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· Quantification and analysis of various hydrogen production supply chains
· The range of emissions is extremely large, from -371 to 642 gCO2eq/kWhH2
· Fossil routes must include CCS to lower emissions compared to current gas grids
· Supply chains are major contributors to emissions and large variations across routes
· Only lowest carbon hydrogen routes compete with low carbon electricity heat pumps 
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Abstract
Projections of decarbonisation pathways have typically involved reducing dependence on natural gas grids via greater electrification of heat using heat pumps or even electric heaters. However, many technical, economic and consumer barriers to electrification of heat persist.  The gas network holds value in relation to flexibility of operation, requiring simpler control and enabling less expensive storage. There may be value in retaining and repurposing gas infrastructure where there are feasible routes to decarbonisation. This study quantifies and analyses the decarbonisation potential associated with the conversion of gas grids to deliver hydrogen, focusing on supply chains. Routes to produce hydrogen for gas grids are categorised as: reforming natural gas with (or without) carbon capture and storage (CCS); gasification of coal with (or without) CCS; gasification of biomass with (or without) CCS; electrolysis using low carbon electricity. The overall range of emissions across routes is extremely large, from -371 to 642 gCO2eq/kWhH2.  Therefore, when including supply chain emissions, hydrogen can have a range of carbon intensities and cannot be assumed to be low carbon. Emissions estimates for natural gas reforming with CCS lie in the range of 23 – 150 g/kWhH2, with CCS typically reducing CO2 emissions by 75%. Hydrogen from electrolysis ranges from 24 - 178 gCO2eq/kWhH2 for renewable electricity sources, where wind electricity results in the lowest CO2 emissions. Solar PV electricity typically exhibits higher emissions and varies significantly by geographical region. The emissions from upstream supply chains is a major contributor to total emissions and varies considerably across different routes to hydrogen. Biomass gasification is characterised by very large negative emissions in the supply chain and very large positive emissions in the gasification process. Therefore, improvements in total emissions are large if even small improvements to gasification emissions can be made, either through process efficiency or CCS capture rate. 
Abbreviations 
ATR	Autothermal reforming
CCS	Carbon capture and storage
GHG	Greenhouse gas
HHV	Higher heating value
POX	Partial oxidation
SMR	Steam methane reforming
Syngas	Synthesis gas

1. Introduction 
Natural gas networks have historically been a relatively lower carbon route to heat or electricity generation, because combustion emissions are lower than other fossil fuels: approximately 50 gCO2/MJ HHV heat, compared to 90 gCO2/MJ for coal. However, meeting 1.5 - 2°C climate targets requires much deeper decarbonisation. Extensive natural gas infrastructure exists in many countries, resulting from many years of investment. If nations are to contribute to climate stabilisation, these gas networks must either be decarbonised or become stranded assets. 
Decarbonisation pathways have typically involved reducing dependence on gas grids via greater electrification of heat using heat pumps or even electric heaters. However, there are several technical, economic and consumer related barriers to electrification of heat [e.g. 1, 2, 3]. Additionally, the gas network may hold significant value in relation to its flexibility of operation and supply, requiring simpler control and enabling less expensive storage [4]. Therefore, there could be value in retaining and repurposing gas infrastructure if there are feasible routes to decarbonisation. There are several options for decarbonisation, including blending or replacing natural gas with hydrogen [5]. 
Hydrogen can be used as an alternative to natural gas for heat, electricity or transport and unlike natural gas, hydrogen combustion produces no CO2 emissions. Nevertheless, the supply chain associated with hydrogen production and delivery is likely to be more complicated compared to natural gas, which may result in emissions and/or a loss in efficiency. Additionally, some infrastructure changes are required to replace hydrogen with natural gas due to the difference in physical properties, which will result in additional costs and system shutdown periods while the transition is made.
This study investigates the greenhouse gas impacts associated with the conversion of gas grids to deliver hydrogen. This review builds upon on an extensive evidence-based assessment produced by the Sustainable Gas Institute [6]. The paper focuses on the options associated with decarbonising the source gas within the network rather than reducing demand or decarbonising at the point of use. Previous studies have estimated GHG emissions associated with hydrogen production via specific feedstocks and production processes, whilst a few have reviewed a selection of processes in aggregate [7-11]. This study goes further by reviewing a large range of production options and supply chains, combining fossil and renewable feedstocks, including renewable electrolysis and biomass gasification, the use of carbon capture and storage, as well as the most important current and prospective production processes. Particular focus is on emissions associated with the upstream supply chain, in order to understand the contribution to the large range of emissions seen in the literature and give insight into how emissions may be reduced in the future.
The following first describes the options, current status and potential for producing hydrogen via various feedstocks and processes. For each option, Section 3 reviews the evidence on associated GHG emissions. Section 4 discusses the importance of supply chain emissions associated with the different routes. The potential to reduce emissions is described in Section 5 prior to concluding remarks in Section 6.
2. The routes to hydrogen production
[bookmark: _Ref494276895]Broadly, hydrogen may be used similarly to that of natural gas in that it may be combusted in gas boilers to provide thermal energy. Additionally, it may be used as a feed for fuel cells. But whilst hydrogen may meet the demand previously associated with natural gas, there are several key differences between the fuels which results in some required changes on an infrastructural and consumer appliance level. Table 1 gives a summary of the properties of hydrogen and methane for comparison. Key differences between the physical properties of hydrogen and methane are their energy density, flame speed and molecular size. Hydrogen has an energy density approximately a third of that of natural gas on a volume basis [12]. Consequently, greater volumetric throughput is required to deliver the same heat duty. The flame speed of hydrogen is higher than methane, meaning that the flow rate of hydrogen to a burner must be higher to prevent upstream flame propagation (applicable where air is mixed upstream). The molecular size of hydrogen is smaller than methane, resulting in greater propensity for leaks through equipment seals and connections. 
[bookmark: _Ref480378923][bookmark: _Toc482194809][bookmark: _Toc482355837][bookmark: _Toc486536651]Table 1. Physical and chemical properties of methane and hydrogen. Relevant conditions are measured at Normal temperature and pressure: 20 °C and 1 bar absolute pressure
	Property
	Methane
	Hydrogen

