 

421 1.5% of the fuel that they supply be in the form of advanced biofuels, these include renewable 

422 transport fuels of non-biological origin i.e. power to gas [64]. The proposed minimum share of 

423 advanced biofuels will increase to 6.8% by 2030, development of power to gas systems providing 

424 renewable transport fuel would aid in achieving this proposed target. 
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425 Thirdly, the implementation of PtG systems in Ireland would increase energy security in the 

426 transportation sector if the resulting CH4 were to be used as a gaseous transport fuel. Ireland is 

427 heavily dependent on imported energy, 97.2% of the energy used in transportation in Ireland is 

428 derived from oil, all of which is imported [3] and 83% of biofuels (on an energy basis) currently used 

429 in Ireland are imported  [65]. The potential resource of CH4 from PtG systems that use existing 

430 sources of CO2 could supply 71.6% of the current energy consumption of the two major public 

431 transportation bus fleets in the country if used in CNG fuelled buses. This would ensure that these 

432 public transportation fleets (which provided a total of 201.3 million passenger journeys in 2015 

433 [50,66]) could be supplied with indigenously produced renewable energy. The potential to use 

434 excess renewable electricity in PtG systems to produce indigenous renewable transport fuel is not 

435 limited to Ireland, it is possible in any jurisdiction in which there is excess renewable electricity that 

436 cannot be stored.

437

438 4.3 Integration of a PtG facilities at a Distillery

439 Distillery DA, which has a theoretical CH4 resource of 258GWh, could potentially fuel 729 CNG fuelled 

440 buses per annum. The bus fleet of the nearest city (24.7 km distant from Distillery DA) consists of 88 

441 buses as of 2015, as such, if these buses were to convert run to on CNG, their annual fuel 

442 requirement would be a small fraction of the total theoretical CH4 resource available at Distillery DA. 

443 It is also possible for the gas to be injected into the gas grid and become available for sale to any 

444 natural gas users on the natural gas grid, including other bus fleets in the country. 

445 Integration of a PtG facility at Distillery DA could also result in potential synergies. One possible 

446 concept for the integration of a PtG facility at Distillery DA can be seen in Figure 4.

447
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448

449 Figure 5: Possible integration of PtG facility with a distillery.

450

451 Integration of the PtG facility could allow for the use of waste heat from the electrolyser (or catalytic 

452 methanation system) to be used as a source of energy to pre-heat wort leaving the fermenters en 

453 route to the distillation process. Potentially reducing the consumption of natural gas by the distillery. 

454 Additionally, O2 produced by the electrolyser could either be used in the on-site wastewater 

455 treatment plant, reducing the electricity demand for supplying air to the activated sludge (AS) 

456 process, or the O2 could be captured and sold as a commodity. The produced CH4 could be 

457 compressed and used as a transport fuel in CNG fuelled buses as outlined in prior sections, or it 

458 could be used as a transport fuel for heavy goods vehicles for transporting either raw materials to 

459 the distillery, or finished product from the distillery. Alternatively, the CH4 could be compressed and 

460 injected into the gas network to be used by other industries, residential gas customers, or on-site to 

461 reduce the distillery’s natural gas consumption. The optimal use of the produced CH4 is outside the 

462 scope of this work. A number of questions (Q1 to Q4 in Figure 6) regarding the operation of the PtG 

463 plant remain.  They relate to the optimal price that the PtG system pays for electricity, and whether 
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464 the various components operate continuously or discontinuously. The answers to these questions 

465 would require a techno-economic model to determine the most cost effective mode of operation.

466 4.4 Integration of a PtG facilities at a Wastewater Treatment Plant

467 With regards to WWTP2, approximately 26 CNG fuelled buses could be fuelled by the CH4 resource 

468 from a PtG facility at the plant. The integration of a PtG facility at the WWTP could have a number of 

469 configurations; three of these can be seen in Figure 5 outlined by the dashed boxes A, B, and C.

470

471

472 Figure 6: Potential integration of PtG facility with wastewater treatment plant

473

474 Box A outlines a setup in which biogas from the WWTP is separated into CO2 and CH4 in an upgrading 

475 plant. The CO2 is then sent to an ex-situ methanation reactor via a possible intermediate CO2 storage 

476 mechanism depending on whether or not the methanation system runs continuously. Such a system 

477 is similar to the Audi e-gas plant in Werlte, which utilises CO2 from the upgrading system of a biogas 

478 plant adjacent to the PtG facility and is equipped with a catalytic methanation system. The Audi 

479 system (developed by ETOGAS GmBh) uses the waste heat from the methanation system in the 

480 biogas plant; a similar heat recovery system could be integrated at WWTP2 if a catalytic 

481 methanation system was used. The BioCat project in Denmark is aiming to trial a similar system. It 

482 will utilise CO2 separated from biogas generated in a wastewater treatment plant and H2 in an ex-
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483 situ biological methanation reactor to produce CH4. The BioCat project also aims to investigate the 

484 use of O2 produced by the electrolyser in the activated sludge process. 

485 Box B outlines an in-situ biological methanation system in which H2 is injected directly into the 

486 digester where it is consumed by hydrogenotrophic methanogenic archaea along with CO2 to 

487 produce CH4. Such systems have been proposed in the past; however, the impact of direct H2 

488 addition on the stability of the digestion process may be a limiting factor in the quantity of H2 that 

489 can be added. Additionally, if the produced gas is to be compressed and injected into the natural gas 

490 network, the quantity of H2 in the gas must be below the limits set by gas network operators. 

491 Box C outlines an ex-situ methanation system, which is supplied with biogas directly from the 

492 digester (following a desulphurisation step). The methanation system can be either biological or 

493 catalytic; such systems have been proposed and developed by MicrobEnergy and BioCat using 

494 biological methanation systems, and by ETOGAS using catalytic methanation systems.     

495 The most suitable method of integrating a PtG facility at WWTP2 is beyond the scope of this work, 

496 but would potentially take one of the routes proposed. Several questions concerning the operation 

497 of the system need to be investigated. These relate to the continuous or discontinuous operation of 

498 PtG system components, how the WWTP compensates for the electrical and thermal energy that 

499 was previously generated by biogas which is now sent to a PtG system, and what is the best use of 

500 the CH4 produced in a PtG system. A techno-economic analysis of all the above scenarios should be 

501 carried out to determine the most suitable system.

502

503 5 Conclusions

504 Existing sources of CO2, which could be used in PtG systems in Ireland were identified and their 

505 suitability was assessed using the MCDA method. The most suitable sources of CO2 identified were 

506 distilleries and WWTPs. The potential CH4 resource associated with the 12 sources of CO2 with the 

507 highest suitability was approximately 396GWh, which would require over twice the total quantity of 

508 dispatched down renewable electricity in Ireland in 2015. The potential CH4 resource represents 
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509 2.6% of the total natural gas consumption of Ireland in 2015, and 71.6% of the total energy 

510 consumption of the two main bus fleets in the country in 2015. The most suitable source of CO2 for 

511 use in a PtG plant, Distillery DA, could in theory produce 258GWh of CH4, which would require 

512 132.6% of the total dispatched down electricity in 2015. This represents a significant possibility for 

513 the storage of renewable electricity that would otherwise have been wasted. The potential CH4 

514 resource from this single plant could fuel approximately 729 CNG fuelled buses, or completely offset 

515 its own natural gas consumption. Integration of a PtG facility in a distillery or WWTP can be achieved 

516 through several potential configurations, with potential synergies arising from the use of waste heat 

517 and O2 produced by the electrolyser and methanation process. Further work is required in discerning 

518 the optimal method of integrating PtG plants with distilleries or WWTPs, as well as determining the 

519 optimal operational strategy to maximise plant profitability.   

520

521 Acknowledgements

522 R. O'Shea, Dr. D. Wall, S. McDonagh, and Prof. J.D. Murphy were funded by the SFI centre 

523 MaREI (12/RC/2302) and Gas Networks Ireland through the Gas Innovation Group and by ERVIA.

524

525

526

527

528

529

530

531

532

533

534

535

536



ACCEPTED MANUSCRIPT

28

537 References

538 [1] The European Parliament and the Council of the European Union, Directive 2009/28/EC of 

539 the European Parliament and of the Council, 2009. http://eur-lex.europa.eu/legal-

540 content/EN/TXT/PDF/?uri=CELEX:32009L0028&from=EN.

541 [2] European Parliament, Directive 2012/27/EU of the European Parliament and of the Council of 

542 25 October 2012 on energy efficiency, 2012. doi:10.3000/19770677.L_2012.315.eng.

543 [3] M. Howley, M. Holland, Energy in Ireland 1990 – 2015, Dublin, 2016. 

544 http://www.seai.ie/Publications/Statistics_Publications/Energy_in_Ireland/Energy-in-Ireland-

545 1990-2015.pdf.