	Chemical formula
	CH4
	H2

	Molecular weight (g/ moly)
	16
	2

	Density (kg/ m3)
	0.668
	0.084

	Energy density (MJ/ kg)
	55.5
	142

	Energy density (MJ/ m3)
	37.3
	12.0

	Maximum flame speed (m/ s)
	0.39
	3.06

	Low flammability limit (% vol)
	5.3%
	4%

	High flammability limit (% vol)
	15%
	75%

	Flame temperature (adiabatic) (°C)
	1,953
	2,107

	Flame colour
	Blue
	None


Source: [13]
There are several options to produce hydrogen from different feedstocks, such as: 
1. Reforming natural gas to hydrogen with (or without) carbon capture and storage (CCS)
2. Gasification of coal to hydrogen with (or without) CCS
3. Gasification of biomass to hydrogen with (or without) CCS
4. Electrolysis to hydrogen using low carbon electricity
These options are depicted in Figure 1 and described in the following section, in terms of their technical and process characteristics. 
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[bookmark: _Ref494276696]Figure 1. Routes to hydrogen production
2.1 Reforming natural gas with CCS
Hydrogen production from the reforming of natural gas is the most common form of bulk hydrogen production, representing approximately 48% of global production (with 30% from oil reforming, 18% from coal gasification and 4% from electrolysis) [14-17]. The steam methane reforming (SMR) process initially involves a reaction between methane, the main constituent of natural gas, and steam at 800 C and 30 bar [18, 19]. Hydrogen and carbon monoxide, known as synthesis gas (syngas), is formed by the following reaction:
 
A water-gas-shift reaction then reacts the carbon monoxide with steam to produce more hydrogen as well as carbon dioxide by the following reactions:
 
Production capacities are in the order of 150-250 MW (as embodied heat energy in hydrogen product). Total process efficiencies are typically estimated to be 70%, although a range between 60 and 90% has been cited [5, 18, 20-26]. This range is likely to be due to different estimation methods and scope boundaries rather than real efficiency differences. Only marginal improvements in system efficiencies are expected with this mature process, for instance with improved waste heat recovery [27].
A number of alternative processes to convert methane to hydrogen have been developed to varying degrees of maturity, including partial oxidation, autothermal reforming, dry reforming, autocatalytic decomposition or methane pyrolysis [28, 29]. In particular methane pyrolysis presents a promising prospect as instead of generating CO2, solid carbon is produced. This results in less gaseous separation and no CO2 transport or storage requirements albeit at the expense of potentially lower hydrogen yield [29]. However, several technical, economic, catalytic and efficiency related barriers prevail with these alternative methods and thus far they have not been shown to be commercially viable. 
Low carbon hydrogen is only produced from SMR processes if CO2 is separated via carbon capture and storage (CCS) or utilisation (CCU). Two categories of capture processes are considered in conjunction with syngas production, namely pre-combustion and post-combustion. 
Pre-combustion is the capture of high-concentration CO2 prior to burning fuel in the furnace (and therefore before fuel has been mixed with air to lower concentration) using physical absorbents such as glycol. Figure 2 shows the natural gas reforming process with pre-combustion carbon capture.
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[bookmark: _Ref479254505][bookmark: _Toc480377000][bookmark: _Toc482194772][bookmark: _Toc482355800][bookmark: _Toc486536615]Figure 2: The stages of producing hydrogen from stream methane reforming with pre-combustion carbon capture and storage.
‘Post-combustion’ is used to separate CO2 from the flue gas stream (hence post-combustion) which has a low-concentration of CO2 as it has been diluted with air [30]. Whilst the final product (hydrogen) has not been combusted in the SMR process, post-combustion capture could be used in the flue gas stream from the fuel used to heat the SMR unit (Figure 3). CO2-lean flue gases at low pressures are suitable for a chemical solvent such as amine to strip CO2 from the rest of the gas mixture in an exothermic reaction [5]. The reacted amine is then sent to a heated regenerator tower, converting the reacted amine and CO2 back into their original states. The former is sent back to the absorber tower, where it is reused.
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[bookmark: _Ref479256205][bookmark: _Toc480377001][bookmark: _Toc482194773][bookmark: _Toc482355801][bookmark: _Toc470798911][bookmark: _Toc486536616]Figure 3: The stages of producing hydrogen from steam methane reforming with post-combustion carbon capture and storage.
The preferred capture technology depends upon specific process parameters and desired capture rate. Typically pre-combustion gives a higher capture fraction, but post-combustion may be preferable as a retrofit solution. It is estimated that between 71% and 92% of the CO2 may be effectively captured from the syngas stream [5, 31]. 
Once captured, the CO2 stream must be dehydrated and compressed for transport and storage. A significant number of studies examine transportation and storage of CO2, relating to the CO2 captured in power generation [30, 32, 33]. The additional energy penalty and product loss associated with the incorporation of CCS is estimated via a total efficiency loss of 5 - 14% [34-36]. However, it has been suggested that excess steam generated from the reforming and shift processes can largely meet the capture heat demand [5]. This is further discussed in section 3.1.
Potential for hydrogen from SMR with CCS
The potential for hydrogen from SMR with CCS to replace natural gas is governed by:
· availability of the natural gas feedstock;
· efficiency and cost of reforming/CCS; and
· availability of CO2 transport infrastructure and storage location.
The efficiency loss associated with converting natural gas to hydrogen with CCS would increase total gas demand by between 15% and 66% [5, 18, 20-25, 37-39]. There are several ways to increase SMR process energy efficiency, for example enhancing reforming by the addition of calcium oxide or replacing the furnace with a chemical looping combustion process. This would lead to the natural separation of CO2 from the tail gas stream, with one study suggesting a possible increase in the efficiency of hydrogen production to around 85.5% [37].
The storage capacity of CO2 is also a factor that affects the potential for hydrogen from natural gas reforming with CCS and should be considered when planning the location and development of SMR with CCS. Global CO2 storage capacity is estimated to be 10 times larger than the size of discovered fossil fuel reservoirs [40]. However, this does not take any economic, regulatory or local factors into account, which would significantly lower the estimation of economically viable storage sites. 
A modelling exercise examining the sensitivity of CCS to the availability of CO2 storage sites found that halving estimates of global CO2 storage capacity had little impact on global CCS deployment rates but had an important effect on regional CCS deployment rates [41]. For example, the storage capacity of Japan fell from 13 GtCO2 in the reference scenario to two GtCO2, and China risked running out of storage space after 2050 [41]. The geological storage CO2 is not yet well established [42, 43]. Therefore, large-scale storage demonstrations are needed if CCS is to play a meaningful role in the decarbonisation of gas networks.
2.2 Coal gasification with CCS 
Coal gasification is a mature process with over 100 plants in operation and a combined capacity of 43,000 MW [44]. Gasification produces syngas, which consists mainly of hydrogen, carbon monoxide and CO2. Syngas can be used for electricity production in integrated gasification and combined cycle (IGCC) power generation plants. 
Conventional gasification techniques are based on high temperature redox reactions of solid carbonaceous material. The total process includes: combustion to add heat; drying to remove moisture; pyrolysis to produce tar and char; cracking to reduce the hydrocarbon chain lengths; and reduction to partially reverse combustion and increase calorific value. The main reactions involved are:
 