546 [4] EIRGRID, SONI, Annual Renewable Energy Constraint and Curtailment Report 2015, Dublin, 

547 2016. http://www.soni.ltd.uk/media/documents/Operations/Annual Renewable Constraint 

548 and Curtailment Report 2014.pdf.

549 [5] Eirgrid Group, The DS3 Programme Delivering a Secure, Sustainable Electricity System &quot; 

550 Shaping the Power System for the Future &quot;, (n.d.). http://www.eirgridgroup.com/site-

551 files/library/EirGrid/DS3-Programme-Brochure.pdf (accessed 17 January 2017).

552 [6] E. V. Mc Garrigle, J.P. Deane, P.G. Leahy, How much wind energy will be curtailed on the 2020 

553 Irish power system?, Renew. Energy. 55 (2013) 544–553. doi:10.1016/j.renene.2013.01.013.

554 [7] A. Otto, M. Robinius, T. Grube, S. Schiebahn, A. Praktiknjo, D. Stolten, Power-to-Steel : 

555 Reducing CO 2 through the Integration of Renewable Energy and Hydrogen into the German 

556 Steel Industry, (n.d.). doi:10.3390/en10040451.

557 [8] S. Chiuta, N. Engelbrecht, G. Human, D.G. Bessarabov, Techno-economic assessment of 

558 power-to-methane and power-to -syngas business models for sustainable carbon dioxide 

559 utilization in coal-to-liquid facilities, Biochem. Pharmacol. 16 (2016) 399–411. 

560 doi:10.1016/j.jcou.2016.10.001.

561 [9] G. Lo, B. Nastasi, D. Astiaso, F. Cumo, How to handle the Hydrogen enriched Natural Gas 

562 blends in combustion ef fi ciency measurement procedure of conventional and condensing 



ACCEPTED MANUSCRIPT

29

563 boilers, Energy. 123 (2017) 615–636. doi:10.1016/j.energy.2017.02.042.

564 [10] L. Grond, P. Schulze, J. Holstwin, Final Report Systems Analyses Power to Gas, Groningen, 

565 2013. https://www.dnvgl.com/oilgas/publications/reports.html.

566 [11] R.B.R. Gunnar Benjaminsson, Johan Benjaminsson, Power-to-Gas – A technical review, 

567 Malmö, 2013. doi:SGC Rapport 2013:284.

568 [12] Consulatant Environnement Énergie, Hespul, Solagro, Etude portant sur l ’ hydrogène et la 

569 méthanation comme procédé de valorisation de l ’ électricité excédentaire, 2014. 

570 http://www.grtgaz.com/fileadmin/engagements/documents/fr/Power-to-Gas-etude-ADEME-

571 GRTgaz-GrDF-complete.pdf.

572 [13] L. Jürgensen, E.A. Ehimen, J. Born, J.B. Holm-Nielsen, Utilization of surplus electricity from 

573 wind power for dynamic biogas upgrading: Northern Germany case study, Biomass and 

574 Bioenergy. 66 (2014) 126–132. doi:10.1016/j.biombioe.2014.02.032.

575 [14] K. Hashimoto, N. Kumagai, K. Izumiya, H. Takano, Z. Kato, The production of renewable 

576 energy in the form of methane using electrolytic hydrogen generation, Energy. Sustain. Soc. 4 

577 (2014) 17. doi:10.1186/s13705-014-0017-5.

578 [15] L. Schneider, E. Kötter, The geographic potential of Power-to-Gas in a German model region - 

579 Trier-Amprion 5, J. Energy Storage. 1 (2015) 1–6. doi:10.1016/j.est.2015.03.001.

580 [16] G. Reiter, J. Lindorfer, Evaluating CO2 sources for power-to-gas applications-A case study for 

581 Austria, J. CO2 Util. 10 (2015) 40–49. doi:10.1016/j.jcou.2015.03.003.

582 [17] E.P. Ahern, P. Deane, T. Persson, B. ? Gallach?ir, J.D. Murphy, A perspective on the potential 

583 role of renewable gas in a smart energy island system, Renew. Energy. 78 (2015) 648–656. 

584 doi:10.1016/j.renene.2015.01.048.

585 [18] A. Kumar, B. Sah, A.R. Singh, Y. Deng, X. He, P. Kumar, et al., A review of multi criteria 

586 decision making (MCDM) towards sustainable renewable energy development, Renew. 