 
There are a host of other reactions which also occur, which are driven by temperature, pressure and input composition [45]. To increase the concentration of hydrogen, the water-gas shift process described previously with the natural gas SMR process is typically employed. Syngas is currently used as a feedstock for many industrial chemical and fuel production processes such as methanol and ammonia and is used as an intermediate energy fuel [46]. Typical gasification thermodynamic efficiencies may be 60-75% not including hydrogen purification [44, 47] and is governed by operational temperature, coal composition and particle size [44].
[bookmark: _Toc486536653]Table 2: Typical syngas compositions
	Compound
	Composition (mass %)

	Carbon monoxide
	30-60

	Hydrogen
	25-30

	Methane
	0-5

	Carbon dioxide
	5-15

	Other compounds
	~


Notes: Other compounds include water vapour, smaller amounts of the sulphur compounds, e.g. hydrogen sulphide (H2S), carbonyl sulphide (COS), and finally some ammonia and other trace contaminants. More detailed discussion on syngas production and composition can be found at [48].
Due to the high carbon intensity of coal, this option is considered environmentally unfavourable compared to alternatives. However, the impact of CCS on total emissions alongside a low coal cost increases its favourability. Depending on the specific gasification process, additional equipment and processes may include an air separation unit to provide oxygen to the gasifier, an acid gas separation unit and a ‘Claus’ plant to remove and purify sulphurous compounds, and a pressure swing adsorption process to purify the hydrogen [49].
The potential contribution of coal with CCS to hydrogen production may be very large. Coal currently is the primary energy source for 18% of hydrogen production, and global reserves of coal are abundant and relatively cheap [50]. Restrictions on the use of coal is likely to be based on carbon budget restrictions, due to the high carbon intensity of coal. Typical gasification plant sizes may be up to 250 – 500 MW for integrated gasification combined cycle plants for electricity generation [51].
2.3 Biomass gasification with or without CCS
An alternative option is to use solid biomass such as wood and dried municipal solid waste for the same gasification process [52]. Gasification of biomass follows broadly the same process as gasification of coal, where biomass is treated with steam and oxygen under high temperatures (typically 700 - 1200 °C) [52]. There are several examples of plants switching from coal to co-fired coal and biomass gasification [49, 50, 52]. Efficiencies of biomass gasification vary widely, with one study estimating gasification thermodynamic efficiency ranges between 60 and 80%. Efficiencies depend on operating temperatures, moisture content and feedstock compositions [53], as well as build up of tar, which may be reduced via a number of design modifications [54].
Biomass gasification of municipal solid waste has the additional benefit of providing a low carbon source of energy, while providing a waste disposal alternative to landfill [55]. This also provides biomass routes to decarbonised gas with a significant resource, significantly increasing the resource constrained potential [e.g. 56]. 
However, the formation of tar during the gasification of biomass is a significant issue that has been investigated in recent years [e.g. 52, 57]. Tars are a thick liquid hydrocarbon that are formed during gasification and may be transferred to downstream processes. It can cause blockages and reduce the efficiency of equipment and the quality of the product gas. There are various methods to reduce tar production, such as reforming or cracking or incorporating catalysts, but all add complexity and cost to the process.
The incorporation of CCS with biomass gasification is one route toward negative GHG emissions, given that the cultivation of biomass removes CO2 from the atmosphere [58]. The potential contribution of biomass to hydrogen production may be large, dependent on availability of biomass resources. Biomass is also distributed across different regions, currently providing around 10% of the world’s primary energy supply [59]. However, there are significant and multifaceted limitations to resource usage for biomass, including competing service demands. 
2.4 Electrolysis with low carbon electricity
Approximately 4% of global hydrogen production is from electrolysis processes [8, 60], typically small-scale production. Electrolysis of water dissociates hydrogen and oxygen by the application of electricity using an electrolysis cell. The cell is composed of an anode, cathode, electrolyte and membrane. The specific make-up of the cell depends on the type of electrolyser, of which there are three main types: alkaline; proton exchange membrane (PEM); and solid oxide electrolysers (SOE). Details of the main electrolysis technologies are presented in Table 3 and Figure 4. Generally, PEM electrolysers are more suited to a variable electricity supply associated with intermittent renewable electricity generation [61]. Higher temperature SOEs are suited to being combined with nuclear power or other thermal plants with large waste heat production.
[bookmark: _Ref483390468][bookmark: _Toc486536652]Table 3: Details of the three main electrolysis technologie.s Source: [8, 60, 62-67]
	
	Alkaline
	Proton Exchange Membrane
	Solid Oxide Electrolysis

	Electrolyte
	Potassium hydroxide (KOH) of typically 25 - 35% w/w 
	Thin (0.2 mm) polymer, such as perfluorosulfonic acid (PFSA) polymers 
	ZrO2 doped with 8 mol% of Y2O3 (YSZ) 

	Operating pressure
	35 Bar 
	10-30 Bar
	10 bar 

	Operating Temperature
	80 - 140 °C 
	20 - 80 °C
	650 - 1000 °C

	Output capacity
	Up to 2.5 MW
	100kW (1.5 MW proposed)
	Up to 150 kW 


[bookmark: _Toc475373439]

[bookmark: _Ref471476305][bookmark: _Ref471489589][bookmark: _Toc480377006][bookmark: _Toc482194778][bookmark: _Toc482355806][bookmark: _Toc486536619]Figure 4: Net electrolyser efficiencies (total energy input/ hydrogen HHV output), taken from various sources. Note, some sources do not define the type of efficiency, thus net energy output to input is assumed. 
Sources: [8-10, 15, 21, 60-62, 64, 68, 69].
The efficiencies of electrolysers are variable and are dependent on factors such as temperature, capacity and the age/condition of electrolyser. Estimates of electrolyser efficiency (i.e. hydrogen energy output versus heat and electricity inputs) are shown in Figure 4, ranging from 50% to 90%. Variation in efficiencies reflect differences in technologies, system boundaries and the type of efficiency estimated. However, system efficiency must also allow for the energy and resource requirements of the ancillary equipment and processes, for example water purification, gas/liquid separation and gas compression equipment (Figure 5). This total efficiency is likely to be towards the lower end of the presented range.
The lifetime of electrolysers may be highly variable, with some studies suggesting that PEM electrolysers have a short lifespan of a few years using typical materials and conditions [15] , or 5,000 – 20,000 hr operational life [70]. Electrolyser manufacturer ITM Power suggest that PEM electrolyser stacks may last 10 years on continuous load before replacement (from personal correspondence, 2017). Alkaline electrolysers may have a lifespan, in the order of 10 – 15 years [61], but may be reduced by variable loads. Since SOE are not commercially available, their lifespan is unknown. However, given the high temperature of SOE operation, the lifespan as well as the maintenance requirement are likely to be important technical factors.
[image: ]
[bookmark: _Ref471489690][bookmark: _Toc480377004][bookmark: _Toc482194776][bookmark: _Toc482355804][bookmark: _Toc486536620]Figure 5. Typical unit flow diagram for an electrolysis system. Source: [69]
[bookmark: _Toc475373443]Electrolysis supply potential
Feasible limits to hydrogen electrolysis are likely to be governed by economic costs and constraints on building electricity generating capacity. To supply the quantities of hydrogen equivalent to meet residential gas demand for example, significant amounts of electricity must be generated, dependent on the efficiency of hydrogen production. Estimates of conversion efficiency of hydrogen production from electrolysis are between 50% and 90% [8-10, 15, 21, 38, 39, 60-62, 64, 68, 69]. 
There is potential to supply hydrogen from electrolysis via power-to-gas (PtG) systems, which utilise electricity at times when electricity supply is surplus to demand, thus providing a system balancing role and using a potentially low (or zero) cost power source. PtG systems also may include the conversion of hydrogen into methane (by a methanation process using CO or CO2) to directly feed into the natural gas grid, although this additional process would result in a system efficiency (and cost) penalty [71]. The resource potential of the use of would-be curtailed electricity is potentially large but is governed by the proportion of intermittent renewables in the electricity mix and the correlation with demand.
3. [bookmark: _Ref496277900]Greenhouse gas emissions
Several estimates of GHG emissions for the mature routes of hydrogen production were found, from natural gas methane reforming [5, 7, 8, 10, 22-24, 31, 72-74], coal gasification [7, 8, 31, 75, 76], electrolysis from renewables [7-10, 73], biomass gasification [8, 77, 78] and nuclear [7, 8]. Estimates of overall life cycle GHG emissions are given in Figure 6 for each category, given in gCO2eq/kWh higher heating value (HHV) of hydrogen production. The current carbon intensity of natural gas for heating is approximately 230 - 318 gCO2eq/kWh[footnoteRef:2] and is also shown in the figure. [2:  184 gCO2/kWh from combustion, plus 30 – 75 gCO2/kWh supply chain CO2 emissions, plus 17 –  58 gCO2eq/kWh supply chain methane emissions (0.8 – 2.6% of total production) ] 


[bookmark: _Ref476151466][bookmark: _Toc480377026][bookmark: _Toc482194798][bookmark: _Toc482355826][bookmark: _Toc486536640]Figure 6: Ranges of estimates of total GHG emissions associated with hydrogen production from different technologies and feedstocks, expressed in gCO2eq/kWh H2 produced. Grey bars represent the mean emission across the literature for each category.
Source: [5, 7-10, 22-24, 31, 72-78]
The studies examined in this paper were from a wide spectrum of literature sources and therefore have a variety of different estimation methods, study boundaries, product qualities and feedstocks and thus cause a large variation in the results. These differences are described in the following sections for each technological category.
The overall range of emissions across the technologies is extremely large, from -371 to 642 gCO2eq/kWhH2. The highest and most variable estimates are associated with natural gas and coal based hydrogen production without the use of CCS. The lowest estimates are typically associated with electrolysis using wind generation and biomass gasification with CCS. As shown in Figure 6, reductions in GHG emissions from existing gas networks can only occur with hydrogen production using a low carbon source and/or with CCS. However, many estimates associated with supposedly low carbon systems give only a 40% reduction, which alone is unlikely to contribute sufficient emissions reductions to meet climate targets.
3.1 [bookmark: _Ref500413684]Natural gas reforming
Estimates of GHG emissions associated with hydrogen production from natural gas reforming are 23 – 401 gCO2eq/kWhH2 as shown in Figure 7, although estimates below 71 gCO2eq/kWhH2 exclude supply chain emissions [24, 72]. Estimates are 23 to 150 gCO2eq/kWhH2 for reformers with CCS, or 288-347 gCO2eq/kWhH2 for those without CCS. The average impact of CCS is to reduce total emissions by approximately 75%. These estimates assume carbon capture rates of 71% – 92% [5, 8, 23, 31].