587 Sustain. Energy Rev. 69 (2017) 596–609. doi:10.1016/j.rser.2016.11.191.

588 [19] B.M. Smyth, H. Smyth, J.D. Murphy, Determining the regional potential for a grass 



ACCEPTED MANUSCRIPT

30

589 biomethane industry, Appl. Energy. 88 (2011) 2037–2049. 

590 doi:10.1016/j.apenergy.2010.12.069.

591 [20] Environmental Protection Agency, Public Access to Licensing Files, (2015). 

592 http://www.epa.ie/licensing/info/files/#.Va-mBflVhBc (accessed 22 July 2015).

593 [21] E.P.A. (EPA), Emissions Trading Scheme Current Permits, Environ. Prot. Agency. (2016). 

594 http://www.epa.ie/climate/emissionstradingoverview/etscheme/currentpermits/ (accessed 

595 16 January 2017).

596 [22] N. Bachmann, J. la C. Jansen, D. Baxter, G. Bochmann, N. Montpart, Sustainable biogas 

597 production in municipal wastewater treatment plants, 2015. 

598 http://task37.ieabioenergy.com/files/daten-redaktion/download/Technical 

599 Brochures/Wastewater_biogas_grey_web-1.pdf.

600 [23] F. Fernandes, D.D. Lopes, C.V. Andreoli, S.M.C.P. da Silva, Biological Wastewater Treatment 

601 Vol.6: Assessment of sludge treatment and disposal alternatives, 2007. doi:10.1016/B978-1-

602 85617-705-4.00021-6.

603 [24] S.I. No. 684 of 2007 Waste Water Discharge (Authorisation) Regulations, Ireland, 2007.

604 [25] B. Metz, O. Davidson, H. de Coninck, M. Loos, L. Meyer, IPCC Special Report on Carbon 

605 Dioxide Capture and Storage, Cambridge, United Kingdon, 2005. 

606 https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf.

607 [26] J. Wilcox, Carbon Capture, Springer New York, New York, NY, 2012. doi:10.1007/978-1-4614-

608 2215-0.

609 [27] N.E. Korres, A. Singh, A.-S. Nizami, J.D. Murphy, Is grass biomethane a sustainable transport 

610 biofuel?, Biofuels, Bioprod. Biorefining. 4 (2010) 310–325. doi:10.1002/bbb.228.

611 [28] J. Neeft, N. Ludwiczek, Biograce II Harmonised Greenhouse Gas Calculations for Electricity , 

612 Heating and Cooling from Biomass, (2016). 

613 http://www.biograce.net/app/webroot/biograce2/img/files/BioGrace-II_brochure_EN.pdf.

614 [29] European Commission, COM (2016) 767 final: Annexs 1 to 12 to the Proposal for a directive of 



ACCEPTED MANUSCRIPT

31

615 the European Parliament and the Council on the promotion of the use of energy from 

616 renewable sources (recast), Belgium, 2016. 

617 http://ec.europa.eu/energy/sites/ener/files/documents/1_en_act_part1_v7_1.pdf.

618 [30] Eurgrid, Eirgrid Group Transmission System, (2016). http://www.eirgridgroup.com/site-

619 files/library/EirGrid/2016-Transmission-System-Geographic-Map.pdf (accessed 16 January 

620 2017).

621 [31] K. Müller, M. Fleige, F. Rachow, D. Schmeißer, Sabatier based CO2-methanation of Flue Gas 

622 Emitted by Conventional Power Plants, Energy Procedia. 40 (2013) 240–248. 

623 doi:10.1016/j.egypro.2013.08.028.

624 [32] D. Schmack, T. Heller, M. GmbH, Biological methanisation and its role in future energy 

625 system, Schwandorf, 2014.

626 [33] E.P. Ahern, P. Deane, T. Persson, B. O’Gallachoir, J.D. Murphy, A perspective on the potential 

627 role of renewable gas in a smart energy island system, Renew. Energy. 78 (2015) 648–656. 

628 doi:10.1016/j.renene.2015.01.048.

629 [34] C. Breyer, E. Tsupari, V. Tikka, P. Vainikka, Power-to-gas as an emerging profitable business 

630 through creating an integrated value chain, Energy Procedia. 73 (2015) 182–189. 

631 doi:10.1016/j.egypro.2015.07.668.

632 [35] E. Kötter, L. Schneider, F. Sehnke, K. Ohnmeiss, R. Schröer, Sensitivities of Power-to-gas 

633 Within an Optimised Energy System, Energy Procedia. 73 (2015) 190–199. 

634 doi:10.1016/j.egypro.2015.07.670.