[bookmark: _Ref476151503][bookmark: _Toc480377027][bookmark: _Toc482194799][bookmark: _Toc482355827][bookmark: _Toc486536641]Figure 7. Individual estimates of total GHG emissions associated with hydrogen production from natural gas reforming. Grey bars represent the mean emission across the literature for each category.
Source: [5, 7, 8, 10, 22-24, 31, 72-74]
For estimates that do not include CCS, emissions are typically 75% from the reforming operation and 25% from the natural gas supply chain. As the fuel used to obtain the temperatures and pressures required is sourced from the natural gas itself, the efficiency is a key parameter, expressed as the energy contained within the hydrogen product versus the energy contained within the natural gas input. Estimates of efficiency are between 60% and 90% for all reforming technologies [21, 22, 24] and depend on: the technological reforming option considered; assumptions regarding the exporting of excess steam generation; and whether CCS is included.
There are a number of technological options within this reforming category, which are steam reforming, partial oxidation, autothermal and autocatalytic decomposition. Almost all emissions estimates are for the most mature and commercialised system, steam reforming. Efficiencies for steam reforming are typically slightly higher at 60 - 90%, compared to 60 - 75% for the others [5, 21-23, 25].
Overall in the reforming and gas shift processes, excess steam is produced. The steam may be used for another process, in which case this may be an 'avoided burden' by off-setting another steam-raising duty. Given that the associated emissions from the avoided steam production have been negated, this is effectively a negative emission. The suitability of this duty is site specific and dependent on other process requirements, but may account for approximately 7 gCO2eq/kWhH2 according to Spath and Mann [22]. The H21 report suggests that an efficiency gain of up to 11.2% can be made by using excess steam [5]. A conservative assumption would be to assume this steam is wasted (i.e. zero avoided burden), whereas the best environmental result is where the excess steam is fully utilised and replaces a high emitter (e.g. coal or liquid fuels). 
An obvious route to use excess steam is for a CCS heat requirement. The H21 report [5] indicates that the excess steam is sufficient to satisfy the heat requirements of the capture process, although specific figures are not mentioned. When CCS is included in emissions estimations, total emissions are reduced by approximately 75%, with SMR and CCS emissions representing approximately 50% of the total, with upstream emissions contributing 40% and hydrogen transport and storage contributing the remaining 10% [5, 8, 23, 31]. Adding carbon capture to a reforming process may represent only a small efficiency loss due to the use of excess steam.
There is likely to be a trade-off in the CO2 capture process between maximizing capture rate and minimising energy penalty. Capture rates are typically assumed to be 85 – 90% [30, 79], but most CCS projects have lower capture rates [80]. For example, the Quest project aims at retrofitting three SMRs with CCS, and capturing 80% of their CO2 emissions, or around one million tCO2 per year [81]. Higher capture rates can be achieved by greater absorption/adsorption rates or multiple stages, but this increases the energy penalty. The energy penalty of CCS on SMRs was estimated to be 5-14% [34-36]. Future CO2 capture plants are expected to capture up to 95% of CO2 emitted [42]. No research was found that investigates the effect of capture rate and energy penalties on life cycle GHG emissions and cost, but this would be needed to determine optimum cost/environmental impacts.
3.2 [bookmark: _Toc477351984][bookmark: _Toc478643460][bookmark: _Toc482356321][bookmark: _Toc485635539]Hydrogen from electrolysis
Estimates of GHG associated with electrolysis are widely variable, between 24 and 788 gCO2eq/kWhH2 [7-10]. However, the upper limit is an estimate using grid electricity  (using a German/ UCTE grid mix from 2012 [8]). When only low carbon sources are considered, the range is reduced to 24 - 178 gCO2eq/kWhH2 as shown in Figure 8 below.
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[bookmark: _Ref479846893][bookmark: _Toc480377028][bookmark: _Toc482194800][bookmark: _Toc482355828][bookmark: _Toc486536642]Figure 8: Individual estimates of total GHG emissions associated with hydrogen production from electrolysis using different sources of electricity. The grid value refers to the German/ UCTE 2012 grid mix. Grey bars represent the mean emission across the literature for each category. Source:  [7-10]
GHG emissions associated with electrolysis are most influenced by the electricity source and the electrolysis efficiency [82]. The highest estimate used a relatively carbon intensive electricity grid mix in 2012 with average emissions of 630 gCO2eq./kWhH2 [8, 83] due to the reliance on fossil generation. Whilst carbon intensities of many national grid mixes have lowered in recent years, electrolysis can only deliver low carbon hydrogen from low carbon electricity sources. 
There is also a large difference between GHG emissions estimates for electrolysis using solar PV and wind electricity, with wind consistently at the lowest end of estimates. Emissions associated with solar PV electrolysis are highly variable due to the difference in insolation rates in different regions, as well as varying panel efficiencies. Wind electrolysis estimates are approximately 25 gCO2eq/kWhH2, whereas solar PV estimates are 51 - 178 gCO2eq/kWhH2. Note that wind electrolysis estimates are all derived from the same inventory [68], hence the lack of variation. 
Emissions in renewable electrolysis typically arise in the manufacturing stage of the renewable generation technologies, including process energy requirements and the embodied emissions in raw materials [10]. The use of lower carbon fuel sources during the production of raw materials and manufacturing to replace electricity and diesel usage is likely to reduce supply chain emissions significantly.
The production emissions may be intensified when the output of hydrogen is low, hence the dependence of system efficiency on life cycle emissions. The efficiency of electrolysis differs across the technologies, with estimates of 50 - 85% for alkaline, 48 - 83% for PEM and 60 - 90% for SOE [8-10, 15, 21, 60, 62, 64, 68, 69]. However, efficiency, as well as life span, of electrolysers may be significantly affected using an intermittent electricity supply, where PEM electrolysers are more suited to variable loads, but lifespans are limited.
Estimates of GHG emissions typically only consider alkaline electrolysers with different types of renewable electricity generation, primarily solar PV or wind. No sufficiently detailed environmental life cycle assessments on hydrogen production using PEM or SOE from renewables were found. Therefore, there is no useful comparison of emissions from different electrolysers. The efficiency, use of exotic catalysts and life span of the electrolyser may have a significant impact on environmental emissions and should be investigated further. Currently, data on the resource requirements for different electrolysers are very poor. Only two studies were found which detailed an inventory of resource for electrolyser manufacture [68, 84].
3.3 [bookmark: _Toc477351985][bookmark: _Toc478643461][bookmark: _Ref479006475][bookmark: _Toc482356322][bookmark: _Toc485635540]Hydrogen from coal and biomass gasification
Given that gasification of coal and biomass represent similar processes and may also be mixed together, they are considered in the same section here. Estimates of coal gasification emissions are 50 - 642 gCO2eq/kWhH2 [7, 8, 31, 76]. The largest comes from whether CCS is accounted for: estimates are 50 – 180 gCO2eq/kWhH2 with CCS and 270 - 642 gCO2eq/kWhH2 without.