635 [36] S. Schiebahn, T. Grube, M. Robinius, V. Tietze, B. Kumar, D. Stolten, Power to gas: 

636 Technological overview, systems analysis and economic assessment for a case study in 

637 Germany, Int. J. Hydrogen Energy. 40 (2015) 4285–4294. doi:10.1016/j.ijhydene.2015.01.123.

638 [37] L. Grond, H. Vlap, J. Knijp, Integration of Power-to-Gas and biogas supply chain, Groningen, 

639 2015. https://www.dnvgl.com/publications?TakeCount=26.

640 [38] H. Vlap, A. van der Steen, J. Knijp, J. Holstein, L. Grond, Power-to-Gas project in Rozenburg, 



ACCEPTED MANUSCRIPT

32

641 The Netherlands, Groningen, 2015. https://www.dnvgl.com/oilgas/publications/reports.html.

642 [39] M. Götz, J. Lefebvre, F. Mörs, A. McDaniel Koch, F. Graf, S. Bajohr, et al., Renewable Power-

643 to-Gas: A technological and economic review, Renew. Energy. 85 (2016) 1371–1390. 

644 doi:10.1016/j.renene.2015.07.066.

645 [40] E. Kötter, L. Schneider, F. Sehnke, K. Ohnmeiss, R. Schröer, The future electric power system: 

646 Impact of Power-to-Gas by interacting with other renewable energy components, J. Energy 

647 Storage. (2016). doi:10.1016/j.est.2015.11.012.

648 [41] E. Tsupari, J. Kärki, E. Vakkilainen, Economic feasibility of power-to-gas integrated with 

649 biomass fired CHP plant, J. Energy Storage. 5 (2016) 62–69. doi:10.1016/j.est.2015.11.010.

650 [42] G. Gahleitner, Hydrogen from renewable electricity: An international review of power-to-gas 

651 pilot plants for stationary applications, Int. J. Hydrogen Energy. 38 (2013) 2039–2061. 

652 doi:10.1016/j.ijhydene.2012.12.010.

653 [43] T.F.I. Smolinka, M. (Fraunhofer I. Günther, J. (Fcbat) Garche, Stand und Entwicklungspotenzial 

654 der Wasserelektrolyse zur Herstellung von Wasserstoff aus regenerativen Energien, NOW-

655 Studie. 2010 (2010) 53.

656 [44] M. Bailera, P. Lisbona, L.M. Romeo, S. Espatolero, Power to Gas–biomass oxycombustion 

657 hybrid system: Energy integration and potential applications, Appl. Energy. 167 (2015) 221–

658 229. doi:10.1016/j.apenergy.2015.10.014.

659 [45] O.S. Buchholz, A.G.J. Van Der Ham, R. Veneman, D.W.F. Brilman, S.R.A. Kersten, Power-to-

660 Gas: Storing surplus electrical energy a design study, Energy Procedia. 63 (2014) 7993–8009. 

661 doi:10.1016/j.egypro.2014.11.836.

662 [46] M. Qadrdan, M. Abeysekera, M. Chaudry, J. Wu, N. Jenkins, Role of power-to-gas in an 

663 integrated gas and electricity system in Great Britain, Int. J. Hydrogen Energy. 40 (2015) 

664 5763–5775. doi:10.1016/j.ijhydene.2015.03.004.

665 [47] J. Vandewalle, K. Bruninx, W. D’Haeseleer, Effects of large-scale power to gas conversion on 

666 the power, gas and carbon sectors and their interactions, Energy Convers. Manag. 94 (2015) 



ACCEPTED MANUSCRIPT

33

667 28–39. doi:10.1016/j.enconman.2015.01.038.

668 [48] Gas Networks Ireland, Network Development Plan 2016, Cork, 2016. 

669 http://www.gasnetworks.ie/Global/Gas Industry/BGN Gas Industry Website Content/Gas 

670 Industry Documents/GNI_NetworkDevPlan_2016.pdf.

671 [49] Central Statistics Office, Transport Omnibus 2013, (2016). 

672 http://www.cso.ie/en/releasesandpublications/ep/p-

673 tranom/transportomnibus2013/publictransport/.

674 [50] Dublin Bus, Dublin Bus Annual Report 2015, Dublin, 2015. 

675 https://www.dublinbus.ie/Global/DB-Annual-Report-2015-Proof-11 ccat web version 

676 110716.pdf.

677 [51] MJB&A, Comparison of Modern CNG, Diesel and Diesel Hybrid-Electric Transit Buses, 2013. 

678 http://mjbradley.com/sites/default/files/CNG Diesel Hybrid Comparison FINAL 05nov13.pdf.

679 [52] M. Gerbec, R. Oprešnik, D. Kontic, Cost benefit analysis of three different urban bus drive 

680 systems using real driving data, 41 (2015) 433–444. doi:10.1016/j.trd.2015.10.015.

681 [53] F. Ryan, B. Caulfield, Examining the benefits of using bio-CNG in urban bus operations, 

682 Transp. Res. Part D. 15 (2010) 362–365. doi:10.1016/j.trd.2010.04.002.

683 [54] J. Ally, T. Pryor, Life-cycle assessment of diesel, natural gas and hydrogen fuel cell bus 

684 transportation systems, J. Power Sources. 170 (2007) 401–411. 

685 doi:10.1016/j.jpowsour.2007.04.036.

686 [55] S. Zhang, Y. Wu, H. Liu, R. Huang, L. Yang, Z. Li, et al., Real-world fuel consumption and CO2 

687 emissions of urban public buses in Beijing, Appl. Energy. 113 (2014) 1645–1655. 

688 doi:10.1016/j.apenergy.2013.09.017.

689 [56] C. Johnson, Business Case for Compressed Natural Gas in Municipal Fleets Business Case for 

690 Compressed Natural Gas in Municipal Fleets, Golden, 2010. 

691 http://www.afdc.energy.gov/pdfs/47919.pdf.

692 [57] I.W. Association, Vision for Irish whiskey, Dublin, 2015. 



ACCEPTED MANUSCRIPT

34

693 http://www.abfi.ie/Sectors/ABFI/ABFI.nsf/vPagesSpirits/Home/$File/Vision+for+Irish+Whiske

694 y+May+2015.pdf.

695 [58] The European Parliament and the Council of the European Union, DIRECTIVE 2014/94/EU OF 

696 THE EUROPEAN PARLIAMENT AND OF THE COUNCIL on the deployment of alternative fuels 

697 infrastructure, 2014. http://eur-lex.europa.eu/legal-

698 content/EN/TXT/PDF/?uri=CELEX:32014L0094&from=EN.

699 [59] Comission for Energy Regulation, Compressed Natural Gas Funding Request Decision Paper, 

700 Dublin, 2016. http://www.cer.ie/docs/001107/CER16313 GNI CNG Funding Request CER 

701 Decision Paper.pdf.

702 [60] M. Gimeno-gutiérrez, R. Lacal-arántegui, Assessment of the European potential for pumped 

703 hydropower energy storage storage potential, Petten, 2013. doi:10.2790/86815.

704 [61] C. Yang, R.B. Jackson, Opportunities and barriers to pumped-hydro energy storage in the 

705 United States, Renew. Sustain. Energy Rev. 15 (2011) 839–844. 

706 doi:10.1016/j.rser.2010.09.020.

707 [62] E.N.E.R.G.Y. Stor, A.G.E.R.E. Sto, Policies for Storing Renewable Energy, (2016).

708 [63] The European Parliament and the Council of the European Union, Directive 2015/1513 of the 

709 European Parliament and of the Council, 2015. http://eur-

710 lex.europa.eu/pri/en/oj/dat/2003/l_285/l_28520031101en00330037.pdf.

711 [64] European Commission, Proposal for a Directive of the European Parliament and of the 

712 Council on the promotion of the use of energy from renewable sources, 2017. http://eur-

713 lex.europa.eu/resource.html?uri=cellar:3eb9ae57-faa6-11e6-8a35-

714 01aa75ed71a1.0007.02/DOC_1&format=PDF.

715 [65] Byrne Ó’Cléirigh, LMH Casey McGrath, The Biofuels Obligation Scheme Annual Report 2015, 

716 Dublin, 2016. http://www.nora.ie/_fileupload/457-X0159 - BOS Annual Report for 2015.pdf.

717 [66] Bus Éireann, Annual Report for the Year Ended 361 december 2015, Dublin, 2015. 

718 http://www.buseireann.ie/pdf/1468318225-Annual-Report-2015.pdf.



ACCEPTED MANUSCRIPT

Highlights

 The suitability of 88 sources of CO2 for use in a power to gas system was assessed
 The most suitable sources were distilleries and wastewater treatment plants
 Distillery A could produce 258GWh CH4 from 461GWh of electricity to fuel 729 buses 
 Distillery A could store 133% of curtailed electricity from wind turbines in 2015
 The top 12 CO2 sources could supply 72% of energy used by the two main bus fleets