[bookmark: _Toc480377029][bookmark: _Toc482194801][bookmark: _Toc482355829][bookmark: _Toc486536643]Figure 9. Greenhouse gas emission estimates of hydrogen from coal and biomass gasification. Grey bars represent the mean emission across the literature for each category.
Source: [7, 8, 31, 58, 76-78, 85-92]
Given that there is no environmental benefit associated with hydrogen production from coal without CCS, only coal gasification with CCS is considered here. GHG emissions arise from coal extraction (methane and CO2), fuel usage during gasification and residual CO2 emissions that are not captured. Deep-mined coal extraction yields greater methane emissions than for surface-mined coal, contributing to total GHG emissions. Emissions associated with coal gasification with CCS are comparable to those from reforming natural gas with CCS (50 - 180 gCO2eq/kWhH2 versus 29 – 151 gCO2eq/kWhH2 from natural gas).
Estimates of GHG emissions from biomass gasification are lower but more variable, –-371 - 504 gCO2eq/kWhH2 [58, 77, 78, 85-94]. Key factors associated with emissions estimates are the source of the biomass feedstock, how the carbon sink associated with biomass growth is included, as well as whether CCS is within the scope. Much of the source of CO2 emission from the gasification and upstream processes is biogenic, in that carbon dioxide was taken from the atmosphere to grow the biomass. Consequently, combustion of the biomass yields low overall emissions. Some studies account for the carbon-sink, whereas others account for different levels of soil carbon uptake [95].
Combined with the allowance of biogenic carbon, incorporating CCS should yield net-negative emissions. Indeed, this is the motivation behind research into the use of electricity from bioenergy with carbon capture and storage (BECCS). Hydrogen from biomass gasification using CCS is one route to produce negative life cycle GHG emissions in gas production. One study provides an estimate of hydrogen production from biomass gasification using CCS of -371 gCO2eq/kWhH2 [58]. This estimate is comparable to estimates for electricity generation from biomass combustion with CCS, suggesting that hydrogen production from biomass with CCS will be relevant in the second half of this century, when negative emissions become increasingly important [96].
The impact of biomass gasification depends largely on the source of the biomass feedstock, in particular the energy density of the biomass and whether it is a residue or an energy crop [94]. Waste products are likely to yield significantly better environmental credentials as there are no associated agricultural impacts. However, waste is likely to give limited potential in terms of providing enough hydrogen to significantly reduce national emission profiles. Land-Use Change (LUC) also impacts GHG emissions of decarbonised gas where energy crop biomass is used as feedstock. These issues are discussed in the proceeding section.
4. Reducing GHG emissions and the importance of supply chain emissions
[bookmark: _Toc477351988][bookmark: _Toc478643464][bookmark: _Toc482356325]All routes to gas decarbonisation exhibit emissions associated with their respective supply chains. These emissions vary significantly and have a range of different relative impacts on total GHG emissions estimates. Table 4 presents the balance of supply chain and hydrogen production or methane combustion emissions for many hydrogen production methods. 

	
	Supply chain emissions (gCO2 eq./ kWhH2)
	H2 production/ methane combustion (gCO2 eq./ kWhH2)
	Total (gCO2 eq./ kWhH2)
	H2 production efficiency (Energy output/input)

	Natural gas
	47 - 135
	184
	230-318
	NA

	Natural gas SMR + CCS
	37 - 41
	40 - 77
	23 – 150
	60-90%

	Renewables electrolysis
	25 - 178
	0
	25-178
	50-90%

	Biomass gasification
	-786 - -288
	571 - 786
	-45 – 504
	50-85%

	Biomass gasification + CCS
	-832
	461
	-371
	50-85%

	Coal gasification
	8 – 30
	278 – 684
	279 – 642
	55 – 62%

	Coal gasification + CCS
	8 – 30
	40 - 162
	50 – 181
	55 – 60%


[bookmark: _Ref484426016][bookmark: _Toc486536658]Table 4: Comparison of supply chain emissions, hydrogen production/methane combustion emissions and total system efficiency of gas delivered to consumers for different routes to hydrogen production. Sources: [5, 7-10, 15, 21, 22, 24, 31, 53, 58, 60-62, 64, 68, 69, 72, 73, 77, 78, 85-87, 89, 97-99]. 
Note: Estimates in “Total” column represent total estimates in literature and not the sum of estimates for supply chain emissions and hydrogen production/methane combustion. Lowest total SMR + CCS emissions estimates do not include supply chain emissions. Biomass gasification + CCS based on single study, with the increased supply chain emissions reflecting the energy penalty of CCS.
There are significant differences in the sources of supply chain emissions between the different routes to hydrogen. Emissions in natural gas boilers or the SMR with CCS supply chain arise due to CO2 and methane emissions in the production and transportation of natural gas. The supply chain emissions in electrolysis arise due to the carbon intensity of electricity and the embodied emissions arising from the manufacturing of electricity generation technologies (e.g. solar panel or wind turbine manufacture). Biomass routes to hydrogen involve supply chain emissions from the cultivation of crops, transportation of biomass and potentially emissions resulting from LUC. Additionally there are several methodological aspects that contribute to variation in estimates, relating to the boundary of the study, the production region, the product quality and pressure and end-use is considered [100].
Only two studies present disaggregated data for SMR with CCS showing supply chain emissions of 36.5 [5] and 41.2 gCO2eq./kWhH2 [31]. This range is significantly lower than existing estimates of natural gas supply chain emissions, presented here as 47 – 135 gCO2eq./kWhH2 [97]. Emissions estimates for SMR with CCS could therefore be underestimated in the literature reviewed here.
On examining the impact of supply chain emissions there are two important issues:
· The majority of emissions associated with hydrogen from SMR with CCS arise in the natural gas supply chain, in particular methane emissions. These emissions are highly variable and are amplified by the efficiency loss and energy penalty associated with SMR and CCS processes. Given this amplification, minimising methane emissions is an increasingly important aspect in minimising total emissions.
· Supply chain emissions have a disproportionately large impact on total emissions for electrolysis routes to hydrogen, given the lack of emissions in the hydrogen production stage. This gives rise to some of the counterintuitively large emissions seen in some electrolysis estimates.

There is scope for reduction of supply chain emissions for all technologies. Production and transportation emissions in gas are reducing over time in response to environmental regulation. The CO2 intensity of electricity is expected to decrease as penetrations of low carbon generation increase, feeding back to the embodied energy in manufacturing these generation technologies. 
Whilst supply chain emissions decrease under future decarbonisation scenarios, embodied emissions in imported generating technologies will be dependent on the emissions of the exporting country. Since decarbonisation pathways vary significantly across regions, the country of origin will become an important factor in determining life cycle emissions of decarbonised gas routes.
The scope to reduce supply chain emissions for biomass gasification is less clear given variation in feedstock and feedstock processing. The emissions from biomass gasification (with and without CCS) are characterised by significant negative emissions in the supply chain due carbon uptake in biomass cultivation and significant positive emissions in the gasification process. As a result, relatively small percentage improvements in aspects such as CCS capture rate or process efficiency will have relatively large impacts on total emissions. The large range of supply chain emissions is heavily influenced by the biomass source, and as such there is relatively less potential to improve supply chain emissions without limiting resource availability.
Reforming natural gas to hydrogen with CCS would produce embodied emissions to 23 - 150 gCO2eq/kWhH2, compared to 230 – 318 gCO2eq/kWhH2 for natural gas condensing boilers. However, small methane leaks across the supply chain can cause carbon intensities to increase significantly. Reforming efficiency and CCS capture rates are important factors in reducing emissions further. 
A remaining question is how does this carbon intensity compare to other decarbonisation options, and how sensitive is this to methane leakage, CCS capture rate and consumer appliance efficiency. Figure 10 presents the carbon intensity of heat from hydrogen (boiler efficiency 90%) generated using SMR with CCS as it varies with both the CCS capture efficiency and the leakage rate of methane across the natural gas supply chain. This is compared to the GHG emissions of heat from a natural gas boiler (efficiency 90%) as well as the carbon intensity of heat from a heat pump (SPF 2.5) running on electricity with a 100 and 50g/kWh carbon intensity (the CCC 2030 goal for power generation) [101]. 
Given that typical capture rates are 80-90% and methane emissions between 0.5 and 2% of gas production, GHG intensity of SMR with CCS may be between 80 and 160 gCO2eq./kWh. This is a reduction compared to current gas boilers, but is significantly higher than hypothetical emissions associated with low carbon electricity-driven heat pumps. While hydrogen boilers may deliver significant carbon reductions relative to current gas boilers, only with the highest capture rates and lowest methane emissions do emissions from SMR+CCS approach what is achievable through low carbon electricity with relatively efficient heat pumps. Note that this is a relatively simplistic calculation and further work is required to test the sensitivity of these parameters on total system-level GHG emissions.
[image: ]
[bookmark: _Ref479766785][bookmark: _Toc480377035][bookmark: _Toc482355835][bookmark: _Toc486536649]Figure 10: The carbon intensity per kWh of heat delivered by hydrogen from SMR with CCS as it varies with carbon capture rate and methane leakage rate in the SMR supply chain, compared to the CO2 intensity of heat from natural gas boilers, and heat from and electric heat pump (SPF2.5) with electricity CO2 intensity of 50-100 g/kWh. Note, natural gas and hydrogen boiler efficiency assumed 90%. 1.4% leakage rate based on [97]. 50 - 100 gCO2/kWh intensity based on [101].
In terms of capture rate, there are clear benefits to maximising capture rate for the total emissions of SMR based hydrogen gas network. Increasing capture efficiency from 90% to 94% could reduce the carbon intensity of hydrogen based heat by over 10%.[footnoteRef:3] Figure 10 also presents the impact of increasing methane leakage in the SMR supply chain. This suggests that increasing leakage rates by 1% of gas demand might increase carbon emissions by 37%[footnoteRef:4]. This highlights the importance of minimising methane leakage given the very high climate forcing impacts of this gas relative to CO2. [3:  Based on a methane leakage rate of 1.4%]  [4:  Based on 90% CCS capture efficiency.] 

Other methods of hydrogen production offer similar life cycle emissions, such as coal gasification with CCS, solar PV electrolysis and biomass gasification without CCS. Each have different emissions profiles and vary significantly based on regional variations and conversion efficiencies. However, wind electrolysis, biomass gasification with CCS and reforming biogas with CCS can deliver significantly better greenhouse gas emissions, below 36 gCO2eq/kWhH2 and in the case of some biofuel processes, negative emissions. 
Such low carbon intensities will become increasingly important later in this century with the need to move the global energy system towards net zero emissions [102]. However, the resource availability of biomass and the costs of scaling up electrolysis may limit the contribution that these technologies can make to future decarbonisation. Hydrogen via electrolysis is often assumed to be among the lowest carbon routes to decarbonised gas, particularly when renewable energy is used. However, this assumption is highly sensitive to the type and location of electricity generation. As presented in Figure 8 the carbon intensity of hydrogen from solar electricity, for example, ranges from 50g/kWhH2 to 178g/kWhH2, with average carbon intensity of 122g/kWhH2. This is significantly more carbon intensive than estimates of future electric routes to heat in the UK. 
Using electricity from wind generation could reduce emissions significantly, with an average carbon intensity of available estimates at 25g/kWhH2. At this carbon intensity, and assuming a hydrogen boiler efficiency of 90%, the resultant output would have a carbon intensity of 28g/kWhH2, competitive with electric heat pumps using 50 - 100g/kWh electricity and a heat pump efficiency SPF 2.5. Future efficiency of electrolysis may improve carbon intensity over time, and the impact of supply chain emissions in the manufacture of renewable technology is likely to reduce in line with decarbonisation of electricity. Future quantification of potential hydrogen gas systems will require forward-looking estimates of hydrogen technology performance and supply chain emissions to better capture these issues.
5. Conclusions 
This paper presents a review of the options of feedstocks and processes to produce hydrogen to replace natural gas networks. There are many options utilising fossil and renewable resource, spanning an extremely wide range of estimated emissions. Therefore we must not simply assume that conversion from natural gas to hydrogen will yield low carbon results.
The overall range of emissions across technologies is extremely large, from -371 to 642 gCO2eq/kWhH2. The variation arises from a number of process and methodological factors, including the different production routes, feedstocks, region of production and boundary limits of the study. The lowest GHG impacts arise from wind electrolysis and biomass gasification with CCS, which may even yield negative emissions due to the storage of biogenic carbon. Solar electrolysis, biomass gasification without CCS and natural gas reforming with CCS exhibit similar average emissions, although with high variability. The highest and most variable emissions come from fossil fuels routes to hydrogen without CCS, with average carbon intensities greater than current gas networks. Fossil routes to hydrogen production must therefore include CCS, without which a hydrogen system will have a higher carbon intensity than the natural gas system it replaces. 
Emissions estimates for SMR with CCS lie in the range of 23 – 150 g/kWhH2 including supply chain emissions, with CCS typically reducing CO2 emissions by 75%. The CO2 emissions from electrolysis range from 24 - 178 gCO2eq/kWhH2 for renewable electricity sources. Electrolysis from solar PV electricity defines the upper end of this range, approximately 72 - 144 gCO2eq/kWhH2 and varies significantly by geographical region, with less efficient regional PV conditions resulting in greater CO2 emissions per unit of hydrogen produced. Wind electricity to hydrogen results in the lowest CO2 emissions at approximately 25 gCO2eq/kWhH2.
The carbon intensity estimates for hydrogen production can be compared to electricity and heat pumps. The UK for example, is likely to seek carbon intensity of electricity of around 50 – 100 g/kWh in order to meet system level carbon targets. If this electricity is used in heat pumps the CO2 intensity of the resulting heat will be in the order of 20 – 40 g/kWh. This is significantly lower than most estimates for decarbonised gas network options, besides wind electrolysis or biomass gasification with CCS.
The impact of supply chain emissions is a significant factor in total emissions estimates and varies considerably across different routes to hydrogen. Given the relatively low emissions in hydrogen production from both SMR with CCS (40 - 77 gCO2eq/kWhH2) and electrolysis (0 gCO2eq/kWhH2) the range of potential supply chain emissions is a significant proportion of total emissions. 
Biomass gasification is characterised by very large negative emissions in the supply chain and very large positive emissions in the gasification process. This suggests that improvements in total emissions could be relatively large if even relatively small improvements to gasification emissions can be made, either through process efficiency or CCS capture rate.
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Appendix
The following table categorises the literature based on the hydrogen production route for reference:
	Production route
	References

	Coal gasification without CCS
	[7, 8, 31, 76]

	Coal gasification with CCS
	[8, 31, 76]

	Natural gas SMR without CCS
	[5, 7, 8, 10, 22, 23, 31, 72, 74]

	Natural gas SMR with CCS
	[8, 9, 24, 31, 72, 73]

	Biomass gasification without CCS
	[10, 78, 85-89]

	Biomass gasification with CCS
	[58, 88]

	Nuclear thermo splitting
	[7, 8]

	Solar PV electrolysis
	[7-10]

	Wind electrolysis
	[7, 8, 10]



1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0.62	0.82	0.85	0.8	0.77	0.5	0.6	0.5	0.71	0.6	0.71	0.56999999999999995	0.75	0.68	0.77	2	2	2	2	2	2	2	2	2	2	2	0.67	0.82	0.55000000000000004	0.7	0.63	0.65	0.83	0.48	0.65	0.62	0.77	3	3	3	3	3	0.81	0.86	0.6	0.82	0.9	Mean	1	2	3	0.68333333333333302	0.67	0.79800000000000004	System efficiency



Min	Coal Gasification without CCS	NG SMR/ATR without CCS	Nuclear thermo splitting	Solar PV Alkaline	Coal Gasification with CCS	Bio gasification without CCS	NG SMR/ATR with CCS	Wind Alkaline	Bio gasification with CCS	279.28626842513557	90	20.311728612737149	50.779321531842868	50.04	-45.07512520868115	22.86	24.62797094294379	-370.90140845070408	Coal Gasification without CCS	NG SMR/ATR without CCS	Nuclear thermo splitting	Solar PV Alkaline	Coal Gasification with CCS	Bio gasification without CCS	NG SMR/ATR with CCS	Wind Alkaline	Bio gasification with CCS	362.53896607659198	311.39999999999998	291.98109880809631	126.9483038296072	131.2929571902109	549.07512520868136	127.3904173622705	0.57202905705620599	0	Mean	411.87437397358258	287.79226275809702	127.79462585513799	122.23505661955539	95.886702870442164	98.05190930490933	78.933410989110598	24.818647295295861	-370.90140845070408	
Greenhouse gas emissions (g CO2 eq./ kWh H2)



1	1	1	1	1	1	1	1	1	1	1	1	22.86	27	29.16	70.56	75.125208681135234	75.125208681135234	81	86.199705882352902	90.150250417362273	118.08	121.6901408450704	150.2504173622705	2	2	2	2	2	2	2	2	2	2	2	2	2	2	213.84	225	225.63380281690141	288.72000000000003	301.38591549295762	301.95923548910372	303.84000000000009	306	308.81408450704231	327.04225352112678	330.32470588235299	345.6	347.32394366197173	401.4	Mean	1	2	78.933410989110598	301.92028152653262	Greenhouse gas emissions 
(g CO2 eq./ kWh H2)



Coal	CCS	2	2	2	2	2	2	181.332957190211	132.17857394738701	105.1893645532125	55.8	50.779321531842868	50.04	Coal	No CCS	1	1	1	1	1	1	1	641.82523450172789	551.03180760279304	493.16877071725793	317.370759574018	313.56	286.8777769941463	279.28626842513557	Biomass	CCS	4	4	-370.90140845070408	-370.90140845070408	Biomass	No CCS	3	3	3	3	3	3	3	3	3	3	3	3	3	3	3	3	3	3	-45.07512520868115	7.9859154929577461	8.6197183098591506	10.26760563380285	10.3943661971831	19.440000000000001	30.050083472454101	33.971830985915503	39.065108514190321	50.704225352112672	53.28	85.183098591549253	90.253521126760546	150.2504173622705	180.3005008347246	219.04225352112681	432	504	Mean	1	2	3	4	411.87437397358258	95.886702870442164	104.42964001034601	-370.90140845070408	Greenhouse gas emissions 
(g CO2 eq./ kWh H2)
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